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Preface

The pace of scientifi c and technical advance in human genetics has not slack-
ened since our third edition appeared in 2004. This has mandated a thorough 
revision and reorganization of Human Molecular Genetics with much of the text 
being completely rewritten. While only a few of the basic introductory chapters 
retain their identity from the third edition, the aims of the text remain the same: 
to provide a framework of principles rather than a list of facts, to provide a bridge 
between basic textbooks and the research literature, and to communicate our 
continuing excitement about this very fast-moving area of science.

The ‘fi nished’ human genome reference sequence was published in 2004 and 
we are now entering an era where vast DNA sequence datasets will be produced 
annually. The game changer is the advent of massively parallel DNA sequencing 
which is already transforming how we approach genetics. Single molecule 
sequencing will lead to a dramatic reduction in DNA sequencing costs and prom-
ises the ability to sequence a human genome in hours. We can confi dently expect 
that the genomes of huge numbers of organisms and individuals will have been 
completed before the next edition of this book. 

Powerful bioinformatics programs are already being pressed into service to 
compare our genome with that of a burgeoning number of other organisms. 
Comparative genomics is helping us understand the forces that have shaped the 
evolution of our genome and that of many model organisms that are so impor-
tant to research and various biomedical applications. These studies have already 
been extremely helpful in defi ning the most highly conserved and presumably 
important parts of our genome. They are also helping us to identify the fastest 
changing components of our genome and what it is that makes us unique.

Sequence-based transcriptomic analysis will become a major industry. It will 
be an important player in our quest to understand human gene function within 
the context of large projects, such as the ENCODE project that aims to create an 
encyclopedia of DNA elements of known function. Eventually, as vast datasets 
are accumulated on gene function, the stage will truly be set for systems biology 
to develop.

Other large scale projects such as HapMap have been exploring the range of 
genetic variation across the world’s populations. In disease-related research, 
genome-wide screening for copy number variants has identifi ed the problems 
affecting many individual patients and led to the delineation of new microdele-
tion and microduplication syndromes. Whole exome sequencing is now poised 
to explain the causes of many rare recessive conditions. In cancer, the fi rst full 
genome sequences of tumors are starting to reveal the landscape of carcinogen-
esis in unprecedented detail. 

For common complex diseases, however, the picture is less pleasing. A com-
bination of new science (HapMap) and new technology (high-throughput SNP 
genotyping) has fi nally allowed researchers to identify genetic susceptibility fac-
tors for common diseases, but it has become apparent that the variants revealed 
by genome-wide association studies explain only a very small part of the overall 
genetic susceptibility to most complex diseases. We are left with a problem—
where is the hidden heritability? Will it be found by large-scale resequencing, or 
perhaps might it lie in epigenetic effects? 
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All these developments have affected both the way genetics research is done, 
and the way we think about our genome. Genetics is more than ever about 
processing and collating vast amounts of private and public data to extract mean-
ingful patterns. The data have also been forcing us to revise some of our basic 
ideas about human genetics. Humans are more variable than we thought, with 
copy number variants accounting for more variable nucleotides than SNPs. We 
transcribe almost all of our genome, and the old picture of discrete genes thinly 
scattered across a sea of junk DNA is starting to look untenable. Cells are now 
known to be awash with a startling variety of noncoding RNAs of unknown func-
tion. Perhaps our genome might be primarily an RNA, rather than a protein, 
machine.  

The fourth edition of Human Molecular Genetics has therefore been heavily 
updated in order to maintain its hallmark currency and continue to provide a 
framework for understanding this exciting and rapidly advancing subject. 
Coverage of epigenetics, noncoding RNAs, and cell biology, including stem cells, 
have all been expanded. Greater detail has been provided on the major animal 
models used in genetic studies and how they are used as models for human dis-
ease. The most recent developments in next generation sequencing and com-
parative genomics have been included. The text closes by looking at the develop-
ment of therapies to treat human disease. Genetic testing and screening, stem 
cells and cell therapy, and personalized medicine are all discussed together with 
a balanced view of the ethical issues surrounding these issues.

We would like to thank the staff at Garland Science who have undertaken the 
job of converting our drafts into the fi nished product, Elizabeth Owen, Mary 
Purton, David Borrowdale, and Simon Hill, and hope readers will appreciate all 
the work they have put into this. As ever we are grateful to our respective families 
for their forbearance and support. 

TEACHING RESOURCES
The images from the book are downloadable from the web in JPEG and 
Powerpoint® formats via the Classwire™ course management system. The 
system also provides access to instructional resources for other Garland Science 
books. In addition to serving as an online archive of electronic teaching resources, 
Classwire allows instructors to build customized websites for their classes. Please 
visit www.classwire.com/garlandscience or email science@garland.com for 
further information. (Classwire is a trademark of Chalkfree, Inc.)
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but are short-lived and can be hazardous 199
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labeling of nucleic acids 200
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Chapter 1

Nucleic Acid Structure and 
Gene Expression 1
� The great bulk of eukaryotic genetic information is stored in the DNA found in the nucleus. 

A tiny amount is also stored in mitochondrial and chloroplast DNA.

� DNA molecules are polymers of nucleotide repeat units that consist of one of four types of 
nitrogenous base, plus a sugar, plus a phosphate.

� The backbone of any DNA molecule is a sugar�phosphate polymer, but it is the sequence of 
the bases attached to the sugars that determines the identity and genetic function of any 
DNA sequence.

� DNA normally occurs as a double helix, comprising two strands that are held together by 
hydrogen bonds between pairs of complementary nitrogenous bases.

� Transmission of genetic information from cell to cell is normally achieved by copying the 
complementary DNA molecules that are then shared equally between two daughter cells.

� Genes are discrete segments of DNA that are used as a template to synthesize a functional 
complementary RNA molecule.

� Most genes make an RNA that will serve as a template for making a polypeptide.

� Various genes make RNA molecules that do not encode polypeptide. Such noncoding RNA 
often helps regulate the expression of other genes.

� Like DNA, RNA molecules are polymers of nucleotide repeat units that consist of one of four 
types of nitrogenous base (three of these are the same as in DNA), plus a slightly different 
sugar, plus a phosphate.

� Unlike DNA, RNA molecules are usually single-stranded.

� To become functional, newly synthesized RNA must undergo a series of maturation steps 
such as excising unwanted intervening sequences and chemical modi� cation of certain 
bases.

� Polypeptide synthesis occurs at ribosomes, either in the cytoplasm or inside mitochondria 
and chloroplasts.

� The sequential information encoded in the RNA is interpreted at the ribosome via a triplet 
genetic code, determining the basic structure of the polypeptide.

� Polypeptides often undergo a variety of chemical modi� cations.

� Proteins display extraordinary structural and functional diversity.

KEY CONCEPTS
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1.1 DNA, RNA, AND POLYPEPTIDES
Molecular genetics is primarily concerned with the inter-relationship between 
two nucleic acids, DNA and RNA, and how these are used to synthesize polypep-
tides, the basic component of all proteins. RNA may have been the hereditary 
material at a very early stage of evolution, but now, except in certain viruses, it no 
longer serves this role. Genetic information is instead stored in more chemically 
stable DNA molecules that can be copied faithfully and transmitted to daughter 
cells.

Nucleic acids were originally isolated from the nuclei of white blood cells, but 
are found in all cells and in viruses. In eukaryotes, DNA molecules are found 
mainly in the chromosomes of the nucleus, but each mitochondrion also has a 
small DNA molecule, as do the chloroplasts of plant cells.

A gene is a part of a DNA molecule that serves as a template for making a 
functionally important RNA molecule. In simple organisms such as bacteria, the 
DNA is packed with genes (typically at least several hundred up to a few thousand 
different genes). In eukaryotes, the small DNA molecules of the mitochondrion 
or chloroplast contain a few genes (tens up to hundreds) but the nucleus often 
contains thousands of genes, and complex eukaryotes typically have tens of 
thousands. In the latter case, however, much of the DNA consists of repetitive 
sequences whose functions are not easily identi� ed. Some of the repetitive DNA 
sequences support essential chromosomal functions, but there are also many 
defective copies of functional genes.

There are many different types of RNA molecule but they can be divided into 
two broad classes. In one class, each RNA molecule contains a coding RNA 
sequence that can be decoded to generate a corresponding polypeptide sequence. 
Because this class of RNA carries genetic information from DNA to the protein 
synthesis machinery, it is described as messenger RNA (mRNA). Messenger RNA 
made in the nucleus needs to be exported to the cytoplasm to make proteins, but 
the messenger RNA synthesized in mitochondria and chloroplasts is used to 
make proteins within these organelles. Most gene expression is ultimately dedi-
cated to making polypeptides, so proteins represent the major functional end-
point of the information stored in DNA.

The other RNA class is noncoding RNA. Such molecules do not serve as tem-
plates for making polypeptides. Instead they are often involved in assisting the 
expression of other genes, sometimes in a fairly general way and sometimes by 
regulating the expression of a small set of target genes. These regulatory proc-
esses may involve catalytic RNA molecules (ribozymes).

Most genetic information � ows in the sequence DNA ˘ RNA ˘ 
polypeptide
Genetic information generally � ows in a one-way direction: DNA is decoded to 
make RNA, and then RNA is used to make polypeptides that subsequently form 
proteins. Because of its universality, this � ow of genetic information has been 
described as the central dogma of molecular biology. Two processes are essential 
in all cellular organisms:
� transcription, by which DNA is used by an RNA polymerase as a template for 

synthesizing one of many different types of RNA;
� translation, by which mRNA is decoded to make polypeptides at ribosomes, 

which are large RNA�protein complexes found in the cytoplasm, and also in 
mitochondria and chloroplasts.
Genetic information is encoded in the linear sequence of nucleotides in DNA 

and is decoded in groups of three nucleotides at a time (triplets) to give a linear 
sequence of nucleotides in RNA. This is in turn decoded in groups of three nucle-
otides (codons) to generate a linear sequence of amino acids in the polypeptide 
product.

Eukaryotic cells, including mammalian cells, contain nonviral chromosomal 
DNA sequences, such as members of the mammalian LINE-1 repetitive DNA 
family, that encode cellular reverse transcriptases, which can produce DNA 
sequences from an RNA template. The central dogma of unidirectional � ow of 
genetic information in cells is therefore not strictly valid.
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Nucleic acids and polypeptides are linear sequences of simple 
repeat units
Nucleic acids
DNA and RNA have very similar structures. Both are large polymers with long 
linear backbones of alternating residues of a phosphate and a � ve-carbon sugar. 
Attached to each sugar residue is a nitrogenous base (Figure 1.1A). The sugars in 
DNA and RNA differ, in either lacking or possessing, respectively, an �OH group 
at their 2¢-carbon positions (Figure 1.1B, C). In deoxyribonucleic acid (DNA), the 
sugar is deoxyribose; in ribonucleic acid (RNA), the sugar is ribose.

Unlike the sugar and phosphate residues, the bases of a nucleic acid molecule 
vary. The sequence of bases identi� es the nucleic acid and determines its func-
tion. Four types of base are commonly found in DNA: adenine (A), cytosine (C), 
guanine (G), and thymine (T). RNA also has four major types of base. Three of 
them (adenine, cytosine, and guanine) also occur in DNA, but in RNA uracil (U) 
replaces thymine (Figure 1.2A).
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Figure 1.1 Repeat units in nucleic acids. 
(A) The linear backbone of nucleic acids 
consists of alternating phosphate and sugar 
residues. Attached to each sugar is a base. 
The basic repeat unit (pale peach shading) 
consists of a base + sugar + phosphate = a 
nucleotide. The sugar has � ve carbon atoms 
numbered 1¢ to 5¢. (B) In DNA, the sugar is 
deoxyribose. (C) In RNA, the sugar is ribose, 
which di� ers from deoxyribose in having a 
hydroxyl (OH) group attached to carbon 2¢.
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Figure 1.2 Purines, pyrimidines, nucleosides, and 
nucleotides. (A) Four nitrogenous bases (A, C, G, and 
T) occur in DNA, and four nitrogenous bases (A, C, G, 
and U) are found in RNA. A and G are purines; C, T, and 
U are pyrimidines. (B) A nucleoside is a base + sugar 
residue; in this case, it is adenosine. (C) A nucleotide 
is a nucleoside + a phosphate group that is attached 
to the 3¢ or 5¢ carbon of the sugar. The two examples 
shown here are adenosine 5¢-monophosphate (AMP) 
and 2¢-deoxycytidine 5¢-triphosphate (dCTP). The bold 
lines at the bottom of the ribose and deoxyribose 
rings mean that the plane of the ring is at an angle of 
90° with respect to the plane of the chemical groups 
that are linked to the 1¢ to 4¢ carbon atoms within the 
ring. If the plane of the base is represented as lying on 
the surface of the page, the 2¢ and 3¢ carbons of the 
sugar could be viewed as projecting upward out of the 
page, and the oxygen atom as projecting downward 
below its surface. Phosphate groups are numbered 
sequentially (a, b, g, etc.), according to their distance 
from the sugar ring.

DNA, RNA, AND POLYPEPTIDES



Chapter 1: Nucleic Acid Structure and Gene Expression4

Bases consist of heterocyclic rings of carbon and nitrogen atoms, and can be 
divided into two classes: purines (A and G), which have two interlocked rings, 
and pyrimidines (C, T, and U), which have a single ring. In nucleic acids, each 
base is attached to carbon 1¢ (one prime) of the sugar; a sugar with an attached 
base is called a nucleoside (Figure 1.2B). A nucleoside with a phosphate group 
attached at the 5¢ or 3¢ carbon of the sugar is the basic repeat unit of a DNA strand 
and is called a nucleotide (Figure 1.2C and Table 1.1).

Polypeptides
Proteins are composed of one or more polypeptide molecules that may be modi-
� ed by the addition of carbohydrate side chains or other chemical groups. Like 
DNA and RNA, polypeptide molecules are polymers that are a linear sequence of 
repeating units. The basic repeat unit is called an amino acid. An amino acid has 
a positively charged amino group (�NH2) and a negatively charged carboxylic 
acid (carboxyl) group (�COOH). These are connected by a central a-carbon atom 
that also bears an identifying side chain that determines the chemical nature of 
the amino acid. Polypeptides are formed by a condensation reaction between the 
amino group of one amino acid and the carboxyl group of the next, to form a 
repeating backbone, where the side chain (called an R-group) can differ from one 
amino acid to another (Figure 1.3).

The 20 different common amino acids can be categorized according to their 
side chains:
� basic amino acids (Figure 1.4A) carry a side chain with a net positive charge 

at physiological pH;

TABLE 1.1 NOMENCLATURE FOR BASES, NUCLEOSIDES, AND NUCLEOTIDES

Base Nucleoside = base + sugar Nucleotide = nucleoside + phosphate(s)

Ribose Deoxyribose Monophosphate Diphosphate Triphosphate

Purine

Adenine adenosine adenosine monophosphate 
(AMP)a

adenosine diphosphate (ADP) adenosine triphosphate (ATP)

deoxyadenosine deoxyadenosine monophosphate 
(dAMP)b

deoxyadenosine diphosphate 
(dADP)

deoxyadenosine triphosphate 
(dATP)

Guanine guanosine guanosine monophosphate 
(GMP)a

guanosine diphosphate (GDP) guanosine triphosphate (GTP)

deoxyguanosine deoxyguanosine monophosphate 
(dGMP)

deoxyguanosine diphosphate 
(dGDP)

deoxyguanosine triphosphate 
(dGTP)

Pyrimidine

Cytosine cytidine cytidine monophosphate (CMP)a cytidine diphosphate (CDP) cytidine triphosphate (CTP)

deoxycytidine deoxycytidine monophosphate 
(dCMP)

deoxycytidine diphosphate 
(dCDP)

deoxycytidine triphosphate 
(dCTP)

Thymine thymidine thymidine monophosphate 
(TMP)a

thymidine diphosphate (TDP) thymidine triphosphate (TTP)

deoxythymidine deoxythymidine monophosphate 
(dTMP)

deoxythymidine diphosphate 
(dTDP)

deoxythymidine triphosphate 
(dTTP)

Uracil uridine uridine monophosphate (UMP)a uridine diphosphate (UDP) uridine triphosphate (UTP)

deoxyuridine deoxyuridine monophosphate 
(dUMP)

deoxyuridine diphosphate 
(dUDP)

deoxyuridine triphosphate 
(dUTP)

aNucleoside monophosphates are alternatively named as follows: AMP, adenylate; GMP, guanylate; CMP, cytidylate; TMP, thymidylate; UMP, uridylate. 
bWhere the sugar is ribose, the nucleotide is AMP; where the sugar is deoxyribose, the nucleotide is dAMP. This pattern applies throughout the table. 
Note that TMP, TDP, and TTP are not normally found in cells.
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� acidic amino acids (Figure 1.4B) carry a side chain with a net negative charge 
at physiological pH;

� uncharged polar amino acids (Figure 1.4C) are electrically neutral overall, 
although their side chains carry polar electrical groups with fractional electri-
cal charges (denoted as d+ or d�);

� nonpolar neutral amino acids (Figure 1.4D) are hydrophobic (repelling water), 
often interacting with one another and with other hydrophobic groups.
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Figure 1.3 The basic repeat structure of 
polypeptides. A polypeptide is a polymer 
consisting of amino acid repeat units (pale 
peach shading). Amino acids have the 
general formula H2N�CH(R)�COOH, where 
R is the side chain, H2N� is the amino group, 
and �COOH is the carboxyl group. The 
central a carbon carries all three groups, in 
each amino acid. The blue shading illustrates 
one of the peptide bonds that link adjacent 
amino acids.

Figure 1.4 R groups of the 20 common 
amino acids, grouped according to 
chemical class. There are 11 polar amino 
acids, divided into three classes: (A) basic 
amino acids (positively charged); (B) acidic 
amino acids (negatively charged); and 
(C) uncharged polar amino acids bearing 
three di� erent types of chemical group. 
Polar chemical groups are highlighted. (D) In 
addition, a fourth class is composed of nine 
nonpolar neutral amino acids. Amino acids 
within each class are chemically very similar. 
Side-chain carbon atoms are numbered 
from the central a-carbon atom (see the 
lysine side chain). In proline, the R group�s 
side chain connects to the amino acid�s �NH2 
group as well as to its central a-carbon atom.
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In general, polar amino acids are hydrophilic, and nonpolar amino acids are 
hydrophobic. Glycine, with its very small side chain, and cysteine (whose �SH 
group is not as polar as an �OH group) occupy intermediate positions on the 
hydrophilic�hydrophobic scale.

As described below, the side chains can be modi� ed by the addition of various 
chemical groups or sugar chains.

The type of chemical bonding determines stability and function
The stability of nucleic acid and protein polymers is primarily dependent on 
strong covalent bonds between the atoms of their linear backbones. In addition 
to covalent bonds, weak noncovalent bonds (Table 1.2) are important both 
between and within nucleic acids or protein molecules (Box 1.1). Individual non-
covalent bonds are typically more than 10 times weaker than individual covalent 
bonds.

The structure of water is particularly complex, with a rapidly � uctuating net-
work of noncovalent bonding occurring between water molecules. The predomi-
nant force in this structure is the hydrogen bond, a weak electrostatic bond 
between fractionally positive hydrogen atoms and fractionally negative atoms 
(oxygen atoms, in the case of water molecules).

TABLE 1.2 WEAK NONCOVALENT BONDING BONDS AND FORCES

Type of bond Nature of bond

Hydrogen Hydrogen bonds form when a hydrogen atom interacts with electron-attracting 
atoms, usually oxygen or nitrogen atoms

Ionic Ionic interactions occur between charged groups. They can be very strong in 
crystals, but in an aqueous environment the charged groups are shielded by both 
water molecules and ions in solution and so are quite weak. Nevertheless, they 
can be very important in biological function, as in enzyme�substrate recognition

Van der Waals 
forces

Any two atoms in close proximity show a weak attractive bonding interaction 
(van der Waals attraction) as a result of their � uctuating electrical charges. When 
atoms become extremely close, they repel each other very strongly (van der 
Waals repulsion). Although individual van der Waals attractions are very weak, the 
cumulative e� ect of many such attractive forces can be important when there is a 
very good � t between the surfaces of two macromolecules

Hydrophobic 
forces

Water is a polar molecule. Hydrophobic molecules or chemical groups in an 
aqueous environment tend to cluster. This minimizes their disruptive e� ects on 
the complex network of hydrogen bonds between water molecules. Hydrophobic 
groups are said to be held together by hydrophobic bonds, although the basis of 
their attraction is their common repulsion by water molecules

Intermolecular hydrogen bonding in nucleic acids
This is important in permitting the formation of the following double-
stranded nucleic acids:
� Double-stranded DNA. The stability of the double helix is 

maintained by hydrogen bonding between A�T and C�G base 
pairs. The individual hydrogen bonds are weak, but in eukaryotic 
cells the two strands of a DNA helix are held together by between 
tens of thousands and hundreds of millions of hydrogen bonds.

� DNA�RNA duplexes. Hydrogen bonds form naturally between DNA 
and RNA during transcription, but the base pairing is transient 
because the RNA migrates away from DNA as it matures.

� Double-stranded RNA. This occurs stably in the genomes of some 
viruses. It also arises transiently in cells during gene expression. 
For example, during RNA splicing, small nuclear RNA molecules 
bind to complementary sequences in pre-mRNA, and mRNA 

codons bind to tRNA during translation. Many regulatory RNAs, 
such as microRNAs, control the expression of selected target 
genes by base pairing to complementary sequences at the RNA 
level.

Intramolecular hydrogen bonding in nucleic acids
This is particularly prevalent in RNA molecules. Intramolecular base 
pairing can form hairpins that may be crucially important to the 
structure of some RNAs such as rRNA and tRNA (see Figure 1.9), and as 
targets for gene regulation.

Intramolecular hydrogen bonding in proteins
Several characteristic elements of protein secondary structure, such 
as a-helices and b-pleated sheets, arise because of hydrogen bonding 
between side chains of di� erent amino acids on the same polypeptide 
chain.

BOX 1.1 THE IMPORTANCE OF HYDROGEN BONDING IN NUCLEIC ACIDS AND PROTEINS
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Charged molecules are highly soluble in water. Because of the phosphate 
groups in their component nucleotides, both DNA and RNA are negatively 
charged polyanions. Depending on their amino acid composition, proteins may 
be electrically neutral, or they may carry a net positive charge (basic protein) or a 
net negative charge (acidic protein). All of these molecules can form multiple 
interactions with the water during their solubilization. Even electrically neutral 
proteins are readily soluble, if they contain suf� cient charged or neutral polar 
amino acids. In contrast, membrane-bound proteins with many hydrophobic 
amino acids are thermodynamically more stable in a hydrophobic environ-
ment.

Although individually weak, the numerous noncovalent bonds acting together 
make large contributions to the stability of the conformation (structure) of these 
molecules and are important for specifying the shape of a macromolecule. 
Covalent bonds are comparatively stable, so a high input of energy is needed to 
break them. Noncovalent bonds, however, are constantly being made and broken 
at physiological temperatures (see Box 1.1).

1.2 NUCLEIC ACID STRUCTURE AND DNA 
REPLICATION

DNA and RNA structure
DNA and RNA molecules have linear backbones consisting of alternating 
sugar residues and phosphate groups. The sugar residues are linked by 
3¢, 5¢-phosphodiester bonds, in which a phosphate group links the 3¢ carbon 
atom of one sugar to the 5¢ carbon atom of the next sugar in the sugar�phosphate 
backbone (Figure 1.5).

Although certain viral genomes are composed of single-stranded DNA, cellu-
lar DNA forms a double helix: two strands of DNA are held together by hydrogen 
bonds to form a duplex. Hydrogen bonding occurs between the laterally opposed 
complementary base pairs on the two strands of the DNA duplex. Such base 
pairs form according to Watson�Crick rules: A pairs with T, while G pairs with C 
(Figure 1.6).

Because of base pairing, the base composition of DNA is not random: the 
amount of A equals that of T, and the amount of G equals that of C. The base com-
position of DNA can therefore be speci� ed by quoting the percentage of GC 
(= percentage of G + percentage of C) in its composition. For example, DNA with 
42% GC has the following base composition: G, 21%; C, 21%; A, 29%; T, 29%.

The two strands of a DNA double helix curve around each other to produce a 
minor groove and a major groove in the double helix, where the distance occu-
pied by a single complete turn of the helix (its pitch) is 3.6 nm (Figure 1.7). DNA 
can adopt different types of helical structure. Under physiological conditions, 
most DNA in bacterial or eukaryotic cells adopts the B form, which is a right-
handed helix (it spirals in a clockwise direction away from the observer) and has 
10 base pairs per turn. Rarer forms are A-DNA (right-handed helix with 11 base 
pairs per turn) and Z-DNA (a left-handed helix with 12 base pairs per turn).
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Figure 1.6 AT and GC base pairs. (A) AT base pairs have two connecting hydrogen bonds (dotted red lines); (B) GC base pairs have 
three. Fractional positive charges and fractional negative charges are shown by d+ and d�, respectively.

Figure 1.5 A 3¢, 5¢-phosphodiester bond. 
The phosphodiester bond (pale peach 
shading) joins the 3¢ carbon atom of one 
sugar to the 5¢ carbon atom of the next 
sugar in the sugar�phosphate backbone of a 
nucleic acid.
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Because the phosphodiester bonds link carbon atoms number 3¢ and number 
5¢ of successive sugar residues, the two ends of a linear DNA strand are different. 
The 5¢ end has a terminal sugar residue in which carbon atom number 5¢ is not 
linked to another sugar residue. The 3¢ end has a terminal sugar residue whose 3¢ 
carbon is not involved in phosphodiester bonding. The two strands of a DNA 
duplex are described as being anti-parallel to each other because the 5¢˘3¢ direc-
tion of one DNA strand is the opposite to that of its partner, according to Watson�
Crick base-pairing rules (Figure 1.8).

Genetic information is encoded by the linear sequence of bases in the DNA 
strands. The two strands of a DNA duplex have complementary sequences, so the 
sequence of bases of one DNA strand can therefore readily be inferred from that 
of the other strand. It is usual to describe DNA by writing the sequence of bases 
of one strand only, in the 5¢˘3¢ direction, which is the direction of synthesis of 
new DNA or RNA from a DNA template. When describing the sequence of a DNA 
region encompassing two neighboring bases (a dinucleotide) on one DNA strand, 
it is usual to insert a �p� to denote a connecting phosphodiester bond. So, a CG 
base pair means a C on one DNA strand is hydrogen-bonded to a G on the com-
plementary strand, but CpG represents a deoxycytidine covalently linked to a 
neighboring deoxyguanosine on the same DNA strand (see Figure 1.8).

Unlike DNA, RNA is normally single-stranded except for certain viruses that 
have double-stranded RNA genomes. However, to perform certain cell functions 
two RNA molecules may need to associate transiently to form base pairs, and 
intermolecular hydrogen bonding also permits the formation of transient RNA�
DNA duplexes (see Box 1.1).

In addition, hydrogen bonding can occur between bases within a single-
stranded RNA (or DNA) molecule to produce structurally and functionally impor-
tant stretches of double-stranded sequence. Hairpin structures may be formed 
with stems that are stabilized by hydrogen bonding between bases (Figure 1.9A). 
Intrachain base pairing causes certain RNA molecules to have complex struc-
tures (Figure 1.9B).

In double-stranded RNA, A pairs with U instead of T. Although G usually pairs 
with C, sometimes G�U base pairs are formed (see the example in Figure 1.9B). 
Although not particularly stable, G�U base pairing does not signi� cantly distort 
the RNA�RNA helix.
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Figure 1.7 Features of the DNA double 
helix. The two DNA strands wind round each 
other, producing a minor groove and a major 
groove in the double helix. The double helix 
has a pitch of 3.6 nm and a radius of 1 nm 
per turn.

Figure 1.8 Anti-parallel nature of the DNA 
double helix. The two anti-parallel DNA 
strands run in opposite directions in linking 
3¢ to 5¢ carbon atoms in the sugar residues. 
This double-stranded trinucleotide has the 
sequence 5¢ pCpGpT�OH 3¢/5¢ pApCpG�OH 3¢, 
where p stands for a phosphate group and 
�OH 3¢ represents the 3¢ terminal hydroxyl 
group. This is conventionally abbreviated to 
give the 5¢˘3¢ sequence of nucleotides on only 
one strand, either as 5¢-CGT-3¢ (blue strand) or 
as 5¢-ACG-3¢ (purple strand).
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Replication is semi-conservative and semi-discontinuous
For new DNA synthesis (replication) to begin, the two DNA strands of a helix 
need to be unwound by the enzyme helicase. The two unwound DNA strands 
then each serve as a template for DNA polymerase to make complementary DNA 
strands, using the four deoxynucleoside triphosphates (dATP, dCTP, dGTP, and 
dTTP). Two daughter DNA duplexes are formed, each identical to the parent mol-
ecule (Figure 1.10). Each daughter DNA duplex contains one strand from the 
parent molecule and one newly synthesized DNA strand, so the replication proc-
ess is semi-conservative.

DNA replication is initiated at speci� c points, called origins of replication, 
generating Y-shaped replication forks, where the parental DNA duplex is opened 
up. The anti-parallel parental DNA strands serve as templates for the synthesis of 
complementary daughter strands that run in opposite directions.

The overall direction of chain growth is 5¢˘3¢ for one daughter strand, the 
leading strand, but 3¢˘5¢ for the other daughter strand, the lagging strand 
(Figure 1.11). The reactions catalyzed by DNA polymerase involve the addition of 
a deoxynucleoside monophosphate (dNMP) residue to the free 3¢ hydroxyl group 
of the growing DNA strand. However, only the leading strand always has a free 3¢ 
hydroxyl group that allows continuous elongation in the same direction in which 
the replication fork moves.

The direction of synthesis of the lagging strand is opposite to that in which the 
replication fork moves. As a result, strand synthesis needs to be accomplished in 
a progressive series of steps, making DNA segments that are typically 100�1000 
nucleotides long (Okazaki fragments). Successively synthesized fragments are 
eventually joined covalently by the enzyme DNA ligase to ensure the creation of 
two complete daughter DNA duplexes. Only the leading strand is synthesized 
continuously, so DNA synthesis is therefore semi-discontinuous.

DNA polymerases sometimes work in DNA repair and 
recombination
The machinery for DNA replication relies on a variety of proteins (Box 1.2) and 
RNA primers, and has been highly conserved during evolution. However, the 
complexity of the process is greater in mammalian cells, in terms of the numbers 
of different DNA polymerases (Table 1.3), and of their constituent proteins and 
subunits.

Most DNA polymerases in mammalian cells use an individual DNA strand as 
a template for synthesizing a complementary DNA strand and so are DNA-
directed DNA polymerases. Unlike RNA polymerases, DNA polymerases nor-
mally require the 3¢-hydroxyl end of a base-paired primer strand as a substrate. 
Therefore, an RNA primer, synthesized by a primase, is needed to provide a free 
3¢ OH group for the DNA polymerase to start synthesizing DNA.

Figure 1.9 Base pairing within single-
stranded nucleic acids. (A) Hairpin formation 
by intramolecular hydrogen bonding. 
Hydrogen bonds between the sequences 
highlighted by dark pink shading within this 
single-stranded nucleic acid (shown here 
as RNA) can stabilize folding back to form a 
hairpin with a double-stranded stem. 
(B) Extensive intramolecular base pairing in 
transfer RNA. The tRNAGly shown here as an 
example illustrates the classical cloverleaf 
tRNA structure. There are three hairpins (the 
D arm, anticodon arm, and the TyC arm) plus 
a stretch of base pairing between 5¢ and 
3¢ terminal sequences (called the acceptor 
arm because the 3¢ end is used to attach an 
amino acid). Note that tRNAs always have the 
same number of base pairs in the stems of the 
di� erent arms of their cloverleaf structure and 
that the anticodon at the center of the middle 
loop identi� es the tRNA according to the 
amino acid it will bear. The minor nucleotides 
depicted are: D, 5,6-dihydrouridine; 
y, pseudouridine (5-ribosyluracil); m5C, 
5-methylcytidine; m1A, 1-methyladenosine; 
Um, 2¢-O-methyluridine.
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Figure 1.10 Semi-conservative DNA 
replication. The parental DNA duplex 
consists of two complementary, 
anti-parallel DNA strands that unwind to 
serve as templates for the synthesis of 
new complementary DNA strands. Each 
completed daughter DNA duplex contains 
one of the two parental DNA strands plus 
one newly synthesized DNA strand, and is 
structurally identical to the original parental 
DNA duplex.
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There are close to 20 different types of DNA polymerase in mammalian cells. 
Most use DNA as a template to synthesize DNA and they have been grouped into 
four families�A, B, X, and Y�on the basis of sequence comparisons (see Table 
1.3).

Members of family B are classical (high-� delity) DNA polymerases and include 
the enzymes devoted to replicating nuclear DNA. They mostly have an associated 
3¢-5¢ exonuclease activity that is important in proofreading: if the wrong base is 
inserted at the 3¢ OH group of the growing DNA chain the 3¢-5¢ exonuclease snips 
it out. This results in high-� delity replication, because base misincorporation 
errors are extremely infrequent. DNA polymerase a is a complex of a polymerase 
and a primase and is devoted to initiating DNA synthesis and initiating Okazaki 
fragments. DNA polymerases d and e carry out most of the DNA synthesis and are 
strand-speci� c (see Table 1.3).

Many DNA polymerases work in DNA repair or recombination. They include 
classical high-� delity DNA polymerases that are also involved in replication 
(DNA polymerases d and e) and others that are dedicated to DNA repair or recom-
bination. Some of the latter are high-� delity polymerases but many of them are 
comparatively prone to base misincorporation, notably members of family X and 
especially family Y members. For example, DNA polymerase i (iota) can have an 
error rate 20,000 or more times that of DNA polymerase e.

The high error rate in some DNA polymerases is tolerated because they work 
in DNA repair processes and so are used to synthesize only small stretches of 
DNA. In other cases, high error rates are advantageous. For example, low-� delity 

Figure 1.11 Semi-discontinuous DNA 
replication. The enzyme helicase opens up 
a replication fork, where synthesis of new 
daughter DNA strands can begin. The overall 
direction of movement of the replication 
fork matches that of the continuous 5¢˘3¢ 
synthesis of the leading daughter DNA 
strand. Replication is semi-discontinuous 
because the lagging strand, which is 
synthesized in the opposite direction, is built 
up in pieces (Okazaki fragments, shown here 
as fragments A, B, and C), that will later be 
stitched together by a DNA ligase.
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� Topoisomerases�start the process of DNA unwinding by 
breaking a single DNA strand, releasing the tension holding the 
helix in its coiled and supercoiled form.

� Helicases�unwind the double helix at the replication fork, once 
supercoiling has been eliminated by a topoisomerase.

� Single-stranded binding proteins�maintain the stability of 
the replication fork. Single-stranded DNA is very vulnerable 
to enzymatic attack; the bound proteins protect it from being 
degraded.

� Primases�enzymes that attach a small complementary RNA 
sequence (a primer) to single-stranded DNA at the replication 
fork. The RNA primer provides the 3¢ OH needed by DNA 
polymerase to begin synthesis (unlike RNA polymerases, DNA 
polymerases cannot initiate new strand synthesis from a bare 
single-stranded template but require an initiating molecule with a 
free 3¢ OH group onto which deoxynucleoside triphosphates can 
be attached to build a complementary strand).

� DNA polymerases�for synthesizing new DNA strands. New 
cellular DNA synthesis normally depends on an existing DNA 
strand template that is read by a DNA-directed DNA polymerase. 
This complex aggregate of protein subunits often also provides 
DNA proofreading and DNA repair functions (see Table 1.3). This 
means that any wrongly incorporated bases can be identi� ed, 
removed, and repaired. DNA can also be synthesized from an 
RNA template, using an RNA-directed DNA polymerase (a reverse 
transcriptase). The ends of linear chromosomes are copied using a 
reverse transcriptase (telomerase).

� DNA ligases�needed to seal nicks that remain in newly 
synthesized DNA after the RNA primers have been removed and 
the small gaps � lled by DNA polymerase. The DNA ligases catalyze 
the formation of a phosphodiester bond between unattached but 
adjacent 3¢ hydroxyl and 5¢ phosphate groups.

BOX 1.2 MAJOR CLASSES OF PROTEINS INVOLVED IN DNA REPLICATION
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DNA polymerases can continue to synthesize new DNA strands opposite a lesion 
in the template DNA (translesion synthesis) and they can contribute to the 
sequence diversity of immunoglobulins (e.g. by introducing many base changes 
in coding sequences) and so assist in the recognition of numerous foreign anti-
gens by the immune system.

Many viruses have RNA genomes
DNA is the hereditary material in all present-day cells and we generally think of 
the genome as the collective term for the different hereditary DNA molecules of 
an organism or cell. However, many viruses have an RNA genome. These RNA 
molecules can undergo self-replication, although the 2¢ OH group on their ribose 
residues makes the sugar�phosphate bonds rather unstable chemically. By con-
trast, in DNA, the deoxyribose residues carry only hydrogen atoms at the 2¢ posi-
tion, making DNA a more stable carrier of genetic information.

TABLE 1.3 MAMMALIAN DNA POLYMERASES

DNA�DIRECTED DNA POLYMERASES

Polymerase Family Standard DNA replication Additional or alternative roles in DNA repair, recombination, etc.

a (alpha) B initiates synthesis at replication origins and 
initiates synthesis of Okazaki fragments on 
lagging strand

b (beta) X base excision repairb

g (gamma) A mitochondrial DNA synthesis mitochondrial DNA repair

d (delta) B main polymerase that synthesizes lagging 
strand

multiple roles in DNA repair

e (epsilon) B synthesizes leading strand multiple roles in DNA repair

z (zeta) B translesion synthesisc

h (eta) Y translesion synthesisc

q (theta) A possible role in interstrand crosslink repaird; base excision repairb; 
translesion synthesisc; somatic hypermutationg

i (iota) Y translesion synthesisc; possible roles in base excision repairb and 
mismatch repaire

k (kappa) Y translesion synthesisc; nucleotide excision repairf

l (lambda) X
double-strand break repair; VDJ recombinationg; base excision repairb

m (mu) X

n (nu) A possible role in interstrand crosslink repaird

Rev1 Y translesion synthesisc

TdTa X VDJ recombinationg

RNA�DIRECTED DNA POLYMERASES �REVERSE TRANSCRIPTASES�

Interspersed repeat reverse transcriptases (LINE-1 or 
endogenous retrovirus elements)

occasionally converts mRNA and other RNA into cDNA, which can integrate elsewhere 
into the genome

Telomerase reverse transcriptase (Tert) replicates DNA at the ends of linear chromosomes

aTerminal deoxynucleotide transferase. bBase excision repair identi� es and removes inappropriate bases or inappropriately modi� ed bases. 
cTranslesion synthesis involves the replication of DNA past damaged DNA (lesions) on the template strand. dInterstrand crosslink repair is the repair 
of highly cytotoxic lesions where covalent DNA bonds have been formed between the DNA strands. eMismatch repair is a form of DNA repair that 
corrects mistakes arising when noncomplementary nucleotides form a base pair. f Nucleotide excision repair is used to � x helix-distorting lesions. 
gSomatic hypermutation and VDJ recombination are mechanisms used in B cells to diversify immunoglobulin sequences.

NUCLEIC ACID STRUCTURE AND DNA REPLICATION
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Viruses have developed many different strategies to infect and subvert cells, 
and their genomes show extraordinary diversity when compared with cellular 
genomes (Table 1.4 and Figure 1.12). Because RNA replication has a much higher 
error rate than DNA replication, viral RNA genomes have a higher mutational 
load than DNA genomes. Although viral RNA genomes are generally quite small, 
the elevated mutation rate permits more rapid adaptation to changing environ-
mental conditions. RNA viruses usually replicate in the cytoplasm; DNA viruses 
generally replicate in the nucleus.

Retroviruses are unusual RNA viruses both because they replicate in the 
nucleus and also because their RNA replicates via a DNA intermediate. The 
single-stranded RNA genome is converted into a single-stranded cDNA using a 
viral reverse transcriptase. The single-stranded viral cDNA is then converted into 
double-stranded DNA, by using a DNA polymerase from the host cell. Other viral 
proteins then help insert this double-stranded DNA into the host cell�s chromo-
somal DNA. It can remain there for long periods or be used to synthesize new 
viral RNA genomes that are packaged as new virus particles.

1.3 RNA TRANSCRIPTION AND GENE EXPRESSION
As well as having global roles in storing and transmitting genetic information and 
supporting chromosome function, DNA can have cell-speci� c functions because 
it contains sequences that can be used to make RNA and polypeptides in ways 
that differ from cell to cell. Genes are discrete DNA segments that are spaced at 
irregular intervals along the DNA sequence and serve as templates for making 
complementary RNA sequences (transcription). The initial primary RNA tran-
script must then undergo a series of maturation steps that ultimately result in a 
mature, functional noncoding RNA or a messenger RNA that will in turn serve as 
a template to make a polypeptide. Some of the gene products are needed by 
essentially all cells for a variety of vital cell processes (such as DNA replication or 
protein synthesis). However, other RNA and protein products are made in some 
cell types but not others and may even be speci� c for individual cells in 
some exceptional cases, as in individual B and T lymphocytes.

The DNA compositions of the different cell types in a multicellular organism 
are essentially identical. The variation between cells happens because of differ-
ences in gene expression, primarily at the level of transcription: different genes 
are transcribed in different cells according to the needs of the cells. Some genes, 
known as housekeeping genes, need to be expressed in essentially all cells, but 
other genes show tissue-speci� c gene expression or they may be expressed at 
speci� c times (e.g. at speci� c stages of development or of the cell cycle).

TABLE 1.4 DIFFERENT CLASSES OF GENOME

Single linear Multiple linear Single circular Multiple circular Mixed (linear + 
circular)

DNA GENOMES

Single-stranded (ss)DNA some viruses segmented ssDNA 
viruses

some viruses � �

Double-stranded (ds)DNA some viruses; a 
very few bacteria, 
e.g. Borrelia

segmented dsDNA 
viruses; eukaryotic 
nuclei

mitochondria; 
chloroplasts; many 
bacteria and Archaea

multipartite viruses; 
some bacteria

a very few bacteria, 
e.g. Agrobacterium 
tumefaciens

RNA GENOMES

Single-stranded (ss)RNA some viruses segmented ssRNA 
viruses

a very few viruses � �

Double-stranded (ds)RNA a few viruses segmented dsRNA 
viruses

� � �

See Figure 1.12 for examples of viral genomes and for explanations of segmented and multipartite viruses.
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Normally, only one of the two DNA strands in a duplex serves as a template for 
RNA synthesis. During transcription, double-stranded DNA is bound by RNA 
polymerase. The DNA is then unwound, enabling the DNA strand that will act as 
a template for RNA synthesis (the template strand) to form a transient double-
stranded RNA�DNA hybrid with the growing RNA strand.

The RNA transcript is complementary to the template strand of the DNA and 
has the same 5¢˘3¢ direction and base sequence (except that U replaces T) as the 
opposite, nontemplate DNA strand. The nontemplate strand is often called the 
sense strand, and the template strand is often called the antisense strand (Figure 
1.13).

In documenting gene sequences, it is customary to show only the DNA 
sequence of the sense strand. The orientation of sequences relative to a gene nor-
mally refers to the sense strand. For example, the 5¢ end of a gene refers to 

+
parvoviruses

herpes virus, l

e.g. M13, fd, f1

+
but no DNA intermediate

e.g. hepatitis A

e.g. rhabdoviruses

+
replicate via DNA intermediate

e.g. retroviruses

e.g. hepatitis
delta virus

DNA

linear

(A)

(B)

circular linear circular
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linear circular linear circular
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reoviruses

adenovirus (has covalently
linked terminal protein   )

papovaviruses
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strand RNA)
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circular double-
stranded DNA
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8

PPP OH 3¢

3¢
3¢

5¢

5¢

5¢

RNA
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template (antisense) strand

Figure 1.12 The extraordinary variety 
of viral genomes. (A) Strandedness and 
topology. In single-stranded viral genomes, 
the RNA used to make protein products 
may have the same sense as the genome, 
which is therefore a positive-strand genome 
(+), or be the opposite sense (antisense) 
of the genome, a negative-strand genome 
(�). Some single-stranded (+) RNA viruses 
(e.g. retroviruses) go through a DNA 
intermediate, and some double-stranded 
DNA viruses (e.g. hepatitis B) go through 
a replicative RNA form. (B) Segmented 
and multipartite genomes. Segmented 
genomes are ones in which the genome is 
divided into multiple di� erent nucleic acid 
molecules, each specifying a messenger RNA 
devoted to making a single polypeptide. 
For example, the genome of an in� uenza 
virus is partitioned into eight di� erent 
negative single-strand RNA molecules. In 
some segmented genomes, each of the 
di� erent molecules is packaged in a separate 
virus particle (capsid). Such genomes 
are described as multipartite genomes, as 
illustrated here by the bipartite genome of 
the gemini virus.

Figure 1.13 Transcribed RNA is 
complementary to one strand of DNA. 
The nucleotide sequence of transcribed 
RNA is normally identical to that of the 
sense strand, except that U replaces T, and 
is complementary to that of the template 
strand. The nucleotide at the extreme 
5¢ end of a primary RNA transcript carries a 
5¢ triphosphate group that may later 
undergo modi� cation; the 3¢ end has a free 
hydroxyl group.

RNA TRANSCRIPTION AND GENE EXPRESSION
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sequences at the 5¢ end of the sense strand, and upstream or downstream 
sequences � ank the gene at its 5¢ or 3¢ ends, respectively, with reference to the 
sense strand. For transcription to proceed ef� ciently, various proteins (transcrip-
tion factors) must bind to particular DNA sequence elements (collectively called 
a promoter) that are often located close to and upstream of a gene. The bound 
transcription factors serve to position and guide the RNA polymerase.

RNA polymerases synthesize RNA from four nucleotide precursors: ATP, CTP, 
GTP, and UTP. Elongation involves the addition of the appropriate ribonucleoside 
monophosphate residue (AMP, CMP, GMP, or UMP) to the free 3¢ hydroxyl group 
at the 3¢ end of the growing RNA strand. These nucleotides are derived by split-
ting a pyrophosphate residue (PPi) from their appropriate ribonucleoside tri-
phosphate (rNTP) precursors. Only the initiator nucleotide at the extreme 5¢ end 
of a primary transcript carries a 5¢ triphosphate group.

Most genes are expressed to make polypeptides
Most eukaryotic genes are expressed to produce polypeptides using RNA 
polymerase II, one of three RNA polymerases (Table 1.5). All three RNA polymer-
ases cannot initiate transcription by themselves: they require regulatory factors. 
A crucial regulatory element is the promoter, a collection of closely spaced short 
DNA sequence elements in the immediate vicinity of a gene. Promoters are rec-
ognized and bound by transcription factors that then guide and activate the 
polymerase. Transcription factors are said to be trans-acting, because they are 
produced by remote genes and need to migrate to their sites of action. In con-
trast, promoter sequences are cis-acting because they are located on the same 
DNA molecule as the genes they regulate.

Promoters recognized by RNA polymerase II often include the following 
elements:
� The TATA box. Often TATAAA, or a variant sequence, this element is usually 

found about 25 base pairs (bp) upstream from the transcriptional start site 
(designated by �25; Figure 1.14A). It usually occurs in genes that are actively 
transcribed by RNA polymerase II only at a particular stage in the cell cycle 
(e.g. histone genes) or in speci� c cell types (e.g. the b-globin gene). A muta-
tion in the TATA box does not prevent the initiation of transcription but causes 
transcription to begin at an incorrect location.

� The GC box. Usually a variant of the sequence GGGCGG, the GC box occurs in 
a variety of genes, many of which lack a TATA box. This is the case for the 
�housekeeping� genes that perform the same function in all cells (such as 
those encoding DNA and RNA polymerases, histones, or ribosomal proteins). 
Although the GC box sequence is sequentially asymmetrical, it seems to func-
tion in either orientation (Figure 1.14B).

� The CAAT box. Often located at position �80 it is usually the strongest deter-
minant of promoter ef� ciency. Like the GC box, it functions in either 
orientation.

TABLE 1.5 THE THREE CLASSES OF EUKARYOTIC RNA POLYMERASE

RNA polymerase RNA synthesized Notes

I 28S rRNAa, 18S rRNAa, 5.8S rRNAa localized in the nucleolus; RNA polymerase I produces a single primary 
transcript (45S rRNA) that is cleaved to give the three rRNA classes listed here

II mRNAb, miRNAc, most snRNAsd and snoRNAse RNA polymerase II transcripts are unique in being subject to capping and 
polyadenylation

III 5S rRNAa, tRNAf, U6 snRNAg, 7SL RNAh, various 
other small noncoding RNAs

the promoter for some genes transcribed by RNA polymerase III (e.g. 5S rRNA, 
tRNA, 7SL RNA) is internal to the gene; for others, it is located upstream of the 
gene (see Figure 1.15)

aRibosomal RNA. bMessenger RNA. cMicroRNA. dSmall nuclear RNAs. eSmall nucleolar RNAs. fTransfer RNA. gU6 snRNA is a component of the 
spliceosome, an RNA�protein complex that removes unwanted noncoding sequences from newly formed RNA transcripts. h7SL RNA forms part of the 
signal recognition particle, which has an important role in the transport of newly synthesized proteins.
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For a gene to be transcribed by RNA polymerase II the DNA must � rst be bound 
by general transcription factors, to form a preinitiation complex. General tran-
scription factors required by RNA polymerase II include TFIIA, TFIIB, TFIID, TFIIE, 
TFIIF, and TFIIH. These transcription factors may themselves comprise several 
components. For example, TFIID consists of the TATA-box-binding protein (TBP; 
also found in association with RNA polymerases I and III) plus various TBP-
associated factors (TAF proteins). The complex that is required to initiate trans-
cription by an RNA polymerase is known as the basal transcription apparatus 
and consists of the polymerase plus all of its associated general transcription 
factors.

In addition to the general transcription factors required by RNA polymerase 
II, speci� c recognition elements are recognized by tissue-restricted transcription 
factors. For example, an enhancer is a cluster of cis-acting short sequence ele-
ments that can enhance the transcriptional activity of a speci� c eukaryotic gene. 
Unlike a promoter, which has a relatively constant position with regard to the 
transcriptional initiation site, enhancers are located at variable (often consider-
able) distances from their transcriptional start sites. Furthermore, their function 
is independent of their orientation. Enhancers do, however, also bind gene regu-
latory proteins. The DNA between the promoter and enhancer sites loops out, 
which brings the two different DNA sequences together and allows the proteins 
bound to the enhancer to interact with the transcription factors bound to the 
promoter, or with the RNA polymerase.

A silencer has similar properties to an enhancer but it inhibits, rather than 
stimulates, the transcriptional activity of a speci� c gene.

Di� erent sets of RNA genes are transcribed by the three 
eukaryotic RNA polymerases
Genes that encode polypeptides are always transcribed by RNA polymerase II. 
However, RNA genes (genes that make noncoding RNA) may be transcribed by 
polymerases I, II, or III, depending on the type of RNA (see Table 1.5). RNA 
polymerase I is unusual because it is dedicated to transcribing RNA from a single 
transcription unit, generating a large transcript that is then processed to yield 
three types of ribosomal RNA (see below).

RNA polymerase II synthesizes various types of small noncoding RNA in addi-
tion to mRNA. They include many types of small nuclear RNA (snRNA) and of 
small nucleolar RNA (snoRNA) that are involved in different RNA processing 
events. In addition, it synthesizes many microRNAs (miRNAs) that can show 
tissue-speci� c expression and typically regulate the expression of distinctive sets 
of target genes.

RNA polymerase III transcribes a variety of small noncoding RNAs that are 
typically expressed in almost all cells, including the different transfer RNA spe-
cies, 5S ribosomal RNA (rRNA), and some snRNAs. The genes for transfer RNAs 
(tRNAs) and 5S rRNA are unusual in that the promoters lie within, rather than 
upstream of, the transcribed sequence (Figure 1.15).

Internal promoters are possible because the job of a promoter is simply to 
attract transcription factors that will guide the RNA polymerase to the correct 
transcriptional start site. By the time the polymerase is in place and ready to initi-
ate transcription, any transcription factors previously bound to downstream 
promoter elements will have been removed from the template strand. As an 
example, transcription of a tRNA gene begins with the following sequence:
� TFIIIC (transcription factor for polymerase IIIC) binds to the A and B boxes of 

the internal promoter of a tRNA gene (see Figure 1.15).

–100

(A)

(B)

–90 –80 –70 –60 –50 –40 –30 –20 –10 +1

–1000 –900 –800 –700 –600 –500 –400 –300 –200 –100 +1

Figure 1.14 Promoters for two 
eukaryotic genes encoding polypeptides. 
Polypeptide-encoding genes are transcribed 
by RNA polymerase II. The promoters are 
de� ned by short sequence elements located 
in regions just upstream of the transcription 
start site (+1). (A) The b-globin gene 
promoter includes a TATA box (orange), a 
CAAT box (purple), and a GC box (blue). 
(B) The glucocorticoid receptor gene is 
unusual in possessing 13 upstream GC 
boxes: 10 in the normal orientation, and 
3 in the reverse orientation (alternative 
orientations for GC box elements are 
indicated by chevron directions).
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A B
tRNA gene

(A)

A CIE
5S rRNA gene

(B)

TATAPSEDSE
U6 snRNA gene

(C)

Figure 1.15 Promoter elements in three 
genes transcribed by RNA polymerase III. 
(A) tRNA genes have an internal promoter 
consisting of an A box (located within the 
D arm of the tRNA; see Figure 1.9B) and a 
B box that is usually found in the TyC arm. 
(B) The promoter of the Xenopus 5S rRNA 
gene has three components: an A box (+50 
to +60), an intermediate element (IE; +67 
to +72), and the C box (+80 to +90). (C) The 
human U6 snRNA gene has an external 
promoter consisting of three components. 
A distal sequence element (DSE; �240 to 
�215) enhances transcription and works 
alongside a core promoter composed of a 
proximal sequence element (PSE; �65 to �48) 
and a TATA box (�32 to �25). Arrows mark the 
+1 position.

� Bound TFIIIC guides the binding of another transcription factor, TFIIIB, to a 
position upstream of the transcriptional start site; TFIIIC is no longer required 
and any bound TFIIIC is removed from the internal promoter.

� TFIIIB guides RNA polymerase III to bind to the transcriptional start site.

1.4 RNA PROCESSING
The RNA transcript of most eukaryotic genes undergoes a series of processing 
reactions to make a mature mRNA or noncoding RNA.

RNA splicing removes unwanted sequences from the primary 
transcript
For most vertebrate genes�almost all protein-coding genes and some RNA 
genes�only a small portion of the gene sequence is eventually decoded to give 
the � nal product. In these cases the genetic instructions for making an mRNA or 
mature noncoding RNA occur in exon segments that are separated by interven-
ing intron sequences that do not contribute genetic information to the � nal 
product.

Transcription of a gene initially produces a primary transcript RNA that is 
complementary to the entire length of the gene, including both exons and introns. 
This primary transcript then undergoes RNA splicing, which is a series of reac-
tions whereby the intronic RNA segments are removed and discarded while the 
remaining exonic RNA segments are joined end-to-end, to give a shorter RNA 
product (Figure 1.16).

RNA splicing requires recognition of the nucleotide sequences at the bounda-
ries of transcribed exons and introns (splice junctions). The dinucleotides at the 
ends of introns are highly conserved: the vast majority of introns start with a GT 
(becoming GU in intronic RNA) and end with an AG (the GT�AG rule).

gt - - - - - - - - - - - ag
exon 1 intron 1 exon 2 intron 2 exon 3

gt - - - - ag

gu - - - - - - - - - - ag
E1 E2 E3

gu - - - ag

transcription unit(A)

(B)

(C)

(D)

transcription of gene

splicing of exonic sequences 1, 2,
and 3 to produce mature RNA

E1 E2 E3

E1 E2 E3

cleave primary RNA transcript at
and discard intronic sequences 1 and 2

Figure 1.16 The process of RNA splicing. 
(A) In this example, the gene contains three 
exons and two introns. (B) The primary RNA 
transcript is a continuous RNA copy of the 
gene and contains sequences transcribed 
from exons (E1, E2, and E3) and introns. 
(C) The primary transcript is cleaved at 
regions corresponding to exon�intron 
boundaries (splice junctions). The RNA 
copies of the introns are snipped out and 
discarded. (D) The RNA copies of the exons 
are retained and then fused together 
(spliced) in the same linear order as in the 
genomic DNA sequence.
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Although the conserved GT and AG dinucleotides are crucial for splicing, they 
are not suf� cient to mark the limits of an intron. The nucleotide sequences that 
are immediately adjacent to them are also quite highly conserved, constituting 
splice junction consensus sequences (Figure 1.17). A third conserved intronic 
sequence that is also important in splicing is known as the branch site and is typi-
cally located no more than 40 nucleotides upstream of the intron�s 5¢ terminal AG 
(see Figure 1.17). Other exonic and intronic sequences can promote splicing 
(splice enhancer sequences) or inhibit it (splice silencer sequences), and muta-
tions in these sequences can cause disease.

The essential steps in splicing are as follows:
� Nucleophilic attack of the intron�s 5¢ terminal G nucleotide by the invariant A 

of the branch site consensus sequence, to form a lariat-shaped structure.
� Cleavage of the exon/intron junction at the splice donor site.
� Nucleophilic attack by the 3¢ end of the upstream exon of the splice acceptor 

site, leading to cleavage and release of the intronic RNA in the form of a lariat, 
and the splicing together of the two exonic RNA segments (Figure 1.18).
For genes residing in eukaryotic nuclei, RNA splicing is mediated by a large 

RNA�protein complex, called the spliceosome. Spliceosomes have � ve types of 
snRNA (small nuclear RNA) and more than 50 proteins. The snRNA molecules 
associate with proteins to form small nuclear ribonucleoprotein (snRNP, or 
snurp) particles. The speci� city of the splicing reaction is established by 
RNA�RNA base pairing between the RNA transcript to be spliced and snRNA 
molecules within the spliceosome. There are two types of spliceosome:
� The major (GU-AG) spliceosome processes transcripts corresponding to clas-

sical GT-AG introns. It contains � ve types of snRNA. U1 and U2 snRNAs recog-
nize and bind the splice donor and branch sites, respectively. U4, U5, and U6 
snRNAs subsequently bind to cause looping out of the intronic RNA (Figure 
1.19).

� The minor (AU-AC) spliceosome processes transcripts corresponding to rare 
AU-AC introns. It also has � ve snRNAs but uses U11 and U12 snRNA instead 
of U1 and U2 and has variants of U4 and U6 snRNA.
Once a splice donor site is recognized by the spliceosome, it scans the RNA 

sequence until it meets the next splice acceptor site (signaled as a target by the 
upstream presence of the branch site consensus sequence).

Specialized nucleotides are added to the ends of most RNA 
polymerase II transcripts
In addition to RNA splicing, the ends of RNA polymerase II transcripts undergo 
modi� cations: the 5¢ end is capped by adding a variant guanine by using an 
unusual phosphodiester bond, and a long sequence of adenines is added to the 
3¢ end. As well as protecting the ends from cellular exonucleases, these modi� ca-
tions may assist the correct functioning of the RNA transcripts.
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Figure 1.17 Three consensus DNA 
sequences in introns of complex 
eukaryotes. Most introns in eukaryotic 
genes contain conserved sequences that 
correspond to three functionally important 
regions. Two of the regions, the splice donor 
site and the splice acceptor site, span the 5¢ 
and 3¢ boundaries of the intron. The branch 
site is an additional important region that 
typically occurs less than 20 nucleotides 
upstream of the splice acceptor site. The 
nucleotides shown in red in these three 
consensus sequences are almost invariant. 
The other nucleotides detailed in both 
the intron and the exons are those most 
commonly found at each position. In some 
instances, two nucleotides may be equally 
common, as in the case of C and T near the 
3¢ end of the intron. Where N appears, any of 
the four nucleotides may occur.

Figure 1.18 The mechanism of RNA splicing. (A) The unprocessed primary 
RNA transcript with intronic RNA separating sequences E1 and E2 that 
correspond to exons in DNA. The splicing mechanism involves a nucleophilic 
attack on the G of the 5¢ GU dinucleotide. This is carried out by the 2¢ OH group 
on the conserved A of the branch site and results in the formation of a lariat 
structure (B), and cleavage of the splice donor site. The 3¢ OH at the 3¢ end of the 
E1 sequence performs a nucleophilic attack on the splice acceptor site, causing 
release of the intronic RNA (as a lariat-shaped structure) and (C) fusion (splicing) 
of E1 and E2.

RNA PROCESSING
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5¢ capping
Shortly after the initiation of synthesis of primary RNA transcripts that will 
become mRNA, a methylated nucleoside (7-methylguanosine, m7G) is linked by 
a 5¢�5¢ phosphodiester bond to the � rst 5¢ nucleotide. This is described as the 
capping of the 5¢ end of the transcript (Figure 1.20); the caps of snRNA gene tran-
scripts may undergo additional modi� cation. The 5¢ cap may have several 
functions:
� to protect the transcript from 5¢˘3¢ exonuclease attack (uncapped mRNA 

molecules are rapidly degraded);
� to facilitate transport of mRNAs from the nucleus to the cytoplasm;
� to facilitate RNA splicing; and
� to facilitate attachment of the 40S subunit of cytoplasmic ribosomes to mRNA 

during translation.

3¢ polyadenylation
Transcription by both RNA polymerase I and III stops after the enzyme recog-
nizes a speci� c transcription termination site. However, the 3¢ ends of mRNA 
molecules are determined by a post-transcriptional cleavage reaction. The 
sequence AAUAAA (sometimes AUUAAA) signals the 3¢ cleavage for most 
polymerase II transcripts.

Cleavage occurs at a speci� c site 15�30 nucleotides downstream of the 
AAUAAA sequence, although the primary transcript may continue for hundreds 
or even thousands of nucleotides past the cleavage point. After cleavage has 
occurred, the enzyme poly(A) polymerase sequentially adds adenylate (AMP) 
residues to the 3¢ end (about 200 in the case of mammalian mRNA). This polya-
denylation reaction (Figure 1.21) produces a poly(A) tail that is thought to:
� Help transport mRNA to the cytoplasm.
� Stabilize at least some mRNA molecules in the cytoplasm.
� Enhance recognition of mRNA by the ribosomal machinery.

Histone genes are unique in producing mRNA that does not become poly-
adenylated; termination of their transcription nevertheless also involves 3¢ cleav-
age of the primary transcript.
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Figure 1.19 Role of small nuclear ribonucleoprotein (snRNPs) in RNA 
splicing. (A) The unprocessed primary RNA transcript as in Figure 1.18. 
(B) Within the spliceosome, part of the U1 snRNA is complementary in sequence 
to the splice donor site consensus sequence. As a result, the U1 snRNA-protein 
complex (U1 snRNP) binds to the splice junction by RNA�RNA base pairing. The 
U2 snRNP complex similarly binds to the branch site by RNA�RNA base pairing. 
Interaction between the splice donor and splice acceptor sites is stabilized 
by (C) the binding of a multi-snRNP particle that contains the U4, U5, and U6 
snRNAs. The U5 snRNP binds simultaneously to both the splice donor and splice 
acceptor sites. Their cleavage releases the intronic sequence and allows (D) E1 
and E2 to be spliced together.

Figure 1.20 The 5¢ cap of a eukaryotic mRNA. The nucleotide components 
in pink represent the residue of the original 5¢ end of a eukaryotic pre-mRNA. 
The primary pre-mRNA transcript begins with a nucleotide that contains a 
purine (Pu) base and a 5¢ triphosphate group. However, as the pre-mRNA 
undergoes processing, the end phosphate group at the 5¢ end is excised with 
a phosphatase to leave a 5¢ diphosphate group, and a specialized nucleotide is 
covalently joined to form a cap that will protect mRNA from exonuclease attack 
and assist in the initiation of translation. The cap nucleotide (with base shown 
in red) is � rst formed when a GTP residue is cleaved to generate a guanosine 
monophosphate that is then added through a 5¢�5¢ triphosphate linkage (pale 
peach shading) to the diphosphate group of the original purine end nucleotide. 
Subsequently nitrogen atom 7 of the new 5¢ terminal G is methylated. In mRNAs 
synthesized in vertebrate cells, the 2¢ carbon atom of the ribose of each of the 
two adjacent nucleotides, the original purine end-nucleotide and its neighbor, 
are also methylated, as illustrated in this example. m7G, 7-methylguanosine; 
N, any nucleotide.
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rRNA and tRNA transcripts undergo extensive processing
Four major classes of eukaryotic rRNA have been identi� ed: 28S, 18S, 5.8S, and 5S 
rRNA (S is the Svedberg coef� cient, a measure of how fast large molecular struc-
tures sediment in an ultracentrifuge, corresponding directly to size and shape). 
18S rRNA is found in the small subunits of ribosomes; the other three are compo-
nents of the large subunit. Very large amounts of rRNA are required for cells to 
perform protein synthesis, so many genes are devoted to making rRNA in the 
nucleolus, a visibly distinct compartment of the nucleus.

In human cells a cluster of approximately 250 genes synthesizes 5S rRNA 
using RNA polymerase III, which also transcribes some other small RNA species. 
The 28S, 18S, and 5.8S rRNAs are encoded by consecutive genes on a common 13 
kb transcription unit (Figure 1.22) that is transcribed by RNA polymerase I. A 
compound unit of the 13 kb transcription unit and an adjacent 27 kb non-tran-
scribed spacer is tandemly repeated about 30�40 times at the nucleolar organizer 
regions on the short arms of each of the � ve human acrocentric chromosomes 
(13, 14, 15, 21, and 22). These � ve clusters of rRNA genes, each about 1.5 million 
bases (Mb) long, are sometimes referred to as ribosomal DNA (rDNA).

Figure 1.21 Polyadenylation of 3¢ ends 
of eukaryotic mRNAs. (A, B) As RNA 
polymerase II advances to transcribe a 
gene it carries at its rear two multiprotein 
complexes required for polyadenylation: 
CPSF (cleavage and polyadenylation 
speci� city factor) and CStF (cleavage and 
stimulation factor) that cooperate to identify 
a polyadenylation signal downstream of the 
termination codon in the RNA transcript and 
to cut the transcript. The polyadenylation 
signal comprises an AAUAAA sequence or 
close variant and some poorly understood 
downstream signals. (C) Cleavage occurs 
normally about 15�30 nucleotides 
downstream of the AAUAAA element, and 
(D) AMP residues are subsequently added by 
poly(A) polymerase to form a poly(A) tail.
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Figure 1.22 The major rRNA species are 
synthesized by cleavage of a shared 
primary transcript. (A) In human cells, the 
18S, 5.8S, and 28S rRNAs are encoded by a 
single transcription unit that is 13 kb long. 
It occurs within tandem repeat units of 
about 40 kb that also includes a roughly 
27 kb non-transcribed (intergenic) spacer. 
(B) Transcription by RNA polymerase I 
produces a 13 kb primary transcript (45S 
rRNA) that then undergoes a complex series 
of post-transcriptional cleavages. 
(C�E) Ultimately, individual 18S, 28S, and 5.8S 
rRNA molecules are released. The 18S rRNA 
will form part of the small ribosomal subunit. 
The 5.8S rRNA binds to a complementary 
segment of the 28S rRNA; the resulting 
complex will form part of the large ribosomal 
subunit. The latter also contains 5S rRNA, 
which is encoded separately by dedicated 
genes transcribed by RNA polymerase III.
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In addition to the sequence of cleavage reactions (see Figure 1.22), the pri-
mary rRNA transcript also undergoes a variety of base-speci� c modi� cations. 
This extensive RNA processing is undertaken by many different small nucleolar 
RNAs that are encoded by about 200 different genes in the human genome.

Mature tRNA molecules also undergo extensive base modi� cations, and about 
10% of the bases in any tRNA are modi� ed versions of A, C, G, or U. Common 
examples of modi� ed nucleosides include dihydrouridine, which has extra 
hydrogens at carbons 5 and 6; pseudouridine, an isomer of uridine; inosine 
(deaminated guanosine); and N,N ¢-dimethylguanosine.

1.5 TRANSLATION, POST�TRANSLATIONAL 
PROCESSING, AND PROTEIN STRUCTURE
The mRNA produced by genes in the nucleus migrates to the cytoplasm, where it 
engages with ribosomes and other components to initiate translation and 
polypeptide synthesis. Messenger RNA transcribed from genes in the mitochon-
dria and chloroplasts is translated on dedicated ribosomes within these 
organelles.

Only a central segment of a eukaryotic mRNA molecule is translated to make 
a polypeptide. The � anking untranslated regions (the 5¢ UTR and 3¢ UTR) are 
transcribed from exon sequences present at the 5¢ and 3¢ ends of the gene. They 
assist in binding and stabilizing the mRNA on the ribosomes, and promote ef� -
cient translation (Figure 1.23).

Ribosomes are large RNA�protein complexes composed of two subunits. In 
eukaryotes, cytoplasmic ribosomes have a large 60S subunit and a smaller 40S 
subunit. The 60S subunit contains three types of rRNA molecule: 28S rRNA, 5.8S 
rRNA, and 5S rRNA, as well as about 50 ribosomal proteins. The 40S subunit con-
tains a single 18S rRNA and more than 30 ribosomal proteins. Ribosomes provide 
the structural framework for polypeptide synthesis. The RNA components are 
predominantly responsible for the catalytic function of the ribosome; the protein 
components are thought to enhance the function of the rRNA molecules, although 
a surprising number of them do not seem to be essential for ribosome function.

mRNA is decoded to specify polypeptides
The assembly of a new polypeptide from its constituent amino acids is governed 
by a triplet genetic code. Within an mRNA the central nucleotide sequence that is 
used to make polypeptide is scanned from 5¢ to 3¢ on the ribosome in groups of 
three nucleotides (codons). Each codon speci� es an amino acid, and the decod-
ing process uses a collection of different tRNA molecules, each of which binds 
one type of amino acid. An amino acid�tRNA complex is known as an aminoacyl 
tRNA and is formed when a dedicated aminoacyl tRNA synthetase covalently 
links the required amino acid to the terminal adenosine in the conserved CCA 
trinucleotide at the 3¢ end of the tRNA.

transcription and RNA processing

translation

ATG GTG AG ag agG AGG CCC CAC TAAgt gt

E1 E2 E3

AUGm7Gppp GUG AG AGG CCC CAC UAA AAAAAA AnG

N Met Val Ar g Arg Pro His C

post-translational
modification

N Val Ar g Arg Pro His C

Met

(A)

(B)

(C)

(D)

Figure 1.23 Transcription and translation 
of the human b-globin gene. (A) The 
b-globin gene comprises three exons (E1�E3) 
and two introns. The 5¢ end sequence of 
E1 and the 3¢ end sequence of E3 are 
noncoding sequences (unshaded sections). 
(B) These sequences are transcribed and 
so occur at the 5¢ and 3¢ ends (unshaded 
sections) of the b-globin mRNA that emerges 
from RNA processing. They are not, however, 
translated and so do not specify any part of 
the precursor polypeptide (C). This � gure 
also illustrates that some codons can be 
speci� ed by bases that are separated by an 
intron. The arginine at position 104 in the 
b-globin polypeptide is encoded by the last 
three nucleotides (AGG) of exon 2 but the 
arginine at position 30 is encoded by an AGG 
codon whose � rst two bases are encoded by 
the last two nucleotides of exon 1 and whose 
third base is encoded by the � rst nucleotide 
of exon 2. (D) During post-translational 
modi� cation the 147-amino acid precursor 
polypeptide undergoes cleavage to remove 
its N-terminal methionine residue, to 
generate the mature 146-residue b-globin 
protein. The � anking N and C symbols to 
the left and right, respectively, in (C) and 
(D) depict the N-terminus (N) and 
C-terminus (C).
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Each tRNA has its own anticodon, a trinucleotide at the center of the anti-
codon arm (see Figure 1.9B) that provides the necessary speci� city to interpret 
the genetic code. For an amino acid to be added to a growing polypeptide, the 
relevant codon of the mRNA molecule must be recognized by base pairing with a 
complementary anticodon on the appropriate aminoacyl tRNA molecule. This 
happens on the ribosome. The small ribosomal subunit binds the mRNA, and the 
large subunit has two sites for binding aminoacyl tRNAs, namely a P (peptidyl) 
site and an A (aminoacyl) site (Figure 1.24).

The cap at the 5¢ end of messenger RNA molecules is important in initiating 
translation. It is recognized by certain key proteins that bind the small ribosomal 
subunit, and these initiation factors hold the mRNA in place. In cap-dependent 
translation initiation, the ribosome scans the 5¢ UTR of the mRNA in the 5¢˘3¢ 
direction to � nd a suitable initiation codon, an AUG that is found within the 
Kozak consensus sequence 5¢-GCCPuCCAUGG-3¢ (where Pu represents purine). 
The most important determinants are the G at position +4 (immediately follow-
ing the AUG codon), and the purine (preferably A) at �3 (three nucleotides 
upstream of the AUG codon).
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Figure 1.24 In translation, the genetic 
code is deciphered on ribosomes by 
codon�anticodon recognition. (A) The 
large ribosomal subunit (60S in eukaryotes) 
has two sites for binding an aminoacyl tRNA 
(a transfer RNA with its attached amino acid): 
the P (peptidyl) site and the A (aminoacyl) 
site. The small ribosomal subunit (40S in 
eukaryotes) binds mRNA, which is scanned 
along its 5¢ UTR in a 5¢˘3¢ direction until 
the start codon is identi� ed, an AUG located 
within a larger consensus sequence (see 
the text). An initiator tRNAMet carrying a 
methionine residue binds to the P site with 
its anticodon in register with the AUG start 
codon. (B) The appropriate aminoacyl tRNA 
is bound to the A site with its anticodon 
base-pairing with the next codon (GGG in 
this case, specifying glycine). (C) The rRNA 
in the large subunit catalyzes peptide bond 
formation, resulting in the methionine 
detaching from its tRNA and being bound 
instead to the glycine attached to the 
tRNA held at the A site. (D) The ribosome 
translocates along the mRNA so that the 
tRNA bearing the Met-Gly dipeptide is 
bound by the P site. The next aminoacyl 
tRNA (here, carrying Tyr) binds to the A site in 
preparation for new peptide bond formation. 
(E) Peptide bond formation. The N atom of 
the amino group of the amino acid bound to 
the tRNA in the A site makes a nucleophilic 
attack on the carboxyl C atom of the amino 
acid held by the tRNA bound to the P site.
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When a suitable initiation codon is identi� ed, an initiating tRNAMet with its 
attached methionine binds to the P site on the large ribosomal subunit so that its 
anticodon base-pairs with the AUG initiator codon on the mRNA (see Figure 
1.24). Once this has happened, the transcriptional reading frame is established 
and codons are interpreted as successive groups of three nucleotides continuing 
in the 5¢˘3¢ direction downstream of the initiating AUG codon. An aminoacyl 
tRNA for the second codon (a tRNAGly to recognize GGG in the example of Figure 
1.24) binds to the neighboring A site in the large subunit.

Once the P and A sites are occupied by aminoacyl tRNAs, the largest rRNA 
component within the large subunit of the ribosome is thought to act as a pepti-
dyl transferase. It catalyzes the formation of a peptide bond by a condensation 
reaction between the amino group of the amino acid held by the tRNA in the A 
site and the carboxyl group of the methionine held by the tRNAMet. The net result 
is to detach the initiator methionine from its tRNA and attach it to the second 
amino acid, forming a dipeptide (see Figure 1.24). Now without any attached 
amino acid, the tRNAMet migrates away from the P site and its place is taken by 
the tRNA with the attached dipeptide that formerly occupied the A site. The liber-
ated A site is now � lled by an aminoacyl tRNA carrying an anticodon that is com-
plementary to the third codon, and a new peptide bond is formed to make a tri-
peptide, and so on.

After a ribosome has initiated translation of an mRNA and has then moved 
along the mRNA, other ribosomes can engage with the same mRNA. The result-
ing polyribosome structures (polysomes) make multiple copies of a polypeptide 
from the one mRNA molecule. Polypeptide chain elongation occurs until a termi-
nation codon is met. For mRNA transcribed from nuclear genes, termination 
codons come in three varieties: UAA (ochre), UAG (amber), and UGA (opal), but 
there are some differences for mitochondrial mRNA as described in the next 
section.

In response to a termination codon a protein release factor enters the A site 
instead of an aminoacyl tRNA to signal that the polypeptide should disengage 
from the ribosome. The completed polypeptide will then undergo processing 
that can include cleavage and modi� cation of the side chains. Its backbone will 
have a free amino group at one end (the N-terminal end) and a free carboxyl 
group at the other end (the C-terminal end).

The genetic code is degenerate and not quite universal
The genetic code is a three-letter code, and there are four possible bases to choose 
from at each of the three base positions in a codon. There are therefore 43 = 64 
possible codons, which is more than suf� cient to encode the 20 major types of 
amino acid. The genetic code is degenerate because, on average, each amino acid 
is speci� ed by about three different codons. Some amino acids (such as leucine, 
serine, and arginine) are speci� ed by as many as six codons; others are much 
more poorly represented (Figure 1.25). The degeneracy of the genetic code most 
often involves the third base of the codon.
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Figure 1.25 The genetic code. All 64 
possible codons of the genetic code and the 
amino acid speci� ed by each, as read in the 
5¢˘3¢ direction from the mRNA sequence. 
The interpretations of the 64 codons in the 
�universal� genetic code are shown in black 
immediately to the right of the codons. 
Sixty-one codons specify an amino acid. 
Three STOP codons (UAA, UAG, and UGA) do 
not encode any amino acid. The genetic code 
for mitochondrial mRNA (mtDNA) conforms 
to the universal code except for a few 
variants. For example, in the mitochondrial 
genetic code in humans and many other 
species four codons are used di� erently: 
UGA encodes tryptophan instead of being a 
STOP codon, AUA encodes methionine, and 
instead of encoding arginine, AGA and AGG 
are STOP codons.
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Although more than 60 codons can specify an amino acid, the number of dif-
ferent cytoplasmic tRNA molecules is quite a bit smaller, and only 22 types of 
mitochondrial tRNA are made. The interpretation of more than 60 sense codons 
with a much smaller number of different tRNAs is possible because base pairing 
in RNA is more � exible than in DNA. Pairing of codon and anticodon follows the 
normal A�U and G�C rules for the � rst two base positions in a codon. However, at 
the third position there is some � exibility (base wobble), and GU base pairs are 
tolerated here (Table 1.6).

The genetic code is the same throughout nearly all life forms. However, mito-
chondria and chloroplasts have a limited capacity for protein synthesis, and dur-
ing evolution their genetic codes have diverged slightly from that used at cyto-
plasmic ribosomes. Translation of nuclear-encoded mRNA continues until one 
of three stop codons is encountered (UAA, UAG, or UGA) but in mammalian 
mitochondria there are four possibilities (UAA, UAG, AGA, and AGG).

The meaning of a codon can also be dependent upon the sequence context; 
that is, the nature of the nucleotide sequence in which it is embedded. Depending 
on the surrounding sequence, some codons in a few types of nuclear-encoded 
mRNA can be interpreted differently from normal. For example, in a wide variety 
of cells the stop codon UGA is alternatively interpreted as encoding seleno-
cysteine with some nuclear-encoded mRNAs, and UAG can sometimes be inter-
preted to encode glutamine.

Post-translational processing: chemical modi� cation of amino 
acids and polypeptide cleavage
Primary translation products often undergo a variety of modi� cations during or 
after translation. Simple or complex chemical groups are often covalently 
attached to the side chains of certain amino acids (Table 1.7). In addition, 
polypeptides may occasionally be cleaved to yield one or more active polypep-
tide products.

Addition of carbohydrate groups
Glycoproteins have oligosaccharides covalently attached to the side chains of 
certain amino acids. Few proteins in the cytosol are glycosylated (carry an 

TABLE 1.6 RULES FOR BASE 
PAIRING CAN BE RELAXED 
�WOBBLE� AT POSITION 3 
OF A CODON

Base at 5¢ end of 
tRNA anticodon

Base recognized 
at 3¢ end of mRNA 
codon

A U only

C G only

G (or I)a C or U

U A or G

aInosine (I) is a deaminated form of 
guanosine.

TABLE 1.7 MAJOR TYPES OF MODIFICATION OF POLYPEPTIDES

Type of modi� cation (group added) Target amino acid(s) Notes

Phosphorylation (PO4
�) Tyr, Ser, Thr achieved by speci� c kinases; may be reversed by phosphatases

Methylation (CH3) Lys achieved by methylases; reversed by demethylases

Hydroxylation (OH) Pro, Lys, Asp hydroxyproline (Hyp) and hydroxylysine (Hyl) are particularly common in 
collagens

Acetylation (CH3CO) Lys achieved by an acetylase; reversed by deacetylase

Carboxylation (COOH) Glu achieved by g-carboxylase

N-glycosylation (complex carbohydrate) Asna takes place initially in the endoplasmic reticulum, with later additional changes 
occurring in the Golgi apparatus

O-glycosylation (complex carbohydrate) Ser, Thr, Hylb takes place in the Golgi apparatus; less common than N-glycosylation

Glycosylphosphatidylinositol (glycolipid) Aspc serves to anchor protein to outer layer of plasma membrane

Myristoylation (C14 fatty acyl group) Glyd serves as membrane anchor

Palmitoylation (C16 fatty acyl group) Cyse serves as membrane anchor

Farnesylation (C15 prenyl group) Cysc serves as membrane anchor

Geranylgeranylation (C20 prenyl group) Cysc serves as membrane anchor

aThis is especially common when Asn is in the sequence: Asn-X-(Ser/Thr), where X is any amino acid other than Pro. bHydroxylysine. cAt C-terminus 
of polypeptide. dAt N-terminus of polypeptide. eTo form S-palmitoyl link.
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attached carbohydrate); if they are, they have a single sugar residue, N-acetyl-
glucosamine, attached to a serine or threonine residue. However, proteins that 
are secreted from cells or transported to lysosomes, the Golgi apparatus, or the 
plasma membrane are routinely glycosylated. In these cases, the sugars are 
assembled as oligosaccharides before being attached to the protein.

Two major types of glycosylation occur. Carbohydrate N-glycosylation 
involves attaching a carbohydrate group to the nitrogen atom of an asparagine 
side chain, and O-glycosylation entails adding a carbohydrate to the oxygen atom 
of an OH group carried by the side chains of certain amino acids (see Table 1.7).

Proteoglycans are proteins with attached glycosaminoglycans (polysaccha-
rides) that usually include repeating disaccharide units containing glucosamine 
or galactosamine. The best-characterized proteoglycans are components of the 
extracellular matrix, a complex network of macromolecules secreted by, and sur-
rounding, cells in tissues or in culture systems.

Addition of lipid groups
Some proteins, notably membrane proteins, are modi� ed by the addition of fatty 
acyl or prenyl groups. These added groups typically serve as membrane anchors, 
hydrophobic amino acid sequences that secure a newly synthesized protein 
within either a plasma membrane or the endoplasmic reticulum (Table 1.8).

Anchoring a protein to the outer layer of the plasma membrane involves the 
attachment of a glycosylphosphatidylinositol (GPI) group. This glycolipid group 
contains a fatty acyl group that serves as the membrane anchor; it is linked suc-
cessively to a glycerophosphate unit, an oligosaccharide unit, and � nally�
through a phosphoethanolamine unit�to the C-terminus of the protein. The 
entire protein, except the GPI anchor, is located in the extracellular space.

Post-translational cleavage
The primary translation product may also undergo internal cleavage to generate 
a smaller mature product. Occasionally the initiating methionine is cleaved from 

TABLE 1.8 LEVELS OF PROTEIN STRUCTURE

Level De� nition Notes

Primary the linear sequence of amino acids in a 
polypeptide

can vary enormously in length from a few to 
thousands of amino acids 

Secondary the path that a polypeptide backbone follows 
within local regions of the primary structure

varies along the length of the polypeptide; common 
elements of secondary structure include the a-helix 
and b-pleated sheet

Tertiary the overall three-dimensional structure of a 
polypeptide, arising from the combination of all 
of the secondary structures

can take various forms (e.g. globular, rod-like, tube, 
coil, sheet)

Quaternary the aggregate structure of a multimeric protein 
(comprising more than one subunit, which may 
be of more than one type)

can be stabilized by disul� de bridges between 
subunits or ligand binding, and other factors
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the primary translation product, as during the synthesis of b-globin (see Figure 
1.23C, D). More substantial polypeptide cleavage is observed during the matura-
tion of many proteins, including plasma proteins, polypeptide hormones, 
neuropeptides, and growth factors. Cleavable signal sequences are often used to 
mark proteins either for export or for transport to a speci� c intracellular location. 
A single mRNA molecule can sometimes specify more than one functional 
polypeptide chain as a result of post-translational cleavage of a large precursor 
polypeptide (Figure 1.26).

The complex relationship between amino acid sequence and 
protein structure
Proteins can be composed of one or more polypeptides, each of which may be 
subject to post-translational modi� cation. Interactions between a protein and 
either of the following may substantially alter the conformation of that protein:
� A cofactor, such as a divalent cation (such as Ca2+, Fe2+, Cu2+, or Zn2+), or a 

small molecule required for functional enzyme activity (such as NAD+).
� A ligand (any molecule that a protein binds speci� cally).

Four different levels of structural organization in proteins have been distin-
guished and de� ned (see Table 1.8).

Even within a single polypeptide, there is ample scope for hydrogen bonding 
between different amino acid residues. This stabilizes the partial polar charges 
along the backbone of the polypeptide and has profound effects on that protein�s 
overall shape. With regard to a protein�s conformation, the most signi� cant hydro-
gen bonds are those that occur between the oxygen of one peptide bond�s carbo-
nyl (C=O) group and the hydrogen of the amino (NH) group of another peptide 
bond. Several fundamental structural patterns (motifs) stabilized by hydrogen 
bonding within a single polypeptide have been identi� ed, the most fundamental 
of which are described below.

The a-helix
This is a rigid cylinder that is stabilized by hydrogen bonding between the carbo-
nyl oxygen of a peptide bond and the hydrogen atom of the amino nitrogen of a 
peptide bond located four amino acids away (Figure 1.27). a-Helices often occur 

Figure 1.26 Insulin synthesis involves 
multiple post-translational cleavages of 
polypeptide precursors. (A) The human 
insulin gene comprises three exons and 
two introns. The coding sequence (the part 
that will be used to make polypeptide) is 
shown in deep blue. It is con� ned to the 3¢ 
sequence of exon 2 and the 5¢ sequence of 
exon 3. (B) Exon 1 and the 5¢ part of exon 2 
specify the 5¢ untranslated region (5¢ UTR), 
and the 3¢ end of exon 3 speci� es the 
3¢ UTR. The UTRs are transcribed and so 
are present at the ends of the mRNA. (C) A 
primary translation product, preproinsulin, 
has 110 residues and is cleaved to give 
(D) a 24-residue N-terminal leader sequence 
(that is required for the protein to cross the 
cell membrane but is thereafter discarded) 
plus an 86-residue proinsulin precursor. 
(E) Proinsulin is cleaved to give a central 
segment (the connecting peptide) that may 
maintain the conformation of the A and B 
chains of insulin before the formation of 
their interconnecting covalent disul� de 
bridges (see Figure 1.29).

gtgene

mRNA m7Gppp

ag ATG

AUG

G

GUG AAC AAAAAA   An

gt ag TAGTG AAC

63 1101

exon 1
(A)

(B)

(C)

(D)

(E)

exon 2 exon 3intron 1 intron 2

63 1101

1

1

1 30 1 21

1 35

86

Met Ala Phe

Phe Leu

Phe Leu

Glu Arg

Glu Arg

Gly Asn

Gly Asn

proinsulin

preproinsulin Phe Asn CN
24

1
Metleader sequence Ala

24

25 110

5¢ UTR 3¢ UTR

post-translational
cleavage

cleavage of proinsulin

insulin B chain insulin A chain

connecting peptide

translation

transcription and
RNA processing

TRANSLATION, POST-TRANSLATIONAL PROCESSING, AND PROTEIN STRUCTURE



Chapter 1: Nucleic Acid Structure and Gene Expression26

C

C

CC

C

C

C
C

C

C

CC

C

C

C C

C

C

C

C

C

C
O

O

O

O

OO

O
O

O

O

O

H(A) (B)

H
H

N

N

N

N

N

N

N

H

N

N

N

N

H

H
H

H

H

H

H

12

3
4

5

6

8

9

10

7

Met Leu

Leu

Leu

Leu

Ala

Ala

Ala

Gly

Gly

Pro

Arg

Arg+

+

Arg+

Arg+
Arg+

Ser

Phe
1

2

3

4

in proteins that perform key cellular functions (such as transcription factors, 
where they are usually represented in the DNA-binding domains). Identical 
a-helices with a repeating arrangement of nonpolar side chains can coil round 
each other to form a particularly stable coiled coil. Coiled coils occur in many 
� brous proteins, such as collagen of the extracellular matrix, the muscle protein 
tropomyosin, a-keratin in hair, and � brinogen in blood clots.

The b-pleated sheet
b-Pleated sheets are also stabilized by hydrogen bonding but, in this case, they 
occur between opposed peptide bonds in parallel or anti-parallel segments of 
the same polypeptide chain (Figure 1.28). b-Pleated sheets occur�often together 
with a-helices�at the core of most globular proteins.

Figure 1.27 The structure of a standard 
a-helix and an amphipathic a-helix. 
(A) The structure of an a-helix is stabilized 
by hydrogen bonding between the oxygen 
of the carbonyl group (C=O) of each peptide 
bond and the hydrogen on the peptide bond 
amide group (NH) of the fourth amino acid 
away, making the helix have 3.6 amino acid 
residues per turn. The side chains of each 
amino acid are located on the outside of the 
helix; there is almost no free space within 
the helix. Note that only the backbone of the 
polypeptide is shown, and some bonds have 
been omitted for clarity. (B) An amphipathic 
a-helix has tighter packing and has charged 
amino acids and hydrophobic amino acids 
located on di� erent surfaces. Here we show 
an end view of such a helix: � ve positively 
charged arginine residues are clustered on 
one side of the helix, whereas the opposing 
side has a series of hydrophobic amino 
acids (mostly Ala, Leu, and Gly). The lines 
within the circle indicate neighboring 
residues�the initiator methionine (position 
1) is connected to a leucine (2), which 
is connected to an arginine (3), which is 
adjacent to an alanine (4), and so on.

Figure 1.28 The structure of a b-pleated 
sheet. Hydrogen bonding occurs here 
between the carbonyl (C=O) oxygens 
and amide (NH) hydrogens on adjacent 
segments of (A) parallel and (B) anti-parallel 
b-pleated sheets. [Adapted from Lehninger 
AL, Nelson DL & Cox MM (1993) Principles of 
Biochemistry, 2nd ed. With permission from 
WH Freeman and Company.]

(A) (B)
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The b-turn
Hydrogen bonding can occur between amino acids that are even nearer to each 
other within a polypeptide. When this arises between the peptide bond CO group 
of one amino acid residue and the peptide bond NH group of an amino acid resi-
due three places farther along, this results in a hairpin b-turn. Abrupt changes in 
the direction of a polypeptide enable compact globular shapes to be achieved. 
These b-turns can connect parallel or anti-parallel strands in b-pleated sheets.

Higher-order structures
Many more complex structural motifs, consisting of combinations of the above 
structural modules, form protein domains. Such domains are often crucial to a 
protein�s overall shape and stability and usually represent functional units 
involved in binding other molecules. Another important determinant of the 
structure (and function) of a protein is disul� de bridges. They can form between 
the sulfur atoms of sulfhydryl (�SH) groups on two amino acids that may reside 
on a single polypeptide chain or on two polypeptide chains (Figure 1.29).

In general, the primary structure of a protein determines the set of secondary 
structures that, together, generate the protein�s tertiary structure. Secondary 
structural motifs can be predicted from an analysis of the primary structure, but 
the overall tertiary structure cannot easily be accurately predicted. Finally, some 
proteins form complex aggregates of polypeptide subunits, giving an arrange-
ment known as the quaternary structure.

Figure 1.29 Intrachain and interchain 
disul� de bridges in human insulin. 
Disul� de bridges (�S�S�) form by a 
condensation reaction between the 
sulfhydryl (�SH) groups on the side chains 
of cysteine residues. They can form between 
cysteine side chains within the same 
polypeptide (such as between positions 6 
and 11 within the insulin A chain) and also 
between cysteine side chains on di� erent 
interacting polypeptides such as the insulin 
A and B chains.
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Chapter 2

Chromosome Structure and 
Function 2
� Chromosomes have two fundamental roles: the faithful transmission and appropriate expression of 

genetic information.

� Prokaryotic chromosomes contain circular double-stranded DNA molecules that are relatively protein-
free, but eukaryotic chromosomes consist of linear double-stranded DNA molecules complexed 
throughout their lengths with proteins.

� Chromatin is the DNA�protein matrix of eukaryotic chromosomes. The complexed proteins serve 
structural roles, including compacting the DNA in different ways, and also regulatory roles.

� Chromosomes undergo major changes in the cell cycle, notably at S phase when they replicate and at 
M phase when the replicated chromosomes become separated and allocated to two daughter cells.

� DNA replication at S phase produces two double-stranded daughter DNA molecules that are 
held together at a specialized region, the centromere. When the daughter DNA molecules remain held 
together like this they are known as sister chromatids, but once they separate at M phase they become 
individual chromosomes.

� At the metaphase stage of M phase the chromosomes are so highly condensed that gene expression is 
uniformly shut down. But this is the optimal time for viewing them under the microscope. Staining 
with dyes that bind preferentially to GC-rich or AT-rich regions can give reproducible chromosome 
banding patterns that allow different chromosomes to be differentiated.

� During interphase, the long period of the cell cycle that separates successive M phases, chromosomes 
have generally very long extended conformations and are invisible under optical microscopy. The 
extended structure means that genes can be expressed ef� ciently.

� Even during interphase some chromosomal regions always remain highly condensed and 
transcriptionally inactive (heterochromatin), whereas others are extended to allow gene expression 
(euchromatin).

� Sperm and egg cells have one copy of each chromosome (they are haploid), but most cells are diploid, 
having two sets of chromosomes.

� Fertilization of a haploid egg by a haploid sperm generates the diploid zygote from which all other 
body cells arise by cell division.

� In mitosis a cell divides to give two daughter cells, each with the same number and types of 
chromosomes as the original cell.

� Meiosis is a specialized form of cell division that occurs in certain cells of the testes and ovaries to 
produce haploid sperm and egg cells. During meiosis new genetic combinations are randomly created, 
partly by exchanging sequences between maternal and paternal chromosomes.

� Three types of functional element are needed for eukaryotic chromosomes to transmit DNA faithfully 
from mother cell to daughter cells: the centromere (ensures correct chromosome segregation at cell 
division); replication origins (initiate DNA replication); and telomeres (cap the chromosomes to stop 
the internal DNA from being degraded by nucleases).

� An abnormal number of chromosomes can sometimes occur but this is often lethal if present in most 
cells of the body.

� Structural chromosome abnormalities arising from breaks in chromosomes can cause genes to be 
deleted or incorrectly expressed.

� Having the correct number and structure of chromosomes is not enough. They must also have the 
correct parental origin because certain genes are preferentially expressed on either paternally or 
maternally inherited chromosomes.

KEY CONCEPTS
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The underlying structure and fundamental functions of DNA�replication and 
transcription�were introduced in the previous chapter. But DNA functions in a 
context. In eukaryotic cells, the very long DNA molecules in the nucleus are com-
plexed with a variety of structural and regulatory proteins and structured into 
linear chromosomes. The DNA molecules in mitochondria are different: they are 
comparatively short, have little protein attached to them, and are circular.

This chapter introduces the life cycle of chromosomes in eukaryotic cells that 
are usually formed from other cells by cell division. The process of cell division is 
a small component of the cell cycle, the process in which chromosomes and their 
constituent DNA molecules need to make perfect copies of themselves and then 
segregate into daughter cells. There are important differences between how this 
occurs in routine cell division and in the specialized form of cell division that 
gives rise to sperm and egg cells.

A feature common to both types of cell division is the importance to the cell 
of chromosome condensation. This affects the expression of information encoded 
in the DNA and makes long and fragile DNA strands resilient to breakage during 
the dramatic rearrangements that occur in cell division. The use of dyes to stain 
condensed chromosomes has revealed patterns that, like � ngerprints, can be 
used to distinguish between them. Careful examination of these and other pat-
terns can reveal evidence of chromosomal abnormalities, such as breakages and 
rearrangements that have occurred and survived but may cause disease.

2.1 PLOIDY AND THE CELL CYCLE
The chromosome and DNA content of cells is de� ned by the number (n) of differ-
ent chromosomes, the chromosome set, and its associated DNA content (C). For 
human cells, n = 23 and C is about 3.5 pg (3.5 ¥ 10�12 g). Different cell types in an 
organism, however, may differ in ploidy�the number of copies they have of the 
chromosome set. Sperm and egg cells carry a single chromosome set and are said 
to be haploid (they have n chromosomes and a DNA content of C). Most human 
and mammalian cells carry two copies of the chromosome set and are diploid 
(having 2n chromosomes and a DNA content of 2C). However, in several non-
mammalian animal species most of the body cells are not diploid but instead are 
either haploid or polyploid. In the latter case, some species are tetraploid (4n) 
and others have a ploidy of more than 4n, but triploidy (3n) is less common in 
animals because it can give rise to problems in producing sperm and egg cells.

The cells of our body are all derived ultimately from a single diploid cell, the 
zygote, that is formed when a sperm fertilizes an egg. Starting from the zygote, 
organisms grow by repeated rounds of cell division. Each round of cell division is 
a cell cycle and comprises a brief M phase, during which cell division occurs, and 
the much longer intervening interphase, which has three parts (Figure 2.1). They 
are: S phase (during which DNA synthesis occurs), G1 phase (the gap between M 
phase and S phase), and G2 phase (the gap between S phase and M phase).

We will describe the cell biology underlying the phases of the cell cycle in a 
later chapter. Here we are concerned with the life cycle of chromosomes. During 
each cell cycle, chromosomes undergo profound changes to their structure, 
number, and distribution within the cell. From the end of M phase right through 
until DNA duplication in S phase, a chromosome of a diploid cell contains a sin-
gle DNA double helix and the total DNA content is 2C (see Figure 2.1). After DNA 
duplication, the total DNA content is 4C, but the duplicated double helices are 
held together along their lengths so that each chromosome has double the DNA 
content of a chromosome in early S phase. During M phase the duplicated dou-
ble helices separate, generating two daughter chromosomes, giving 4n chromo-
somes. After equal distribution of the chromosomes to the two daughter cells, 
both cells will have 2n chromosomes and a DNA content of 2C (see Figure 2.1).

G1 is the normal state of a cell, and is the long-term end state of non-dividing 
cells. Cells enter S phase only if they are committed to mitosis; as will be described 
in more detail in Chapter 4, non-dividing cells remain in a modi� ed G1 stage, 
sometimes called the G0 phase. The cell cycle diagram can give the impression 
that all the interesting action happens in S and M phases�but this is an illusion. 
A cell spends most of its life in G0 or G1 phase, and that is where the genome does 
most of its work.



31

A small subset of diploid body cells constitute the germ line that gives rise to 
gametes (sperm cells or egg cells). In humans, where n = 23, each gamete con-
tains one sex chromosome plus 22 non-sex chromosomes (autosomes). In eggs, 
the sex chromosome is always an X; in sperm it may be either an X or a Y. After a 
haploid sperm fertilizes a haploid egg, the resulting diploid zygote and almost all 
of its descendant cells have the chromosome constitution 46,XX (female) or 46,XY 
(male) (Figure 2.2).

Cells outside the germ line are somatic cells. Human somatic cells are usually 
diploid but, as will be described later, there are notable exceptions. Some types of 
non-dividing cell lack a nucleus and any chromosomes, and so are nulliploid. 
Other cell types have multiple chromosome sets; they are naturally polyploid as 
a result of multiple rounds of DNA replication without cell division.

2.2 MITOSIS AND MEIOSIS
Mitosis and meiosis are both cell division processes that involve chromosome 
replication and cell division. However, the products of mitosis have the same 
ploidy as the initiating cell, whereas meiosis halves the cell�s ploidy. Furthermore, 
whereas mitosis gives rise to genetically identical products, meiosis generates 
genetic diversity to ensure that offspring are genetically different from their 
parents.

Mitosis is the normal form of cell division
As an embryo develops through fetus, infant, and child to adult, many cell cycles 
are needed to generate the required number of cells. Because many cells have a 
limited life span, there is also a continuous requirement to generate new cells, 
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Figure 2.1 Changes in chromosomes and 
DNA content during the cell cycle. The cell 
cycle shown at the right includes a very short 
M phase, when the chromosomes become 
extremely highly condensed in preparation 
for nuclear and cell division. Afterwards, 
cells enter a long period of growth called 
interphase, during which chromosomes 
are enormously extended so that genes 
can be expressed. Interphase is divided 
into three phases: G1, S (when the DNA 
replicates), and G2. Chromosomes contain 
one DNA double helix from the end of M 
phase right through until just before the 
DNA is duplicated in S phase. After the DNA 
double helix has been duplicated, the two 
resulting double helices are held together 
tightly along their lengths (by specialized 
protein complexes called cohesins) until 
M phase. As the chromosomes condense 
at M phase they are now seen to consist of 
two sister chromatids, each containing a 
DNA duplex, that are bound together only 
at the centromeres. During M phase the 
two sister chromatids separate to form two 
independent chromosomes that are then 
equally distributed into the daughter cells.

Figure 2.2 The human life cycle, from a chromosomal viewpoint. Haploid 
egg and sperm cells originate from diploid precursors in the ovary and testis in 
women and men, respectively. All eggs have a 23,X chromosome constitution, 
representing 22 autosomes plus a single X sex chromosome. A sperm can carry 
either sex chromosome, so that the chromosome constitution is 23,X (50%) and 
23,Y (50%). After fertilization and fusion of the egg and sperm nuclei, the diploid 
zygote will have a chromosome constitution of either 46,XX or 46,XY, depending 
on which sex chromosome the fertilizing sperm carried. After many cell cycles, 
this zygote gives rise to all cells of the adult body, almost all of which will have 
the same chromosome complement as the zygote from which they originated.

MITOSIS AND MEIOSIS
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even in an adult organism. All of these cell divisions occur by mitosis, which is 
the normal process of cell division throughout the human life cycle. Mitosis 
ensures that a single cell gives rise to two daughter cells that are each genetically 
identical to the parent cell, barring any errors that might have occurred during 
DNA replication. During a human lifetime, there may be something like 1017 
mitotic divisions.

The M phase of the cell cycle includes various stages of nuclear division 
(prophase, prometaphase, metaphase, anaphase, and telophase), and also cell 
division (cytokinesis), which overlaps the � nal stages of mitosis (Figure 2.3). In 
preparation for cell division, the previously highly extended duplicated chromo-
somes contract and condense so that, by the metaphase stage of mitosis, they are 
readily visible when viewed under the microscope.

The chromosomes of early S phase have one DNA double helix, but after DNA 
replication two identical DNA double helices are produced (see Figure 2.1), and 
they are held together along their lengths by multisubunit protein complexes 
called cohesins. Recent data suggest that individual cohesin subunits are linked 
together to form a large protein ring. Some models suggest that multiple cohesin 
rings encircle the two double helices to entrap them along their lengths, or 
cohesin rings form round the individual double helices and then interact to 
ensure that the two double helices are held tightly together.

Later, when the chromosomes have undergone compaction in preparation 
for cell division, the cohesins are removed from all parts of the chromosomes 
apart from the centromeres. As a result, by prometaphase when the chromo-
somes can now be viewed under the light microscope, individual chromosomes 
can be seen to comprise two sister chromatids that are attached at the centro-
mere by the residual cohesin complexes that continue to bind the two DNA heli-
ces at this position.

Later still, at the start of anaphase, the residual cohesin complexes holding the 
sister chromatids together at the centromere are removed. The two sister chro-
matids can now disengage to become independent chromosomes that will be 
pulled to opposite poles of the cell and then distributed equally to the daughter 
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Figure 2.3 Mitosis and cytokinesis. 
(A) Mitotic stages and cytokinesis. Late in 
interphase, the duplicated chromosomes 
are still dispersed in the nucleus, and the 
nucleolus is distinct. Early in prophase, the 
� rst stage of mitosis, the centrioles (which 
were previously duplicated in interphase) 
begin to separate and migrate to opposite 
poles of the cell, where they will form 
the spindle poles. In prometaphase, the 
nuclear envelope breaks down, and the 
now highly condensed chromosomes 
become attached at their centromeres to 
the array of microtubules extending from 
the mitotic spindle. At metaphase, the 
chromosomes all lie along the middle of 
the mitotic spindle. At anaphase, the sister 
chromatids separate and begin to migrate 
toward opposite poles of the cell, as a result 
of both shortening of the microtubules and 
further separation of the spindle poles. The 
nuclear envelope forms again around the 
daughter nuclei during telophase and the 
chromosomes decondense, completing 
mitosis. Constriction of the cell begins. 
During cytokinesis, � laments beneath the 
plasma membrane constrict the cytoplasm, 
ultimately producing two daughter cells. 
(B) Metaphase�anaphase transition. 
Metaphase chromosomes aligned along 
the equatorial plane (dashed line) have 
their sister chromatids held tightly 
together (by cohesin protein complexes) 
at the centromeres. The transition to 
anaphase is marked by disruption of the 
cohesin complexes, thereby releasing the 
sister chromatids to form independent 
chromosomes with their own centromeres, 
which are then pulled by the microtubules 
of the spindle in the direction of opposing 
poles (arrows).



33

cells (see Figure 2.3). Interaction between the mitotic spindle and the centromere 
is crucial to this process and we will consider this in detail in Section 2.3.

Meiosis is a specialized reductive cell division that gives rise to 
sperm and egg cells
Diploid primordial germ cells migrate into the embryonic gonad and engage in 
repeated rounds of mitosis, to generate spermatogonia in males and oogonia 
in females. Further growth and differ entiation produce primary spermatocytes 
in the testis, and primary oocytes in the ovary. This process requires many more 
mitotic divisions in males than in females, and probably contributes to differ-
ences in mutation rate between the sexes.

The diploid spermatocytes and oocytes can then undergo meiosis, the cell 
division process that produces haploid gametes. Meiosis is a reductive division 
because it involves two successive cell divisions (known as meiosis I and II) but 
only one round of DNA replication. As a result, it gives rise to four haploid cells. 
In males, the two meiotic cell divisions are each symmetrical, producing four 
functionally equivalent spermatozoa. Female meiosis is different because at each 
meiosis asymmetric cell division results in an unequal division of the cytoplasm. 
The products of female meiosis I (the � rst meiotic division) are a large secondary 
oocyte and a small cell (polar body) that is discarded. During meiosis II the sec-
ondary oocyte then gives rise to the large mature egg cell and a second polar 
body, which again is discarded (Figure 2.4).

In humans, primary oocytes enter meiosis I during fetal development but are 
then all arrested at prophase until after the onset of puberty. After puberty in 
females, one primary oocyte completes meiosis with each menstrual cycle. 
Because ovulation can continue up to the � fth and sometimes sixth decades of 
life, this means that meiosis can be arrested for many decades in primary oocytes 
that are used in ovulation in later life. While arrested in prophase, the primary 
oocytes continue to grow to a large size, acquiring an outer jelly coat, cortical 
granules, and reserves of ribosomes, mRNA, yolk, and other cytoplasmic resources 
that would sustain an early embryo. In males, huge numbers of sperm are pro-
duced continuously from puberty onward.
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Figure 2.4 Male and female germ line 
development and gametogenesis. 
(A) Diploid primordial germ cells migrate 
to the embryonic gonad [the female 
ovary (left) or the male testis (right)], and 
enter rounds of mitosis that establish 
spermatogonia (in males) and oogonia (in 
females). (B) These undergo further mitotic 
divisions, growth, and di� erentiation to 
produce diploid primary spermatocytes 
and diploid primary oocytes, which can 
enter meiosis. (C) Meiosis I. After DNA 
duplications, the cells become tetraploid 
but then divide to produce two diploid cells. 
In male gametogenesis, the cell division is 
symmetrical, generating identical diploid 
secondary spermatocytes. In female meiosis 
I, by contrast, the division is asymmetric; 
the secondary oocyte is much larger than 
the � rst polar body, which is discarded. 
(D) Meiosis II. The diploid secondary 
spermatocyte and secondary oocyte divide 
without prior DNA synthesis to give haploid 
cell products. In male gametogenesis, this 
division is again symmetrical, producing two 
haploid spermatids from each secondary 
spermatocyte. In female meiosis II, the egg 
produced is much larger than the second 
(also discarded) polar body. (E) Maturation of 
spermatids produces four spermatozoa.

MITOSIS AND MEIOSIS
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The second division of meiosis is identical to mitosis, but the � rst division has 
important differences. Its purpose is to generate genetic diversity between the 
daughter cells. This is done by two mechanisms: independent assortment of 
paternal and maternal homologs, and recombination.

Independent assortment
Every diploid cell contains two chromosome sets and therefore has two copies 
(homologs) of each chromosome (except in the special case of the X and Y chro-
mosomes in males). One homolog is paternally inherited and the other is mater-
nally inherited. During meiosis I the maternal and paternal homologs of each 
pair of replicated chromosomes undergo synapsis by pairing together to form a 
bivalent. After DNA replication, the homologous chromosomes each comprise 
two sister chromatids, so each bivalent is a four-stranded structure at the meta-
phase plate. Spindle � bers then pull one complete chromosome (two chroma-
tids) to either pole. In humans, for each of the 23 homologous pairs, the choice of 
which daughter cell each homolog enters is independent. This allows 223 or about 
8.4 ¥ 106 different possible combinations of parental chromosomes in the gam-
etes that might arise from a single meiotic division (Figure 2.5).

Recombination
The � ve stages of prophase of meiosis I (Figure 2.6) begin during fetal life and, in 
human females, can last for decades. During this extended process, the homologs 
within each bivalent normally exchange segments of DNA at randomly posi-
tioned but matching locations. At the zygotene stage (Figure 2.6B), a proteina-
ceous synaptonemal complex forms between closely apposed homologous 
chromosomes. Completion of the synaptonemal complex marks the start of the 
pachytene stage (Figure 2.6C), during which recombination (crossover) occurs. 
Crossover involves physical breakage of the DNA in one paternal and one mater-
nal chromatid, and the subsequent joining of maternal and paternal fragments.

The mechanism that allows alignment of the homologs is not known (see 
Figure 2.6A, B), although such close apposition is required for recombination. 
Located at intervals on the synaptonemal complex are very large multiprotein 
assemblies, called recombination nodules, that may mediate recombination 
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Figure 2.5 Independent assortment of 
maternal and paternal homologs during 
meiosis. The � gure shows a random 
selection of just 5 of the 8,388,608 (223) 
theoretically possible combinations of 
homologs that might occur in haploid 
human spermatozoa after meiosis in a 
diploid primary spermatocyte. Maternally 
derived homologs are represented by pink 
boxes, and paternally derived homologs 
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ignores recombination.

Figure 2.6 The � ve stages of prophase in meiosis I. (A) In leptotene, 
the duplicated homologous chromosomes begin to condense but remain 
unpaired. (B) In zygotene, duplicated maternal and paternal homologs pair to 
form bivalents, comprising four chromatids. (C) In pachytene, recombination 
(crossing over) occurs by means of the physical breakage and subsequent 
rejoining of maternal and paternal chromosome fragments. There are two 
crossovers in the bivalent on the left and one in the bivalent on the right. For 
simplicity, both crossovers on the left involve the same two chromatids. In 
reality, more crossovers may occur, involving three or even all four chromatids in 
a bivalent. (D) During diplotene, the homologous chromosomes may separate 
slightly, except at the chiasmata. (E) Diakinesis is marked by contraction of the 
bivalents and is the transition to metaphase I. In this � gure, only 2 of 23 possible 
pairs of homologs are illustrated (with the maternal homolog colored light blue, 
and the paternal homolog dark blue).

pairing

crossing over

partial separation

contraction

chiasmata

(A)

(B)

(C)

(D)

(E)



35

events. Recombined homologs seem to be physically connected at speci� c points. 
Each such connection marks the point of crossover and is known as a chiasma 
(plural chiasmata). There are an average of 55 chiasmata per cell in human male 
meiosis, and maybe 50% more in female meiosis.

In addition to their role in recombination, chiasmata are thought to be essen-
tial for correct chromosome segregation during meiosis I. By holding together 
maternal and paternal homologs of each chromosome pair on the spindle until 
anaphase I, they have a role analogous to that of the centromeres in mitosis and 
in meiosis II. Children with incorrect numbers of chromosomes have been shown 
genetically to be often the product of gametes in which a bivalent lacked 
chiasmata.

Meiosis II resembles mitosis, except that there are only 23 chromosomes 
instead of 46. Each chromosome already consists of two chromatids that become 
separated at anaphase II. However, whereas the sister chromatids of a mitotic 
chromosome are genetically identical, the two chromatids of a chromosome 
entering meiosis II (Figure 2.7) are usually genetically different from each other, 
as a result of recombination events that took place during meiosis I.

Together, the effects of recombination between homologs (during prophase I) 
as well as independent assortment of homologs (during anaphase I) ensure that 
a single individual can produce an almost unlimited number of genetically dis-
tinct gametes. The genetic consequences of recombination are considered more 
fully in a later chapter.

X�Y pairing
During meiosis I in a human primary oocyte, each chromosome has a fully 
homologous partner, and the two X chromosomes synapse and engage in cross-
over just like any other pair of homologs. In male meiosis there is a problem. The 
human X and Y sex chromosomes are very different from one another. Not only is 
the X very much larger than the Y but it has a rather different DNA content and 
very many more genes than the Y. Nevertheless, the X and Y do pair during 
prophase I, thus ensuring that at anaphase I each daughter cell receives one sex 
chromosome, either an X or a Y.

Human X and Y chromosomes pair end-to-end rather than along the whole 
length, thanks to short regions of homology between the X and Y chromosomes 
at the very ends of the two chromosomes. Pairing is sustained by an obligatory 
crossover in a 2.6 Mb homology region at the tips of the short arms, but crossover 
also sometimes occurs in a second homology region, 0.32 Mb long, at the tips of 
the long arms. Genes in the terminal X�Y homology regions have some interest-
ing properties:
� They are present as homologous copies on the X and Y chromosomes.
� They are mostly not subject to the transcriptional inactivation that affects 

most X-linked genes as a result of the normal decondensation of one of the 
two X chromosomes in female mammalian somatic cells (X-inactivation).

� They display inheritance patterns like those of genes on autosomal chromo-
somes, rather than X-linked or Y-linked genes.
As a result of their autosomal-like inheritance, the terminal X�Y homology 

regions are known as pseudoautosomal regions. We will describe them in more 
detail in a later chapter when we consider how sex chromosomes evolved in 
mammals.
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Figure 2.7 Metaphase I to production of gametes. (A) At metaphase I, the bivalents 
align on the metaphase plate, at the center of the spindle apparatus. Contraction of 
spindle � bers draws the chromosomes in the direction of the spindle poles (arrows). 
(B) The transition to anaphase I occurs at the consequent rupture of the chiasmata. 
(C) Cytokinesis segregates the two chromosome sets, each to a di� erent primary 
spermatocyte. Note that, as shown in this panel, after recombination during prophase 
I the chromatids share a single centromere but are no longer identical. (D) Meiosis II 
in each primary spermatocyte, which does not include DNA replication, generates 
unique genetic combinations in the haploid secondary spermatocytes. Only 2 of the 
possible 23 di� erent human chromosomes are depicted, for clarity, so only 22 (i.e. 4) of 
the possible 223 (8,388,608) possible combinations are illustrated. Although oogenesis 
can produce only one functional haploid gamete per meiotic division (see Figure 2.4), 
the processes by which genetic diversity arises are the same as in spermatogenesis.

MITOSIS AND MEIOSIS
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Mitosis and meiosis have key similarities and di� erences
Mitosis involves a single turn of the cell cycle. After the DNA is replicated during 
S phase, the two sister chromatids of each chromosome are divided equally 
between the daughter cells during M phase. Meiotic cell division also involves 
one round of DNA synthesis, but this is followed by two cell divisions without an 
intervening second round of DNA synthesis, allowing diploid cells to generate 
haploid products. Although the second cell division of meiosis is identical to that 
of mitosis, the � rst meiotic division has distinct features that enable genetic 
diversity to arise. This relies on two mechanisms: independent assortment of 
paternal and maternal homologs, and recombination (Table 2.1).

2.3  STRUCTURE AND FUNCTION OF CHROMOSOMES
Chromosomes have two fundamental roles: faithful transmission and appropri-
ate expression of genetic information. The processes of cell division are fascinat-
ing, and changes to the arrangement of chromosomes can have profound medi-
cal consequences. Knowledge of the detailed structure of chromosomes is crucial 
to understanding these vital processes.

Chromosome structure as generally illustrated in textbooks represents only 
the state that occurs during metaphase, while cells are preparing to undergo the 
last stages of cell division. At this time the chromatids are still connected to each 
other at their centromeres and they are so condensed that they can be seen with 
a light microscope. But metaphase chromosomes are so tightly packed that their 
genes cannot be expressed. Chromosomes have a quite different structure dur-
ing most of the cell cycle. Throughout interphase, most chromosome regions are 
comparatively very highly extended, allowing genes to be expressed.

For a chromosome to be copied and transmitted accurately to daughter cells, 
it requires just three types of structural element, each of which is discussed in this 
section of the chapter:
� A centromere, which is most evident at metaphase, where it is the narrowest 

part of the chromosome and the region at which spindle � bers attach.
� Replication origins, certain DNA sequences along each chromosome at which 

DNA replication can be initiated.
� Telomeres, the ends of linear chromosomes that have a specialized structure 

to prevent internal DNA from being degraded by nucleases.
Arti� cial chromosomes that include large introduced DNA fragments func-

tion normally in both yeast and mammalian cells if, and only if, they contain all 
three of these elements.

Chromosomal DNA is coiled hierarchically
In the eukaryotic cell the structure of each chromosome is highly ordered and 
during mitosis each chromosome undergoes several levels of compaction. To 
achieve this, DNA is complexed with various proteins and subject to coiling and 

TABLE 2.1 COMPARISON OF MITOSIS AND MEIOSIS

Characteristic Mitosis Meiosis

Location all tissues specialized germ line cells in testis and ovary

Products diploid somatic cells haploid sperm and eggs

DNA replication and cell division normally one round of 
replication per cell division

only one round of replication per two cell divisions

Duration of prophase short (~30 min in human cells) can take decades to complete 

Pairing of maternal and paternal homologs no yes, during meiosis I

Recombination rare and abnormal during each meiosis; normally occurs at least once in each 
chromosome arm after pairing of maternal and paternal homologs

Relationship between daughter cells genetically identical genetically di� erent as a result of independent assortment of 
homologs and recombination 
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supercoiling to form chromatin. Even in the interphase nucleus, when the DNA 
is in a very highly extended form, the 2 nm thick DNA double helix undergoes at 
least two levels of coiling that are directed by binding of basic histone proteins. 
First, a 10 nm thick � lament is formed that is then coiled into a 30 nm thick chro-
matin � ber. The chromatin � ber undergoes looping and is supported by a scaf-
fold of nonhistone proteins (Figure 2.8A).

The nucleosome is the fundamental unit of DNA packaging: a stretch of 
147 bp of double-stranded DNA is coiled in just less than two turns around a 
central core of eight histone proteins (two molecules each of the core histones 
H2A, H2B, H3, and H4, all highly conserved proteins) (Figure 2.8B). Adjacent 
nucleosomes are connected by a short length (8�114 bp) of linker DNA; the length 
of the linker DNA varies both between species and between regions of the 
genome. Electron micrographs of suitable preparations show nucleosomes to 
have a string of beads appearance (Figure 2.8C). This � rst level of DNA packaging 
is the only one that still allows transcriptional activity.

The N-terminal tails of the core histones protrude from the nucleosomes (see 
Figure 2.8B). Speci� c amino acids in the histone tails can undergo various types 
of post-translational modi� cation, notably acetylation, phosphorylation, and 
methylation. As a result, different proteins can be bound to the chromatin in a 
way that affects chromatin condensation and the local level of transcriptional 
activity. Additional histone genes encode variant forms of the core histones that 

N

N

N

N

NN

N

N

2 nm
DNA

H1 histone

10 nm

nucleosome(A)

(B)

(C) (D)

octameric
histone core

formation of
solenoid structure

30 nm
chromatin
�ber

uncoiling to enable
high-level gene
expression

looped domain

sca�old of nonhistone proteins

H1 histone

histone
octamer

DNA

STRUCTURE AND FUNCTION OF CHROMOSOMES

Figure 2.8 From DNA double helix to interphase chromatin. (A) Binding of basic histone proteins. The 2 nm thick DNA double helix binds basic histones to 
undergo coiling, forming a 10 nm thick nucleosome � lament that is further coiled into the 30 nm chromatin � ber. In interphase the chromatin � ber is organized 
into looped domains with ~50�200 kb of DNA attached to a sca� old of nonhistone acidic proteins. High levels of gene expression require local uncoiling of the 
chromatin � ber to give the 10 nm nucleosomal � laments. (B) A nucleosome consists of almost two turns of DNA wrapped round an octamer of core histones 
(two each of H2, H3A, H3B, and H4). Note the extensive a-helical structure of histones and their protruding N-terminal tails. (C) Electron micrograph of 10 nm 
nucleosomal � laments. (D) Cross section view of the 30 nm chromatin � ber showing one turn of the solenoid [the outer red box corresponds to that shown in 
(A)]. The additional H1 histone, which binds to linker DNA, is important in organizing the structure of the 30 nm chromatin � ber. [(A) adapted from Grunstein M 
(1992) Sci. Am. 267, 68. With permission from Scienti� c American Inc., and Alberts B, Johnson A, Lewis J et al. (2008) Molecular Biology of the Cell, 5th ed. Garland 
Science/Taylor & Francis LLC. (B) adapted from Alberts B, Johnson A, Lewis J et al. (2008) Molecular Biology of the Cell, 5th ed. Garland Science/Taylor & Francis 
LLC from � gures by Jakob Waterborg, University of Missouri�Kansas City. (C) courtesy of Jakob Waterborg, University of Missouri�Kansas City. (D) adapted 
from Klug A (1985) Proceedings, RW Welch Federation Conference, Chem. Res. 39, 133. With permission from The Welch Foundation.]



Chapter 2: Chromosome Structure and Function38

may be associated with particular chromosomal regions and specialized func-
tions. For example, centromeres have a histone H3 variant known as CENP-A, 
and the H2AX variant of histone H2 is associated with DNA repair and 
recombination.

In addition to the four core histones and their variants, a � fth histone, H1, 
binds to the linker DNA and is thought to be important for chromosome conden-
sation and, in particular, the formation of the 30 nm chromatin � ber. In this 
structure, nucleosomes are packed into a spiral or solenoid arrangement with six 
to eight nucleosomes per turn, and the H1 proteins are bound to the DNA on the 
inside of the solenoid with one H1 molecule associated with each nucleosome 
(Figure 2.8D).

Packaging DNA into � rst nucleosomes and then the solenoids of the 30 nm 
chromatin � ber results in a linear condensation of about � ftyfold. During M 
phase, the DNA in a human metaphase chromosome is compacted even further 
to about 1/10,000 of its stretched-out length. The scaffold of metaphase chromo-
somes contains high levels of topoisomerase II and notably of condensins, pro-
tein complexes that are structurally and evolutionarily related to cohesins. 
Condensins organize tight packaging of the chromatin, but the way in which the 
chromatin is so greatly compacted is not well understood.

Interphase chromatin varies in its degree of compaction
During interphase, most chromatin exists in an extended state that is diffusely 
staining and dispersed through the nucleus (euchromatin). Euchromatin is 
marked by relatively weak binding by histone H1 molecules and by extensive 
acetylation of the four types of nucleosomal histone. Euchromatin is not uni-
form. Some euchromatin regions are more condensed than others, and genes 
may or may not be expressed, depending on the cell type and its functional 
requirements.

Some chromatin, however, remains highly condensed throughout the cell 
cycle and forms dark-staining regions (heterochromatin). Genes that are natu-
rally located within heterochromatin, or that become incorporated into hetero-
chromatin through chromosomal rearrangement, are typically not expressed. 
Heterochromatin is associated with tight histone H1 binding, and two classes 
have been de� ned:
� Constitutive heterochromatin is condensed and generally genetically inac-

tive, consisting largely of repetitive DNA. It is generally found in and around 
the centromeres and at telomeres, and also accounts for much of the Y chro-
mosome in mammals. In human chromosomes, it is also notably found in the 
short arms of the acrocentric chromosomes and at secondary constrictions 
on the long arms of chromosomes 1, 9, and 16.

� Facultative heterochromatin is sometimes genetically inactive (condensed) 
and sometimes active (decondensed). In each somatic cell of female mam-
mals, for example, one of the two X chromosomes is randomly inactivated 
and condensed (X-inactivation). In addition, both the X and the Y chromo-
somes become reversibly condensed for about 15 days during meiosis in 
spermatogenesis, forming the XY body which is segregated into a special 
nuclear compartment.

Each chromosome has its own territory in the interphase nucleus
The nucleus is highly organized, with many subnuclear compartments in addi-
tion to the nucleolus, where rRNA is transcribed and ribosomal subunits are 
assembled. The positioning of the chromosomes within the nucleus is also highly 
organized, as revealed by specialized techniques that analyze the movements of 
individual chromosomes during interphase within living cells.

The centromeres of different interphase chromosomes in human cells are less 
clearly aligned than in other organisms. They tend to cluster together at the 
periphery of the nucleus during G1 phase before becoming much more dispersed 
during S phase. Although the chromosomes are all in a highly extended form, 
they are not extensively entwined. Instead, they seem to occupy relatively small 
non-overlapping territories (Figure 2.9).

Figure 2.9 Individual chromosomes 
occupy distinct chromosome territories 
in the interphase nucleus. The nucleus of 
this human cell at interphase appears blue as 
a result of staining with DAPI, a � uorescent 
DNA-binding dye. DNA probes speci� c for 
human chromosome 18 or chromosome 19 
were labeled with, respectively, green or red 
� uorescent dyes. Within the nucleus both 
copies of chromosome 18 (green signal) are 
seen to be located at the periphery of the 
nucleus, but the chromosome 19 copies (red 
signal) are shown to be within the interior of 
the nucleus. (Courtesy of Wendy Bickmore, 
MRC Human Genetics Unit, Edinburgh.)
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Although interphase chromosomes do not seem to have favorite nuclear loca-
tions, chromosome positioning is nevertheless non-random. The human chro-
mosomes that have the highest gene density tend to concentrate at the center of 
the nucleus; gene-poor chromosomes are located toward the nuclear envelope. 
Chromosome movements are probably restrained by telomere interaction with 
the nuclear envelope and also by internal nuclear structures (including the 
nucleolus in the case of chromosomes containing ribosomal RNA genes).

Centromeres have a pivotal role in chromosome movement but 
have evolved to be very di� erent in di� erent organisms
Chromosomes normally have a single centromere, the region where duplicated 
sister chromatids remain joined until anaphase. In metaphase chromosomes, 
the centromere is readily apparent as the primary constriction that separates the 
short and long arms. The centromere is essential for attaching chromosomes to 
the mitotic spindle and for chromosome segregation during cell division. 
Abnormal chromosome fragments that lack a centromere (acentric fragments) 
cannot attach to the spindle and fail to be correctly segregated to the nuclei of 
either daughter cell.

Late in prophase large multiprotein complexes, known as kinetochores, form 
at each centromere, one attached to each sister chromatid. Microtubules attach 
to each kinetochore, linking the centromeres to the spindle poles (Box 2.1). At 

The mitotic spindle is formed from microtubules (polymers of a 
heterodimer of a-tubulin and b-tubulin) and microtubule-associated 
proteins. At each of the two spindle poles in a dividing cell is a 
centrosome that seeds the outward growth of microtubule � bers 
and is the major microtubule-organizing center of the cell. Because 
their constituent tubulins are synthesized in a particular direction, the 
microtubule � bers are polar, with a minus (�) end (the one next to the 
centromere) and a plus (+) end (the distal growing end).

Each centrosome is composed of a � brous matrix containing a 
pair of centrioles, which are short cylindrical structures, composed of 
microtubules and associated proteins; the two centrioles are arranged 
at right angles (Figure 1A). During G1, the two centrioles in a pair 
separate, and during S phase, a daughter centriole begins to grow at 
the base of each mother centriole until it is fully formed during G2. 
The two centriole pairs remain close together in a single centrosomal 

complex until the beginning of M phase. At that point the 
centrosome complex splits in two and the two halves begin to 
separate. Each daughter centrosome develops its own array of 
microtubules and begins to migrate to one end of the cell, where it will 
form a spindle pole (Figure 1C).

Three di� erent forms of microtubule � ber occur in the fully formed 
mitotic spindle:
� Polar � bers, which develop at prophase, extend from the two 

poles of the spindle toward the equator.
� Kinetochore � bers, which develop at prometaphase, connect the 

large multiprotein structure at the centromere of each chromatid 
(the kinetochore; Figure 1B) and the spindle poles.

� Astral � bers form around each centrosome and extend to the 
periphery of the cell.
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Figure 1 (A) Centrosome structure. (B) Kinetochore-centromere association. 
(C) Mitotic spindle structure.

BOX 2.1 COMPONENTS OF THE MITOTIC SPINDLE
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anaphase, the kinetochore microtubules pull the previously paired sister chro-
matids toward opposite poles of the spindle. Kinetochores at the centromeres 
control assembly and disassembly of the attached microtubules, which drives 
chromosome movement.

In the budding yeast Saccharomyces cerevisiae, the sequences that specify 
centromere function are very short, as are other functional chromosomal ele-
ments (Figure 2.10). The centromere element (CEN) is about 120 bp long and 
contains three principal sequence elements, of which the central one, CDE II, is 
particularly important for attaching microtubules to the kinetochore. A centro-
meric CEN fragment derived from one S. cerevisiae chromosome can replace the 
centromere of another yeast chromosome with no apparent consequence.

S. cerevisiae centromeres are highly unusual because they are very small and 
the DNA sequences specify the sites of centromere assembly. They do not have 
counterparts in the centromeres of the � ssion yeast Schizosaccharomyces pombe 
or in those of multicellular animals. Centromere size has increased during 
eukaryote evolution and, in complex organisms, centromeric DNA is dominated 
by repeated sequences that evolve rapidly and are species-speci� c. The relatively 
rapid evolution of centromeric DNA and associated proteins might contribute to 
the reproductive isolation of emerging species.

Although centromeric DNA shows remarkable sequence heterogeneity 
across eukaryotes, centromeres are universally marked by the presence of a 
centromere-speci� c variant of histone H3, generically known as CenH3 (the 
human form of CenH3 is named CENP-A). At centromeres, CenH3/CENP-A 
replaces the normal histone H3 and is essential for attachment to spindle micro-
tubules. Depending on centromere organization, different numbers of spindle 
microtubules can be attached (Figure 2.11).

Mammalian centromeres are particularly complex. They often extend over 
several megabases and contain some chromosome-speci� c as well as repetitive 
DNA. A major component of human centromeric DNA is a-satellite DNA, whose 
structure is based on tandem repeats of a 171 bp monomer. Adjacent repeat units 
can show minor variations in sequence, and occasional tandem ampli� cation of 
a sequence of several slightly different neighboring repeats results in a higher-
order repeat organization. This type of a-satellite DNA is characteristic of cen-
tromeres and is marked by 17 bp recognition sites for the centromere-binding 
protein CENP-B.

Unlike the very small discrete centromeres of S. cerevisiae, the much larger 
centromeres of other eukaryotes are not dependent on sequence organization 
alone. Neither speci� c DNA sequences (e.g. a-satellite DNA) nor the DNA-
binding protein CENP-B are essential or suf� cient to dictate the assembly of a 
functional mammalian centromere. Poorly understood DNA characteristics 
specify a chromatin conformation that somehow, by means of sequence-
independent mechanisms, controls the formation and maintenance of a func-
tional centromere.

Replication of a mammalian chromosome involves the � exible use 
of multiple replication origins

For a chromosome to be copied, an origin of replication is needed. This is a cis-
acting DNA sequence to which protein factors bind in preparation for initiating 
DNA replication. Eukaryotic origins of replication have been studied most com-
prehensively in yeast, in which a genetic assay can be used to test whether frag-
ments of yeast DNA can promote autonomous replication.

In the yeast assay, test fragments are stitched into bacterial plasmids, together 
with a particular yeast gene that is essential for yeast cell growth. The hybrid plas-
mids are then used to transform a mutant yeast lacking this essential gene. 
Transformants that can form colonies (and have therefore undergone DNA repli-
cation) are selected. Because the bacterial origin of replication on the plasmid 
does not function in yeast cells, the identi� ed colonies must be cells in which the 
yeast DNA in the hybrid plasmid possesses an autonomously replicating 
sequence (ARS) element.

Yeast ARS elements are functionally equivalent to origins of replication and 
are thought to derive from authentic replication origins. They are only about 
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Figure 2.10 In S. cerevisiae, chromosome 
function is uniquely dependent on 
short de� ned DNA sequence elements. 
S. cerevisiae centromeres are very short 
(often 100�110 bp) and, unusually for 
eukaryotic centromeres, are composed of 
de� ned sequence elements. There are three 
contiguous centromere DNA elements 
(CDEs), of which CDE II and CDE III are the 
most important functionally. Telomeres 
are composed of tandem TG-rich repeats. 
Autonomous replicating sequences are 
de� ned by short AT-rich sequences. The 
three types of short sequence can be 
combined with foreign DNA to make an 
arti� cial chromosome in yeast cells.
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50 bp long and consist of an AT-rich region with a conserved 11 bp sequence plus 
some imperfect copies of this sequence (see Figure 2.10). An ARS encodes bind-
ing sites for both a transcription factor and a multiprotein origin of replication 
complex (ORC).

In mammalian cells, the absence of a genetic assay has made it more dif� cult 
to de� ne origins of DNA replication, but DNA is replicated at multiple initiation 
sites along each chromosome. Reported human replication origins are often sev-
eral kilobases long, and their ORC-binding sites seem to be less speci� c than 
those in yeast. Unlike in yeast, mammalian arti� cial chromosomes seem not to 
require speci� c ARS sequences. Instead, the speed at which the replication fork 
moves in mammalian cells seems to determine the spacing between the regions 
to which chromatin loops are anchored, and this spacing in turn controls the 
choice of sites at which DNA replication is initiated.

Telomeres have specialized structures to preserve the ends of 
linear chromosomes
Telomeres are specialized heterochromatic DNA�protein complexes at the ends 
of linear eukaryotic chromosomes. As in centromeres, the nucleosomes around 
which telomeric DNA is coiled contain modi� ed histones that promote the for-
mation of constitutive heterochromatin.

Telomere structure, function, and evolution
Telomeric DNA sequences are almost always composed of moderately long arrays 
of short tandem repeats that, unlike centromeric DNA, have generally been well 
conserved during evolution. In all vertebrates that have been examined, the 
repeating sequence is the hexanucleotide TTAGGG (Table 2.2). The repeats are 
G-rich on one of the DNA strands (the G-strand) and C-rich on the complemen-
tary strand. On the centromeric side of the human telomeric TTAGGG repeats are 
a further 100�300 kb of telomere-associated repeat sequences (Figure 2.12A). 
These have not been conserved during evolution, and their function is not yet 
understood.

The (TTAGGG)n array of a human telomere often spans about 10�15 kb (see 
Figure 2.12A). A very large protein complex (called shelterin, or the telosome) 
contains several components that recognize and bind to telomeric DNA. Of these 
components, two telomere repeat binding factors (TRF1 and TRF2) bind to 
double-stranded TTAGGG sequences.

As a result of natural dif� culty in replicating the lagging DNA strand at the 
extreme end of a telomere (discussed in the next section), the G-rich strand has a 
single-stranded overhang at its 3¢ end that is typically 150�200 nucleotides long 
(see Figure 2.12A). This can fold back and form base pairs with the other, C-rich, 
strand to form a telomeric loop known as the T-loop (Figure 2.12B, C).
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Figure 2.11 Di� erences in eukaryotic centromere organization. In all 
eukaryotic centromeres a centromere-speci� c variant of histone H3 (generically 
called CenH3) is implicated in microtubule binding. However, the extent to which 
the centromere extends across the DNA of a chromosome and the number of 
microtubules involved can vary enormously. (A) The budding yeast S. cerevisiae 
has the simplest form of centromere organization, a point centromere, with just 
125 bp of DNA wrapped around a single nucleosome; each kinetochore makes 
only one stable microtubule attachment during metaphase. (B) In the � ssion 
yeast S. pombe, centromeres have multiple microtubule attachments clustered in 
a region occupying 35�110 kb of DNA (the average chromosome has more than 
4 Mb of DNA). The microtubule attachment sites are clustered in a non-repetitive 
core sequence which is � anked by di� erent types of repeat sequence (IMR, 
innermost; OTR, outermost). (C) Human centromeres have multiple microtubule 
attachment sites and are clustered over regions of up to 4 Mb of DNA. Higher-order 
a-satellite DNA repeats are prominent at the centromeres. In addition to binding 
to nucleosomes containing a CenH3 protein, CENP-A, they also have binding sites 
for the CENP-B protein. (D) In some eukaryote species, such as the nematode 
Caenorhabditis elegans, the centromere is very di� use: kinetochores that bind 
spindle microtubules are distributed across the whole length of the chromosome, 
and the chromosomes are said to be holocentric. [Adapted from Vagnarelli P, Ribeiro 
SA & Earnshaw WC (2008) FEBS Lett. 582, 1950�1959. With permission from Elsevier.]

STRUCTURE AND FUNCTION OF CHROMOSOMES
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The T-loop probably represents a conserved mechanism for protecting chro-
mosome ends. If a telomere is lost after chromosome breakage, the resulting 
chromosome end is unstable; it tends to fuse with the ends of other broken chro-
mosomes, or to be involved in recombination events, or to be degraded. Telomere-
binding proteins, notably the telosome component POT1, bind to single-stranded 
TTAGGG repeats and can protect the terminal DNA in vitro and perhaps also in 
vivo.

Telomerase and the chromosome end-replication problem
During DNA synthesis the DNA polymerase extends the growing DNA chains in 
the 5¢˘3¢ direction. One of the new DNA strands, the leading strand, grows in the 
5¢˘3¢ direction of DNA synthesis, but the other strand, the lagging strand, is syn-
thesized in pieces (Okazaki fragments) because it must grow in a direction oppo-
site to that of the 5¢˘3¢ direction of DNA synthesis. A succession of �backstitch-
ing� syntheses are required to produce a series of DNA fragments whose ends are 
then sealed by DNA ligase (see Figure 1.11).

TABLE 2.2 EVOLUTIONARY CONSERVATION OF TELOMERIC REPEAT SEQUENCES

Occurrence Consensus telomere repeat sequencea

Saccharomyces cerevisiae TG1�3

Schizosaccharomyces pombe TTACAG1�8

Neurospora crassa TTAGGG

Paramecium TTGGGG

Trypanosoma TAGGGG

Chlamydomonas TTTTAGGG 

Arabidopsis TTTAGGG

Nematodes TTAGGC

Vertebrates TTAGGG

aIn the direction toward the end of the chromosome. Note: although telomere function is conserved 
throughout eukaryotes and telomeric repeat sequences are generally strongly conserved, the 
telomeres of arthropods, such as Drosophila, are radically di� erent in structure, being composed 
of long DNA repeats that are unrelated to the TG-rich oligonucleotide repeats found in other 
eukaryotes.
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Figure 2.12 At telomeres, highly 
conserved oligonucleotide repeats are 
bound by specialized proteins to form 
a protective loop. (A) Telomere structure. 
The DNA at the very ends of human 
chromosomes is de� ned by a tandem 
array of roughly 1700�2500 copies of the 
hexanucleotide TTAGGG (which is conserved 
in vertebrates; see Table 2.2). The G-rich 
strand, however, protrudes at the terminus 
to form a single-stranded region composed 
of about 30 TTAGGG repeats. The array of 
distinctive conserved short repeats is bound 
by the shelterin (or telosome) complex (not 
shown, for simplicity; two of its subunits, 
the telomere repeat binding factors TRF1 
and TRF2, bind directly to double-stranded 
regions, whereas POT1 can bind to the 
single-stranded repeats). Like centromeric 
DNA, telomeric DNA has modi� ed histones 
that act as signals for forming constitutive 
heterochromatin. (B) T-loop formation. The 
single-stranded terminus of the G-rich 
strand can loop back and invade the 
double-stranded region by base-pairing with 
the complementary C-rich strand sequence. 
The resulting T-loop is thought to protect 
the telomere DNA from natural cellular 
mechanisms that repair double-stranded 
DNA breaks. (C) Electron micrograph 
showing the formation of a roughly 15 kb 
T-loop at the end of an interphase human 
chromosome (after � xing, deproteination, 
and arti� cal thickening to assist viewing). 
[From Gri�  th JD, Comeau L, Rosen� eld S et 
al. (1999) Cell 97, 503�514. With permission 
from Elsevier.]
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Unlike RNA polymerases, DNA polymerases absolutely require a free 3¢ OH 
group from a double-stranded nucleic acid from which to extend synthesis. This 
is achieved by employing an RNA polymerase to synthesize a complementary 
RNA primer that primes the synthesis of each of the DNA fragments used to make 
the lagging strand. In these cases the RNA primer requires the presence of some 
DNA ahead of the sequence to be copied, to serve as its template. However, at the 
extreme end of a linear DNA molecule, there can never be such a template, and a 
different mechanism is required to solve the problem of completing replication 
at the ends of a linear DNA molecule.

A solution to the end-replication problem is provided by a specialized reverse 
transcriptase (RNA-dependent DNA polymerase) that completes leading-strand 
synthesis. Telomerase is a ribonucleoprotein enzyme whose polymerase func-
tion is critically dependent on an RNA subunit, TERC (telomerase RNA compo-
nent), and a protein subunit, TERT (telomerase reverse transcriptase). At the 5¢ 
end of vertebrate TERC RNA is a hexanucleotide sequence that is complementary 
to the telomere repeat sequence (Figure 2.13). It will act as a template to prime 
the extended DNA synthesis of telomeric DNA sequences on the leading strand. 
Further extension of the leading strand provides the necessary template for DNA 
polymerase to complete the synthesis of the lagging strand.

In humans, telomere length is known to be highly variable, and telomerase 
activity is largely absent from adult cells except for certain cells in highly prolif-
erative tissues such as the germ line, blood, skin, and intestine. In cells that lack 
telomerase, the extreme ends of telomeric DNA do not get replicated at S phase 
and their telomeres shorten progressively. Telomere shortening is effectively a 
way of counting cell divisions and has been related to cell senescence and aging. 
Cancer cells � nd ways of activating telomerase, leading to uncontrolled 
replication.

2.4 STUDYING HUMAN CHROMOSOMES
Human chromosomes have been analyzed for research and diagnostic purposes 
for many decades. A succession of technological advances has permitted chro-
mosome analyses with ever-increasing resolution and structural discrimination.
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Figure 2.13 Telomere DNA replication. 
The example shows the situation for 
human telomeres; as in other vertebrates, 
telomeric DNA consists of TTAGGG repeats 
(Figure 2.12). The 3¢ end of the parental 
DNA is extended by DNA synthesis using 
the RNA component of telomerase as a 
template. The human telomerase RNA 
component has an almost perfect tandem 
repeat (CUAACCCUAACG) near its 5¢ end 
that contains a complementary template 
sequence for guiding the synthesis of 
additional telomeric hexanucleotide 
sequences at the terminal end. Recently 
synthesized hexanucleotide repeats are 
shown in an open box, and the most recently 
synthesized repeats are shown in orange 
shading; here, the array is suggested to be 
extended by tandem copies of a GGTTAG 
hexanucleotide, but vertebrate telomere 
repeats can equally be represented by 
(GGTTAG)n as by (TTAGGG)n. By extending 
the leading strand in this way, telomerase 
provides a template for the lagging 
strand to be extended (by a standard 
DNA-dependent DNA polymerase). 
Eventually, after the telomerase has � nished 
adding hexanucleotide repeats, the lagging 
strand cannot be extended to the extreme 
5¢ end, leaving the G-rich strand with an 
overhanging 3¢ end close to 200 nucleotides 
long (as shown in Figure 2.12).

STUDYING HUMAN CHROMOSOMES
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Chromosome analysis is easier for mitosis than meiosis
Analysis of chromosomes (cytogenetics) normally requires the viewing of divid-
ing cells, but obtaining these directly from the human body can be dif� cult. Bone 
marrow is a possible source, but it is more convenient to obtain non-dividing 
cells and then propagate them in cell culture under laboratory conditions. 
Circulating blood cells and skin � broblasts are the most commonly used sources 
of human cells for cytogenetic analyses. People rarely mind giving a small blood 
sample, and the T lymphocytes in blood can be easily induced to divide by treat-
ment with lectins (such as phytohemagglutinin). Alternatively, � broblasts are 
cultured from skin biopsies. In addition, prenatal diagnosis routinely involves 
chromosome analyses on fetal cells shed into the amniotic � uid or removed from 
chorionic villi.

Although chromosomes were described accurately in some organisms as 
early as the 1880s, for many decades all attempts to prepare spreads of human 
chromosomes produced a tangle that de� ed analysis. To obtain analyzable chro-
mosome spreads, the cells were grown in liquid suspension and then treated with 
hypotonic saline to make them swell. This allowed the � rst good-quality prepara-
tions to be made in 1956. White blood cells are put into a rich culture medium 
laced with phytohemagglutinin and allowed to grow for 48�72 hours, by which 
time they should be dividing freely. Nevertheless, because M phase occupies only 
a small part of the cell cycle, few cells will be actually dividing at any one time.

The proportion of cells in mitosis (the mitotic index) can be increased by 
treating the culture with a spindle-disrupting agent, such as colcemid. Cells enter 
metaphase but are then unable to progress through the rest of M phase, so they 
accumulate at the metaphase stage of mitosis.

Chromosomes from a slightly earlier stage of M phase (prometaphase) are 
less contracted and show more detail, making analysis easier. To obtain substan-
tial cell numbers, the cells are synchronized by temporarily preventing them 
from progressing through the cell cycle. Often this is achieved by adding excess 
thymidine (to provoke a decrease in dCTP concentration, causing DNA synthesis 
to slow down so that cells remain in S phase). When the thymidine effect is 
removed, the cells progress through the cycle synchronously. After release from 
arrest in S phase, by trial and error an optimal time can be determined when a 
good proportion of cells are in the desired prometaphase stage.

Meiosis can be studied only in testicular or ovarian samples. Female meiosis 
is especially dif� cult to study, because it is active only in fetal ovaries, whereas 
male meiosis can be studied in a testicular biopsy from any post-pubertal male 
who is willing to give one. The results of meiosis can be studied by analyzing 
chromosomes from sperm, although the methodology for this is cumbersome. 
Meiotic analysis is used for some investigations of male infertility.

Chromosomes are identi� ed by size and staining pattern
Until the 1970s, human chromosomes were identi� ed on the basis of their size 
and the position of the centromeres. This allowed chromosomes to be classi� ed 
into groups (Table 2.3) but not unambiguously identi� ed.

Chromosome banding
The introduction of techniques that revealed chromosome banding patterns 
allowed each chromosome to be identi� ed and permitted more accurate de� ni-
tion of chromosomal abnormalities. The banding techniques require the chro-
mosomes to undergo denaturation or enzyme digestion, followed by exposure to 
a DNA-speci� c dye. The procedures produce alternating light and dark bands in 
mitotic chromosomes (Figure 2.14 and Figure 2.15). Features of some banding 
techniques follow.
� G-banding � the chromosomes are subjected to controlled digestion with 

trypsin before being stained with Giemsa, a DNA-binding chemical dye. 
Positively staining dark bands are known as G bands. Pale bands are G 
negative.

� Q-banding � the chromosomes are stained with a � uorescent dye that binds 
preferentially to AT-rich DNA, notably quinacrine, DAPI (4¢, 6-diamidino-2-
phenylindole), or Hoechst 33258, and viewed by ultraviolet � uorescence. 
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Fluorescing bands are called Q bands and mark the same chromosomal seg-
ments as G bands.

� R-banding � this is essentially the reverse of the G-banding pattern. The 
chromosomes are heat-denatured in saline before being stained with Giemsa. 
The heat treatment denatures AT-rich DNA, and R bands are Q negative. The 
same pattern can be produced by binding GC-speci� c dyes such as chromo-
mycin A3, olivomycin, or mithramycin.

� T-banding � identi� es a subset of the R bands that are especially concen-
trated close to the telomeres. The T bands are the most intensely staining of 
the R bands and are revealed by using either a particularly severe heat treat-
ment of the chromosomes before they are stained with Giemsa, or a combina-
tion of standard dyes and � uorescent dyes.

� C-banding � this is thought to demonstrate constitutive heterochromatin, 
mainly at the centromeres. The chromosomes are typically exposed to dena-
turation with a saturated solution of barium hydroxide, before Giemsa 
staining.
Banding patterns correlate with functional elements of chromosome struc-

ture. The DNA of G bands replicates late in S phase and is relatively condensed, 
whereas the DNA of R bands (which are G negative) generally replicates early in S 
phase and is less condensed. G-band DNA contains relatively few genes and is 
less active transcriptionally. Although the AT content of human G-band DNA is 
only slightly higher than that of R-band DNA, individual G bands consistently 
have lower GC content than their immediate � anking sequences. This may cor-
relate with how the DNA becomes organized as it condenses.

Banding resolution can be increased by using more elongated chromosomes, 
at or before prometaphase rather than metaphase. High-resolution procedures 
for human chromosomes can identify 400, 550, or 850 bands (see Figures 2.14 
and 2.15; see the inside back cover of this book for an ideogram for all human 
chromosomes). Analysis of banding patterns can also be used to investigate 
chromosomal abnormalities involving missing and mispositioned genetic 
material.

Reporting of cytogenetic analyses
A minimal cytogenetic analysis report provides a text-only statement that always 
gives the total number of chromosomes and the sex chromosome constitution (a 
karyotype). The normal karyotypes for human females and males are 46,XX and 
46,XY, respectively. When there is a chromosomal abnormality, the karyotype 
also describes the type of abnormality and the chromosome bands or sub-bands 
affected (Box 2.2).

TABLE 2.3 HUMAN CHROMOSOME GROUPS

Group Chromosomesa Description

A 1�3 largest; 1 and 3 are metacentricb but 2 is submetacentricc

B 4, 5 large; submetacentric with two arms very di� erent in size

C 6�12, X of medium size; submetacentric

D 13�15 of medium size; acrocentricd with satellitese

E 16�18 small; 16 is metacentric but 17 and 18 are submetacentric

F 19, 20 small; metacentric

G 21, 22, Y small; acrocentric, with satellites on 21 and 22 but not on Y

aAutosomes are numbered from largest to smallest, except that chromosome 21 is slightly smaller 
than chromosome 22. bA metacentric chromosome has its centromere at or near the middle. 
cA submetacentric chromosome has its centromere placed so that the two arms are of clearly 
unequal length. dAn acrocentric chromosome has its centromere at or near one end. eA satellite, 
in this context, is a small segment separated by a non-centromeric constriction from the rest of a 
chromosome; these occur on the short arms of most acrocentric human chromosomes.

The International System for Human 
Cytogenetic Nomenclature (ISCN) is 
� xed by the Standing Committee on 
Human Cytogenetic Nomenclature that 
issues detailed nomenclature reports, 
most recently in 2005 (see Further 
Reading). The basic terminology for 
banded chromosomes was decided at 
a meeting in Paris in 1971, and is often 
referred to as the Paris nomenclature.

Short arm locations are labeled 
p (petit) and long arms q (queue). 
Each chromosome arm is divided into 
regions labeled p1, p2, p3, etc., and q1, 
q2, q3, etc., counting outward from the 
centromere. Regions are delimited by 
speci� c landmarks, which are consistent 
and distinct morphological features, 
such as the ends of the chromosome 
arms, the centromere, and certain 
bands. Regions are divided into bands 
labeled p11 (one-one, not eleven!), 
p12, p13, etc., sub-bands labeled p11.1, 
p11.2, etc., and sub-sub-bands, for 
example p11.21, p11.22, in each case 
counting outward from the centromere 
(see Figure 2.14 and also the inside back 
cover of this book, where ideograms are 
shown for all human chromosomes).

Relative distance from the 
centromere is described by the words 
proximal and distal. Thus, proximal Xq 
means the segment of the long arm of 
the X that is closest to the centromere, 
and distal 2p means the portion of 
the short arm of chromosome 2 that is 
most distant from the centromere, and 
therefore closest to the telomere.

When comparing human 
chromosomes with those of another 
species, the convention is to use the 
� rst letter of the genus name and the 
� rst two letters of the species name, for 
example:
� HSA18: human chromosome 18 

(Homo sapiens)
� PTR10: chimp chromosome 10 

(Pan troglodytes)
� MMU6: mouse chromosome 6 

(Mus musculus)

STUDYING HUMAN CHROMOSOMES

BOX 2.2 HUMAN CHROMOSOME 
NOMENCLATURE
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More informative cytogenetic reports also show the banding structures of 
individual chromosomes. A karyogram is a graphical representation of an indi-
vidual�s full set of mitotic chromosomes displayed as homologous pairs (see 
Figure 2.15); confusingly, this is also often loosely called a karyotype. Karyograms 
used to be prepared by cutting up a photograph of metaphase chromosomes that 
had been spread out on a microscope slide (a chromosome spread) and matching 
up homologous chromosomes; now image analysis software is used instead.

As will be described in the next section, molecular cytogenetic analyses are 
now also widely used, particularly in analyzing the chromosomes of tumor cells.

Molecular cytogenetics locates speci� c DNA sequences on 
chromosomes
Chromosome banding techniques allow analysis of the gross structural organiza-
tion of chromosomes, with a resolution of several megabases. For higher-
resolution analyses, speci� c DNA sequences within chromosomes need to be 
detected.

To detect a desired DNA sequence (the target DNA sequence), a complemen-
tary oligonucleotide or short nucleic acid sequence is � rst labeled in some way to 
generate an oligonucleotide or nucleic acid probe. The longer the probe, the 
more speci� c is its binding. Oligonucleotide probes are often 15�50 nucleotides 
long and are chemically synthesized. Nucleic acid probes often range in size from 
several hundred nucleotides to a few kilobases long and are often puri� ed frag-
ments of genomic DNA or DNA copies of RNA transcripts.
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Figure 2.15 Prometaphase mitotic 
chromosomes from lymphocytes of a 
normal human male. The karyogram shows 
high-resolution G-banding (between 
550 and 850 bands per haploid set). 
Compare with the idealized ideograms in 
the inside back cover page of this book. 
[From Cross & Wolstenholme (2001). Human 
Cytogenetics: Constitutional Analysis, 3rd ed. 
(DE Rooney, ed.). With permission of Oxford 
University Press.]
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Figure 2.14 Di� erent chromosome 
banding resolutions can resolve bands, 
sub-bands, and sub-sub-bands. G-banding 
patterns for human chromosome 4 (with 
accompanying ideogram at the right) are 
shown at increasing levels of resolution. The 
levels correspond approximately to 
(A) 400, (B) 550, and (C) 850 bands per 
haploid set, allowing the visual subdivision 
of bands into sub-bands and sub-sub-
bands as the resolution increases. [Adapted 
from Cross & Wolstenholme (2001). Human 
Cytogenetics: Constitutional Analysis, 3rd ed. 
(DE Rooney, ed.). With permission of Oxford 
University Press.]
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If initially double-stranded, the labeled probe is made single-stranded and 
then added to a chromosome preparation or to cells that are treated in such a 
way so as to make the chromosomal DNA single-stranded (denaturation). The 
aim is to allow single-stranded probe sequences to bind speci� cally by hydrogen 
bonding to complementary single-stranded target DNA sequences within chro-
mosomes (molecular hybridization). During this procedure the chromosomes 
are immobilized in some way, either within a cell-free chromosome preparation, 
or within a cell preparation.

Chromosome � uorescence in situ hybridization (FISH)
In standard chromosome in situ hybridization, a labeled probe is hybridized to 
denatured chromosomal DNA present in an air-dried microscope slide prepara-
tion of metaphase chromosomes. Modern methods use a � uorescence labeling 
system so that ultimately a fl uorophore (� uorescent dye) becomes bound to the 
target DNA sequence, enabling it to be ef� ciently tracked by � uorescence mi-
croscopy. The probe can be labeled directly by incorporating a � uorescently 
labeled nucleotide precursor. Alternatively, a nucleotide containing a reporter 
molecule (such as biotin or digoxigenin) is incorporated into the DNA after which 
it can be speci� cally bound by a � uorescently labeled affi nity molecule that binds 
strongly and speci� cally to the reporter molecule.

In conventional chromosome FISH, homogeneous DNA probes are hybrid-
ized to � xed metaphase or prometaphase chromosome spreads on a glass slide. 
Hybridization of the probe to the DNA being investigated is often marked as dou-
ble spots, indicating that the labeled probe has bound to both sister chromatids 
(Figure 2.16A and Figure 2.17A). By using sophisticated image-processing equip-
ment and reporter-binding molecules carrying different � uorescent dyes, several 
DNA probes can be hybridized simultaneously so that the location of speci� c 
sequences can be identi� ed in relation to each other.

The maximum resolution of metaphase FISH is several megabases, but the 
use of the more extended prometaphase chromosomes can permit 1 Mb resolu-
tion. Variations of the standard method involve arti� cial stretching of DNA or 
chromatin � bers (fi ber FISH) so that the resolution can be increased to the kilo-
base level.

Interphase FISH also offers high-resolution chromosome FISH because dur-
ing interphase the chromosomes are naturally much less condensed than during 
metaphase. In this technique the probes hybridize to target chromosomal DNA 
within cellular or nuclear preparations that are treated with digestive enzymes to 
permit probe access�see Figure 2.17B for an application. Interphase FISH can 
be performed on fresh or frozen samples or on material that has been preserved 
in paraf� n blocks.

Chromosome painting and molecular karyotyping
In chromosome painting, a special application of chromosome FISH, the probe 
is a cocktail of multiple different DNA fragments that derive from many different 

(A) standard chromosome FISH

single type of puri�ed
DNA fragment

homogeneous
DNA probe

single probe bound

labeling and
denaturation

(B) chromosome painting

complex mixture of many di�erent
types of DNA fragment from

one type of chromosome

heterogeneous DNA probe
(chromosome paint)

chromosome paint bound

labeling and
denaturation

chromosome preparation
on microscope slide

denature DNA
in situ

allow to anneal,
expose to UV and
visualize �uorescence

Figure 2.16 Basis of the chromosome FISH 
and chromosome painting methods. Both 
methods are used on interphase chromosomes 
as well as the metaphase chromosomes 
illustrated here, where chromosome spreads 
are prepared and � xed on a microscope 
slide and the DNA is denatured in situ. (A) In 
standard chromosome FISH, homogeneous 
DNA probes are usually used to hybridize to 
a single type of chromosomal DNA sequence. 
Individual probes are labeled with a speci� c 
� uorophore and each probe has the possibility 
of hybridizing to two sister chromatids to 
give a double signal. Practical applications 
of chromosome FISH used in metaphase and 
interphase chromosomes are shown in Figures 
2.17A and 2.17B, respectively. (B) Chromosome 
painting uses a heterogeneous collection of 
labeled DNA probes that derive originally 
from multiple regions of a de� ned type of 
chromosome. The fragments in the probe 
cocktail are simultaneously labeled with a 
single type of � uorophore and will hybridize 
to multiple regions of a single chromosome, 
giving an aggregate � uorescent signal that 
spans an entire chromosome. Figures 2.18 and 
2.9 show practical applications of painting 
metaphase and interphase chromosomes, 
respectively.

STUDYING HUMAN CHROMOSOMES
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locations in a single type of chromosome (Figure 2.16B). The resulting aggregate 
hybridization signal typically spans a whole chromosome, causing it to 
� uoresce.

Figure 2.9 shows an example of chromosome painting in interphase nuclei, 
but most chromosome painting is performed on metaphase chromosomes. It is 
widely employed in investigating or de� ning abnormal chromosome rearrange-
ments in clinical and cancer cytogenetics (Figure 2.18), and is particularly help-
ful with preparations from tumors, which are often of poor quality.

Chromosome painting was initially limited by the small number of differently 
colored � uorophores available. Now multiple targets can be detected simulta-
neously, by using different probes, each labeled with its own � uorophore, or by 
employing different balances of particular � uorophores. Analysis of the resulting 
color mixtures requires automated digital-image analysis, in which particular 
combinations of � uorophores are assigned arti� cial pseudocolors.

One application is genome-wide chromosome painting. Thus, 24 different 
chromosome paints can be used to distinguish between the 24 different types of 
human chromosome. This multiplex FISH (M-FISH) method constitutes a form 
of molecular karyotyping that is sometimes called spectral karyotyping (SKY) 
(Figure 2.19). M-FISH/SKY is valuable in analyzing tumor samples. Complex 
chromosome rearrangements frequently occur in tumors and are generally dif-
� cult to interpret by standard karyotyping with G-banding, but the use of 24 
different chromosome paints facilitates interpretation.

Comparative genome hybridization (CGH)
Sometimes a form of genome painting is performed with cocktails of DNA frag-
ments representing all chromosomes but labeled with a single � uorophore. The 
aim is to compare the genomic DNA of two closely related sources of cellular 
DNA that are suspected to differ, through gain or loss of either subchromosomal 
regions or whole chromosomes.

In standard comparative genome hybridization (CGH), total genomic DNA 
is isolated from two such cellular sources, independently labeled with two 

(A) (B) Figure 2.17 Two-color FISH to detect 
BCR�ABL1 rearrangement in chronic 
myeloid leukemia. Most cases of chronic 
myeloid leukemia (CML) result from a t(9;22) 
reciprocal translocation, with breakpoints 
that interrupt the ABL1 oncogene at 9q34 
and the BCR gene at 22q11. As a result of the 
CML translocation, there is one normal copy 
each of chromosomes 9 and 22, carrying 
normal ABL1 and BCR alleles, respectively, 
and two derivative chromosomes carrying 
ABL1�BCR and BCR�ABL1 fusion genes. The 
� gure shows examples of chromosome 
FISH analysis of CML using (A) metaphase 
FISH and (B) interphase FISH with an ABL1 
probe (red signal) and a BCR probe (green 
signal). The normal ABL1 and BCR alleles 
give standard red and green signals, 
respectively [with signals from both sister 
chromatids visible for at least ABL1 in (A)]. 
The panels to the right represent blow-ups 
of the areas in the dashed circles in (A). The 
white arrows show characteristic signals for 
the fusion genes on the two translocation 
chromosomes [der(9) and der(22)]. These 
can be identi� ed because of the very close 
positioning of the red and green signals, 
with overlapping red and green signals 
appearing orange�yellow. (Courtesy of 
Fiona Harding, Northern Genetics Service, 
Newcastle upon Tyne.)

Figure 2.18 De� ning chromosome 
rearrangements by chromosome painting. 
By karyotyping a peripheral blood sample, 
an abnormal X chromosome was identi� ed 
with extra chromosomal material present 
on the short arm. Follow-up chromosome 
painting investigations showed that the 
additional material present on the short arm 
of the abnormal X chromosome originated 
from chromosome 4, as revealed here with 
a chromosome X paint (red signal) and a 
chromosome 4 paint (green signal). The 
background stain for the chromosomes is 
the blue DAPI stain. (Courtesy of Gareth 
Breese, Northern Genetics Service, Newcastle 
upon Tyne.)
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different � uorophores, and simultaneously hybridized to normal metaphase 
chromosomes. The ratio of the two color signals is then compared along the 
length of each chromosome to identify chromosomal or subchromosomal differ-
ences between the two sources. Often a test source, such as a tumor cell�s DNA, is 
referenced against a normal control source, to identify regions of the genome 
that have been ampli� ed or lost in the test sample (Figure 2.20).

As an alternative to standard CGH, variant methods have more recently been 
developed in which the two genomic DNAs to be compared are hybridized to 
large collections of puri� ed DNA fragments representing uniformly spaced 
regions of the genome, instead of to metaphase chromosomes. As a spin-off from 
the Human Genome Project, comprehensive sets of large puri� ed DNA fragments 
(DNA clones) have been sequenced and ordered into linear maps corresponding 
to each chromosome. In array CGH the target DNA is a collection of such clones, 
typically at a resolution of one clone per megabase, that are deposited in de� ned 
geometric arrays of microscopic spots on a solid support (a microarray).

(B) (C)(A)

addition of
Cot-1 DNA

hybridization of differentially labeled whole-genomic
probes to normal metaphase chromosomes

isolation and labeling of
whole-genomic tumor DNA
with FITC (which fluoresces green)

isolation and labeling of
whole-genomic control DNA

with rhodamine
(which fluoresces red)

loss of DNA shifts color
of region to red

gain of DNA shifts
color of region to
green

Figure 2.19 Molecular karyotyping 
with the SKY procedure. The analyzed 
chromosomes are from a normal human 
male. (A) Metaphase chromosome banding 
by the inverted DPI method, which is 
similar to G-banding but accentuates 
the heterochromatic region of some 
chromosomes (e.g. 1, 9, 16, and Y). (B) The 
same metaphase as in (A) after hybridization 
with chromosome paints. To obtain suitable 
probes, individual human chromosomes 
were � rst fractionated according to size and 
base composition by � ow cytometry, and 
sorted into pools of the same chromosome 
type. DNA was puri� ed and ampli� ed from 
the individual chromosome pools and then 
� uorescently labeled for use as hybridization 
probes. Probes were labeled with at least 
one, and as many as � ve, � uorophore 
combinations and then pooled and 
hybridized to the metaphase chromosomes. 
Outputs are RGB display colors. (C) The 
same metaphase spread, but here digital 
imaging allows the � uorescence outputs 
from the di� erent chromosome paint signals 
in (B) to be assigned arti� cial pseudocolors. 
The pseudocolors are assigned according 
to threshold wavelength values for 
the detected � uorescence and help to 
distinguish the di� erent chromosomes. 
Arrows indicate the sex chromosomes. [From 
Padilla-Nash HM, Barenboim-Stapleton L, 
Di� lippantonio MJ & Ried T (2007) Nature 
Protocols 1, 3129�3142. With permission 
from Macmillan Publishers Ltd.]

Figure 2.20 Comparative genome 
hybridization (CGH) using whole genomic 
DNA probes. CGH begins with the isolation 
of both genomic DNA from a tumor sample 
and genomic DNA from an individual who has 
a normal karyotype (the control DNA). Next, 
the two genomes are di� erentially labeled; 
for example, the control DNA with the red 
� uorochrome rhodamine, and the tumor 
DNA with the green � uorochrome � uorescein 
isothiocyanate (FITC). Cot-1 DNA is a fraction 
of puri� ed DNA that is experimentally 
enriched for highly repetitive DNA. An excess 
of unlabeled human Cot-1 DNA is added to 
the labeled probe mixtures to suppress the 
repetitive DNA sequences that are present 
in both genomes (to obtain the desired 
hybridization signals with a minimum of 
background noise). The di� erentially labeled 
genomes are then combined and hybridized 
to normal metaphase chromosomes. The 
relative intensities of the green and red 
� uorochromes re� ect the actual copy-number 
changes that have occurred in the tumor 
genome. DNA losses and gains are indicated 
by a shift to red and green � uorescence, 
respectively. [From McNeil & Ried (2000) 
Expert Rev. Mol. Med. 14, 1�14. With permission 
from Cambridge University Press.]

STUDYING HUMAN CHROMOSOMES
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As in conventional CGH, the sample being investigated is labeled with one 
� uorescent dye, and the reference DNA is labeled with a different � uorescent 
dye. The two DNA samples are then simultaneously hybridized to the microarray. 
Any difference in the number of copies of a particular DNA sequence in the 
unknown sample versus the reference DNA will affect the ratio of the two bound 
� uorescent dyes. Although it is technically demanding both to undertake and to 
analyze the results, array CGH is beginning to be widely developed and used 
because of its considerable diagnostic potential.

2.5 CHROMOSOME ABNORMALITIES
Chromosome abnormalities might be de� ned as changes that produce a visible 
alteration of the chromosomes. How much can be seen depends on the tech-
nique used. The smallest loss or gain of material visible by traditional methods 
on standard cytogenetic preparations is about 4 Mb of DNA. However, FISH 
allows much smaller changes to be seen, and the use of molecular cytogenetics 
has removed any clear dividing line between changes described as chromosomal 
abnormalities and changes thought of as molecular or DNA defects.

An alternative de� nition of a chromosomal abnormality is an abnormality 
produced by speci� cally chromosomal mechanisms, such as misrepair of 
broken chromosomes or improper recombination events, or by incorrect segre-
gation of chromosomes during mitosis or meiosis.

Chromosomal abnormalities can be classi� ed into two types according to 
their distribution in cells of the body. A constitutional abnormality is present in 
all cells of the body. Where this occurs, the abnormality must have been present 
very early in development, most probably the result of an abnormal sperm or 
egg, or maybe abnormal fertilization or an abnormal event in the very early 
embryo.

A somatic (or acquired) abnormality is present in only certain cells or tissues 
of an individual. An individual with a somatic abnormality is said to be a mosaic 
as a result of possessing two populations of cells with different chromosome con-
stitutions, each deriving from the same zygote.

Chromosomal abnormalities, whether constitutional or somatic, mostly 
fall into two categories, according to whether the copy number is altered (numer-
ical abnormalities) or their structure is abnormal (structural abnormalities) 
(Table 2.4).

Numerical chromosomal abnormalities involve gain or loss of 
complete chromosomes
Three classes of numerical chromosomal abnormality can be distinguished: 
polyploidy, aneuploidy, and mixoploidy.

Polyploidy
Out of all recognized human pregnancies, 1�3% produce a triploid embryo 
(Figure 2.21A). The usual cause is two sperm fertilizing a single egg (dispermy), 
but triploidy is sometimes attributable to fertilization involving a diploid gamete. 
Triploids very seldom survive to term, and the condition is not compatible with 
life. Tetraploidy (Figure 2.21B) is much rarer and always lethal. It is usually due to 
failure to complete the � rst zygotic division: the DNA has replicated to give a 
content of 4C but cell division has not then taken place as normal. Although con-
stitutional polyploidy is rare and lethal, all normal people have some polyploid 
cells.

Aneuploidy
Euploidy means having complete chromosome sets (n, 2n, 3n, and so on). 
Aneuploidy is the opposite: one or more individual chromosomes are present in 
an extra copy or are missing. In trisomy there are three copies of a particular 
chromosome in an otherwise diploid cell; an example is trisomy 21 (47,XX,+21 or 
47,XY,+21) in Down syndrome. In monosomy a chromosome is lacking from an 
otherwise diploid state, as in monosomy X (45,X) in Turner syndrome. Cancer 
cells often show extreme aneuploidy, with multiple chromosomal abnorm-
alities.
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Aneuploid cells arise through two main mechanisms. One mechanism is 
nondisjunction, in which paired chromosomes fail to separate (disjoin) during 
meiotic anaphase I, or sister chromatids fail to disjoin at either meiosis II or mito-
sis. Nondisjunction during meiosis produces gametes with either 22 or 24 chro-
mosomes, which after fertilization with a normal gamete produce a trisomic 
or monosomic zygote. Nondisjunction during mitosis produces a mosaic 
individual.

Anaphase lag is another mechanism that results in aneuploidy. If a chromo-
some or chromatid is delayed in its movement during anaphase and lags behind 
the others, it may fail to be incorporated into one of the two daughter nuclei. 
Chromosomes that do not enter the nucleus of a daughter cell are eventually 
degraded.

Mixoploidy
Mixoploidy means having two or more genetically different cell lineages within 
one individual. The genetically different cell populations usually arise from the 
same zygote (mosaicism). More rarely, they originate from different zygotes 
(chimerism); spontaneous chimerism usually arises by the aggregation of 
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Figure 2.21 Origins of triploidy and tetraploidy. (A) Origins of human triploidy. 
Dispermy is the principal cause, accounting for 66% of cases. Triploidy is also 
caused by diploid gametes that arise by occasional faults in meiosis; fertilization 
of a diploid ovum and fertilization by a diploid sperm account for 10% and 24% 
of cases, respectively. (B) Tetraploidy involves normal fertilization and fusion of 
gametes to give a normal zygote. Subsequently, however, tetraploidy arises by 
endomitosis when DNA replicates without subsequent cell division.

CHROMOSOME ABNORMALITIES

TABLE 2.4 NOMENCLATURE OF CHROMOSOME ABNORMALITIES

Type of abnormality Examples Explanation/notes

NUMERICAL

Triploidy 69,XXX, 69,XXY, 69,XYY a type of polyploidy

Trisomy 47,XX,+21 gain of a chromosome is indicated by +

Monosomy 45,X a type of aneuploidy; loss of an autosome is indicated by �

Mosaicism 47,XXX/46,XX a type of mixoploidy

STRUCTURAL

Deletion 46,XY,del(4)(p16.3) terminal deletion (breakpoint at 4p16.3)

46,XX,del(5)(q13q33) interstitial deletion (5q13�q33)

Inversion 46,XY,inv(11)(p11p15) paracentric inversion (breakpoints on same arm)

Duplication 46,XX,dup(1)(q22q25) duplication of region spanning 1q22 to 1q25

Insertion 46,XX,ins(2)(p13q21q31) a rearrangement of one copy of chromosome 2 by insertion of segment 2q21�q31 into a 
breakpoint at 2p13

Ring chromosome 46,XY,r(7)(p22q36) joining of broken ends at 7p22 and 7q36

Marker 47,XX,+mar indicates a cell that contains a marker chromosome (an extra unidenti� ed chromosome)

Reciprocal 
translocation

46,XX,t(2;6)(q35;p21.3) a balanced reciprocal translocation with breakpoints at 2q35 and 6p21.3

Robertsonian 
translocation (gives 
rise to one derivative 
chromosome)

45,XY,der(14;21)(q10;q10) a balanced carrier of a 14;21 Robertsonian translocation. q10 is not really a chromosome 
band, but indicates the centromere; der is used when one chromosome from a translocation 
is present

46,XX,der(14;21)(q10;q10),+21 an individual with Down syndrome possessing one normal chromosome 14, a Robertsonian 
translocation 14;21 chromosome, and two normal copies of chromosome 21

This is a short nomenclature; a more complicated nomenclature is de� ned by the ISCN that allows complete description of any chromosome 
abnormality; see Sha� er LG, Tommerup N (eds) (2005) ISCN 2005: An International System for Human Cytogenetic Nomenclature. Karger.



Chapter 2: Chromosome Structure and Function52

fraternal twin zygotes, or immediate descendant cells therefrom, within the early 
embryo. Abnormalities that would otherwise be lethal (such as triploidy) may not 
be lethal in mixoploid individuals.

Aneuploidy mosaics are common. For example, mosaicism resulting in a pro-
portion of normal cells and a proportion of aneuploid (e.g. trisomic) cells can be 
ascribed to nondisjunction or chromosome lag occurring in one of the mitotic 
divisions of the early embryo (any monosomic cells that are formed usually die 
out). Polyploidy mosaics (e.g. human diploid/triploid mosaics) are occasionally 
found. As gain or loss of a haploid set of chromosomes by mitotic nondisjunction 
is extremely unlikely, human diploid/triploid mosaics most probably arise by 
fusion of the second polar body with one of the cleavage nuclei of a normal dip-
loid zygote.

Clinical consequences
Having the wrong number of chromosomes has serious, usually lethal, conse-
quences (Table 2.5). Even though the extra chromosome 21 in a person with tri-
somy 21 (Down syndrome) is a perfectly normal chromosome, inherited from a 
normal parent, its presence causes multiple abnormalities that are present from 
birth (congenital). Embryos with trisomy 13 or trisomy 18 can also survive to 
term, but both result in severe developmental malformations, respectively Patau 
syndrome and Edwards syndrome. Other autosomal trisomies are not compati-
ble with life. Autosomal monosomies have even more catastrophic consequences 
than trisomies, and are invariably lethal at the earliest stages of embryonic life.

The developmental abnormalities associated with monosomies and trisomies 
must be the consequence of an imbalance in the levels of gene products encoded 
on different chromosomes. Normal development and function depend on innu-
merable interactions between gene products that are often encoded on different 
chromosomes. For at least some of these interactions, balancing the levels of 
gene products encoded by genes on different chromosomes is critically impor-
tant; each chromosome probably contains several genes for which the amount of 

TABLE 2.5 CLINICAL CONSEQUENCES OF NUMERICAL CHROMOSOME 
ABNORMALITIES

Abnormality Clinical consequences

POLYPLOIDY

Triploidy (69,XXX or 69,XYY) 1�3% of all conceptions; almost never born live and do not 
survive long

ANEUPLOIDY �AUTOSOMES�

Nullisomy (lacking a pair of 
homologs)

lethal at pre-implantation stage

Monosomy (one chromosome 
missing)

lethal during embryonic development

Trisomy (one extra 
chromosome)

usually lethal during embryonic or fetala stages, but individuals 
with trisomy 13 (Patau syndrome) and trisomy 18 (Edwards 
syndrome) may survive to term; those with trisomy 21 
(Down syndrome) may survive beyond age 40

ANEUPLOIDY �SEX CHROMOSOMES�

Additional sex chromosomes individuals with 47,XXX, 47,XXY, or 47,XYY all experience 
relatively minor problems and a normal lifespan

Lacking a sex chromosome although 45,Y is never viable, in 45,X (Turner syndrome), about 
99% of cases abort spontaneously; survivors are of normal 
intelligence but are infertile and show minor physical diagnostic 
characteristics 

aIn humans, the embryonic period spans fertilization through to the end of the eighth week of 
development. Fetal development then begins and lasts until birth.
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gene product made is tightly regulated. Altering the relative numbers of chromo-
somes will affect these interactions, and reducing the gene copy number by 50% 
could be expected to have more severe consequences than providing three gene 
copies in place of two.

Having extra sex chromosomes can have far fewer ill effects than having an 
extra autosome. People with 47,XXX or 47,XYY karyotypes often function within 
the normal range, and 47,XXY men have relatively minor problems in compari-
son with people with any autosomal trisomy. Even monosomy (in 45,X women) 
can have remarkably few major consequences�although 45,Y is always lethal.

Because normal people can have either one or two X chromosomes, and 
either no or one Y, there must be special mechanisms that allow normal function 
with variable numbers of sex chromosomes. For the Y chromosome, this is 
because the very few genes it carries are very largely focused on determining 
maleness. The mammalian X chromosome is also a special case because 
X-chromosome inactivation in females controls the level of X-encoded gene 
products independently of the number of X chromosomes in the cell.

It is not obvious why triploidy is lethal in humans and other animals. With 
three copies of every autosome, the dosage of autosomal genes is balanced and 
should not cause problems. Triploids are always sterile because triplets of chro-
mosomes cannot pair and segregate correctly in meiosis, but many triploid plants 
are in all other respects healthy and vigorous. The lethality in animals may be due 
to an imbalance between products encoded on the X chromosome and auto-
somes, for which X-chromosome inactivation would be unable to compensate.

A variety of structural chromosomal abnormalities result from 
misrepair or recombination errors
Chromosome breaks occur either as a result of damage to DNA (by radiation or 
chemicals, for example) or through faults in the recombination process. 
Chromosome breaks occurring during G2 phase affect only one of the two sister 
chromatids and are called chromatid breaks. Breaks arising during G1 phase, if 
not repaired before S phase, become chromosome breaks (affecting both chroma-
tids). Cellular enzyme systems recognize and try to repair broken chromosomes. 
Repairs involve either joining two broken ends together or adding a telomere to a 
broken end.

During the cell cycle, special mechanisms normally prevent cells with unre-
paired chromosome breaks from entering mitosis; however, as long as there are 
no free broken ends, cells can move toward cell division as required. When cel-
lular repair mechanisms encounter unwanted free chromosome ends produced 
by chromosome breakage, three outcomes are possible. First, the damage may be 
irreparable, whereupon the cell is programmed to self-destruct. Alternatively, the 
damage may be correctly repaired, or it may be incorrectly repaired and can 
result in chromsomes with structural abnormalities.

In addition to faulty DNA repair, errors in recombination also produce struc-
tural chromosome abnormalities. After homologs pair during meiosis, they are 
subjected to recombination mechanisms that ensure breakage and re-joining of 
non-sister chromatids. If, however, recombination occurs between mispaired 
homologs, the resulting products may have structural abnormalities.

In addition to meiotic recombination, other natural cellular processes involve 
the breakage and rejoining of DNA. Notably, a form of recombination also occurs 
naturally in B and T cells in which the cellular DNA undergoes programmed rear-
rangements to make antibodies and T cell receptors. Abnormalities in these 
recombination processes can also cause structural chromosomal abnormalities 
that may be associated with cancer.

Structural chromosome abnormalities are often the result of incorrect joining 
together of two broken chromosome ends. If a single chromosome sustains two 
breaks, incorrect joining of fragments can result in chromosome material being 
lost (deletion), switched round in the reverse direction (inversion), or included in 
a circular chromosome (a ring chromosome) (Figure 2.22). Structurally abnor-
mal chromosomes with a single centromere can be stably propagated through 
successive rounds of mitosis. However, any repaired chromosome that lacks a 
centromere (acentric) or possesses two centromeres (dicentric) will normally not 
segregate stably at mitosis and will eventually be lost.

CHROMOSOME ABNORMALITIES
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If two different chromosomes each sustain a single break, incorrect joining of 
the broken ends can result in a movement of chromosome material between 
chromosomes (translocation). A reciprocal translocation is the general term used 
to describe an exchange of fragments between two chromosomes (Figure 2.23A). 
If an acentric fragment from one chromosome is exchanged for an acentric frag-
ment from another, the products are stable in mitosis. However, exchange of an 
acentric fragment for a centric fragment results in acentric and dicentric chro-
mosomes that are unstable in mitosis.

A Robertsonian translocation is a specialized type of translocation between 
two of the � ve types of acrocentric chromosome in humans (chromosomes 13, 
14, 15, 21, and 22). The short arm of each of these chromosomes is very small and 
very similar in DNA content: each contains 1�2 Mb of tandemly repeated rRNA 
genes sandwiched between two blocks of heterochromatic DNA (Figure 2.23B). 
Breaks in the short arms of two different acrocentric chromosomes followed by 
exchange of acentric and centric fragments results in acentric and dicentric 
products.

The acentric chromosome produced by a Robertsonian translocation con-
tains only highly repetitive noncoding DNA and rRNA genes that are also present 
at high copy number on the other acrocentric human chromosomes. It is lost at 
mitosis without consequence. The other product is an unusual dicentric chro-
mosome that is stable in mitosis. In this case the two centromeres are in close 
proximity (centric fusion) and often function as one large centromere so that the 
chromosome segregates regularly. Nevertheless, as will be described in the next 
section, such a chromosome may present problems during gametogenesis.

More complex translocations can involve multiple chromosome breakages. 
Insertions typically require at least three breaks�often a fragment liberated by 
two breaks in one chromosome arm inserts into another break that may be 
located in another region of the same chromosome or another chromosome.

An additional rare class of structural abnormality can arise from recombina-
tion after an aberrant chromosome division. The product is a symmetrical 
isochromosome consisting of either two long arms or two short arms of a par-
ticular chromosome. Human isochromosomes are rare except for i(Xq) and also 
i(21q), an occasional contributor to Down syndrome.

Figure 2.22 Stable outcomes after 
incorrect repair of two breaks on a 
single chromosome. (A) Incorrect repair 
of two breaks (green arrows) occurring 
in the same chromosome arm can 
involve loss of the central fragment (here 
containing hypothetical regions e and f ) 
and re-joining of the terminal fragments 
(deletion), or inversion of the central 
fragment through 180° and rejoining of 
the ends to the terminal fragments (called 
a paracentric inversion because it does 
not involve the centromere). (B) When 
two breaks occur on di� erent arms of the 
same chromosome, the central fragment 
(encompassing hypothetical regions b to f 
in this example) may invert and re-join the 
terminal fragments (pericentric inversion). 
Alternatively, because the central fragment 
contains a centromere, the two ends can be 
joined to form a stable ring chromosome, 
while the acentric distal fragments are lost. 
Like other repaired chromosomes that retain 
a centromere, ring chromosomes can be 
stably propagated to daughter cells.
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Di� erent factors contribute to the clinical consequences of 
structural chromosome abnormalities
Structural chromosome abnormalities are balanced if there is no net gain or loss 
of chromosomal material, and unbalanced if there is a net gain or loss. Standard 
cytogenetic analyses have routinely been used to de� ne whether a chromosome 
abnormality is balanced or unbalanced, but higher-resolution analyses (notably 
array CGH) can detect submicroscopic losses or gains in what initially seemed to 
be balanced chromosome abnormalities. Truly balanced abnormalities (some 
inversions and balanced translocations) are less likely to affect the phenotype 
except in the following circumstances:
� A chromosome break disrupts an important gene.
� A chromosome break affects the expression of a gene without disrupting the 

coding sequence by, for example, separating a gene from a control element, or 
translocating an active gene into heterochromatin.

� Balanced X-autosome translocations cause non-random X-inactivation.
Although some chromosomal material is lost in Robertsonian trans locations 

(see Figure 2.23B), they are regarded as balanced because there is no phenotypic 
effect; the loss of rRNA genes in the acentric recombination product is not signi� -
cant because other acrocentric chromosomes retain suf� cient rRNA genes.

Unbalanced chromosomal abnormalities can arise directly through deletion 
or, rarely, by duplication. They may also arise indirectly by malsegregation of 
chromosomes during meiosis, in a carrier of a balanced abnormality. In such car-
riers, meiosis is abnormal because the structures of homologous pairs of 

(A) reciprocal translocation (B) Robertsonian translocation
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Figure 2.23 Reciprocal and Robertsonian translocations. (A) Reciprocal translocation. The 
derivative chromosomes are stable in mitosis when one acentric fragment is exchanged for another; 
when a centric fragment is exchanged for an acentric fragment, unstable acentric and dicentric 
chromosomes are produced. (B) Robertsonian translocation. This is a highly specialized reciprocal 
translocation in which exchange of centric and acentric fragments produces a dicentric chromosome 
that is nevertheless stable in mitosis, plus an acentric chromosome that is lost in mitosis without any 
e� ect on the phenotype. It occurs exclusively after breaks in the short arms of the human acrocentric 
chromosomes 13, 14, 15, 21, and 22. As illustrated on the right, the short arm of the acrocentric 
chromosomes consists of three regions: a proximal heterochromatic region (composed of highly 
repetitive noncoding DNA), a distal heterochromatic region (called a chromosome satellite), and a thin 
connecting region of euchromatin (the satellite stalk) composed of tandem rRNA genes. Breaks that 
occur close to the centromere can result in a dicentric chromosome in which the two centromeres are 
so close that they can function as a single centromere. The loss of the small acentric fragment has no 
phenotypic consequences because the only genes lost are rRNA genes that are also present in large 
copy number on the other acrocentric chromosomes.
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chromosomes do not correspond, with a variety of possible consequences, such 
as the following:
� A carrier of a balanced reciprocal translocation can produce gametes that give 

rise to an entirely normal child, a phenotypically normal balanced carrier, or 
to various unbalanced karyotypes that always combine monosomy for part of 
one of the chromosomes with trisomy for part of the other (Figure 2.24). It is 
not possible to make general statements about the relative frequencies of 
these outcomes. The size of the unbalanced segments depends on the posi-
tion of the breakpoints. If the unbalanced segments are large, the fetus will 
probably abort spontaneously; a smaller imbalance may result in a live-born 
baby with abnormalities.

� A carrier of a balanced Robertsonian translocation can produce gametes that 
after fertilization give rise to an entirely normal child, a phenotypically nor-
mal balanced carrier, or a conceptus with full trisomy or full monosomy for 
one of the chromosomes involved (Figure 2.25).

� A carrier of a pericentric inversion may produce offspring with duplicated or 
deleted chromosomal segments. This is because, when the inverted and non-
inverted homologs pair during meiosis, they form a loop to enable matching 
segments to pair along their whole length (Figure 2.26A). If recombination 
occurs within this loop, the consequence is an unbalanced deletion and 
duplication. Paracentric inversions form similar loops, but any recombina-
tion within this loop generates an acentric or dicentric chromosome (Figure 
2.26B), which is unlikely to survive.

Incorrect parental origins of chromosomes can result in aberrant 
development and disease
Certain rare abnormalities demonstrate that it is not enough to have the correct 
number and structure of chromosomes: the chromosomes must also have the 
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Figure 2.24 Possible outcomes of meiosis 
in a carrier of a balanced reciprocal 
translocation. Other modes of segregation 
are also possible, for example 3:1 
segregation. The relative frequency of each 
possible gamete is not readily predicted. 
The risk of a carrier having a child with 
each of the possible outcomes depends 
on its frequency in the gametes and also 
on the likelihood of a conceptus with that 
abnormality developing to term. See the 
book by Gardner and Sutherland (in Further 
Reading) for discussion.



57

outcomes of meiosis

fertilization
by a normal

gamete

normal balanced
carrier

trisomy
14

trisomy
21

monosomy
14

monosomy
21

14
14 21

21

14 21
14 21

Figure 2.25 Possible outcomes of meiosis in a carrier of a Robertsonian translocation. Carriers are asymptomatic but often 
produce unbalanced gametes that can result in a monosomic or trisomic zygote. The two monosomic zygotes and the trisomy 14 
zygote in this example would not be expected to develop to term.

correct parental origin. Rare 46,XX conceptuses in which both complete haploid 
genomes originate from the same parent (uniparental diploidy) never develop 
correctly, and experimentally induced uniparental diploidy in other mammals 
also results in abnormal development. Even for particular chromosomes, having 
both homologs derived from the same parent (uniparental disomy) can cause 
abnormality. Parental origin of chromosomes is important because some genes 
are expressed differently according to the parent of origin; such genes are subject 
to imprinting.

Uniparental diploidy in humans arises most often by fertilization of a faulty 
egg that lacks chromosomes by a diploid sperm (produced by chance chromo-
some doubling) or by the activation of an unovulated oocyte (parthenogenesis), 
resulting in each case in a 46,XX karyotype. The resulting conceptuses develop 
abnormally.

Normal human (and mammalian) development involves the production of 
both an embryo that develops into a fetus and also extra-embryonic membranes, 
including the trophoblast, that act to support development and give rise to the 
placenta. Uniparental diploidy changes the important balance between the 
embryo or fetus and its supporting membranes. Paternal uniparental diploidy 
produces hydatidiform moles, abnormal conceptuses that develop to show wide-
spread hyperplasia (overgrowth) of the trophoblast but no fetal parts; they have a 
signi� cant risk of transformation into choriocarcinoma. Maternal uniparental 
diploidy results in ovarian teratomas, rare benign tumors of the ovary that consist 
of disorganized embryonic tissues but are lacking in vital extra-embryonic 
membranes.

Uniparental disomy is thought to arise in most cases by trisomy rescue. In 
such cases a trisomic conceptus that would otherwise probably die before birth 
gives rise to a 46,XX or 46,XY embryo by chromosome loss. The chromosome loss 
occurs through faulty mitotic division very early in development in a cell that has 
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the capacity to give rise to all the different cell types in the organism (a totipotent 
cell). The progeny of this cell are euploid and form the embryo, and all the aneu-
ploid cells die. If each of the three copies of a trisomic chromosome has an equal 
chance of being lost, there is a two in three chance that a single chromosome loss 
will lead to the normal chromosome constitution and a one in three chance of 
uniparental disomy (either paternal or maternal).

Uniparental disomy may often go undiagnosed because there are no obvious 
phenotypic effects, and it is detected only when it results in characteristic syn-
dromes. In such cases, the chromosome involved contains imprinted genes that 
are expressed incorrectly. Uniparental disomy can involve heterodisomy (one 
parent contributes non-identical homologs, most probably by trisomy rescue). 
Sometimes, however, the two chromosome copies inherited from one parent are 
identical (isodisomy). This can happen by monosomy rescue when a monosomic 
embryo that would otherwise die achieves euploidy by selective duplication of 
the monosomic chromosome.

CONCLUSION
In this chapter we have described fundamental aspects of chromosome structure 
and function, with an emphasis on human chromosomes and the generation of 
chromosome abnormalities in humans. There are close similarities in the ways 
that eukaryotic chromosomes are structured, notably in the way that DNA is 
complexed with histones and organized into higher-order structures.
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inverted terminal
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Figure 2.26 Possible outcomes of meiosis 
in inversion carriers. During meiosis in 
a carrier of an inversion chromosome, 
pairing of the homologs requires looping 
of the inverted region. The � gure shows 
the four possible meiotic products after 
a single crossover (red cross) occurring 
in the inversion loop in (A) pericentric 
inversion and (B) paracentric inversion. In 
addition to non-recombinant normal and 
inversion chromosomes, the recombinant 
chromosomes undergo terminal duplication 
and deletion in pericentric inversions, or 
are dicentric and acentric in paracentric 
inversions.
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But there are also important differences. During eukaryote evolution, cen-
tromeres have become progressively larger and more complex, and in more com-
plex eukaryotes they are dominated by rapidly evolving species-speci� c re-
petitive DNA sequences. The mammalian sex chromosomes have unique 
characteristics and we will consider them in greater detail in Chapter 10 when we 
consider chromosome evolution. Specialized mammalian X-inactivation and 
imprinting systems will also be explored in greater detail in the context of gene 
expression in Chapter 11, as will the relationship between chromatin structure 
and gene expression.

We will also provide many illustrative examples on how chromosome abnor-
malities cause inherited disease and cancer in Chapters 16 and 17 that also con-
tain fuller descriptions of some of the technologies used to analyze chromo-
somes, such as array CGH.





Chapter 3

Genes in Pedigrees and 
Populations 3
� The pattern of inheritance of a character follows Mendel�s rules if its presence, absence, or 

speci� c nature is normally determined by the genotype at a single locus.

� Mendelian characters can be dominant, recessive, or co-dominant. A character is dominant 
if it is evident in a heterozygous person, recessive if not.

� Human Mendelian characters give pedigree patterns that are often recognizable, although 
seldom as unambiguous as the results of laboratory breeding experiments because of the 
limited size and non-ideal structure of most human families.

� Genetically controlled characters can be dichotomous (present or absent) or continuous 
(quantitative). The genes controlling quantitative characters are called quantitative trait 
loci.

� Most characters depend on more than one genetic locus, and often also on environmental 
factors. Such characters are called complex or multifactorial.

� Polygenic theory explains why many quantitative characters show a normal (Gaussian) 
distribution in a population.

� Polygenic threshold theory provides a framework for understanding the genetics of 
dichotomous multifactorial characters, but it is not a tool for predicting the characteristics 
of individuals.

� Subject to certain conditions, gene frequencies and genotype frequencies are related by the 
Hardy�Weinberg formula.

� Consanguineous matings contribute disproportionately to the incidence of rare autosomal 
recessive conditions; ignoring this when using the Hardy�Weinberg formula leads to 
incorrect gene frequencies.

� Gene frequencies in populations are the result of a combination of random processes 
(genetic drift) and the effects of new mutation and natural selection.

� Heterozygote advantage often explains why an autosomal recessive condition is particularly 
common in a population.

KEY CONCEPTS
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Human genes have upper-case 
italicized names; examples are CFTR 
and CDKN2A.

The process of discovery often 
involves several competing research 
groups, so that the same gene may 
initially be referred to by several 
di� erent names. Eventually an o�  cial 
name is assigned by the HUGO (Human 
Genome Organisation) Nomenclature 
Committee, and this is the name 
that should be used henceforth. 
O�  cial names can be found on the 
nomenclature website (http://
www.genenames.org) or from entries 
in genome browser programs such as 
Ensembl (described in Chapter 8).

The formal nomenclature for alleles 
uses the gene name followed by an 
asterisk and then the allele name or 
number, for example, PGM*1, HLA-A*31. 
When only the allele name is used, it 
can be written *1, *31. However, the 
rules for nomenclature of alleles are less 
rigorously adhered to in publications 
than those for genes.

Genetics as a science started with Gregor Mendel�s experiments in the 1860s. 
Mendel bred and crossed pea plants, counted the numbers of plants in each gen-
eration that manifested certain traits, and deduced mathematical rules to explain 
his results. Patterns of inheritance in humans (and in all other diploid organisms 
that reproduce sexually) follow the same principles that Mendel identi� ed in his 
peas, and are explained by the same basic concepts.

Genes can be de� ned in two ways:
� A gene is a determinant, or a co-determinant, of a character that is inherited 

in accordance with Mendel�s rules.
� A gene is a functional unit of DNA.

In this chapter we will be exploring genes through the � rst of these de� ni-
tions. Later chapters will consider genes as DNA. A major aim of human molecu-
lar genetics is to understand how genes as functional DNA sequences determine 
the observable characters of a person.

A locus (plural loci) is a unique chromosomal location de� ning the position 
of an individual gene or DNA sequence. Thus, we can speak of the ABO blood 
group locus, the Rhesus blood group locus, and so on.

Alleles are alternative versions of a gene. For example, A, B, and O are alterna-
tive alleles at the ABO locus. Box 3.1 shows the formal rules for nomenclature of 
alleles. However, for pedigree interpretation, alleles are usually simply denoted 
by upper- and lower-case versions of the same letter, so that the genotypes at a 
locus would be written AA, Aa, or aa. The upper-case letter is conventionally used 
for the allele that determines the dominant character (see below).

The genotype is a list of the alleles present at one or a number of loci.
Phenotypes, characters, or traits are the observable properties of an organ-

ism. The means of observation may range from simple inspection to sophisti-
cated laboratory investigations.

A person is homozygous at a locus if both alleles at that locus are the same, 
and heterozygous if they are different. For different purposes we may check more 
or less carefully whether the two alleles at a locus are really the same. For the 
pedigree interpretation in this chapter, we will be concerned only with the phe-
notypic consequences of a person�s genotype. We will describe a person as 
homozygous if both alleles at the locus in question have the same phenotypic 
effect, even though inspection of the DNA sequence might reveal differences 
between them.

A person is hemizygous if they have only a single allele at a locus. This may be 
because the locus is on the X or Y chromosome in a male, or it may be because 
one copy of an autosomal locus is deleted.

A character is dominant if it is manifested in a heterozygous person, recessive 
if not.

3.1  MONOGENIC VERSUS MULTIFACTORIAL 
INHERITANCE
The simplest genetic characters are those whose presence or absence depends 
on the genotype at a single locus. That is not to say that the character itself is pro-
grammed by only one pair of genes: expression of any human character is likely 
to depend on the action of a large number of genes and environmental factors. 
However, sometimes a particular genotype at one locus is both necessary and 
suf� cient for the character to be expressed, given the normal range of human 
genetic and environmental backgrounds. Such characters are called Mendelian. 
Mendelian characters can be recognized by the characteristic pedigree patterns 
they give, as described in the next section. The best starting point for acquiring 
information on any such character, whether pathological or non-pathological, is 
the Online Mendelian Inheritance in Man (OMIM) database (Box 3.2). Where 
appropriate, throughout this book the OMIM reference number is quoted for 
each human character when it is � rst described.

Most human genetic or partly genetic characters are not Mendelian. They are 
governed by genes at more than one locus. The more complex the pathway 
between a DNA sequence and an observable trait, the less likely it is that the trait 
will show a simple Mendelian pedigree pattern. Thus, DNA sequence variants are 
almost always inherited in a cleanly Mendelian manner�which explains why 

BOX 3.1 NOMENCLATURE OF 
HUMAN GENES AND ALLELES
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they are the characters of choice for following the transmission of a chromosomal 
segment through a pedigree, as described in Chapter 13. Directly observed char-
acteristics of proteins (such as electrophoretic mobility or enzyme activity) usu-
ally display Mendelian pedigree patterns, but these characters can be in� uenced 
by more than one locus because of post-translational modi� cation of gene prod-
ucts. Disease states or other typical traits that re� ect the biochemical action of a 
protein within a cellular context are less often entirely determined at a single 
genetic locus. The failure or malfunction of a developmental pathway that results 
in a birth defect is likely to involve a complex balance of factors. Thus, the com-
mon birth defects (for example, cleft palate, spina bi� da, or congenital heart dis-
ease) are rarely Mendelian. Behavioral traits such as IQ test performance or 
schizophrenia are still less likely to be Mendelian�but they may still be geneti-
cally determined to a greater or smaller extent.

Non-Mendelian characters may depend on two, three, or many genetic loci. 
We use multifactorial here as a catch-all term covering all these possibilities. 
More speci� cally, the genetic determination may involve a small number of loci 
(oligogenic) or many loci each of individually small effect (polygenic); or there 
may be a single major locus with a polygenic background�that is, the genotype 
at one locus has a major effect on the phenotype, but this effect is modi� ed by the 
cumulative minor effects of genes at many other loci. In reality, characters form a 
continuous spectrum, from perfectly Mendelian through to truly polygenic 
(Figure 3.1). Superimposed on this there may be a greater or smaller effect of 
environmental factors.

For dichotomous characters (characters that you either have or do not have, 
such as extra � ngers) the underlying loci are envisaged as susceptibility genes, 
whereas for quantitative or continuous characters (such as height or weight) 
they are seen as quantitative trait loci (QTLs). Any of these characters may tend 
to run in families, but the pedigree patterns are not Mendelian and do not � t any 
standard pattern.

In a further layer of complication, a common human condition such as diabe-
tes is likely to be very heterogeneous in its causation. Some cases may have a 
simple Mendelian cause, some might be entirely the result of environmental fac-
tors, while the majority of cases may be multifactorial. Such conditions are called 
complex.

This is a short selective list of especially useful, reliable, and 
stable resources; many other useful databases may be found by 
searching.

OMIM (http://www.ncbi.nlm.nih.gov/omim). The Online 
Mendelian Inheritance in Man database is the most reliable single 
source of information on human Mendelian characters and the 
underlying genes. The index numbers quoted throughout this book 
(e.g. OMIM 193500) give direct access to the relevant entry. OMIM 
contains about 20,000 entries, which may be sequenced genes, 
characters or diseases associated with known sequenced genes, or 
characters that are inherited in a Mendelian way but for which no gene 
has yet been identi� ed. Some entries describe characters that are not 
normally Mendelian. In those cases the OMIM entry will concentrate 
on any Mendelian or near-Mendelian subset and may therefore 
not give a balanced picture of the overall etiology. Each entry is a 
detailed historically ordered review of the genetics of the character, 
with subsidiary clinical and other information, and a very useful list 
of references. Entries have accumulated text over many years with 

only patchy rewrites, so that the early part of an entry may not re� ect 
current understanding.

The Genetic Association Database (http://geneticassociationdb
.nih.gov), maintained by the US National Institute on Aging, can be 
searched for a list of genes and publications reporting possible genetic 
susceptibility factors for multifactorial diseases. At the time of writing 
it is at an early stage of development, but it should become a valuable 
resource for accessing information that is otherwise dispersed over 
many individual publications.

Genecards (http://www.genecards.org), from the Weizmann 
Institute in Israel, contains about 50,000 automatically generated 
entries, mostly relating to speci� c human genes. It gives access to a 
large amount of biological information about each gene.

GeneTests (http://www.geneclinics.org) is a database of human 
genetic diseases, maintained by the US National Institutes of Health 
and aimed mainly at clinicians. It includes brief clinical and genetic 
reviews of about 500 of the most common Mendelian diseases. There 
is more clinical information than in OMIM.

Mendelian
(monogenic)

polygenic

ABO
blood
group

Hirschsprung
disease

Rhesus
hemolytic
disease

adult
stature

Figure 3.1 Spectrum of genetic 
determination. ABO blood group depends 
(with rare exceptions) on the genotype at 
just one locus, the ABO locus at chromosome 
9q34. Rhesus hemolytic disease of the 
newborn depends on the genotypes of 
mother and baby at the RHD locus at 
chromosome 1p36, but also on mother and 
baby�s being ABO compatible. Hirschsprung 
disease depends on the interaction of several 
genetic loci. Adult stature is determined by 
the cumulative small e� ects of many loci. 
Environmental factors are also important in 
the etiology of Rhesus hemolytic disease, 
Hirschsprung disease, and adult height.

MONOGENIC VERSUS MULTIFACTORIAL INHERITANCE

BOX 3.2 DATABASES OF HUMAN GENETIC DISEASES AND MENDELIAN CHARACTERS
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3.2  MENDELIAN PEDIGREE PATTERNS

There are � ve basic Mendelian pedigree patterns
Mendelian characters may be determined by loci on an autosome or on the X or 
Y sex chromosomes. Autosomal characters in both sexes, and X-linked characters 
in females, can be dominant or recessive. Males are hemizygous for loci on the X 
and Y chromosomes; that is, they have only a single copy of each gene. Thus, they 
are never heterozygous for any X-linked or Y-linked character (in the rare XYY 
males, the two Y chromosomes are duplicates), and it is not necessary to know 
whether such a character is dominant or recessive to predict a man�s phenotype 
from his genotype. There are � ve archetypal Mendelian pedigree patterns:
� Autosomal dominant
� Autosomal recessive
� X-linked dominant
� X-linked recessive
� Y-linked

Figure 3.2 shows the symbols commonly used for pedigree drawing. 
Generations are usually labeled in Roman numerals, and individuals within each 
generation in Arabic numerals (see examples in Figures 3.3�3.7). Thus, III-7 or 
III7 is the seventh person from the left (unless explicitly numbered otherwise) in 
generation III. An arrow can be used to indicate the proband or propositus 
(female proposita) through whom the family was ascertained. The � ve patterns 
are illustrated in Figures 3.3�3.7 and described in Box 3.3. These basic patterns 
are subject to various complications that are discussed below and illustrated in 
Figures 3.13�3.21.

Note that dominance and recessiveness are properties of characters, not 
genes. Thus, sickle-cell anemia is recessive because only Hb S homozygotes man-
ifest it, but sickling trait, which is the phenotype of Hb S heterozygotes, is 

Figure 3.2 Main symbols used in 
pedigrees. The dot symbol for a carrier, 
and the double marriage lines for 
consanguineous matings, are used to 
draw attention to those features, but their 
absence does not necessarily mean that a 
person is not a carrier, or that a union is not 
consanguineous.

Figure 3.3 Pedigree pattern of an autosomal dominant condition. The risk for the individual 
marked with a query is 1 in 2.

Figure 3.4 Pedigree pattern of an 
autosomal recessive condition. People 
who must be carriers are indicated with dots; 
IV1 and/or IV2 might also be carriers, but 
we do not know. The risk for the individual 
marked with a query is 1 in 4.
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dominant. In experimental organisms, geneticists use the term co-dominant 
when the heterozygote has an intermediate phenotype and the homozygote is 
more severely affected. The term dominant is reserved for conditions in which 
the homozygote is indistinguishable from the heterozygote. However, most 
human dominant syndromes are known only in heterozygotes. Sometimes 
homozygotes have been described, born from matings of two heterozygous 
affected people, and often the homozygotes are much more severely affected. 
Examples are achondroplasia (short-limbed dwar� sm; OMIM 100800) and type 1 
Waardenburg syndrome (deafness with pigmentary abnormalities; OMIM 
193500). Nevertheless we describe achondroplasia and Waardenburg syndrome 
as dominant because these terms describe the phenotypes that are seen in hete-
ro-zygotes.

X-inactivation
Animals, including humans, do not readily tolerate having wrong numbers of 
chromosomes. Chromosomal aneuploidies (extra or missing chromosomes, as 
in Down syndrome�see Chapter 2) have severe, usually lethal, consequences. 
Nevertheless, in organisms with an XX/XY sex determination system, males and 
females must be able to develop normally despite having different numbers of 
sex chromosomes. This requires special arrangements. For the human Y chromo-
some, the solution is to carry very few genes; those few are mainly related to male 
sexual function (see below). The human X chromosome, in contrast, carries many 
essential genes, as demonstrated by the many severe or lethal X-linked condi-
tions. Different organisms solve the problem of coping with either XX or XY chro-
mosome constitutions in different ways. In male Drosophila � ies, genes on the 
single X chromosome are transcribed at double the rate of those on the X chro-
mosomes of females. Mammals, including humans, take a different approach: 

Figure 3.5 Pedigree pattern of an X-linked recessive 
condition. The females marked with dots are de� nitely 
carriers; individuals III3 and/or IV4 may also be carriers, 
but we do not know. The risk for the individual marked 
with a query is 1 in 2 males or 1 in 4 of all o� spring.

Figure 3.6 Pedigree pattern of an X-linked dominant condition. The risk for the 
individual marked with a query is negligibly low if male, but 100% if female.

Figure 3.7 Hypothetical pedigree pattern 
of a Y-linked condition.
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(A)

(B)

they use X-inactivation (sometimes called lyonization after its discoverer, Dr 
Mary Lyon).

Early in embryogenesis each cell somehow counts its number of X chromo-
somes, and then permanently inactivates all X chromosomes except one in each 
somatic cell. Inactivated X chromosomes are still physically present, and on a 
standard karyotype they look entirely normal, but the inactive X remains con-
densed throughout the cell cycle. Most genes on the chromosome are perma-
nently silenced in somatic cells. The mechanism is discussed in Chapter 11. In 
interphase cells the inactive X may be seen under the microscope as a Barr body 
or sex chromatin (Figure 3.8). Regardless of the karyotype, each somatic cell 
retains a single active X:
� XY males keep their single X active (no Barr body).
� XX females inactivate one X in each cell (one Barr body).
� Females with Turner syndrome (45,X) do not inactivate their X (no Barr 

body).
� Males with Klinefelter syndrome (47,XXY) inactivate one X (one Barr body).
� 47,XXX females inactivate two X chromosomes (two Barr bodies).

Mosaicism due to X-inactivation
Which X (the paternal or maternal copy) is chosen for inactivation in an XX 
embryo is determined randomly and independently by each cell of the embryo, 
probably at the 10�20-cell stage (some exceptions to this are known, but they do 
not affect discussion of human pedigrees). However, once a cell has chosen which 
X to inactivate, that X remains inactive in all its daughter cells. Within the clonal 
descendants of one embryonic cell, each cell expresses the same X chromosome. 
Thus, a heterozygous female is a mosaic of clones in which alternative alleles are 
expressed. Each cell expresses either the normal or the abnormal allele, but not 
both.

Figure 3.8 A Barr body. (A) A cell from an XX female has one inactivated 
X chromosome and shows a single Barr body. (B) A cell from a 49,XXXXY male 
has three inactivated X chromosomes and shows three Barr bodies. (Courtesy of 
Malcolm Ferguson-Smith, University of Cambridge.)

Autosomal dominant inheritance (Figure 3.3):
� An a� ected person usually has at least one a� ected parent (for 

exceptions see Figures 3.14 and 3.21).
� It a� ects either sex.
� It is transmitted by either sex.
� A child with one a� ected and one una� ected parent has a 50% 

chance of being a� ected (this assumes that the a� ected person is 
heterozygous, which is usually true for rare conditions).

Autosomal recessive inheritance (Figure 3.4):
� A� ected people are usually born to una� ected parents.
� Parents of a� ected people are usually asymptomatic carriers.
� There is an increased incidence of parental consanguinity.
� It a� ects either sex.
� After the birth of an a� ected child, each subsequent child has a 

25% chance of being a� ected (assuming that both parents are 
phenotypically normal carriers).

X-linked recessive inheritance (Figure 3.5):
� It a� ects mainly males.
� A� ected males are usually born to una� ected parents; the mother 

is normally an asymptomatic carrier and may have a� ected male 
relatives.

� Females may be a� ected if the father is a� ected and the mother is 
a carrier, or occasionally as a result of non-random X-inactivation.

� There is no male-to-male transmission in the pedigree (but 
matings of an a� ected male and carrier female can give the 
appearance of male-to-male transmission; see Figure 3.20).

X-linked dominant inheritance (Figure 3.6):
� It a� ects either sex, but more females than males.
� Usually at least one parent is a� ected.
� Females are often more mildly and more variably a� ected than 

males.
� The child of an a� ected female, regardless of its sex, has a 50% 

chance of being a� ected.
� For an a� ected male, all his daughters but none of his sons are 

a� ected.
Y-linked inheritance (Figure 3.7):
� It a� ects only males.
� A� ected males always have an a� ected father (unless there is a 

new mutation).
� All sons of an a� ected man are a� ected.
Mitochondrial inheritance (Figure 3.10):
� It a� ects both sexes.
� It is usually inherited from an a� ected mother (but is often caused 

by de novo mutations with the mother una� ected).
� It is not transmitted by a father to his children.
� There are highly variable clinical manifestations.

BOX 3.3 SUMMARY OF PATTERNS OF INHERITANCE
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When the phenotype depends on a circulating product, as in hemophilia (fail-
ure of blood to clot; OMIM 306700, 306900), there is an averaging effect between 
the normal and abnormal clones. Female carriers may be biochemically abnor-
mal but are usually clinically unaffected. When the phenotype is a localized prop-
erty of individual cells, as in hypohidrotic ectodermal dysplasia (missing sweat 
glands, and abnormal teeth and hair; OMIM 305100), female carriers show 
patches of normal and abnormal tissue. If an X-linked condition is pathogenic in 
males because of the absence of some category of cell, those cells will show highly 
skewed X-inactivation in carrier females. For example, males with X-linked 
Bruton agammaglobulinemia (OMIM 300300) lack all mature B lymphocytes. 
Carrier females have B lymphocytes, but in every such cell the X chromosome 
that carries the mutation is the one that has been inactivated. During embryo-
genesis some cells will have inactivated the normal X chromosome, but the 
descendants of those cells will have been unable to develop into mature B lym-
phocytes. Therefore lymphocytes, but not other tissues, show completely skewed 
X-inactivation in these women.

Female carriers of recessive X-linked conditions often show some minor signs 
of the condition. Occasional heterozygous women may be quite severely affected 
because by bad luck most cells in some critical tissue have inactivated the normal 
X. They are known as manifesting heterozygotes. Equally, women who are het-
erozygous for a dominant X-linked condition are usually more mildly and varia-
bly affected than men, because many of their cells express only the normal X.

Few genes on the Y chromosome
No known human character, apart from maleness itself, is known to give the 
stereotypical Y-linked pedigree of Figure 3.7. Claims of Y-linkage for �porcupine 
men� and hairy ears are questionable (see OMIM 146600 and 425500, respec-
tively). Because normal females lack all Y-linked genes, any such genes must 
code either for non-essential characters or for male-speci� c functions. Some 
genes exist as functional copies on both the Y and the X; they might prove an 
exception to this argument, but they would not give a classical Y-linked pedigree 
pattern. Interstitial deletions of the Y-chromosome long arm are an important 
cause of male infertility, but of course infertile males will not produce pedigrees 
like that in Figure 3.7. Jobling and Tyler-Smith provide a useful review of the gene 
content of the Y chromosome and its possible involvement in disease (see 
Further Reading). As described in Chapter 10, loss of genes from the Y chromo-
some has been a steady evolutionary process, which may eventually culminate 
in loss of the entire chromosome.

Genes in the pseudoautosomal region
As described in Chapter 2 (Section 2.2), the distal 2.6 Mb of Xp and Yp contain 
homologous DNA sequences, and in males they pair in prophase I of meiosis. 
This ensures that at anaphase I each daughter cell receives one sex chromosome, 
either the X or the Y. Pairing is sustained by an obligatory crossover in this region. 
Thus, the few genes in these regions segregate in a pseudoautosomal and not a 
sex-linked pattern (Figure 3.9). Leri�Weill dyschondrosteosis (OMIM 127300) is 
one of the few pseudoautosomal conditions described. Note that the OMIM 
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Figure 3.9 Pedigree of a 
pseudoautosomal condition. The allele 
causing this dominant condition is on the 
Y chromosome in the a� ected males marked 
Y, but on the X chromosome in all other 
a� ected individuals. The three individuals 
marked with a red asterisk are the result of 
an X�Y crossover in their father. Note how 
the pedigree is indistinguishable from an 
autosomal dominant pedigree, although the 
causative gene is located on Xp or Yp.

MENDELIAN PEDIGREE PATTERNS
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number starts with 1, indicating autosomal dominant inheritance, although the 
causative genes are on the X and Y chromosomes. There is a second, much 
smaller, region of X�Y homology at the distal ends of the long arms, but there is 
not normally any crossing over between those short sequences, and so there is no 
special pedigree pattern associated with genes in that second pseudoautosomal 
region.

Conditions caused by mutations in the mitochondrial DNA
In addition to the mutations in genes carried on the nuclear chromosomes,
mitochondrial mutations are a signi� cant cause of human genetic disease. 
The mitochondrial genome is small (only 16.5 kb) but it is highly mutable in 
comparison with the nuclear genome, probably because mitochondrial DNA 
replication is more error-prone and the number of replications is much higher. 
Mitochondrially encoded diseases have two unusual features, matrilineal 
inheritance and frequent heteroplasmy.

Inheritance is matrilineal, because sperm do not contribute mitochondria to 
the zygote (some exceptions to this have been described, but paternally derived 
mitochondrial variants are not normally detected in children). Thus, a mitochon-
drially inherited condition can affect both sexes but is passed on only by affected 
mothers. At � rst sight the pedigree pattern (Figure 3.10) can seem to be auto-
somal dominant, because an affected parent can have affected children of either 
sex�but affected fathers never transmit the condition to their offspring.

Cells contain many mitochondrial genomes, and there may be multiple mito-
chondrial species in one individual. In some patients with a mitochondrial dis-
ease, every mitochondrial genome carries the causative mutation (homoplasmy), 
but in other cases a mixed population of normal and mutant genomes is seen 
within each cell (heteroplasmy). A single-celled zygote cannot be mosaic for 
nuclear genes, but it contains many mitochondria; a heteroplasmic mother can 
therefore have a heteroplasmic child. In such cases the proportion of abnormal 
mitochondrial genomes can vary widely between the mother and child. This 
happens because during early development the germ line passes through a stage 
in which cells contain very few mitochondria (the �mitochondrial bottleneck�). 
Additionally, mitochondrial variants, especially those involving large deletions or 
duplications of the mitochondrial genome, often evolve rapidly within an indi-
vidual, so that different tissues or the same tissue at different times may contain 
different spectra of variants. The overall result of all these factors is that clinical 
phenotypes are often highly variable, even within a family. The MITOMAP data-
base (www.mitomap.org) is the best � rst source of information on all these mat-
ters, and gives many useful examples.

The mitochondrion is not a self-suf� cient organelle. Many essential mito-
chondrial functions are provided by nuclear-encoded genes. It follows that many 
diseases that are the result of mitochondrial dysfunction are nevertheless caused 
by mutations in nuclear genes and follow standard Mendelian patterns.
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Figure 3.10 Pedigree of a mitochondrially 
determined disease. Note the very 
incomplete penetrance: although every 
child of an a� ected mother inherits mutant 
mitochondria through the ovum, only some 
are clinically a� ected. One cause of this can 
be variable heteroplasmy. [Family reported 
in Prezant TR, Agapian JV, Bohlman MC 
et al. (1993) Nat. Genet. 4, 289�294. With 
permission from Macmillan Publishers Ltd.]
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The mode of inheritance can rarely be de� ned unambiguously in a 
single pedigree
Given the limited size of human families, it is rarely possible to be completely 
certain of the mode of inheritance of a character from an inspection of a single 
pedigree. For many of the rarer conditions, the stated mode is no more than an 
informed guess. Assigning modes of inheritance is important, because that is the 
basis of the risk estimates used in genetic counseling. However, it is important to 
recognize that until the underlying gene has been convincingly identi� ed, the 
mode of inheritance deduced from an examination of pedigrees is often a work-
ing hypothesis rather than established fact. OMIM uses speci� c symbols before 
the number of an entry to denote the status of each entry:
 * denotes a gene of known sequence.
 # denotes a phenotype with a known molecular basis.
 + denotes a gene of known sequence and a phenotype.
 % denotes a con� rmed Mendelian phenotype for which the gene has not yet 

been de� nitely identi� ed.
In experimental animals one could quickly check the mode of inheritance by 

setting up a suitable cross and checking for a 1 in 2 or 1 in 4 ratio of phenotypes 
in the offspring. In human pedigrees, the proportion of affected children (the 
segregation ratio) is not a very reliable indicator of the mode of inheritance. 
Mostly this is because the numbers are too small, but the way in which affected 
families are collected can also bias the observed ratio of affected to unaffected 
children.

Getting the right ratios: the problem of bias of ascertainment
Suppose we wish to show that a condition is autosomal recessive. We could col-
lect a set of families and check that the segregation ratio is 1 in 4. At � rst sight this 
would seem a trivial task, provided that the condition is not too rare. But in fact 
the expected proportion of affected children in our sample is not 1 in 4. The prob-
lem is bias of ascertainment (ascertainment in this context means � nding the 
people who form the study sample).

Assuming there is no independent way of recognizing carriers, the families 
will be identi� ed through an affected child. Thus, the families shown in the 
unshaded area in Figure 3.11 will not be ascertained, and the observed 

Figure 3.11 Biased ascertainment. In each 
of these 16 pedigrees, both parents are 
carriers of an autosomal recessive condition. 
Overall, their 32 children show the expected 
1:2:1 distribution of genotypes (AA, 8/32; Aa, 
16/32; aa, 8/32). However, if families can be 
recognized only through a� ected children, 
only the families shown in the shaded area 
will be picked up, and the proportion of the 
children in that sample who are a� ected 
will be 8/14, not 1/4. Statistical methods 
are available for correcting such biased 
ascertainment and recovering the true ratio.
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segregation ratio in the two-child families collected is not 1 in 4 but 8 in 14. 
Families with three children, ascertained in the same way, would give a different 
segregation ratio, 48 in 111.

The examples above presuppose complete truncate ascertainment: we col-
lect all the families in some de� ned population who have at least one affected 
child. But this is not the only possible way of collecting families. We might have 
ascertained affected children by taking the � rst 100 to be seen in a busy clinic (so 
that many more could have been ascertained from the same population by carry-
ing on for longer). Under these conditions, a family with two affected children is 
twice as likely to be picked up as one with only a single affected child, and one 
with four affected is four times as likely. Single selection, where the probability of 
being ascertained is proportional to the number of affected children in the fam-
ily, introduces a different bias of ascertainment, and requires a different statisti-
cal correction. Box 3.4 shows how some of these effects may be predicted and 
corrected.

The examples above are for recessive conditions, in which bias is most obvi-
ous, but more subtle biases can distort the estimated ratios in any condition. In 
general it is best not to rely too much on ratios of affected children when deciding 
the likely mode of inheritance of a condition.

The relation between Mendelian characters and gene sequences
Pedigree patterns provide an essential entry point into human genetics, but there 
is no simple one-to-one correspondence between the characters de� ned as 
Mendelian by pedigree analysis and genes de� ned as functional DNA units. It 
would be a serious error to imagine that the 4000 or so OMIM entries marked 
with a # or % symbol necessarily de� ne 4000 DNA coding sequences. This would 
be an unjusti� ed extension of the one gene�one enzyme hypothesis of Beadle 
and Tatum. Back in the 1940s this hypothesis allowed a major leap forward in 
understanding how genes determine phenotypes. Since then it has been 
extended: some genes encode nontranslated RNAs, some proteins are not 
enzymes, and many proteins contain several separately encoded polypeptide 

The segregation ratio for a family with n children, under complete truncate ascertainment, can 
be estimated from the following formulae, which give the proportions of sibships with di� erent 
numbers of a� ected children:

(1/4)n all children a� ected
(n,1) (1/4)n�1 (3/4) all except one child a� ected
(n,2) (1/4)n�2 ( 3/4)2 all except two children a� ected 
etc.

(n,x) means n!/[x!(n � x)!], where n! (n factorial) means
n ¥ (n � 1) ¥ (n � 2) ¥ (n � 3) ¥ � ¥ 2 ¥ 1

For the mathematically inclined, this is an example of a truncated binomial distribution, a binomial 
expansion of (1/4 + 3/4)n in which the last term (no a� ected children) is omitted.

The overall proportion of a� ected children can now be calculated. For example, for every 64 
three-child families we have:

1 family with 3 a� ected total 3 a� ected, 0 una� ected
9 families with 2 a� ected total 18 a� ected, 9 una� ected
27 families with 1 a� ected total 27 a� ected, 54 una� ected
[27 families with no a� ected�but these families will not be ascertained]
Overall (among ascertained families) 48 a� ected, 63 una� ected
Apparent segregation ratio 48/(48 + 63) = 48/111 = 0.432

Correcting the segregation ratio
If:     p = the true (unbiased) segregation ratio

R = the number of a� ected children
S = the number of a� ected singletons (children who are the only a� ected child in the family)
T = the total number of children
N = the number of sibships

For complete truncate ascertainment, p = (R � S)/(T � S).
For example, for the three-child families illustrated above, p = (48 � 27)/(111 � 27) = 21/84 = 0.25.
For single selection, p = (R � N)/(T � N).

BOX 3.4 CALCULATING AND CORRECTING THE SEGREGATION RATIO FOR A 
RECESSIVE CONDITION
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chains. But even with these extensions, Beadle and Tatum�s hypothesis cannot be 
used to imply a one-to-one correspondence between entries in the OMIM cata-
logue and DNA transcription units.

The genes of classical genetics are abstract entities. Any character that is 
determined at a single chromosomal location will segregate in a Mendelian pat-
tern�but the determinant may not be a gene in the molecular geneticist�s sense 
of the word. Fascio-scapulo-humeral muscular dystrophy (severe but non-lethal 
weakness of certain muscle groups; OMIM 158900) is caused by small deletions 
of sequences at 4q35�but, at the time of writing, nobody has yet found a relevant 
protein-coding sequence at that location, despite intensive searching and 
sequencing. This example is unusual�most OMIM entries probably do describe 
the consequences of mutations affecting a single transcription unit. However, 
there is still no one-to-one correspondence between phenotypes and transcrip-
tion units because of three types of heterogeneity:
� Locus heterogeneity is where the same clinical phenotype can result from 

mutations at any one of several different loci. This may be due to epistasis, 
where gene A controls the action of gene B, or lies upstream of gene B in a 
pathway; alternatively genes A and B may function in separate pathways that 
affect the same phenotype.

� Allelic heterogeneity is where many different mutations within a given gene 
can be seen in different patients with a certain genetic condition (explored 
more fully in Chapter 16). Many diseases show both locus and allelic 
heterogeneity.

� Clinical heterogeneity is used here to describe the situation in which muta-
tions in the same gene produce two or more different diseases in different 
people. For example, mutations in the HPRT gene can produce either a form 
of gout or Lesch�Nyhan syndrome (severe mental retardation with behavioral 
problems; OMIM 300322). Note that this is not the same as pleiotropy. That 
term means that one mutation has multiple effects in the same organism. 
Most mutations are pleiotropic if you look carefully enough at the pheno-
type.

Locus heterogeneity
Hearing loss provides good examples of locus heterogeneity. When two people 
with autosomal recessive profound congenital hearing loss marry, as they often 
do, the children most often have normal hearing. It is easy to see that many dif-
ferent genes would be needed to construct so exquisite a machine as the cochlear 
hair cell, and a defect in any of those genes could lead to deafness. If the muta-
tions causing deafness are in different genes in the two parents, all their children 
will be double heterozygotes�but assuming that both parental conditions are 
recessive, the children will have normal hearing (Figure 3.12).

When two recessive characters may or may not be caused by mutations at the 
same locus, a test cross between homozygotes for the two characters (in experi-
mental organisms) can provide the answer. This is called a complementation 
test. If the mutations in the two parental stocks are at the same locus, the progeny 
will not have a wild-type allele, and so will be phenotypically abnormal. If there 
are two different loci, the progeny are heterozygous for each of the two recessive 
characters, and therefore phenotypically normal, as illustrated in Table 3.1. 
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AaBB AaBB

aaBB AAbb

AaBb AaBb AaBb AaBb AaBb AaBb

AABb AABb

Figure 3.12 Complementation. A� ected 
individuals all have profound congenital 
hearing loss. II6 and II7 are o� spring of 
una� ected but consanguineous parents, and 
each has a� ected sibs, making it likely that 
all the a� ected individuals in generation II 
are homozygous for autosomal recessive 
hearing loss. However, all the children of II6 
and II7 are una� ected. This shows that the 
mutations in II6 and II7 must be non-allelic, as 
indicated by the genotypes.
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Very occasionally alleles at the same locus can complement each other 
(interallelic complementation). This might happen if the gene product is a pro-
tein that dimerizes, and the mutant alleles in the two parents affect different 
parts of the protein, such that a heterodimer may retain some function. In gen-
eral, however, if two mutations complement each other, it is reasonable to assume 
that they involve different loci. Cell-based complementation tests (fusing cell 
lines in tissue culture) have been important in sorting out the genetics of human 
phenotypes such as DNA repair defects, in which the abnormality can be observed 
in cultured cells. Hearing loss provides a rare opportunity to see complementa-
tion in action in human pedigrees.

Locus heterogeneity is only to be expected in conditions such as deafness, 
blindness, or learning disability, in which a rather general pathway has failed; but 
even with more speci� c pathologies, multiple loci are very frequent. A striking 
example is Usher syndrome, an autosomal recessive combination of hearing loss 
and progressive blindness (retinitis pigmentosa), which can be caused by muta-
tions at any of 10 or more unlinked loci. OMIM has separate entries for known 
examples of locus heterogeneity (de� ned by linkage or mutation analysis), but 
there must be many undetected examples still contained within single entries.

Clinical heterogeneity
Sometimes several apparently distinct human phenotypes turn out all to be 
caused by different allelic mutations at the same locus. The difference may be 
one of degree�mutations that partly inactivate the dystrophin gene produce 
Becker muscular dystrophy (OMIM 300376), whereas mutations that completely 
inactivate the same gene produce the similar but more severe Duchenne muscu-
lar dystrophy (lethal muscle wasting; OMIM 310200). At other times the differ-
ence is qualitative�inactivation of the androgen receptor gene causes androgen 
insensitivity (46,XY embryos develop as females; OMIM 313700), but expansion 
of a run of glutamine codons within the same gene causes a very different 
disease, spinobulbar muscular atrophy or Kennedy disease (OMIM 313200). 
These and other genotype�phenotype correlations are discussed in more depth 
in Chapter 13.

3.3  COMPLICATIONS TO THE BASIC MENDELIAN 
PEDIGREE PATTERNS
In real life various complications often disguise a basic Mendelian pattern. 
Figures 3.13�3.21 illustrate several common complications.

A common recessive condition can mimic a dominant pedigree 
pattern
If a recessive trait is common in a population, there is a good chance that it may 
be brought into the pedigree independently by two or more people. A common 
recessive character such as blood group O may be seen in successive generations 
because of repeated matings of group O people with heterozygotes. This pro-
duces a pattern resembling dominant inheritance (Figure 3.13). The classic 
Mendelian pedigree patterns are best seen with rare conditions, where there is 
little chance that somebody who marries into the family might coincidentally 
also carry the disease mutation that is segregating in the family.

TABLE 3.1 RESULTS OF MATING BETWEEN TWO HOMOZYGOTES FOR A RECESSIVE 
CHARACTER

One locus (A) Two loci (A, B)

Parental genotypes aa ¥ aa aaBB ¥ AAbb

O� spring genotype aa AaBb

O� spring phenotype abnormal normal
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A dominant condition may fail to manifest itself
The penetrance of a character, for a given genotype, is the probability that a per-
son who has the genotype will manifest the character. By de� nition, a dominant 
character is manifested in a heterozygous person, and so should show 100% pen-
etrance. Nevertheless, many human characters, although generally showing 
dominant inheritance, occasionally skip a generation. In Figure 3.14, II2 has 
an affected parent and an affected child, and almost certainly carries the mutant 
gene, but is phenotypically normal. This would be described as a case of 
non-penetrance.

There is no mystery about non-penetrance�indeed, 100% penetrance is the 
more surprising phenomenon. Very often the presence or absence of a character 
depends, in the main and in normal circumstances, on the genotype at one locus, 
but an unusual genetic background, a particular lifestyle, or maybe just chance 
means that the occasional person may fail to manifest the character. Non-
penetrance is a major pitfall in genetic counseling. It would be an unwise coun-
selor who, knowing that the condition in Figure 3.14 was dominant and seeing 
that III7 was free of signs, told her that she had no risk of having affected children. 
One of the jobs of genetic counselors is to know the usual degree of penetrance of 
each dominant condition.

Frequently, of course, a character depends on many factors and does not show 
a Mendelian pedigree pattern even if entirely genetic. There is a continuum of 
characters from fully penetrant Mendelian to multifactorial (Figure 3.15), with 
increasing in� uence of other genetic loci and/or the environment. No logical 
break separates imperfectly penetrant Mendelian from multifactorial characters; 
it is a question of which is the most useful description to apply.

Age-related penetrance in late-onset diseases
A particularly important case of reduced penetrance is seen with late-onset dis-
eases. Genetic conditions are not necessarily congenital (present at birth). The 
genotype is � xed at conception, but the phenotype may not manifest until adult 
life. In such cases the penetrance is age-related. Huntington disease (progressive 
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Figure 3.13 Complications to the basic 
Mendelian patterns (1): a common 
recessive condition giving an apparently 
dominant pedigree. If a recessive trait is 
su�  ciently common that unrelated people 
marrying in to the family often carry it, the 
pedigree may misleadingly resemble that of 
a dominant trait. The condition in the � gure 
is blood group O.
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Figure 3.14 Complications to the basic Mendelian patterns 
(2): non-penetrance. Individual II2 carries the disease gene 
but does not show symptoms. Other una� ected family 
members, such as II3, III1, IV1, or IV2, might also be 
non-penetrant gene carriers.

Figure 3.15 A two-dimensional spectrum 
of human characters. The variable in� uence 
of environmental factors is added to the 
spectrum of genetic determination shown 
in Figure 3.1. The mix of factors determining 
any particular trait could be represented by a 
point located somewhere within the triangle.
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neurodegeneration; OMIM 143100) is a well-known example (Figure 3.16). 
Delayed onset might be caused by the slow accumulation of a noxious substance, 
by incremental tissue death, or by an inability to repair some form of environ-
mental damage. Hereditary cancers are caused by a chance second mutation 
affecting a cell of a person who already carries one mutation in a tumor suppres-
sor gene in every cell (see Chapter 17). That second mutation could occur at any 
time, and so the risk of having acquired it is cumulative and increases through 
life. Depending on the disease, the penetrance may become 100% if the person 
lives long enough, or there may be people who carry the gene but who will never 
develop symptoms no matter how long they live. Age-of-onset curves such as 
those in Figure 3.16 are important tools in genetic counseling, because they 
enable the geneticist to estimate the chance that an at-risk but asymptomatic 
person will subsequently develop the disease.

Many conditions show variable expression
Related to non-penetrance is the variable expression frequently seen in domi-
nant conditions. Figure 3.17 shows an example from a family with Waardenburg 
syndrome. Different family members show different features of the syndrome. 
The cause is the same as with non-penetrance: other genes, environmental fac-
tors, or pure chance have some in� uence on the development of the symptoms. 
Non-penetrance and variable expression are typically problems with dominant, 
rather than recessive, characters. In part this re� ects the dif� culty of spotting 
non-penetrant cases in a typical recessive pedigree. However, as a general rule, 
recessive conditions are less variable than dominant ones, probably because the 
phenotype of a heterozygote involves a balance between the effects of the two 
alleles, so that the outcome is likely to be more sensitive to outside in� uence than 
the phenotype of a homozygote. However, both non-penetrance and variable 
expression are occasionally seen in recessive conditions.

These complications are much more conspicuous in humans than in experi-
mental organisms. Laboratory animals and crop plants are far more genetically 
uniform than humans, and live in much more constant environments. What we 
see in human genetics is typical of a natural mammalian population. Nevertheless, 
mouse geneticists are familiar with the way in which the expression of a mutant 
gene can change when it is bred onto a different genetic background�an impor-
tant consideration when studying mouse models of human diseases.

Anticipation
Anticipation describes the tendency of some conditions to become more severe 
(or have earlier onset) in successive generations. Anticipation is a hallmark of 
conditions caused by a very special genetic mechanism (dynamic mutation) 
whereby a run of tandemly repeated nucleotides, such as CAGCAGCAGCAGCAG, 
is meiotically unstable. A (CAG)40 sequence in a parent may appear as a (CAG)55 
sequence in a child. Certain of these unstable repeat sequences become patho-
genic above some threshold size. Examples include fragile X syndrome (mental 
retardation with various physical signs; OMIM 309550), myotonic dystrophy (a 
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Figure 3.16 Age-of-onset curves for 
Huntington disease. Curve A shows the 
probability that an individual carrying the 
disease gene will have developed symptoms 
by a given age. Curve B shows the risk at a 
given age that an asymptomatic person who 
has an a� ected parent nevertheless carries 
the disease gene. [From Harper PS (1998) 
Practical Genetic Counselling, 5th ed. 
With permission from Edward Arnold 
(Publishers) Ltd.]

Figure 3.17 Complications to the 
basic Mendelian patterns (3): variable 
expression. Di� erent a� ected family 
members show di� erent features of 
type 1 Waardenburg syndrome, an 
autosomal dominant trait.
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very variable multisystem disease with characteristic muscular dysfunction; 
OMIM 160900), and Huntington disease. Severity or age of onset of these dis-
eases correlates with the repeat length, and the repeat length tends to grow as the 
gene is transmitted down the generations. These unusual diseases are discussed 
in more detail in Chapter 16.

Dominant pedigrees often give the appearance of anticipation, but this is 
usually a false impression. True anticipation is very easily mimicked by random 
variations in severity. A family comes to clinical attention when a severely affected 
child is born. Investigating the history, the geneticist notes that one of the parents 
is affected, but only mildly. This looks like anticipation but may actually be just a 
bias of ascertainment. Had the parent been severely affected, he or she would 
most probably never have become a parent; had the child been mildly affected, 
the family might not have come to notice. Claims of anticipation without evi-
dence of a dynamic mutation should be treated with caution. To be credible, a 
claim of anticipation requires careful statistical backing or direct molecular evi-
dence, not just clinical impression.

Imprinting
Certain human characters are autosomal dominant, affect both sexes, and are 
transmitted by parents of either sex�but manifest only when inherited from a 
parent of one particular sex. For example, there are families with autosomal 
dominant inheritance of glomus body tumors or paragangliomas (OMIM 168000). 
In these families the tumors occur only in men or women who inherit the gene 
from their father (Figure 3.18A). Beckwith�Wiedemann syndrome (BWS; OMIM 
130650) shows the opposite effect. This combination of congenital abdominal 
wall defects (exomphalos), an oversized tongue (macroglossia), and excessive 
birth weight is sometimes inherited as a dominant condition, but it is expressed 
only in babies who inherit it from their mother (Figure 3.18B).
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Figure 3.18 Complications 
to the basic Mendelian 
patterns (4): imprinted 
gene expression. (A) In this 
family, autosomal dominant 
glomus tumors manifest only 
when the gene is inherited 
from the father. (B) In this 
family, autosomal dominant 
Beckwith�Wiedemann 
syndrome manifests only when 
the gene is inherited from the 
mother. [(A) family reported 
in Heutink P, van der Mey 
AG, Sandkuijl LA et al. (1992) 
Hum. Molec. Genet. 1, 7�10. 
With permission from Oxford 
University Press. (B) family 
reported in Viljoen & Ramesar 
(1992) J. Med. Genet. 29, 
221�225. With permission from 
BMJ Publishing Group Ltd.]
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These parental sex effects are evidence of imprinting, a poorly understood 
phenomenon whereby certain genes are somehow marked (imprinted) with their 
parental origin. Many questions surround the mechanism and evolutionary pur-
pose of imprinting. Imprinting is an example of an epigenetic mechanism�a 
heritable change in gene expression that does not depend on a change in DNA 
sequence. Epigenetic mechanisms and effects are discussed in more detail in 
Chapter 11.

Male lethality may complicate X-linked pedigrees
For some X-linked dominant conditions, absence of the normal allele is lethal 
before birth. Thus affected males are not born, and we see a condition that affects 
only females, who pass it on to half their daughters but none of their sons (Figure 
3.19). If the family were large enough, one might notice that there are only half as 
many boys as girls, and a history of miscarriages (because the 50% of males who 
inherited the mutant allele miscarry before birth). An example is incontinentia 
pigmenti (linear skin defects following de� ned patterns known as Blaschko lines, 
often accompanied by neurological or skeletal problems; OMIM 308300). Rett 
syndrome (OMIM 312750) shows a characteristic developmental regression in 
females: these girls are normal at birth, develop normally for the � rst year or two, 
but then stop developing, and eventually regress, losing speech and other abili-
ties that they acquired in early life. In males, Rett syndrome is usually lethal before 
birth, but rare survivors have a severe neonatal encephalopathy. Until the RTT 
gene was cloned, it was not recognized that these males had the same gene defect 
as females with classical Rett syndrome.

Inbreeding can complicate pedigree interpretation
The absence of male-to-male transmission is a hallmark of X-linked pedigree 
patterns�but if an affected man marries a carrier woman, he may have an 
affected son. Naturally this is most likely to happen as a result of inbreeding in a 
family in which the condition is segregating. Such matings can also produce 
homozygous affected females. Figure 3.20 shows an example.

New mutations and mosaicism complicate pedigree interpretation
Many cases of severe dominant or X-linked genetic disease are the result of fresh 
mutations, striking without warning in a family with no previous history of the 
condition. A fully penetrant lethal dominant condition would necessarily always 
occur by fresh mutation, because the parents could never be affected�an exam-
ple is thanatophoric dysplasia (severe shortening of long bones and abnormal 
fusion of cranial sutures; OMIM 187600). For a non-lethal but deleterious domi-
nant condition a similar argument applies, but to a smaller degree. If the condi-
tion prevents many affected people from reproducing, but if nevertheless fresh 
cases keep occurring, many or most of these must be caused by new mutations. 
Serious X-linked recessive diseases also show a signi� cant proportion of fresh 
mutations, because the disease allele is exposed to natural selection whenever it 
is in a male. Autosomal recessive pedigrees, in contrast, are not signi� cantly 
affected. Ultimately there must have been a mutational event, but the mutant 
allele can propagate for many generations in asymptomatic carriers, and we can 
reasonably assume that the parents of an affected child are both carriers.

When a normal couple with no relevant family history have a child with severe 
abnormalities (Figure 3.21A), deciding the mode of inheritance and recurrence 
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Figure 3.19 Complications to the basic 
Mendelian patterns (5): a male-lethal 
X-linked condition. In this family with 
X-linked dominant incontinentia pigmenti 
(OMIM 308300), a� ected males abort 
spontaneously (small squares).

Figure 3.20 Complications to the basic 
Mendelian patterns (6): an X-linked 
recessive pedigree with inbreeding. There 
is an a� ected female and apparent 
male-to-male transmission.
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risk can be very dif� cult�the problem might be autosomal recessive, autosomal 
dominant with a new mutation, X-linked recessive (if the child is male), or non-
genetic. A further complication is introduced by germinal mosaicism (see 
below).

Mosaics
We have seen that in serious autosomal dominant and X-linked diseases, in which 
affected people have few or no children, the disease alleles are maintained in the 
population by recurrent mutation. A common assumption is that an entirely nor-
mal person produces a single mutant gamete. However, this is not necessarily 
what happens. Unless there is something special about the mutational process, 
such that it can happen only during gametogenesis, mutations could arise at any 
time during post-zygotic life. Post-zygotic mutations produce mosaics with two 
(or more) genetically distinct cell lines. Mosaicism has already been described in 
Chapter 2 in connection with chromosomal aberrations; it can equally be the 
result of gene mutations.

Mosaicism can affect somatic and/or germ-line tissues. Post-zygotic muta-
tions are not merely frequent, they are inevitable. Human mutation rates are 
typically 10�6 per gene per generation. That is to say, a person who carried a cer-
tain gene in its wild-type form at conception has a chance of the order of one in a 
million of passing it to a child in mutant form. The chain of cell divisions linking 
the two events would typically be a few hundred divisions long (longer in males 
than in females, and longer with age in males�see Chapter 2). But overall, some-
thing of the order of 1014 divisions would be involved in getting from a single-cell 
zygote to a person�s complete adult body. Considering the likely mutation rate 
per cell division, it follows that every one of us must be a mosaic for innumerable 
mutations. This should cause no anxiety. If the DNA of a cell in your � nger mutates 
to the Huntington disease genotype, or a cell in your ear picks up a cystic � brosis 
mutation, there are absolutely no consequences for you or your family. Only if a 
somatic mutation results in the emergence of a substantial clone of mutant cells 
is there a risk to the whole organism. This can happen in two ways:
� The mutation occurs in an early embryo, affecting a cell that is the progenitor 

of a signi� cant fraction of the whole organism. In that case the mosaic indi-
vidual may show clinical signs of disease.

III

II

I

III

II

I

(A) (B)

1 2

1

1

2 3 4 5

Figure 3.21 Complications to the basic Mendelian patterns (7): new mutations. (A) A new autosomal dominant mutation. The 
pedigree pattern mimics an autosomal or X-linked recessive pattern. (B) A new mutation in X-linked recessive Duchenne muscular 
dystrophy. The three grandparental X chromosomes were distinguished by using genetic markers; here we distinguish them with 
three di� erent colors (ignoring recombination). III1 has the grandpaternal X, which has acquired a mutation at one of four possible 
points in the pedigree�each with very di� erent implications for genetic counseling:
� If III1 carries a new mutation, the recurrence risk for all family members is very low.
� If II1 is a germinal mosaic, there is a signi� cant (but hard to quantify) risk for her future children, but not for those of her three 

sisters.
� If II1 was the result of a single mutant sperm, her own future o� spring have the standard recurrence risk for an X-linked recessive 

trait, but those of her sisters are free of risk.
� If I1 was a germinal mosaic, all four sisters in generation II have a signi� cant (but hard to quantify) risk of being carriers of the 

condition.

COMPLICATIONS TO THE BASIC MENDELIAN PEDIGREE PATTERNS
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� The mutation causes abnormal proliferation of a cell that would normally 
replicate slowly or not at all, thus generating a clone of mutant cells. This 
is how cancer happens, and this whole topic is discussed in detail in 
Chapter 17.
A mutation in a germ-line cell early in development can produce a person 

who harbors a large clone of mutant germ-line cells [germinal (or gonadal) 
mosaicism]. As a result, a normal couple with no previous family history may 
produce more than one child with the same serious dominant disease. The pedi-
gree mimics recessive inheritance. Even if the correct mode of inheritance is real-
ized, it is very dif� cult to calculate a recurrence risk to use in counseling the par-
ents. The problem is discussed by van der Meulen et al. (see Further Reading). 
Usually an empiric risk (see below) is quoted. Figure 3.21B shows an example of 
the uncertainty that germinal mosaicism introduces into counseling, in this case 
in an X-linked disease.

Molecular studies can be a great help in these cases. Sometimes it is possible 
to demonstrate directly that a normal father is producing a proportion of mutant 
sperm. Direct testing of the germ line is not feasible in women, but other acces-
sible tissues such as � broblasts or hair roots can be examined for evidence 
of mosaicism. A negative result on somatic tissues does not rule out germ-line 
mosaicism, but a positive result, in conjunction with an affected child, proves it. 
Individual II2 in Figure 3.22 is an example.

Chimeras
Mosaics start life as a single fertilized egg. Chimeras, in contrast, are the result of 
fusion of two zygotes to form a single embryo (the reverse of twinning), or alter-
natively of limited colonization of one twin by cells from a non-identical co-twin 
(Figure 3.23). Chimerism is proved by the presence of too many parental alleles 
at several loci (in a sample that is prepared from a large number of cells). If just 
one locus were involved, one would suspect mosaicism for a single mutation, 
rather than the much rarer phenomenon of chimerism. Blood-grouping centers 
occasionally discover chimeras among normal donors, and some intersex 
patients turn out to be XX/XY chimeras. A fascinating example was described by 
Strain et al. (see Further Reading). They showed that a 46,XY/46,XX boy was the 
result of two embryos amalgamating after an in vitro fertilization in which three 
embryos had been transferred into the mother�s uterus.
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Figure 3.22 Germ-line and somatic 
mosaicism in a dominant disease. 
(A) Although the grandparents in this 
pedigree are una� ected, individuals II2 and 
III2 both su� er from familial adenomatous 
polyposis, a dominant inherited form of 
colorectal cancer (OMIM 175100; see 
Chapter 17). The four grandparental copies 
of chromosome 5 (where the pathogenic 
gene is known to be located) were 
distinguished by using genetic markers, 
and are color-coded here (ignoring 
recombination). (B) The pathogenic 
mutation could be detected in III2 by gel 
electrophoresis of blood DNA (red arrows; 
the black arrow shows the band due to 
the normal, wild-type allele). For II2 the gel 
trace of her blood DNA shows the mutant 
bands, but only very weakly, showing that 
she is a somatic mosaic for the mutation. 
The mutation is absent in III4, even though 
marker studies showed that he inherited the 
high-risk (blue in this � gure) chromosome 
from his mother. Individual II2 must therefore 
be both a germ-line and a somatic mosaic 
for the mutation. (Courtesy of Bert Bakker, 
Leiden University Medical Center.)

Figure 3.23 Mosaics and chimeras. 
(A) Mosaics have two or more genetically 
di� erent cell lines derived from a single 
zygote. The genetic change indicated may 
be a gene mutation, a numerical or structural 
chromosomal change, or in the special case 
of lyonization, X-inactivation. (B) A chimera is 
derived from two zygotes, which are usually 
both normal but genetically distinct.
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3.4 GENETICS OF MULTIFACTORIAL CHARACTERS: THE 
POLYGENIC THRESHOLD THEORY

In the early twentieth century there was controversy between 
proponents of Mendelian and quantitative models of 
inheritance
By the time that Mendel�s work was rediscovered in 1900, a rival school of genet-
ics was well established in the UK and elsewhere. Francis Galton, the remarkable 
and eccentric cousin of Charles Darwin, devoted much of his vast talent to sys-
tematizing the study of human variation. Starting with an article, Hereditary tal-
ent and character, published in the same year, 1865, as Mendel�s paper (and 
expanded in 1869 to a book, Hereditary Genius), he spent many years investigat-
ing family resemblances. Galton was devoted to quantifying observations and 
applying statistical analysis. His Anthropometric Laboratory, established in 
London in 1884, recorded from his subjects (who paid him threepence for the 
privilege) their weight, sitting and standing height, arm span, breathing capacity, 
strength of pull and of squeeze, force of blow, reaction time, keenness of sight and 
hearing, color discrimination, and judgments of length. In one of the � rst appli-
cations of statistics, he compared physical attributes of parents and children, and 
established the degree of correlation between relatives. By 1900 he had built up a 
large body of knowledge about the inheritance of such attributes, and a tradition 
(biometrics) of their investigation.

When Mendel�s work was rediscovered, a controversy arose. Biometricians 
accepted that a few rare abnormalities or curious quirks might be inherited as 
Mendel described, but they pointed out that most of the characters likely to be 
important in evolution (fertility, body size, strength, and skill in catching prey or 
� nding food) were continuous or quantitative characters and not amenable to 
Mendelian analysis. We all have these characters, only to different degrees, so you 
cannot de� ne their inheritance by drawing pedigrees and marking in the people 
who have them. Mendelian analysis requires dichotomous characters that you 
either have or do not have. A controversy, heated at times, ran on between 
Mendelians and biometricians until 1918. That year saw a seminal paper by 
RA Fisher in which he demonstrated that characters governed by a large number 
of independent Mendelian factors (polygenic characters) would display precisely 
the continuous nature, quantitative variation, and family correlations described 
by the biometricians. Later, DS Falconer extended this model to cover dichoto-
mous characters. Fisher�s and Falconer�s analyses created a uni� ed theoretical 
basis for human genetics. The next sections set out their ideas, in a non-
mathematical form. A more rigorous treatment can be found in textbooks of 
quantitative or population genetics.

Polygenic theory explains how quantitative traits can be 
genetically determined
Any variable quantitative character that depends on the additive action of a large 
number of individually small independent causes (whether genetic or not) will 
show a normal (Gaussian) distribution in the population. Figure 3.24 gives a 
highly simpli� ed illustration of this for a genetic character. We suppose the char-
acter to depend on alleles at a single locus, then at two loci, then at three. As more 
loci are included, we see two consequences:
� The simple one-to-one relationship between genotype and phenotype disap-

pears. Except for the extreme phenotypes, it is not possible to infer the geno-
type from the phenotype.

� As the number of loci increases, the distribution looks increasingly like a 
Gaussian curve. The addition of a little environmental variation would smooth 
out the three-locus distribution into a good Gaussian curve.
A more sophisticated treatment, allowing dominance and varying gene fre-

quencies, leads to the same conclusions. Because relatives share genes, their 
phenotypes are correlated, and Fisher�s 1918 paper predicted the size of the cor-
relation for different relationships.
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Figure 3.24 Successive approximations 
to a Gaussian distribution. The charts 
show the distribution in the population of a 
hypothetical character that has a mean value 
of 100 units. The character is determined by 
the additive (co-dominant) e� ects of alleles. 
Each upper-case allele adds 5 units to the 
value, and each lower-case allele subtracts 
5 units. All allele frequencies are 0.5. (A) The 
character is determined by a single locus. 
(B) Two loci. (C) Three loci. (D) The addition of 
a minor amount of �random� (environmental 
or polygenic) variation produces the 
Gaussian curve.
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Regression to the mean
A much misunderstood feature, both of biometric data and of polygenic theory, 
is regression to the mean. Imagine, for the sake of example only, that variation in 
IQ were entirely genetically determined. Figure 3.25 shows that in our simpli� ed 
two-locus model, for each class of mothers, the average IQ of their children is 
halfway between the mother�s value and the population mean. This is regression 
to the mean�but its implications are often misinterpreted. Two common mis-
conceptions are:
� After a few generations everybody will be exactly the same.
� If a character shows regression to the mean, it must be genetic.
Figure 3.25 shows that the � rst of these beliefs is wrong. In a simple genetic 
model:
� The overall distribution is the same in each generation.
� Regression works both ways: for each class of children, the average for their 

mothers is halfway between the children�s value and the population mean. 
This may sound paradoxical, but it can be con� rmed by inspecting, for exam-
ple, the right-hand column of the bottom histogram in the � gure (children of 
IQ 120). One-quarter of their mothers have IQ 120, half 110, and one-quarter 
100, making an average of 110.
Regarding the second of these beliefs, regression to the mean is not a genetic 

mechanism but a purely statistical phenomenon. Whether the determinants of 
IQ are genetic, environmental, or any mix of the two, if we take an exceptional 
group of mothers (for example, those with an IQ of 120), then these mothers must 
have had an exceptional set of determinants. If we take a second group who share 
half those determinants (their children, their sibs, or either of their parents), the 
average phenotype in this second group will deviate from the population mean 
by half as much. Genetics provides the � gure of one-half�it is because each child 
inherits one-half of his or her genes from his mother that the average IQ of the 
children (in this model) is half of the way between the mother�s IQ and the popu-
lation mean�but genetics does not supply the principle of regression.

Figure 3.25 Regression to the mean. 
The same character as in Figure 3.24B: 
mean 100, determined by co-dominant 
alleles A, a, B, and b at two loci, all gene 
frequencies = 0.5. Top: distribution in a series 
of mothers. Middle: distributions in children 
of each class of mothers, assuming random 
mating. Bottom: summed distribution in the 
children. Note that: (a) the distribution in the 
children is the same as the distribution in the 
mothers; (b) for each class of mothers, the 
mean for their children is halfway between 
the mothers� value and the population 
mean (100); and (c) for each class of children 
(bottom), the mean for their mothers is 
halfway between the children�s value and the 
population mean.
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Hidden assumptions
In the simple model of Figure 3.25 there is a hidden assumption: that there is 
random mating. For each class of mothers, the average IQ of their husbands is 
assumed to be 100. Thus, the average IQ of the children is actually the mid-paren-
tal IQ, as common sense would suggest. In the real world, highly intelligent 
women tend to marry men of above average intelligence (assortative mating). 
The regression would therefore be less than halfway to the population mean, 
even if IQ were a purely genetic character.

A second assumption of our simpli� ed model is that there is no dominance. 
Each person�s phenotype is assumed to be the sum of the contribution of each 
allele at each relevant locus. If we allow dominance, the effect of some of a par-
ent�s genes will be masked by dominant alleles and invisible in their phenotype, 
but they can still be passed on and can affect the child�s phenotype. Given domi-
nance, the expectation for the child is no longer the mid-parental value. Our best 
guess about the likely phenotypic effect of the masked recessive alleles is obtained 
by looking at the rest of the population. Therefore, the child�s expected pheno-
type will be displaced from the mid-parental value toward the population mean. 
How far it will be displaced depends on how important dominance is in deter-
mining the phenotype.

Heritability measures the proportion of the overall variance of a 
character that is due to genetic di� erences
Gaussian curves are speci� ed by just two parameters, the mean and the variance 
(or the standard deviation, which is the square root of the variance). Variances 
have the useful property of being additive when they are due to independent 
causes. Thus, the overall variance of the phenotype VP is the sum of the variances 
due to the individual causes of variation�the environmental variance VE and the 
genetic variance VG:

VP = VG + VE

VG can in turn be broken down to a variance VA, which is due to simply additive 
genetic effects, and two extra terms. VD accounts for dominance effects: because 
of dominance, the effect of a certain combination of alleles at a locus may not be 
simply the sum of their individual effects. VI is an interaction variance: the overall 
effect of genes at several loci may not be simply the sum of the effects that each 
would have if present alone:

VG = VA + VD + VI

Therefore:
VP = VA + VD + VI + VE

The heritability (h2) of a trait is the proportion of the total variance that is 
genetic:

h2 = VG / VP

For animal breeders interested in breeding cows with higher milk yields, the 
heritability is an important measure of how far a breeding program can create 
a herd in which the average animal resembles today�s best. For humans, herit-
ability � gures require very careful interpretation. Heritabilities of human traits 
are often estimated as part of segregation analysis, which is described in more 
detail in Chapter 15. However, it should be borne in mind that for many human 
traits, especially behavioral traits, the simple partitioning of variance into envi-
ronmental and genetic components is not applicable. Different genotypes are 
likely to respond differently to different environments. Moreover, we give our 
children both their genes and their environment. Genetic disadvantage and 
social disadvantage can often go together, so genetic and environmental fac-
tors may not be independent. If genetic and environmental factors are not 
independent, VP does not equal VG + VE; we need to introduce additional vari-
ances to account for the correlations or interactions between speci� c geno-
types and speci� c environments. A proliferation of variances can rapidly reduce 
the explanatory power of the models, and in general this has been a dif� cult 
area in which to work.

GENETICS OF MULTIFACTORIAL CHARACTERS: THE POLYGENIC THRESHOLD THEORY
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Misunderstanding heritability
The term heritability is often misunderstood. Heritability is quite different from 
the mode of inheritance. The mode of inheritance (autosomal dominant, poly-
genic, etc.) is a � xed property of a trait, but heritability is not. Heritability of IQ is 
shorthand for heritability of variations in IQ. Contrast the following two 
questions:
� To what extent is IQ genetic? This is a meaningless question.
� How much of the differences in IQ between people in a particular country at 

a particular time is caused by their genetic differences, and how much by their 
different environments and life histories? This is a meaningful question, even 
if dif� cult to answer.
In different social circumstances, the heritability of IQ will differ. The more 

equal a society is, the higher the heritability of IQ should be. If everybody has 
equal opportunities, several of the environmental differences between people 
have been removed. Therefore more of the remaining differences in IQ will be 
due to the genetic differences between people.

The threshold model extended polygenic theory to cover 
dichotomous characters
Some continuously variable characters such as blood pressure or body mass 
index are of great importance in public health, but for medical geneticists the 
innumerable diseases and malformations that tend to run in families but do not 
show Mendelian pedigree patterns are of greater concern. A major conceptual 
tool in non-Mendelian genetics was provided by the extension of polygenic the-
ory to dichotomous or discontinuous characters (those that you either have or do 
not have).

The key concept is that even for a dichotomous character, there is an underly-
ing continuously variable susceptibility. You may or may not have a cleft palate, 
but every embryo has a certain susceptibility to cleft palate. The susceptibility 
may be low or high; it is polygenic and follows a Gaussian distribution in the 
population. Together with the polygenic susceptibility, we postulate the exist-
ence of a threshold. Embryos whose susceptibility exceeds a critical threshold 
value develop cleft palate; those whose susceptibility is below the threshold, even 
if only just below, develop a normal palate. Stripped of mathematical subtlety, 
the model can be represented as in Figure 3.26. The threshold can be imagined 
as the neutral point of the balance. Changing the balance of factors tips the phe-
notype one way or the other.

For cleft palate, a polygenic threshold model seems intuitively reasonable. All 
embryos start with a cleft palate. During early development the palatal shelves 
must become horizontal and fuse together. They must do this within a speci� c 
developmental window of time. Many different genetic and environmental fac-
tors in� uence embryonic development, so it seems reasonable that the genetic 
part of the susceptibility should be polygenic. Whether the palatal shelves meet 
and fuse with time to spare, or whether they only just manage to fuse in time, is 
unimportant�if they fuse, a normal palate forms; if they do not fuse, a cleft pal-
ate results. There is therefore a natural threshold superimposed on a continu-
ously variable process.

Using threshold theory to understand recurrence risks
Threshold theory helps explain how recurrence risks vary in families. Affected 
people must have an unfortunate combination of high-susceptibility alleles. 
Their relatives who share genes with them will also, on average, have an increased 
susceptibility, with the divergence from the population mean depending on the 
proportion of shared genes. Thus, polygenic threshold characters tend to run in 
families (Figure 3.27). Parents who have had several affected children may have 
just been unlucky, but on average they will have more high-risk alleles than par-
ents with only one affected child. The threshold is � xed, but the average suscep-
tibility, and hence the recurrence risk, increases with an increasing number of 
previous affected children.

Many supposed threshold conditions have different incidences in the two sexes. 
Threshold theory accommodates this by postulating sex-speci� c thresholds. 

Figure 3.26 Multifactorial determination 
of a disease or malformation. The angels 
and devils can represent any combination of 
genetic and environmental factors. Adding 
an extra devil or removing an angel can tip 
the balance, without that particular factor 
being the cause of the disease in any general 
sense. (Courtesy of the late Professor RSW 
Smithells.)
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Congenital pyloric stenosis, for example, is � ve times more common in boys than 
girls. The threshold must be higher for girls than boys. Therefore, to be affected, 
a girl has on average to have a higher liability than a boy. Relatives of an affected 
girl therefore have a higher average susceptibility than relatives of an affected boy 
(Figure 3.28). The recurrence risk is correspondingly higher, although in each 
case a baby�s risk of being affected is � ve times higher if it is a boy because a less 
extreme liability is suf� cient to cause a boy to be affected (Table 3.2).

Counseling in non-Mendelian conditions is based on empiric risks
In genetic counseling for non-Mendelian conditions, risks are not derived from 
polygenic theory; they are empiric risks obtained through population surveys 
such as those in Table 3.2. This is fundamentally different from the situation with 
Mendelian conditions, where the risks (1 in 2, 1 in 4, and so on) come from the-
ory. The effect of family history is also quite different. Consider two examples:
� If a couple have had a baby with cystic � brosis, an autosomal recessive 

Mendelian condition, we can safely assume that they are both carriers. The 
risk of their next child being affected is 1 in 4. This remains true regardless of 
how many affected or normal children they have already produced (summed 
up in the phrase �chance has no memory�).

� If a couple have had a baby with neural tube defect, a complex non-Mende-
lian character, survey data suggest that the recurrence risk is about 2�4% in 
most populations. But if they have already had two affected babies, the survey 
data suggest the recurrence risk is substantially higher, often about 10%. It is 
not that having a second affected baby has caused their recurrence risk to 
increase, but it has enabled us to recognize them as a couple who always had 
been at particularly high risk. For multifactorial conditions, bad luck in the 
past is a predictor of bad luck in the future. A cynic would say it is simply the 
counselor being wise after the event�but the practice accords with our 
understanding based on threshold theory, as well as with epidemiological 
data, and it represents the best we can offer in an imperfect state of 
knowledge.
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Figure 3.27 A polygenic threshold 
model for dichotomous non-Mendelian 
characters. Liability to the condition is 
polygenic and normally distributed (green 
curve). People whose liability is above a 
certain threshold value (the balance point 
in Figure 3.26) are a� ected. The distribution 
of liability among sibs of an a� ected person 
(purple curve) is shifted toward higher 
liability because they share genes with their 
a� ected sib. A greater proportion of them 
have liability exceeding the (� xed) threshold. 
As a result, the condition tends to run in 
families.
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Figure 3.28 A polygenic dichotomous 
character with sex-speci� c thresholds. The 
� gure shows a model that explains data such 
as those in Table 3.2. For all three curves, girls 
with a liability above the threshold value 
Tg and boys above the threshold value Tb 
manifest the condition, and are represented 
by shaded areas under the curves. As 
in Figure 3.27, the general population 
(green curve) displays a liability to this 
polygenic disease condition that is normally 
distributed, with an average liability of A¢. 
The liability among siblings of a� ected 
boys (blue curve) is higher, with average A¢¢, 
and a greater proportion of these brothers 
and sisters have a liability that exceeds the 
respective threshold levels. Among siblings 
of a� ected girls the liability is still higher 
(red curve, average liability A¢¢¢), and an even 
greater proportion of these brothers and 
sisters will be a� ected because they have 
a liability that exceeds their sex-speci� c 
threshold levels.
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3.5 FACTORS AFFECTING GENE FREQUENCIES
Over a whole population there may be many different alleles at a particular locus, 
although each individual person has just two alleles, which may be identical or 
different. The gene pool for the A locus consists of all alleles for that locus in the 
population. The gene frequency of allele A1 is the proportion of all A alleles in the 
gene pool that are A1. Strictly this should be called the allele frequency, but the 
term gene frequency is widely used, and we use it here. The following sections 
consider the relationship between gene frequencies and genotype frequencies. 
After that we will discuss the factors that can cause gene frequencies to change.

A thought experiment: picking genes from the gene pool
Consider two alleles, A1 and A2 at the A locus. Let their gene frequencies be p and 
q, respectively (p and q are each between 0 and 1). Let us perform a thought 
experiment:
� Pick an allele at random from the gene pool. There is a chance p that it is A1 

and a chance q that it is A2.
� Pick a second allele at random. Again, the chance of picking A1 is p and the 

chance of picking A2 is q (we assume that the gene pool is suf� ciently large 
that removing the � rst allele has not signi� cantly changed the gene frequen-
cies in the remaining pool). It follows that:

 � The chance that both alleles were A1 is p2.
 � The chance that both alleles were A2 is q2.
 � The chance that the � rst allele was A1 and the second A2 is pq. The chance

 that the � rst was A2 and the second A1 is qp. Overall, the chance of pick-
 ing one A1 and one A2 allele is 2pq.

The Hardy�Weinberg distribution relates genotype frequencies to 
gene frequencies
If we pick a person at random from the population, this is equivalent to picking 
two genes at random from the gene pool. Staying with our alleles A1 and A2, the 
chance that the person is A1A1 is p2, the chance that they are A1A2 is 2pq, and the 
chance that they are A2A2 is q2. This simple relationship between gene frequen-
cies and genotype frequencies is called the Hardy�Weinberg distribution. 
It holds whenever a person�s two genes are drawn independently and at random 
from the gene pool. A1 and A2 may be the only alleles at the locus (in which 
case p + q = 1) or there may be other alleles and other genotypes, in which case 
p + q < 1. For X-linked loci, males, being hemizygous (having only one allele), are 
A1 or A2 with frequencies p and q, respectively, whereas females can be A1A1, A1A2, 
or A2A2 (Box 3.5).

The Hardy�Weinberg relationship is very useful for predicting risks in genetic 
counseling. Genotype frequencies in a population are expected to follow the 
Hardy�Weinberg distribution. Some special explanation is required if they do not 
(see below).

Using the Hardy�Weinberg relationship in genetic counseling
Gene frequencies or genotype frequencies are essential inputs into many forms 
of genetic analysis, such as linkage and segregation analysis (described in 
Chapters 14 and 15, respectively), and they have a particular importance in cal-
culating genetic risks. Three typical examples follow.

TABLE 3.2 RECURRENCE RISKS FOR PYLORIC STENOSIS

Relatives of Sons Daughters Brothers Sisters

Male proband 19/296 (6.42%) 7/274 (2.55%) 5/230 (2.17%) 5/242 (2.07%)

Female proband 14/61 (22.95%) 7/62 (11.48%) 11/101 (10.89%) 9/101 (8.91%)

More boys than girls are a� ected, but the recurrence risk is higher for relatives of an a� ected girl. The data � t a polygenic threshold model with 
sex-speci� c thresholds (Figure 3.28). [Data from Fuhrmann and Vogel (1976) Genetic Counselling. Springer.]
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Example 1
An autosomal recessive condition affects 1 newborn in 10,000. What is the 
expected frequency of carriers?

Hardy�Weinberg relationships give the following relationships:
 Phenotypes: Unaffected Affected
 Genotypes: AA Aa aa
 Frequencies: p2 2pq q2 = 1/10,000

q2 is 1 in 10,000 or 10�4, and therefore q = 10�2 or 1 in 100. One in 100 genes 
at the A locus are a, 99 in 100 are A. The carrier frequency, 2pq, is therefore 
2 ¥ 99/100 ¥ 1/100, which is very nearly 1 in 50.

This calculation assumes that the frequency of the condition has not been 
increased by inbreeding. This is an important proviso, which is considered in 
more detail below.

Example 2
If a parent of a child affected by the above condition remarries, what is the risk of 
producing an affected child in the new marriage?

To produce an affected child, both parents must be carriers, and the risk is 
then 1 in 4. We know that the parent of the affected child is a carrier. If the new 
spouse is, from the genetic point of view, a random member of the population, 
his or her carrier risk is 2pq, which we have calculated as 1 in 50. The overall risk 
is then 1/50 ¥ 1/4 = 1/200.

This assumes that there is no family history of the same disease in the new 
spouse�s family.

Example 3
X-linked red�green color blindness affects 1 in 12 Swiss males. What proportion 
of Swiss females will be carriers and what proportion will be affected?

Assuming that we are dealing with a single X-linked recessive phenotype, the 
Hardy�Weinberg relationships are as follows:

  Males Females
 Genotypes: A1 A2 A1A1 A1A2 A2A2
 Frequencies: p q = 1/12 p2 2pq q2

q = 1/12; therefore p = 1 � q = 11/12. The frequency of carriers, 2pq, is then 
2 ¥ 1/12 ¥ 11/12 = 22/144, and the frequencies of homozygous affected females is 
q2 = 1 in 144. Thus, this single-locus model predicts that 15% of females will be 
carriers and 0.7% will be affected.

In fact, the frequency of affected females is rather lower than this calculation 
predicts. This is part of the evidence that there are two forms of red�green blind-
ness, protan and deutan. These are caused by variants in different but adjacent 
genes at Xq28. The mathematics and genetics are discussed in OMIM entry 
303900.

Inbreeding
The simple Hardy�Weinberg calculations are invalid if the underlying assump-
tion, that a person�s two alleles are picked independently from the gene pool, is 
violated. In particular, there is a problem if there has not been random mating. 

Consider two alleles at a locus. Allele A1 has frequency p, and allele A2 has frequency q.

Autosomal locus

X-linked locus

Males Females

Genotype A1A1 A1A2 A2A2 A1 A2 A1A1 A1A2 A2A2

Frequency p2 2pq q2 p q p2 2pq q2

Note that these genotype frequencies will be seen whether or not A1 and A2 are the only alleles at 
the locus.

FACTORS AFFECTING GENE FREQUENCIES

BOX 3.5 THE HARDY�WEINBERG RELATIONSHIP BETWEEN GENE FREQUENCIES 
AND GENOTYPE FREQUENCIES
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Assortative mating can take several forms, but the most generally important is 
inbreeding. A marriage in which there is a previous genetic relationship between 
the partners is called a consanguineous marriage.

If you marry a relative you are marrying somebody whose genes resemble 
your own:
� First-degree relatives (parents, children, full sibs) share half their genes 

(always for parents and children; on average for sibs).
� Second-degree relatives (grandparents, grandchildren, uncles, aunts, neph-

ews, nieces, half-sibs) share one-quarter of their genes, on average.
� Third-degree relatives (� rst cousins etc.) share one-eighth of their genes on 

average.
In each case the sharing refers to the proportion of genes that are identical by 

descent, as a result of that relationship. We all share many genes simply by virtue 
of all being human. The coef� cient of relationship between two people is de� ned 
as the proportion of their genes that they share by virtue of their relationship. The 
coef� cient of inbreeding of a person can be de� ned as the probability that they 
receive at a given locus two alleles that are identical by descent. It is equal to half 
the coef� cient of relationship of the parents. Popular myth would have it that 
many rural or isolated populations are heavily inbred and backward because of 
that. In fact, average inbreeding coef� cients in most populations are well below 
0.01, and almost never exceed 0.03 even in the most isolated groups.

Although inbreeding is seldom signi� cant at the population level, it can have 
major consequences for individuals. The calculations in Box 3.6 show that the 
rarer a recessive condition is, the greater will be the proportion of all cases that 
are the product of cousin or other consanguineous marriages. For most Western 
societies only 1% or less of all marriages would be between � rst cousins. 
Nevertheless, for a recessive condition with gene frequency q = 0.01, the formula 
shows that 6% of all affected children would be born in that 1% of marriages. The 
converse also holds. For example, among white northern Europeans there is little 
increased consanguinity among parents of children with cystic � brosis, because 
the condition is so common. Tay�Sachs disease (OMIM 272800) is strongly asso-
ciated with parental consanguinity among non-Jews, in whom it is rare, but much 
less so among Ashkenazi Jews, in whom it is rather common.

For rare autosomal recessive conditions, a basic Hardy�Weinberg calculation 
that ignores inbreeding will badly overestimate the carrier frequency in the pop-
ulation at large. For a couple who have already had an affected child, the recur-
rence risk is 1 in 4, regardless of whether they are cousins or unrelated. But for 
situations in which the risk of an affected child depends on estimating the fre-
quency of carriers in the population, a correct calculation requires a knowledge 
of population genetic theory, and of the genetics of the particular population in 
question, that goes beyond the scope of this book.

Other causes of departures from the Hardy�Weinberg relationship
Inbreeding is by far the most important cause of deviations from the Hardy�
Weinberg relationship between gene frequencies and genotype frequencies. 
Other possibilities include selective migration and mortality. If people with a cer-
tain genotype are more likely to be removed from the population, by migration or 
death, then those remaining will be depleted of that genotype, in comparison 
with Hardy�Weinberg predictions. Large-scale immigration of people from a 
population with a different gene frequency would equally upset the relationship. 
One generation of random mating would suf� ce to reestablish a Hardy�Weinberg 
relationship, albeit with a new gene frequency. However, if the population 
remained strati� ed into groups that did not interbreed freely, the Hardy�Weinberg 
relationship might apply within each group, but not to the overall population.

For genetic marker studies, systematic laboratory error is an important pos-
sible cause of an apparent deviation from the expected Hardy�Weinberg ratios. 
For example, the assay used might score heterozygotes unreliably. Observed pro-
portions can be compared with the Hardy�Weinberg prediction by a simple c2 
test with k(k � 1)/2 degrees of freedom, where there are k alleles at the locus being 
tested. More sophisticated statistical treatments are needed if the numbers are 
small.
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A � nal point to note is that unrecognized locus heterogeneity can upset the 
use of the Hardy�Weinberg relation to calculate genetic risks. Suppose a recessive 
disease with frequency F is actually caused by homozygosity at any one of 10 loci. 
The example of Usher syndrome, quoted earlier, shows that this is not an unreal-
istic scenario. To keep the mathematics simple, we will suppose that each of the 
10 loci contributes equally to the incidence of the disease, so each separate locus 
contributes F/10 to the incidence. We wish to advise a known carrier of his risk of 
having an affected child if his partner is unrelated and has no family history of 
the disease. As we calculated previously, the risk is 2pq ¥ 1/4. For each locus, the 
disease allele has frequency ÷(F/10), and the carrier frequency is approximately 
2÷(F/10). If we were unaware of the locus heterogeneity, we would assume the 
frequency of the disease allele to be ÷F, and the carrier frequency to be approxi-
mately 2÷F. For equally frequent disease alleles at n loci, the single-locus calcula-
tion overstates the risk by a factor ÷n.

Gene frequencies can vary with time
One generation of random mating is suf� cient to establish a Hardy�Weinberg 
relationship between gene frequencies and genotype frequencies. In the absence 
of any disturbing factors, the frequencies will remain unchanged over the gener-
ations (Hardy�Weinberg equilibrium). However, many factors can cause gene 
frequencies to change with time. The general mechanisms that affect the popula-
tion frequency of alleles are discussed in Box 10.5. Random changes (genetic 
drift) are often important in small populations. However, for a strongly 

Suppose a man marries his � rst cousin. Consider the risk of their having a baby a� ected with an 
autosomal recessive condition that has gene frequency q. If we know nothing about him, there is 
a chance 2pq that he is a carrier of the condition. If he is a carrier, there is a 1 in 8 chance that his 
cousin also is, by virtue of their common ancestry (Figure 1). The overall risk of an a� ected child 
is 2pq ¥ 1/8 ¥ 1/4 = pq/16. Had he married an unrelated woman the risk would have been q2, the 
same as for any other couple. The ratio of risk is

pq/16:q2 = p:16q
For a rare recessive condition, q will be small; p will therefore be almost 1 and the ratio simpli� es to

1:16q
Suppose a proportion c of all marriages in a population are between � rst cousins. Let each 

marriage produce one child. Suppose the risk that child would be a� ected by a certain rare 
autosomal recessive condition, when the parents are � rst cousins, is x. The risk for a child from 
an outbred marriage is 16qx. The c cousin marriages produce xc a� ected children, and the (1 � c) 
outbred marriages produce 16qx(1 � c) a� ected children. A proportion c/[c + 16q(1 � c)] of all 
a� ected children will be born to � rst cousins. The table shows some examples.

Proportion of all marriages 
that are between � rst 
cousins

Frequency of disease 
allele

Percentage of all a� ected 
children whose parents are 
� rst cousins

0.01 0.01 6

0.01 0.005 11

0.01 0.001 39

0.05 0.01 25

0.05 0.005 40

0.05 0.001 77

Note that we have used several simplifying assumptions:
� In deriving the 1:16q ratio of risks we used the approximation p = 1, which would be 

reasonable only for rare recessive conditions.
� We ignored the possibility that the cousin might carry the mutant allele inherited 

independently, and not as a result of her relationship to the carrier man. Again, that is 
reasonable for a rare condition, but not for a very common one.

� Finally, we assumed that all unions were either between � rst cousins or fully outbred.
Despite these approximations, it remains generally true that consanguineous unions contribute 
disproportionately to the incidence of rare recessive diseases.

Figure 1 Relatives share genes. Figures 
show the proportion of their genes that 
relatives share with a proband (arrow) by 
virtue of their relationship.
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FACTORS AFFECTING GENE FREQUENCIES

BOX 3.6 EFFECTS OF INBREEDING
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disadvantageous disease allele, its frequency will primarily depend on a balance 
between the rate at which mutation is creating fresh examples and the rate at 
which natural selection is removing them. New alleles are constantly being cre-
ated by fresh mutation and being removed (if deleterious) by natural selection.

Estimating mutation rates
For any given level of selection, we can calculate the mutation rate that would be 
required to replace the genes lost by selection. If we assume that, averaged over 
time, new mutations exactly replace the disease alleles lost through natural selec-
tion, the calculation tells us the present mutation rate. We can de� ne the 
coef� cient of selection (s) as the relative chance of reproductive failure of a geno-
type due to selection (the � ttest type in the population has s = 0, a genetic lethal 
has s = 1).
� For an autosomal recessive condition, a proportion q2 of the population is 

affected. The loss of disease alleles each generation is sq2. This could be bal-
anced by mutation at the rate of m(1 � q2), where m is the mutation rate per 
gene per generation. For equilibrium, sq2 = m(1 � q2). If q is small, 1 � q2 is very 
close to 1, so to a close approximation m = sq2.

� For a rare autosomal dominant condition, homozygotes are excessively rare. 
Heterozygotes occur with frequency 2pq (frequency of disease gene = p). Only 
half the genes lost through the reproductive failure of heterozygotes are the 
disease allele, so the rate of gene loss is very nearly sp. This could be balanced 
by a rate of new mutation of mq2. If q is almost 1, mq2 is very nearly equal to m. 
Thus, if there is mutation-selection equilibrium, m = sp.

� For an X-linked recessive disease, the rate of gene loss through affected males 
is sq. This could be balanced by a mutation rate 3m, because all X chromo-
somes in the population are available for mutation, but only the one-third 
of X chromosomes that are in males are exposed to selection. Therefore 
m = sq/3.
An alternative, perhaps more intuitive, formulation of these relationships 

expresses m in terms of F, the frequency of the condition in the population, and f, 
the biological � tness of affected people (de� ned simply as 1 � s):
� For an autosomal recessive condition, F = q2; therefore m = sq2 = F(1 � f ).
� For an autosomal dominant condition, F = 2pq, which is very nearly 2p for a 

rare condition; m = sp = F(1 � f )/2.
� For an X-linked recessive condition, F = q (in males), so m = sq/3= F(1 � f )/3.

For many dominant and X-linked conditions mutation rates estimated in this 
way are in line with the general expectation, from studies in many organisms, 
that mutation rates are typically 10�5 to 10�6 per gene per generation. However, 
for many autosomal recessive conditions the calculated mutation rate is remark-
ably high. Consider cystic � brosis (CF), for example.

Until very recently, virtually nobody with CF lived long enough to reproduce; 
therefore s = 1. Cystic � brosis affects about one birth in 2000 in many northern 
European populations. Thus, q2 = 1/2000, and the formula gives m = 5 ¥ 10�4. This 
would be a strikingly high mutation rate for any gene�but in fact there is good 
evidence that new CF mutations are very rare. The ethnic distribution of CF is 
very uneven: it is primarily a disease of northern Europeans, but even among 
those people, certain groups such as the Finns have a very low incidence. It is 
hard to understand how this could happen if new mutations were very frequent�
mutation rates are unlikely to differ greatly between populations. Moreover, there 
is evidence that the commonest CF mutation in northern Europeans has been in 
those populations for many centuries (detailed in Chapter 14). This points to the 
fact that the mutation rate calculation is invalid. The next section explains why.

The importance of heterozygote advantage
We saw that the formula m = sq2 gives an unrealistically high mutation rate for CF 
(and for many other common autosomal recessive conditions). The calculation is 
invalid because it ignores heterozygote advantage. Cystic � brosis carriers have, 
or had in the past, some selective advantage over normal homozygotes. There 
has been debate over what this advantage might be. The CFTR gene encodes a 
membrane chloride channel, which is required by Salmonella typhi to enable it 
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to enter epithelial cells, so maybe Aa heterozygotes are relatively resistant to 
typhoid fever, compared with AA or aa homozygotes. Whatever the cause of the 
heterozygote advantage, if s1 and s2 are the coef� cients of selection against the AA 
and aa genotypes respectively, then an equilibrium is established (without recur-
rent mutation) when the ratio of the gene frequencies of A and a, p/q, is s2/s1. 
Box 3.7 illustrates the calculation for CF, and shows that a heterozygote advan-
tage too small to observe in population surveys can have a major effect on gene 
frequencies. Autosomal recessive conditions frequently show a very uneven eth-
nic distribution, being common in some populations and rare in others. The 
explanation is often a combination of a founder effect (the population being 
derived from a small number of founders, one of whom happened to be a carrier 
of the gene) and heterozygote advantage.

It is worth remembering that the medically important Mendelian diseases are 
those that are both common and serious. They must all have some special feature 
to allow them to remain common in the face of the selection pressure against 
them. This may be an exceptionally high mutation rate (Duchenne muscular dys-
trophy), propagation of non-pathological premutations (non-pathogenic 
sequence changes that are unstable and have a high rate of conversion to patho-
genic mutations, best exempli� ed in fragile X mental retardation syndrome; 
OMIM 300624), or onset of symptoms after reproductive age (Huntington 
disease)�but, for common serious recessive conditions, it is most often hetero-
zygote advantage.

CONCLUSION
In this chapter we have considered genes in a way that Gregor Mendel would 
have recognized. Genes, as treated here, are recognized through the pedigree 
patterns they give rise to as they segregate through multigeneration families. 
Characters that do not give Mendelian pedigree patterns are explained with 
mathematical tools that stem from the work of Mendel�s contemporary, Francis 
Galton. Further mathematical tools developed by Hardy and Weinberg 100 years 
ago can be used to infer aspects of population genetics. All this can be done with-
out ever asking what the physical nature of genes is. Even when the relationship 
of genes to chromosomes was worked out early in the twentieth century, this was 
done without any knowledge of their physical nature, or any need to understand 
it, as we will see in Chapter 14. But of course we are interested in understanding 
what genes do and what they are, and for this we need to get physical�� rst with 
cells, then with DNA. This is the subject of the following chapters.

For CF, the disease frequency in Denmark is about one in 2000 births.

Phenotypes: Una� ected A� ected

Genotypes: AA Aa aa

Frequencies: p2 2pq q2 = 1/2000

q2 is 5 ¥ 10�4; therefore q = 0.022 and p = 1 � q = 0.978.
p/q = 0.978/0.022 = 43.72 = s2/s1.
If s2 = 1 (a� ected homozygotes never reproduce), s1 = 0.023.
The present CF gene frequency will be maintained, even without fresh mutations, if Aa 
heterozygotes have on average 2.3% more surviving children than AA homozygotes.

Introduction: some basic de� nitions

Druery CT & Bateson W (translators, revised by Blumberg R) (1901) 
Mendel�s paper in English. http://www.mendelweb.org/
Mendel.html [An English translation of Mendel�s original 1865 
paper, with notes.]

Read AP & Donnai D (2007) The New Clinical Genetics. Scion. 
[A basic undergraduate textbook illustrating clinical aspects of 
the topics covered in this chapter.]

University of Kansas Genetics Education Center. 
http://www.kumc.edu/gec/ [A portal to a large range of Web 
resources covering basic genetics.]

FURTHER READING

FURTHER READING

BOX 3.7 SELECTION IN FAVOR OF HETEROZYGOTES FOR CYSTIC FIBROSIS
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mechanisms in metabolic disease. J. Inherit. Metab. Dis. 31, 
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Complications to the basic Mendelian pedigree 
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166�169.
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Genetics, 4th ed. Longmans Green. [An approachable text 
covering all aspects of quantitative genetics; not speci� cally 
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Chapter 4

Cells and Cell�Cell 
Communication 4
� Cells show extraordinary diversity in size, form, and function. Histology recognizes more than 

200 different cell types in adult humans, but this is a massive underestimate�the number of 
different neurons alone is likely to be in the thousands.

� Cells make connections with each other (cell adhesion); transient connections allow cells to 
perform various functions, while stable connections allow functionally similar cells to form 
tissues.

� Tissues are composed of cells of one or more types, plus an extracellular matrix (ECM), a complex 
network of secreted macromolecules that supports cells and interacts with them to regulate 
many aspects of their behavior.

� Cell adhesion is regulated by a limited number of different types of cell adhesion molecule that 
link cells to neighboring cells or to ECM. Neighboring cells also make contact through different 
types of cell junction.

� Many cell functions require that cells signal to each other over both short and long distances. 
Signals transmitted by one cell change the behavior of responding cells by altering the activity of 
proteins, notably transcription factors, that bring about a change in gene expression.

� Transmitting cells often secrete a ligand molecule that binds to a receptor on the surface of 
responding cells to initiate a downstream signal transduction pathway.

� Other small signaling molecules pass through the plasma membranes of responding cells to bind 
to intracellular receptors, or are anchored in the membrane of the transmitting cell and interact 
with receptors on the surfaces of adjacent cells.

� Cell proliferation is regulated at different stages in the cell cycle. During development, cell 
proliferation causes rapid growth of an organism. At maturity, cell proliferation is limited to 
certain cell types that need to be renewed, and there is an equilibrium between cell birth and cell 
death.

� Programmed cell death is functionally important in development and throughout life. There are 
different pathways for getting rid of cells that are unwanted, unnecessary, or potentially 
dangerous.

� During development, cells become progressively more restricted in the range of cell types that 
they give rise to. At maturity, most cells are terminally differentiated.

� Stem cells are comparatively unspecialized cells that can give rise to differentiated cells and yet 
are able to renew themselves, often by asymmetric cell division.

� Stem cells derived from the early embryo can give rise to all the cells of the body. Those derived 
from cells later in development have less differentiation potential.

� Immune system cells are diverse and highly specialized. Those of the innate immune system 
work in the nonspeci� c recognition of foreign or altered host molecules known as antigens.

� B and T lymphocytes are the core of the adaptive immune system, which mounts strong, highly 
speci� c immune responses.

� Unique DNA rearrangements in B and T cells means that different immunoglobulins are made in 
different B cells and that different T-cell receptors are made in different T cells. As a result, a 
single individual can generate huge ranges of immunoglobulins and T-cell receptors.

KEY CONCEPTS
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All living organisms consist of cells�aqueous, membrane-enclosed compart-
ments that interact with each other and the environment. Every cell arises by 
either the division or the fusion of existing cells. Ultimately, there must be an 
unbroken chain of cells leading back to the � rst successful primordial cell that 
lived maybe 3.5 billion years ago.

Some cells are independent unicellular organisms. Such organisms must per-
form all the activities that are necessary to sustain life, and they must also be 
capable of reproduction. They are therefore extremely sensitive to changes in 
their environment, and they typically have very short life cycles and are suited to 
rapid proliferation. As a result, they can adapt quickly to changes around them�
mutants that are more able to survive in a particular environment can � ourish 
quickly. This has led to an enormous range of single-celled organisms that have 
evolved to � t different, sometimes extreme, environmental niches. Although very 
successful, inevitably they are of limited complexity.

Multicellular organisms have comparatively greater longevity, and changes in 
phenotype are correspondingly slow. Their success has been based on the parti-
tioning of different functions into different cell types. The numerous forms of 
interaction between cells provide huge potential for functional complexity. 
During evolution, the transition between unicellular and multicellular forms 
must have been a multi-step process but the initial cell aggregation is modeled by 
some present-day organisms. The slime mold, Dictyostelium discoideum, for 
example, exists predominantly as single cells but has a multicellular stage in its 
life cycle. Because eukaryotes require single cells for meiosis, multicellular organ-
isms have specialized germ cells set aside to facilitate reproduction.

In this chapter we look at the structure, number, and diversity of human cells 
and how these come together to form the tissues of the human body. Cell spe-
cialization depends on signaling between cells, and so we review the principles 
underlying cell signaling. The proliferation of cells is controlled by various check-
points in the cell cycle, and programmed cell death allows the culling of unwanted 
or damaged cells during tissue formation. Next, we describe the role of stem cells 
in both the development and the renewal of mature tissues. Finally, we consider 
the cells of the immune system and the basis of the unique diversity of B and T 
cells that permits effective immune responses to harmful cells and viruses.

4.1  CELL STRUCTURE AND DIVERSITY
All cells contain an aqueous cytoplasm surrounded by a membrane of phospho-
lipids and proteins, but cells can vary greatly in size and complexity.

Prokaryotes and eukaryotes represent a fundamental division of 
cellular life forms
Cells can be classi� ed into broad taxonomic groups according to differences in 
their internal organization and functions (see Figure 4.1). The major division of 
organisms into prokaryotes and eukaryotes is founded on fundamental differ-
ences in cell architecture.

Prokaryotes have a simple internal organization, with a single, membrane-
enclosed compartment that is not subdivided by any internal membranes, as 
occurs in eukaryotes (see below). Under the electron microscope, prokaryotic 
cells appear relatively featureless. However, prokaryotes are far from primitive: 
they have been through many more generations of evolution than humans. All 
prokaryotes are unicellular, and they comprise two kingdoms of life:
� Bacteria (formerly called eubacteria to distinguish them from archaebacteria) 

are found in many environments. Some cause disease; others perform tasks 
that are useful or essential to human survival. Huge numbers of bacteria 
inhabit our bodies. Comprising about 500�1000 different species, the vast 
majority of such commensal bacteria live in the gut, and many are bene� cial: 
they ferment complex indigestible carbohydrates and synthesize various vita-
mins, including folic acid, vitamin K, and biotin.

� Archaea are a poorly understood group of organisms that super� cially resem-
ble bacteria and so were formerly termed archaebacteria. They are often found 
in extreme environments (such as hot acid springs), but some species are 
found in more convivial locations such as in the guts of cows.
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Figure 4.1 Classi� cation of unicellular 
and multicellular organisms. The � rst two 
domains of life�bacteria and archaea�are 
also known as prokaryotes because they 
lack internal membranes. Eukaryotes, which 
form the third domain, have membrane-
enclosed organelles. This domain is further 
subdivided into unicellular and multicellular 
fungi, plants, and animals. The name protist 
has been used as a generic term for any 
unicellular eukaryote but has also been used 
to describe unicellular eukaryotes that can 
not easily be classi� ed as animals, plants, 
or fungi.



93

Prokaryotes have no de� ned nucleus and their chromosomal DNA does not 
seem to be highly organized; instead it exists as a nucleoprotein complex known 
as the nucleoid (Box 4.1). The typical prokaryote genome is represented as a sin-
gle, circular chromosome containing less than 10 Mb of DNA. However, prokary-
otes have recently been identi� ed that possess multiple circular chromosomes, 
multiple linear chromosomes, mixtures of circular and linear chromosomes, and 
genomes up to 30 Mb in size in the case of Bacillus megaterium.

Eukaryotes are thought to have � rst appeared about 1.5 billion years ago. 
They have a much more complex organization than their prokaryote counter-
parts, with internal membranes and membrane-enclosed organelles including a 
nucleus (see Box 4.1). There is only one kingdom of eukaryotic organisms�the 
Eukarya�but it includes both unicellular organisms (yeasts, protozoans, and so 
on) and multicellular fungi, plants, and animals.

In the vast majority of eukaryotes, the genome comprises two or more linear 
chromosomes contained within the nucleus. Each chromosome is a single, very 
long DNA molecule packaged with histones and other proteins in an elaborate 
and highly organized manner. The number and DNA content of the chromo-
somes vary greatly between species (see also below).

The membranes surrounding and dividing the cell are selectively permeable, 
regulating the transport of a variety of ions and small molecules into and out of 
the cell and between compartments.

The soluble portions of both the cytoplasm and the nucleoplasm are highly 
organized. In the nucleus, a variety of subnuclear structures have been identi� ed 
and are thought to be arranged in the context of a nuclear matrix (see Box 4.1). In 
the cytoplasm, the cytoskeleton is an internal scaffold of protein � laments that 
provides stability, generates the forces needed for movement and changes in cell 
shape, facilitates the intracellular transport of organelles, and allows communi-
cation between the cell and its environment.

The extraordinary diversity of cells in the body
Cell diversity is re� ected in differences in cell size and shape. A typical bacterial 
cell is 1 mm in diameter, and whereas the average diameter of eukaryotic cells is 
about 10�30 mm, some specialized cells can grow much larger. Mammalian egg 
cells are about 100 mm in diameter, but other eggs that store nutrients required 
for development can be much larger (the ostrich egg can be up to 20 cm long). 
Some cells are very long: human muscle � ber cells can extend as long as 30 cm, 
and human neurons can reach up to 1 meter in length.

Complex animals have many highly specialized cells. Histology textbooks rec-
ognize more than 200 different cell types in adult humans (Table 4.1). However, 
histology is a comparatively crude way of classifying cells, relying heavily on dif-
ferences in cell size, morphology, and ability to take up certain stains. Some cells 
have been dif� cult to access and study, and the true extent of cell diversity is very 
much higher than that recognized by histology.

Neurons are now known to be extremely diverse, and although the number of 
different neuron types remains unknown, it is likely to be very large (some recent 
estimates suggest more than 10,000). They are linked to each other by astonish-
ingly complex connections�some individual neurons can be connected to 
100,000 other neurons. B and T lymphocytes also show huge diversity. They are 
extremely unusual cells because, as they mature, each B cell and each T cell 
undergoes cell-speci� c DNA rearrangements to assemble functional genes to 
make immunoglobulins and T-cell receptors, respectively. As a result, individual 
B cells from a single individual produce different immunoglobulins, and indi-
vidual T cells exhibit different T-cell receptors.

Germ cells are specialized for reproductive functions
In multicellular organisms, development and growth are separated from repro-
ductive functions. A specialized population of germ cells is set aside to perform 
reproductive functions; in evolutionary terms, the remaining somatic cells pro-
vide a vessel to carry these reproductive cells for the purpose of achieving repro-
duction. In plants and primitive animals, ordinary somatic cells can give rise to 
germ cells throughout the life of the organism. However, in most of the animals 
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Eukaryotic cells have many di� erent types of membrane-enclosed 
structures within their cytoplasm. Not all the structures listed below 
are present in every cell type; some human cells are so specialized to 
perform a single function that the nucleus and other organelles are 
discarded and the cells rely on pre-synthesized gene products.

The plasma membrane provides a protective barrier around 
the cell. It is based on a double layer of phospholipids (Figure 1). 
Hydrophobic lipid �tails� are sandwiched between hydrophilic phosphate 
groups that are in contact with polar aqueous environments, the 
cytoplasm and extracellular environment. The plasma membrane is 
selectively permeable, regulating the transport of a variety of ions and 
small molecules into and out of the cell.

The cytosol, the aqueous component of the cytoplasm, makes 
up about half the volume of the cell and is the site of major metabolic 
activity, including most protein synthesis. The cytosol is very highly 
organized by a series of protein � laments, collectively called the 
cytoskeleton, that have a major role in cell movement, cell shape, and 
intracellular transport. There are three types of cytoskeletal � lament:
� Micro� laments are polymers of the protein actin (and so are also 

known as actin � laments). They provide mechanical support to 
the cell, allow controlled changes to cell shape, and facilitate cell 
movement by forming structures such as � lopodia and lamellipodia 
(extensions to the cell that allow it to crawl along surfaces).

� Microtubules are much more rigid than actin � laments and are 
polymers of tubulin proteins. They are important constituents of the 
centrosome and mitotic spindle (see Box 2.1) and also form the core 
of cilia and � agella.

� Intermediate � laments have predominantly structural roles. 
Examples include the neuro� laments of nervous system cells and 
keratins in epithelial cells.
The endoplasmic reticulum (ER) consists of � attened, single-

membrane vesicles whose inner compartments (cisternae) are 
interconnected to form channels throughout the cytoplasm. The ER 
has two key functions: the intracellular storage of Ca2+, which is widely 
used in cell signaling; and the synthesis, folding, and modi� cation of 
proteins and lipids destined for the cell membrane or for secretion. The 
rough endoplasmic reticulum is studded with ribosomes that synthesize 
proteins that will cross the membrane into the intracisternal space 
before being transported to the periphery of the cell. Here, they can be 
incorporated into the plasma membrane, retrieved to the ER, or secreted 
from the cell. The attachment of the sugar residues (glycosylation) that 
adorn many human proteins begins in the ER.

The Golgi complex consists of � attened single-membrane vesicles, 
which are often stacked. Its primary function is to secrete cell products, 
such as proteins, to the exterior and to help form the plasma membrane 
and the membranes of lysosomes. Some of the small vesicles that 
arise peripherally by a pinching-o�  process contain secretory products 
(secretory vacuoles). Glycoproteins arriving from the ER are further 
modi� ed in the Golgi complex.

The nucleus contains the chromosomes and 
the vast majority of the DNA of an animal cell. It 
is surrounded by a nuclear envelope, composed 
of two membranes separated by a narrow space 
and continuous with the ER. Openings in the 
nuclear envelope (nuclear pores) are lined with 
specialized protein complexes that act as speci� c 
transporters of macromolecules between the 
nucleus and cytoplasm. Within the nucleus, the 
chromosomes are arranged in a highly ordered 
way. Some evidence supports the existence of 
a nuclear matrix, or sca� old, a protein network 
to which chromosomes are attached. Additional 
nuclear substructure includes these structures:
� The nucleolus is a discrete region where 

ribosomal RNA (rRNA) is synthesized and 
processed and where ribosome subunits 

are � rst assembled. Human rRNA genes are clustered on the short 
arms of chromosomes 13, 14, 15, 21, and 22, and are brought close 
together within the nucleolus.

� Cajal bodies (or coiled bodies) are thought to be sites where small 
nuclear/nucleolar ribonucleoprotein (snRNP/snoRNP) particles are 
assembled, and may also be involved in gene regulation.

� Speckles (or interchromatin granules) are believed to be regions 
where fully mature snRNPs assemble in readiness for splicing 
pre-mRNA.

� PML bodies appear as rings and are composed predominantly of 
the premyelocytic leukemia (PML) protein, but their functions are 
unknown.

� Perichromatin � brils are sites where nascent RNA accumulates.
� Cleavage bodies are sites of polyadenylation and cleavage.

Mitochondria are sites of oxidative phosphorylation, by which 
organic nutrients are oxidized to generate ATP that is then used to 
power the di� erent functions of a cell. They have two membranes: 
a comparatively smooth outer membrane, and a complex, highly 
folded inner mitochondrial membrane. The inner compartment, the 
mitochondrial matrix, contains enzymes and chemical intermediates 
involved in energy metabolism. Mitochondria, and also the chloroplasts 
of plants cells, contain DNA. They also have their own ribosomes that 
are dedicated to translating mRNA transcribed from mitochondrial 
DNA. However, most mitochondrial proteins are encoded by nuclear 
genes, synthesized on cytoplasmic ribosomes, and then imported into 
mitochondria.

Peroxisomes (microbodies) are small single-membrane vesicles 
containing enzymes that use molecular oxygen to oxidize their 
substrates and generate hydrogen peroxide.

Lysosomes are small membrane-enclosed vesicles containing 
hydrolytic enzymes that digest materials brought into the cell by 
phagocytosis or pinocytosis. Lysosomes also help in the degradation of 
cell components after cell death.

Cilia are small structures containing microtubule � laments that 
extend from the plasma membrane and beat backward and forward, or 
rotate. In vertebrates, a very few specialized cell types have multiple cilia 
that are used to generate movement. They include epithelial cells lining 
the lungs and oviduct, where the cilia beat together to move mucus 
away from the lungs or the egg toward the uterus. Most vertebrate 
cells, however, have a single cilium, known as the primary cilium, whose 
function is not involved in generating movement�instead, it is packed 
with many di� erent kinds of receptor molecule and acts as a sensor of 
the cell�s environment. Sperm cells have a single, rather large and much 
longer version of a cilium, known as a � agellum. The � agellum moves in 
a whip-like fashion to propel the sperm cell forward.

cytosol

nucleolus

lysosome

primary cilium peroxisome

endoplasmic
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nucleus
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ribosomes cell wall
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plasma membraneflagellum Golgi complex
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nucleoid

Figure 1 Prokaryotic and eukaryotic 
cell anatomy. Prokaryotic cells are much 
smaller than eukaryotic cells and lack the 
internal organelles found in the latter. The 
eukaryotic cell shown in this � gure is a 
generic vertebrate cell.

BOX 4.1 INTRACELLULAR ORGANIZATION WITHIN ANIMAL CELLS
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TABLE 4.1 A CLASSIFICATION OF CELLS IN ADULT HUMANS

Group and subgroup (number of major classes) Examples

BLOOD/IMMUNE SYSTEM CELLS �>30�

Megakaryocytes (2) megakaryocyte, platelet (Figures 4.2A, 4.17)

Red blood cell (1) erythrocyte (Figure 4.17)

Stem cells/committed progenitors (various) hematopoietic stem cell (Figure 4.17)

Lymphocytes (>10) B cells, T cells, natural killer cell (Figure 4.17)

Monocytes and macrophages (>6)

Dendritic cells (>4)

Blood granulocytes (3) basophil, neutrophil, eosinophil (Figure 4.17)

Mast cells

CILIATED CELLS, PROPULSIVE FUNCTION �4�

In respiratory tract, oviduct/endometrium, testis, CNS oviduct ciliated cell 

CONTRACTILE CELLS �MANY�

Heart muscle cells (3) myoblast, syncytial muscle � ber cell (Figure 4.2B)

Skeletal muscle cells (6)

Smooth muscle cells (various) see Figure 4.4

Myoepithelial cells (2)

EPITHELIAL CELLS �>80�

Exocrine secretion specialists (>27) goblet (mucus-secreting) and Paneth (lysozyme-secreting) cells, of 
intestine (Figure 4.18B)

Keratinizing (12) keratinocyte, basal cell of epidermis (Figure 4.18A)

Primary barrier function or involved in wet strati� ed barrier (11) collecting duct cell of kidney 

Absorptive function in gut, exocrine glands, and urogenital tract (8) intestinal brush border cell (with microvilli) (Figures 4.3, 4.4)

Lining closed internal body cavities (>20) vascular endothelial cell

EXTRACELLULAR MATRIX SECRETION SPECIALISTS �MANY�

Connective tissue (many) � broblasts, including chondrocyte (cartilage) and osteoblast/osteocyte 
(bone) (Figures 4.4, 4.5)

Epithelial (3) ameloblast (secretes tooth enamel)

GERM CELLS �>7�

Female-speci� c (3); male-speci� c (3) oocyte, spermatocyte (Figure 5.8)

NEURONS AND SENSORY TRANSDUCERS �VERY MANY�

Photoreceptors and cells involved in perception of acceleration and gravity, 
hearing, taste, touch, temperature, blood pH, pain, etc. (many)

rod cell

Autonomic neurons (multiple) cholinergic neuron

CNS neurons (large variety) neuron (Figure 4.6)

Supporting cells of sense organs and peripheral neurons (12) Schwann cell (Figure 4.6)

CNS glial cells (many) astrocyte, oligodendrocyte

OTHER CELLS �>40�

Hormone-secreting specialists (>30) Leydig cell of testis, secreting testosterone

Lens cells (2) lens � ber (crystallin-containing)

Metabolism and storage specialists (4) liver hepatocyte and lipocyte, brown and white fat cells

Pigment cells (2) melanocyte, retinal pigmented epithelial cell

CNS, central nervous system. Note that some cells in early development are not represented in adults. A full list of the human adult cell types 
recognized by histology is available on the Garland Scienti� c Web site at: http://www.garlandscience.com/textbooks/0815341059
.asp?type=supplements
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that we understand in detail�insects, nematodes, and vertebrates�the germ 
cells are set aside very early in development as a dedicated germ line and repre-
sent the sole source of gametes.

The germ cells are the only cells in the body capable of meiosis. To produce 
haploid sperm and egg cells, the precursor germ cells must undergo two rounds 
of cell division but only one round of DNA synthesis. In mammals, germ-line 
cells derive from primordial germ cells that are induced in the early embryo.

Cells in an individual multicellular organism can di� er in DNA 
content
Cells differ in DNA content between organisms, within a species, and within an 
individual. For any species, the reference DNA content of cells, the C value, is the 
amount of DNA in the haploid chromosome set of a sperm or egg cell. C values 
vary widely for different organisms, but there is no direct relationship between 
the C value and biological complexity (the C value paradox). While most mam-
mals have a C value of about 2500�3500 Mb of DNA, the human C value is only 
19% of that of an onion, 4% of that of some lily plants, and�remarkably�only 
0.5% of that of the single-celled Amoeba dubia (Table 4.2)!

The DNA content of cells within a single individual can also show variation as 
a result of differences in ploidy (the number of chromosome sets). Some cells, for 
example erythrocytes, platelets, and mature keratinocytes, lose their nucleus and 
so are nulliploid. Sperm and egg cells are haploid (1C). The majority of cells are 
diploid (2C), but some undergo several rounds of DNA replication without cell 
division (endomitosis) and so become polyploid. Examples are hepatocytes (less 
than 8C) in the liver, cardiomyocytes (4C�8C) in heart muscle, and megakaryo-
cytes (16C�64C) (Figure 4.2A). Skeletal muscle � ber cells are a striking example 
of syncytial cells, cells that are formed by multiple rounds of cell fusion. The indi-
vidual cells can become very long and contain very many diploid nuclei (Figure 
4.2B).

The DNA sequence also varies from cell to cell, between species, between 
individuals of one species, and even between cells within a single multicellular 
organism. As a result of mutation, differences in DNA sequence between cells 
from different species can be very signi� cant, depending on the evolutionary dis-
tance separating the species under comparison. DNA from cells of different indi-
viduals of the same species also show mutational differences. The DNA from two 
unrelated humans contains approximately one change in every 1000 nucleo-
tides.

TABLE 4.2 GENOME SIZE IS NOT SIMPLY RELATED TO THE COMPLEXITY OF AN 
ORGANISM

Organism Genome size (Mb) Gene number

UNICELLULAR

Escherichia coli 4.6 ~5000

Saccharomyces cerevisiae 13 6200

Amoeba dubia 670,000 ?

MULTICELLULAR

Caenorhabditis elegans 95 ~21,190

Drosophila melanogaster 180 ~14,400

Allium cepa (onion) 15,000 ?

Mus musculus 2900 >25,000

Homo sapiens 3200 >23,000

Note that gene numbers are best current estimates, partly because of the di�  culty in identifying 
genes encoding functional RNA products. For genome sizes on a wide range of organisms, see the 
database of genome sizes at http://www.cbs.dtu.dk/databases/DOGS/index.php
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There are also very small differences in the DNA sequence of cells from a sin-
gle individual. Such differences can arise in three ways:
� Programmed differences in specialized cells. Sperm cells have either an X or a 

Y chromosome. Other examples are mature B and T lymphocytes, in which 
cell-specifi c DNA rearrangements occur so that different B cells and different 
T cells have differences in the arrangement of the DNA segments that will 
encode immunoglobulins or T-cell receptors, respectively. This is described in 
more detail in Section 4.6.

� Random mutation and instability of DNA. The DNA of all cells is constantly 
mutating because of environmental damage, chemical degradation, genome 
instability, and small but signi� cant errors in DNA replication and DNA repair. 
During development, each cell builds up a unique pro� le of mutations.

� Chimerism and colonization. Very occasionally, an individual may naturally 
have two or more clones of cells with very different DNA sequences. Fraternal 
(non-identical twin) embryos can spontaneously fuse in early development, 
or one such embryo can be colonized by cells derived from its twin.

4.2  CELL ADHESION AND TISSUE FORMATION
The cells of a multicellular organism need to be held together. In vertebrates and 
other complex organisms, cells are assembled to make tissues�collections of 
interconnected cells that perform a similar function�and organs. Various levels 
of interaction contribute to this process:
� As they move and assemble into tissues and organs, cells must be able to rec-

ognize and bind to each other, a process known as cell adhesion.
� Cells in animal tissues frequently form cell junctions with their neighbors, 

and these can have different functions.
� The cells of tissues are also bound by the extracellular matrix (ECM), the 

complex network of secreted macromolecules that occupies the space 
between cells. Most human and adult tissues contain ECM, but the propor-
tion can vary widely.
Even where cells do not form tissues�as in blood cells�cell adhesion is 

vitally important, permitting transient cell�cell interactions that are required for 
various cell functions.

During embryonic development, groups of similar cells are formed into tis-
sues. For even simple tissues such as epithelium, the descendants of the progeni-
tor cells must not be allowed to simply wander off. The requirement becomes 
more critical when the tissue is formed after some of the progenitor cells arrive 
from long and complicated cell migration routes in the developing embryo. Cells 
are kept in place by cell adhesion, and the architecture of the tissue is developed 
and maintained by the speci� city of cell adhesion interactions.

Cell adhesion molecules work by having a receptor and a complementary lig-
and attached to the surfaces of adjacent cells. There may be hundreds of thou-
sands of such molecules per cell, and so binding is very strong. Cells may stick 
together directly and/or they may form associations with the ECM. During devel-
opment, changes in the expression of adhesion molecules allow cells to make 
and break connections with each other, facilitating cell migration. In the mature 
organism, adhesion interactions between cells are generally strengthened by the 
formation of cell junctions.

Figure 4.2 Examples of polyploid 
cells arising from endomitosis or cell 
fusion. (A) The megakaryocyte is a giant 
polyploid (16C�64C) bone marrow cell 
that is responsible for producing the 
thrombocytes (platelets) needed for blood 
clotting. It has a large multi-lobed nucleus 
as a result of undergoing multiple rounds 
of DNA replication without cell division 
(endomitosis). Multiple platelets are formed 
by budding from cytoplasmic processes of 
the megakaryocyte and so have no nucleus. 
(B) Skeletal muscle � ber cells are polyploid 
because they are formed by the fusion of 
large numbers of myoblast cells to produce 
extremely long multinucleated cells. 
A multinucleated cell is known as a 
syncytium.

(A) (B)

platelets bud off
from megakaryocyte
process

blood vessel (blood sinus)

fusion

myoblasts skeletal muscle fiber cell 50 mm
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Cell adhesion molecules (CAMs) are typically transmembrane receptors with 
three domains: an intracellular domain that interacts with the cytoskeleton, a 
transmembrane domain that spans the width of the phospholipid bilayer, and an 
extracellular domain that interacts either with identical CAMs on the surface of 
other cells (homophilic binding) or with different CAMs (heterophilic binding) or 
the ECM. There are four major classes of cell adhesion molecule:
� Cadherins are the only class to participate in homophilic binding. Binding 

typically requires the presence of calcium ions.
� Integrins are adhesion heterodimers that usually mediate cell�matrix interac-

tions, but certain leukocyte integrins are also involved in cell�cell adhesion. 
They are also calcium-dependent.

� Selectins mediate transient cell�cell interactions in the bloodstream. They are 
important in binding leukocytes (white blood cells) to the endothelial cells 
that line blood vessels so that blood cells can migrate out of the bloodstream 
into a tissue (extravasation).

� Ig-CAMs (immunoglobulin superfamily cell adhesion molecules) are calcium-
independent and possess immunoglobulin-like domains (see Section 4.6).

Cell junctions regulate the contact between cells
Vertebrate cell junctions act as barriers, help to anchor cells, or permit the direct 
intercellular passage of small molecules.

Tight junctions
Tight junctions are designed to act as barriers; they are prevalent in the epithelial 
cell sheets that line the free surfaces and all cavities of the body, and serve as 
selective permeability barriers, separating � uids on either side that have differ-
ent chemical compositions. Central to their barrier role is the ability of tight junc-
tions to effect such tight seals between the cells that they can prevent even small 
molecules from leaking from one side of the epithelial sheet to the other (Figure 
4.3). Tight junctions seem to be formed by sealing strands made up of transmem-
brane proteins embedded in both plasma membranes, with extracellular domains 
joining one another directly. The sealing strands completely encircle the apical 
ends of each epithelial cell (the apical end is the end facing outward, toward the 
surface).

tight junction seals gap
between epithelial cells

adherens junction connects
actin filament bundle in one
cell with that in the next cell

desmosome connects
intermediate filaments in
one cell to those in the
next cell

gap junction allows the
passage of small water-
soluble molecules from cell
to cell

hemidesmosome anchors intermediate
filaments in a cell to extracellular matrix

actin-linked cell–matrix adhesion
anchors actin filaments in cell
to extracellular matrix

APICAL

BASAL

ECM

lumen microvilli
Figure 4.3 The principal classes of cell 
junctions found in vertebrate epithelial 
cells. This example shows intestinal 
epithelial cells that are arranged in a sheet 
overlying a thin layer of extracellular 
matrix (ECM), known as the basal lamina. 
Depending on whether actin � laments or 
intermediate � laments are involved, cells 
are anchored to the ECM using two types 
of junction, and also to their cell neighbors 
using another two types of cell junction, as 
shown. Individual cells are symmetric along 
the axes that are parallel to the ECM layer, 
but they show polarity along the axis from 
the top (apical) end of the cell that faces 
the lumen to the bottom (basal) part of the 
cell. The tight junctions occupy the most 
apical position and divide the cell surface 
into an apical region (rich in intestinal 
microvilli) and the remaining basolateral 
cell surface. Immediately below the tight 
junctions are adherens junctions and then 
a special parallel row of desmosomes. Gap 
junctions and additional desmosomes are 
less regularly organized. [From Alberts B, 
Johnson A, Lewis J et al. (2008) Molecular 
Biology of the Cell, 5th ed. Garland Science/
Taylor & Francis LLC.]
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Anchoring cell junctions
Other cell junctions mechanically attach cells (and their cytoskeletons) to their 
neighbors by using cadherins, or they attach cells to the ECM by using integrins. 
In each case, the components of the cytoskeleton that are linked from cell to cell 
can be actin � laments or intermediate � laments. There are four types (see Figure 
4.3):
� Adherens junctions. Cadherins on one cell bind to cadherins on another. The 

cadherins are linked to actin � laments using anchor proteins such as caten-
ins, vinculin, and a-actinin.

� Desmosomes. Desmocollins and desmogleins on one cell bind to the same on 
another. They are linked to intermediate � laments using anchor proteins such 
as desmoplakins and plakoglobin.

� Focal adhesions. Integrins on a cell surface bind to ECM proteins. The integ-
rins are connected internally to actin � laments using anchor proteins such as 
talin, vinculin, a-actinin, and � lamin.

� Hemidesmosomes. Integrins on epithelial cell surfaces bind to a protein com-
ponent, laminin, of the basal lamina. The integrins are connected internally 
to intermediate � laments by using anchor proteins such as plectin.

Communicating cell junctions
Gap junctions permit inorganic ions and other small hydrophilic molecules (less 
than 1 kD) to pass directly from a cell to its neighbors (see Figure 4.3). The plasma 
membranes of participating cells come into close contact, establishing a uniform 
gap of about 2�4 nm. The gap is bridged by contact between a radial assembly of 
six connexin molecules on each plasma membrane; when orientated in the cor-
rect register, they form an intercellular channel. Gap junctions allow electrical 
coupling of nerve cells (see electrical synapses in Section 4.3) and coordinate cell 
functions in a variety of other tissues.

The extracellular matrix regulates cell behavior as well as acting as 
a sca� old to support tissues

The ECM comprises a three-dimensional array of protein � bers embedded in a 
gel of complex carbohydrates called glycosaminoglycans. The ECM can account 
for a substantial amount of tissue volume, especially in connective tissues, which 
are the major component of cartilage and bone and provide the framework of the 
body. The molecular composition of the ECM dictates the physical properties of 
connective tissue. It can be calci� ed to form very hard structures (such as bones 
and teeth), it can be transparent (cornea), and it can form strong rope-like struc-
tures (tendons).

The ECM is not just a scaffold for supporting the physical structure of tissues. 
It also regulates the behavior of cells that come into contact with it. It can in� u-
ence their shape and function, and can affect their development and their capac-
ity for proliferation, migration, and survival. Cells can, in turn, modify the struc-
ture of ECM by secreting enzymes such as proteases.

In accordance with its diverse functions, the ECM contains a complex mixture 
of macromolecules that are mostly made locally by some of the cells within the 
ECM. In connective tissue, the matrix macromolecules are secreted largely by 
� broblast-type cells. In addition to proteins, the ECM macromolecules include 
glycosaminoglycans and proteoglycans. Glycosaminoglycans are very long 
polysaccharide chains assembled from tandem repeats of particular disaccha-
rides. Hyaluronic acid is the only protein-free glycosaminoglycan in the ECM. 
Proteoglycans have a protein core with covalently attached glycosaminoglycans 
and exist in various different forms in the ECM.

Being extremely large and highly hydrophilic, glycosaminoglycans readily 
form hydrated gels that generally act as cushions to protect tissues against com-
pression. Tissues such as cartilage, in which the proteoglycan content of the ECM 
is particularly high, are highly resistant to compression. Proteoglycans can form 
complex superstructures in which individual proteoglycan molecules are 
arranged around a hyaluronic acid backbone. Such complexes can act as 
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biological reservoirs by storing active molecules such as growth factors, and pro-
teoglycans may be essential for the diffusion of certain signaling molecules.

The ECM macromolecules have different functional roles. There are structural 
proteins, such as collagens, and also elastin, which allows tissues to regain their 
shape after being deformed. Various proteins are involved in adhesion; for exam-
ple, � bronectin and vitrinectin facilitate cell�matrix adhesion, whereas laminins 
facilitate the adhesion of cells to the basal lamina of epithelial tissue (see below). 
Proteoglycans also mediate cell adhesion and can bind growth factors and other 
bioactive molecules. Hyaluronic acid facilitates cell migration, particularly dur-
ing development and tissue repair, and the tenascin protein also controls cell 
migration.

Specialized cell types are organized into tissues
There are many different types of cell in adult humans (see Table 4.1), but they 
are mostly organized into just a few major types of tissue. Organs are typically 
composed of a few different tissue types; for example, the gut comprises layers of 
epithelium, connective tissue, and smooth muscle (Figure 4.4). The common 
tissues�epithelium, muscle, nerve, and connective tissues�are described 
below, and lymphoid tissue is described in Section 4.6.

Epithelium
Epithelial tissue has little ECM and is characterized by tight cell binding between 
adjacent cells, forming cell sheets on the surface of the tissue. The cells are bound 
to their neighbors by strong adhesive forces that permit the cells to bear most of 
the mechanical stress that the tissue is subjected to. Here, the ECM mostly con-
sists of a thin layer, the basal lamina, that is secreted by the cells in the overlying 
layer of epithelium (Figure 4.5). The epithelial cells show consistent internal cell 
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Figure 4.4 The gut as an example 
of the relationships between cells, 
tissues, and organs. The gut is a long 
tube-shaped organ largely constructed 
from three tissues. Epithelial tissues 
form the inner and outer surfaces of the 
tube and are separated from internal 
layers of muscle tissue by connective 
tissue. The latter is mostly composed 
of extracellular matrix (extracellular 
� uid containing a complex network of 
secreted macromolecules; see Figure 
4.5). The inner epithelial layer (top) is 
a semi-permeable barrier, keeping the 
gut contents within the gut cavity (the 
lumen) while transporting selected 
nutrients from the lumen through into 
the extracellular � uid of the adjacent 
layer of connective tissue. [From Alberts 
B, Johnson A, Lewis J et al. (2002) 
Molecular Biology of the Cell, 4th ed. 
Garland Science/Taylor & Francis LLC.]

Figure 4.5 Connective tissue: cells and 
structure. The � gure shows an example of 
connective tissue underlying epithelium. 
Connective tissue is dominated by an 
extracellular matrix (ECM) consisting 
of a three-dimensional array of protein 
� bers embedded in a gel of complex 
carbohydrates (glycosaminoglycans). Cells 
are sparsely distributed within the ECM 
and comprise indigenous cells and various 
immigrant blood/immune system cells (such 
as monocytes, macrophages, T cells, plasma 
cells, and leukocytes). The indigenous cells 
include � broblasts (cells that synthesize and 
secrete most of the ECM macromolecules), 
fat cells, and mast cells (which secrete 
histamine-containing granules in response 
to insect bites or exposure to allergens). 
[From Alberts B, Johnson A, Lewis J et al. 
(2002) Molecular Biology of the Cell, 4th ed. 
Garland Science/Taylor & Francis LLC.]
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asymmetry (polarity) in a plane that is at right angles to the cell sheet, with a 
basolateral part of the cell adjacent to and interacting with the basal lamina, and 
an apical part at the opposing end that faces the exterior or the lumen of a cylin-
drical tube.

Connective tissue
Connective tissue is largely composed of ECM that is rich in � brous polymers, 
notably collagen. Sparsely distributed within connective tissue is a remarkable 
variety of specialized cells, including both indigenous cells and also some immi-
grant cells, notably immune-system and blood cells. The indigenous cells com-
prise primitive mesenchymal cells (undifferentiated multipotent stem cells) and 
various differentiated cells that they give rise to, notably � broblasts that synthe-
size and secrete most of the ECM macromolecules (see Figure 4.5).

Cells are sparsely distributed in the supporting ECM, and it is the ECM rather 
than the cells it contains that bears most of the mechanical stress on connective 
tissue (see Figure 4.5). Loose connective tissue has � broblasts surrounded by a 
� exible collagen � ber matrix; it is found beneath the epithelium in skin and many 
internal organs and also forms a protective layer over muscle, nerves, and blood 
vessels. In fi brous connective tissue the collagen � bers are densely packed, pro-
viding strength to tendons and ligaments. Cartilage and bone are rigid forms of 
connective tissue.

Muscle tissue
Muscle tissue is composed of contractile cells that have the special ability to 
shorten or contract so as to produce movement of the body parts. Skeletal muscle 
� bers are cylindrical, striated, under voluntary control, and multinucleated 
because they arise by the fusion of precursor cells called myoblasts (see Figure 
4.2B). Smooth muscle cells are spindle-shaped, have a single, centrally located 
nucleus, lack striations, and are under involuntary control (see Figure 4.4). 
Cardiac muscle has branching � bers, striations, and intercalated disks; the com-
ponent cells, cardiomyocytes, each have a single nucleus, and contraction is not 
under voluntary control.

Nervous tissue
Nervous tissue is limited to the brain, spinal cord, and nerves. Neurons are elec-
trically excitable cells that process and transmit information via electrical signals 
(impulses) and secreted neurotransmitters. They have three principal parts: the 
cell body (the main part of the cell, performing general functions); a network of 
dendrites (extensions of the cytoplasm that carry incoming impulses to the cell 
body); and a single long axon that carries impulses away from the cell body to the 
end of the axon (Figure 4.6).
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sheath
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sheath

layers of 
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nucleus

nucleus
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Schwann
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Figure 4.6 Neurons and myelination. (A) Neuron structure. Each neuron has a single long axon with multiple axon termini (dendrites) that are 
connected to other neurons or to an e� ector cell such as a muscle cell. Neurons are insulated by certain glial cells such as Schwann cells that form a 
myelin sheath. (B) Myelination of an axon from a peripheral nerve. Each Schwann cell wraps its plasma membrane concentrically around the axon, 
forming a myelin sheath covering 1 mm of the axon. [From Alberts B, Johnson A, Lewis J et al. (2008) Molecular Biology of the Cell, 5th ed. Garland 
Science/Taylor & Francis LLC.]
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Neurons account for less than 10% of cells in the nervous system; the other 
90% are glial cells. Glial cells do not transmit impulses, but instead support the 
activities of the neurons in a variety of ways. The axons of neurons have an insu-
lating sheath of a phospholipid, myelin, that is produced by certain glial cells: 
oligodendrocytes (in the central nervous system) and Schwann cells (in the 
peripheral nervous system). Astrocytes are small star-shaped glial cells that 
ensheath synapses and regulate neuronal function. Microglial cells are phago-
cytic and protect against bacterial invasion. Other glial cells provide nutrients by 
binding blood vessels to the neurons.

Neurons communicate with each other at two types of synapse, as detailed in 
the next section.

4.3  PRINCIPLES OF CELL SIGNALING
All cells receive and respond to signals from their environment, such as changes 
in the extracellular concentrations of certain ions and nutrient molecules, or 
temperature shocks. Whereas single-celled organisms largely function independ-
ently, the cells of multicellular organisms must cooperate with each other for the 
bene� t of the organism. To coordinate and regulate physiological and biochemi-
cal functions they must communicate effectively by sending and receiving sig-
nals. The role of cell signaling during early development will be explained in 
Chapter 5. In this section, we give some of the principles underlying cell 
signaling.

Signaling molecules bind to speci� c receptors in responding cells 
to trigger altered cell behavior
In a multicellular organism virtually all aspects of cell behavior�metabolism, 
movement, proliferation, differentiation�are regulated by cell signaling. 
Transmitting cells produce signaling molecules that are recognized by respond-
ing cells, causing them to change their behavior. Intercellular signaling can take 
place over long distances, as in the endocrine signaling used to transmit hor-
mones, or over short distances by several different mechanisms:
� Paracrine signaling involves signaling between neighboring cells. A cell sends 

a secreted signaling molecule that diffuses over a short distance to respond-
ing cells in the local neighborhood.

� Synaptic signaling is a specialized form of signaling that involves signaling 
across an extremely narrow gap, the synaptic cleft, between the terminus of 
an axon and the cell body of a communicating neuron (see below).

� Juxtacrine signaling occurs when the transmitting cell is in direct contact with 
the responding cell; the signaling molecule is tethered to the surface of the 
transmitting cell and is bound by a receptor on the surface of the responding 
cell.
Cell signaling is initiated when transmitting cells produce signaling molecules 

that are recognized and bound by speci� c receptors in the responding cells. The 
transmitting cells and the responding cells are usually different cell types, but in 
autocrine signaling a cell produces a signaling molecule that can bind to a recep-
tor on its own cell surface or on identical neighbor cells. Autocrine signaling can 
be used to reinforce a signaling decision or to coordinate decisions by groups of 
cells.

Some small hydrophobic signaling molecules can pass directly through the 
plasma membrane of the responding cell and bind to intracellular receptors 
(Figure 4.7B). In many examples of cell signaling, however, the signaling mole-
cule cannot cross the cell membrane�it may be a soluble molecule (Figure 4.7A) 
or be anchored in the plasma membrane of the transmitting cell (Figure 4.7C)�
and so binds a receptor spanning the plasma membrane of the responding cell. 
Most vertebrate cell signaling pathways involve the migration of signaling mole-
cules that then bind to receptors on the surface of responding cells. Table 4.3 
provides examples of the different cell signaling systems in vertebrates, and we 
consider details of some mechanisms in the sections below.

The endpoint of most cell signaling is altered gene expression, producing 
behavioral changes in the responding cells. The altered gene expression is usually 
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Figure 4.7 Three types of relationship 
between ligand and receptor in cell 
signaling. (A) Soluble ligand and cell surface 
receptor. The ligand is often a protein that 
binds to a transmembrane protein receptor, 
activating its cytoplasmic tail; see Figures 
4.10 and 4.15 for examples. (B) Small soluble 
ligand and intracellular receptor. The 
ligand may be a gas (such as nitric oxide), 
or a small protein or steroid that can freely 
pass through membranes. The intracellular 
receptor is often in the nucleus but may be 
in the cytoplasm, as in the example shown 
in Figure 4.9. (C) Ligand and cell surface 
receptor anchored in the plasma membrane 
of adjacent cells; see the interaction between 
the Fas receptor and its ligand in Figure 4.16 
for an example.
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induced by the activation of a (previously inactive) speci� c transcription factor, a 
protein that selectively binds to the DNA of certain target genes to modulate gene 
expression. One part of a transcription factor protein is used to recognize and 
bind the target DNA sequence; another part is used to activate gene expression 
(Box 4.2).

Binding of a signaling molecule to a transmembrane receptor induces a 
change in the receptor�s cytoplasmic domain. The alteration in the receptor acti-
vates a signal transduction pathway that typically culminates in the activation (or 
sometimes inhibition) of a transcription factor. A signaling molecule that passes 
through the cell membrane and binds directly to an intracellular receptor induces 
that receptor to become an active transcription factor.

Some signaling molecules bind intracellular receptors that 
activate target genes directly
Small hydrophobic signaling molecules such as steroid hormones are able to dif-
fuse through the plasma membrane of the target cell and to bind intracellular 
receptors in the nucleus or cytoplasm. Thus, these receptors, which are often 
called hormone nuclear receptors, are inducible transcription factors. After ligand 
binding, the receptor protein is activated and associates with a speci� c DNA 
response element located in the promoter regions of perhaps 50�100 target genes 
and, with the help of suitable co-activator proteins, activates their transcription.

TABLE 4.3 IMPORTANT CLASSES OF VERTEBRATE CELL SIGNALING MOLECULES AND THEIR RECEPTORS

Signaling molecule Receptor Examples/comments

Small signaling molecules that cross the cell 
membrane

Internal receptors See Figure 4.7A

Steroid hormones, retinoids can reside in cytoplasm or nucleus; are converted 
to transcription factors when bound by their 
ligand

signaling using nuclear hormone receptors 
(Figures 4.8 and 4.9)

Signaling molecules that migrate to reach 
cell surface

Cell surface receptors See Figure 4.7B

Some growth factors (FGFs, EGFs), ephrins, 
and some hormones (insulin)

receptors with intrinsic kinase activity many; FGF, EGF, and ephrin signaling are 
widely used during embryonic development

Cytokines (interleukins, interferons, etc.); 
some hormones and growth factors (growth 
hormone, prolactin, erythropoietin, etc.)

receptors with associated tyrosine kinase activity; 
internal domains have associated JAK protein 
(Figure 4.10)

many

Various hormones (epinephrine, serotonin, 
glucagon, FSH, etc.), histamine, opioids, 
neurokinins, etc.

G-protein-coupled receptors (Figure 4.11); they 
span the cell membrane seven times and their 
internal domains have associated GTP-binding 
proteins

signaling involving olfactory receptors, taste 
receptors, rhodopsin receptors, etc.

Hedgehog family Patched many examples in signaling during embryonic 
development

TGF-b family receptors with associated serine/threonine kinase 
activity, internal domain associated with SMAD 
proteins

many examples in signaling during embryonic 
development

Wnt family Frizzled many examples in signaling during embryonic 
development

Neurotransmitters ion-channel-coupled receptors many

Signaling molecules immobilized on cell 
surface

Cell surface receptors See Figure 4.7C

Death signals death receptors Fas signaling in apoptosis (Figure 4.16)

Delta/Serrate family Notch important in neural development

EGF, epidermal growth factor; FGF, � broblast growth factor; FSH, follicle-stimulating hormone; TGF-b, transforming growth factor-b.

PRINCIPLES OF CELL SIGNALING
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Genes are regulated by a variety of protein transcription factors that 
recognize and bind a short nucleotide sequence in DNA. Eukaryotic 
transcription factors generally have two distinct functions located in 
di� erent parts of the protein:
� a DNA-binding domain that allows the transcription factor to 

bind to a speci� c sequence element in a target gene;
� an activation domain that stimulates transcription of the target 

gene, probably by interacting with basal transcription factors in 
the transcription complex on the promoter.

Some proteins, such as steroid hormone receptors, have only a 
DNA-binding domain but, after binding a ligand, they can cooperate 
with proteins called co-activators to perform the activities of a 
transcription factor. See the example of the glucocorticoid receptor in 
Figure 4.9.
Common DNA-binding motifs in transcription factors
Several common protein structural motifs have been identi� ed, most 
of which use a-helices (or occasionally b-sheets) to bind to the major 
groove of DNA. Although such structural motifs provide the basis 
for DNA binding, the precise sequence of the DNA-binding domain 
determines the DNA sequence-speci� c recognition. Most transcription 
factors bind to DNA as dimers (often homodimers), and the DNA-
binding region is often distinct from the region specifying dimer 
formation.

The helix�turn�helix (HTH) motif (Figure 1) is a common 
motif found in transcription factors. It consists of two short a-helices 
separated by a short amino acid sequence that induces a turn, so that 
the two a-helices are orientated in di� erent planes. Structural studies 
have suggested that the C-terminal helix (shown to the right) acts as 
a speci� c recognition helix because it � ts into the major groove of the 
DNA controlling the precise DNA sequence that is recognized.

The helix�loop�helix (HLH) motif also consists of two a-helices, 
but this time connected by a � exible loop that, unlike the short turn 
in the HTH motif, is � exible enough to permit folding back so that the 
two helices can pack against each other (that is, the two helices lie in 
planes that are parallel to each other). The HLH motif mediates both 
DNA binding and protein dimer formation. Heterodimers comprising 
a full-length HLH protein and a truncated HLH protein that lacks the 
full length of the a-helix necessary to bind to the DNA are unable to 
bind DNA tightly. As a result, HLH heterodimers are thought to act as 
a control mechanism, by enabling the inactivation of speci� c gene 
regulatory proteins.

The leucine zipper is a helical stretch of amino acids rich in 
hydrophobic leucine residues, aligned on one side of the helix. These 
hydrophobic patches allow two individual a-helical monomers to join 
together over a short distance to form a coiled coil. Beyond this region, 
the two a-helices separate, so that the overall dimer is a Y-shaped 
structure. The dimer is thought to grip the double helix much like 
a clothes peg grips a clothes line. Leucine zipper proteins normally 
form homodimers but can occasionally form heterodimers. The latter 
provides an important combinatorial control mechanism in gene 
regulation.

The zinc � nger motif involves the binding of a Zn2+ ion by four 
conserved amino acids (normally either histidine or cysteine) so as to 
form a loop (� nger), which is often tandemly repeated. The so-called 
C2H2 (Cys2/His2) zinc � nger typically comprises about 23 amino acids, 
with neighboring � ngers separated by a stretch of about seven or 
eight amino acids. The structure of a zinc � nger may consist of an 
a-helix and a b-sheet held together by coordination with the 
Zn2+ ion, or of two a-helices, as shown in Figure 1. In either case, 
the primary contact with the DNA is made by an a-helix binding to 
the major groove.
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Figure 1 Structural motifs commonly found in transcription factors and DNA-binding proteins. HTH, helix�turn�helix motif; HLH, helix�loop�
helix motif.
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The receptors for steroid hormones and also those for the signaling molecules 
thyroxine and retinoic acid belong to a common nuclear receptor superfamily. 
Each receptor in this superfamily contains a centrally located DNA-binding 
domain of about 68 amino acids, and a ligand-binding domain of about 240 
amino acids located close to the C terminus (Figure 4.8A). The DNA-binding 
domain contains structural motifs known as zinc � ngers (see Box 4.2) and binds 
as a dimer, with each monomer recognizing one of two hexanucleotides in the 
response element. The two hexanucleotides are either inverted repeats or direct 
repeats that are usually separated by three or � ve nucleotides (Figure 4.8B).

The nuclear hormone receptors are normally found in the cytoplasm in an 
inactive state. Either the ligand-binding domain directly represses the DNA-
binding domain or the receptor is bound to an inhibitory protein, as in the gluco-
corticoid receptor (Figure 4.9). Upon ligand binding, the inhibition is relieved 
and the activated ligand�receptor complex migrates to the nucleus.

Signaling through cell surface receptors often involves kinase cascades
The plasma membranes of animal cells positively bristle with transmembrane 
receptors for signaling molecules, and the primary cilium, which protrudes into 
the external environment, is studded with such receptors. This previously myste-
rious organelle is now thought to have a major role as a sensor, using the multiple 
different receptors to sense, and respond to, alterations in the extracellular 
environment.

When a receptor binds its signaling molecule on the external surface of the 
cell, a conformational change is induced in its internal (cytoplasmic) domain. 
This change alters the properties of the receptor, perhaps affecting its contact 
with another protein, or stimulating some latent enzyme activity. For many sig-
naling receptors, either the receptor or an associated protein has integral kinase 
activity. The activated kinase often causes the receptor to phosphorylate itself, 
which then allows it to phosphorylate other proteins inside the cell, thereby acti-
vating them. These target proteins are themselves often kinases. They, in turn, 
can phosphorylate and thereby activate proteins further down a signal transduc-
tion pathway, resulting in a kinase cascade.

Eventually, a transcription factor is activated (or inhibited as appropriate), 
resulting in a change in gene expression. The length of the signaling cascade can 
be short (as in the cytokine-regulated JAK�STAT pathway; see Figure 4.10) or 
have many steps (such as the MAP kinase pathway). Pathways in which receptors 
do not have kinase activity often have several downstream components with 
either kinase or phosphorylase activity.
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Figure 4.8 The nuclear receptor 
superfamily. (A) Members of the nuclear 
receptor superfamily all have a similar 
structure, with a central DNA-binding 
domain (DBD) and a C-terminal ligand-
binding domain (LBD). Numbers refer to 
the protein size in amino acid residues. 
GR, glucocorticoid receptor; ER, estrogen 
receptor; RAR, retinoic acid receptor; TR, 
thyroxine receptor; VDR, vitamin D receptor. 
(B) The response elements recognized by 
the nuclear receptors also have a conserved 
structure, with two hexanucleotide 
recognition sequences typically separated 
by either three or � ve nucleotides. The 
hexanucleotide sequences have the general 
consensus of AGNNCA with the two central 
nucleotides (pale shading) conferring 
speci� city and belonging to one of three 
classes: AA, AC, or GT.

Figure 4.9 Cell signaling by ligand activation of an intracellular receptor. 
A glucocorticoid (GC), like other hydrophobic hormones, can pass through 
the plasma membrane and bind to a speci� c intracellular receptor. The 
glucocorticoid receptor (GCR) is normally bound to an Hsp90 inhibitory protein 
complex and is found within the cytoplasm. After binding to glucocorticoid, 
however, the inhibitor complex is released and the now activated receptor 
forms dimers and translocates to the nucleus. Here, it works as a transcription 
factor by speci� cally binding to a particular response element sequence (lower 
panel; see Figure 4.8B) in target genes at, and with the cooperation of, speci� c 
co-activator proteins, activating the target genes.
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Signal transduction pathways often use small intermediate 
intracellular signaling molecules
Signal transduction pathways initiated by the binding of a signaling molecule to 
a cell surface receptor are often complex. In addition to the kinases and other 
enzymes mentioned above, the cascade of interacting molecules involved in 
communicating the signal within the cell can include various small, diffusible 
intracellular signaling molecules that act as intermediates in signal transduction. 
These are known as second messengers (Table 4.4), with the � rst messenger 
being the extracellular signaling molecule.

G proteins are one common type of second messenger, which bind to 
G-protein-coupled receptors (GPCRs). Mammalian genomes typically have more 
than 1000 genes that encode GPCRs, many of them serving as receptors for pros-
taglandins and related lipids, various neurotransmitters, neuropeptides, and 
peptide hormones; others are responsible for relaying the sensations of sight, 
smell, and taste. GPCRs characteristically have a transmembrane domain that 
passes through the plasma membrane seven times and a cytoplasmic domain 
that is bound to a G protein, a GTP-binding protein with three subunits�a, b, 
and g (Figure 4.11).
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Figure 4.10 Ligand activation of a 
plasma membrane receptor. JAK�STAT 
signaling involves JAK kinases that are 
bound to the cytoplasmic domain of certain 
transmembrane receptors (notably cytokine 
receptors), and members of the STAT 
transcription factor family. For example, as 
shown here, JAK2 is bound to the prolactin 
receptor. Prolactin induces monomeric 
receptors to dimerize, bringing two JAK2 
kinase molecules into close proximity. Each 
JAK2 molecule then cross-phosphorylates 
the other and the cytoplasmic domain 
of its attached receptor. Phosphorylation 
of the receptors activates a dormant 
receptor kinase activity that then targets 
a speci� c STAT protein, in this case STAT5. 
Once activated by phosphorylation, STAT5 
dimerizes, translocates to the nucleus, and 
activates the transcription of various target 
genes.

TABLE 4.4 EXAMPLES OF SECOND MESSENGERS IN CELL SIGNALING

Class Examples Origin Role

Hydrophilic 
(cytosolic)

Cyclic AMP (cAMP) produced from ATP by adenylate cyclase e� ects are usually mediated through protein kinase

Cyclic GMP (cGMP) produced from GTP by guanylate cyclase best-characterized role is in visual reception in the 
vertebrate eye

Ca2+ external sources or released from 
intracellular stores in the endoplasmic 
reticulum

Ca2+ channels can be voltage-gated and receptor-
operated; probably the most widely used intracellular 
messenger (see Figure 4.12)

Hydrophobic 
(membrane-
associated)

phosphatidylinositol 
4,5-bisphosphate (PIP2) 
and its cleavage products; 
diacylglycerol (DAG); inositol 
trisphosphate (IP3)

PIP2 is a phospholipid that is enriched 
at the plasma membrane and can be 
cleaved to generate DAG on the inner 
layer of the plasma membrane, releasing 
IP3 into the cytoplasm

IP3 binds to receptors in the endoplasmic reticulum, 
thereby causing the release of Ca2+ into the cytosol; 
Ca2+-dependent protein kinase C is thereby recruited 
to the plasma membrane (see Figure 4.12)
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In its inactive form, the G protein has GDP bound to its a subunit. On binding 
of a ligand to the GPCR, the G protein is stimulated and the a subunit releases 
GDP and binds GTP instead. Binding of GTP causes the activated a subunit to 
dissociate from the bg dimer, which is then activated. Each of the activated a and 
bg units can then interact with proteins downstream in the signal transduction 
pathway.

There are several different types of G protein, each of which associates with 
different second messengers. Some G proteins stimulate or inhibit the 
membrane-bound enzyme adenylate cyclase, causing a change in intracellular 
cAMP levels. Other G proteins stimulate the production of lipids, such as inositol 
1,4,5-trisphosphate and diacylglycerol, and the release of calcium ions (Figure 
4.12). In turn, the second messengers activate downstream protein kinases such 
as cAMP-dependent protein kinase A and calcium-dependent protein kinase C, 
which go on to phosphorylate (and change the activity of) particular transcrip-
tion factors.

There is extensive crosstalk between different signaling pathways. At any 
moment, the response given by a particular cell depends on the sum of all signals 
that it receives and the nature of the receptors available to it.

Synaptic signaling is a specialized form of cell signaling that does 
not require the activation of transcription factors
Signaling between neurons needs to occur extremely rapidly and is achieved by 
synaptic signaling.
� In chemical synapses the axon termini of a transmitting neuron are closely 

apposed to dendrites of receiving neurons but are separated by a short gap, 
the synaptic cleft (Figure 4.13). A dendrite receives an incoming neurotrans-
mitter signal, often glutamate or g-aminobutyric acid (GABA) which are used 
extensively throughout the nervous system. In response, the local plasma 
membrane is depolarized to generate an action potential, an electrical impulse 

Figure 4.11 Cyclic nucleotide and lipid 
second messengers in G-protein signaling. 
G-protein-coupled receptors (GPCR) have 
seven transmembrane helices and a short 
cytoplasmic region bound by an associated 
G protein with three subunits: a, b, and g. 
Binding of ligand (L) to the extracellular 
domain of a GPCR activates its cytoplasmic 
domain and causes exchange of GTP for GDP 
on the G protein. As a result, the Ga subunit 
is activated and dissociates from the Gbg 
dimer, which in turn becomes activated. 
Di� erent subtypes of G-protein subunits can 
perform di� erent functions 
(see Figure 4.12).
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Figure 4.12 The G-protein subunit Gaq 
uses various lipids and Ca2+ as second 
messengers. Activation of a type of 
G-protein a subunit known as Gaq causes 
it to bind and activate phospholipase 
C. Activated phospholipase C then 
migrates along the plasma membrane 
to bind and cleave membrane-bound 
phosphatidylinositol 4,5-bisphosphate (PIP2). 
The reaction leaves a diacylglycerol (DAG) 
residue embedded in the membrane and 
liberates inositol 1,4,5-trisphosphate (IP3). 
The released IP3 di� uses to the endoplasmic 
reticulum, where it promotes the opening 
of an IP3-gated calcium ion channel, 
causing an e�  ux of Ca2+ from stores in the 
endoplasmic reticulum. With the help of 
Ca2+, the membrane-bound DAG causes the 
activation of protein kinase C, which is then 
recruited to the plasma membrane, where 
it phosphorylates target proteins that di� er 
according to cell type.
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that spreads as a traveling wave along the plasma membrane of the axon. The 
change in electrical potential at the axon terminus causes a neurotransmitter 
to be released that diffuses across the synaptic cleft to bind to receptors on 
dendrites of interconnected neurons, causing local depolarization of the 
plasma membrane (see Figure 4.13). In a similar fashion, neurons also trans-
mit signals to muscles (at neuromuscular junctions) and glands.

� Electrical synapses are less common. Here, the gap between the two connect-
ing neurons is very small, only about 3.5 nm, and is known as a gap junction. 
Neurotransmitters are not involved; instead, gap junction channels allow ions 
to cross from the cytoplasm of one neuron into another, causing rapid depo-
larization of the membrane.

4.4  CELL PROLIFERATION, SENESCENCE, AND 
PROGRAMMED CELL DEATH
Cells are formed usually by cell division. Cell division may be common in certain 
tissues but especially so in early development, when rapid cell proliferation 
underlies the growth of multicellular organisms and the progression toward 
maturity. However, throughout development, cell death is common, and by the 
time of maturity an equilibrium is reached between cell proliferation and cell 
death.

Although some cell loss is accidental and is the result of injury or disease, 
planned or programmed cell death is very common and is functionally impor-
tant. Like the organisms that contain them, cells age, and the aging process�cell 
senescence�is related to various factors, including the frequency of cell division.

Most of the cells in mature animals are non-dividing cells, but 
some tissues and cells turn over rapidly
The number of cells in a multicellular organism is determined by the balance 
between the rates of cell proliferation (which depends in turn on continued cell 
division) and cell death. Tracking the birth and death of mammalian cells in vivo 
is problematic. Most of our knowledge about rates of mammalian cell prolifera-
tion has therefore come from cultured cells, where, under normal circumstances, 
one turn of the mammalian cell cycle lasts approximately 20�30 hours.

M phase (mitosis and cytokinesis) lasts only about 1 hour, and cells spend the 
great majority of their time (and do most of their work) in interphase. Interphase 
comprises three cell cycle phases: S phase (DNA synthesis) and two intervening, 
or gap, phases that separate it from M phase: G1 phase (cell growth, centrosome 
duplication, and so on) and G2 phase (preparation of factors needed for mitosis). 
Of the two gap phases, G1 is particularly important and its length can vary greatly, 
under the control of several regulatory factors. Furthermore, when the supply of 
nutrients is poor, progress through the G1 phase of the cycle may be delayed.

If the cells receive an antiproliferative stimulus they may exit from the cell 
cycle altogether to enter a modi� ed G1 phase called G0 phase (Figure 4.14A). Cells 
in G0 phase are in a prolonged non-dividing state. But they are not dormant: they 
can become terminally differentiated; that is, irreversibly committed to serve a 
specialized function. Most cells in the body are in this state, but they often actively 
synthesize and secrete proteins and may be highly motile.

G0 cells can also continue to grow. For example, after withdrawing from the 
cell cycle, neurons become progressively larger as they project long axons that 
continue to lengthen until growth stops at maturity. For some neurons the cyto-
plasm�nucleus ratio increases more than 100,000-fold during this period. Some 
G0 cells do not become terminally differentiated but are quiescent. In response to 
certain external stimuli they can rejoin the cell cycle and start dividing again, to 
replace cells lost through accidental cell death or tissue injury.

Mature multicellular animals do contain some dividing cells that are needed 
to replace cells that naturally undergo a high turnover. Sperm cells are continu-
ously being manufactured in mammals. There is also a high turnover of blood 
cells, and gut and skin epithelial cells are highly proliferative to compensate for 
the continuous shedding of cells from these organs. Even the adult mammalian 
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Figure 4.13 Synaptic signaling. 
At chemical synapses, a depolarized axon 
terminus of a transmitting (presynaptic) cell 
releases a neurotransmitter that is normally 
stored in vesicles. The release occurs by 
exocytosis: the vesicles containing the 
neurotransmitters fuse with the plasma 
membrane, releasing their contents into the 
narrow (about 20�40 nm) synaptic cleft. The 
neurotransmitters then bind to transmitter-
gated ion channel receptors on the surface 
of the dendrites of a communicating neuron, 
causing local depolarization of the plasma 
membrane.
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brain�long believed to be unable to make new neurons�is now known to have 
three regions where new neurons are born.

Mitogens promote cell proliferation by overcoming braking 
mechanisms that restrain cell cycle progression in G1

Cell proliferation is regulated by intrinsic (intracellular) factors and by extracel-
lular signals. The intrinsic signals that regulate the cell cycle generally hold back 
(restrain) the cell cycle in response to sensors that indicate some fault, or un-
favorable circumstance, at certain cell cycle checkpoints (see Figure 4.14A).

The transition from one phase of the cell cycle to the next is regulated by dif-
ferent cyclin-dependent kinases (Cdks): for example, Cdk1 and Cdk2 regulate 
entry into mitosis and S phase, respectively. Cdk concentrations are generally 
constant throughout the cell cycle, but the Cdks are active only when they are 
bound by a cyclin protein. Different cyclins are synthesized and degraded at spe-
ci� c points in the cell cycle (Figure 4.14B). Thus, the amounts of individual cyclin�
Cdk complexes, and ultimately of activated Cdks, parallel the amounts of cyclins 
that they bind.

Unicellular organisms tend to grow and divide as rapidly as they can, but in 
multicellular organisms cells divide only when the organism needs more cells. 
The start checkpoint at the G1/S boundary is a major target for regulators that 
prevent cell division. For example, in mammalian cells the Rb retinoblastoma 
protein and the p53 protein cause cells to arrest in G1 if they contain damaged 
DNA.
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Figure 4.14 The cell cycle showing the 
three major checkpoints. (A) Passage 
through the cell cycle is controlled by 
checkpoints preceding transitions between 
phases. For example, cells cannot leave 
G2 phase to proceed with mitosis 
(M phase) until the DNA has been replicated 
and the conditions are conducive to cell 
division. Cells in G1 phase may enter either 
a quiescent G0 phase, from which they 
can re-enter the cell cycle, or a terminally 
di� erentiated state. (B) Each checkpoint is 
regulated by a speci� c cyclin-dependent 
kinase (Cdk) bound to a cyclin protein. 
Cyclins are synthesized and degraded at 
speci� c times within the cell cycle, limiting 
the availability of each Cdk�cyclin complex.
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In multicellular organisms, the cells that do divide must receive extracellular 
signals called mitogens that stimulate them to divide. Mitogens typically regu-
late cell division by overcoming intracellular braking mechanisms operating in 
G1 that restrain progress through the cell cycle.

The braking mechanisms in G1 are naturally overcome by factors promoting 
S phase, such as E2F, a regulator that controls the synthesis of many proteins 
needed for S phase. During G1, E2F is initially inhibited by being bound by the 
negative regulator Rb. As G1 progresses, regulatory protein complexes 
(cyclin D�Cdk4 and cyclin E�Cdk2) accumulate, resulting in phosphorylation of 
Rb. Phosphorylated Rb has a much lower af� nity for E2F, freeing it to promote the 
synthesis of factors needed for S phase.

Mitogens increase the rate of cell division by easing the normal restraints on 
passage through G1. They bind to transmembrane receptor tyrosine kinases, 
stimulating a signal transduction pathway that includes a small GTPase known 
as Ras and a MAP kinase (mitogen-activated protein kinase) cascade that ulti-
mately activates transcription factors promoting the transition to S phase (Figure 
4.15). Downstream targets include proteins such as Myc, which stimulates the 
production of both E2F and cyclin�Cdk complexes that phosphorylate Rb and so 
liberate E2F.

Cancer cells � nd ways of avoiding restrictions on the cell cycle, sometimes by 
mutating genes that code for checkpoint control proteins. This topic is covered in 
detail in Chapter 17.
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Figure 4.15 Mitogens promote cell 
proliferation through MAP kinase 
pathways. Mitogens bind to tyrosine 
receptor kinases, causing the monomers 
to dimerize and transphosphorylate each 
other. The activated receptor relays the 
signal through an accessory protein, leading 
ultimately to activation of a MAP kinase and 
subsequently activation of transcription of 
target genes, such as the gene encoding 
the Myc transcription factor. Myc in turn 
activates various genes, including some 
that lead to increased G1-Cdk activity, 
which in turn causes phosphorylation 
of the retinoblastoma protein Rb1. 
Unphosphorylated Rb1 normally binds the 
transcription factor E2F and keeps it in an 
inactive state, but phosphorylation of Rb1 
causes a conformational change so that it 
releases E2F. The activated E2F transcription 
factor then activates the transcription of 
genes that promote S phase, notably the 
gene encoding cyclin A. Black arrows signify 
transcriptional activation.
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Cell proliferation limits and the concept of cell senescence
Intracellular mechanisms limit cell proliferation when not required. As organ-
isms age (senesce), physiological de� cits accumulate that undoubtedly have a 
cellular basis, including progressive oxidative damage to macromolecules. Cell 
senescence cannot easily be studied in vivo ; instead, cell culture models have 
been used. Fibroblasts grown in culture from surgically removed human tissue 
typically achieve about only 30�50 population doublings in standard medium, 
the Hayfl ick limit. Proliferation rates are initially normal but gradually decline 
and then halt, as the cells become arrested in G1. They enter a terminal non-
dividing state in which they remain metabolically active for a while but eventu-
ally die.

How this replicative cell senescence relates to cells in vivo and to organismal 
aging is not fully understood. Links between cellular and organismal senescence 
were postulated, and for many years the Hay� ick limit was viewed as being age-
dependent. The modern consensus, however, is that there is no compelling evi-
dence to support a relationship between replicative capacity in vitro and the age 
of the donors that provided the � broblasts.

The phenomenon of cell senescence described above suggested the existence 
of a cellular biological clock or, more accurately, a replication counter. A charac-
teristic of cells that undergo senescence is that their telomeres (chromosome 
ends) progressively shorten at each cell division (because of the problem of rep-
licating chromosome ends). Eventually, the erosion of the telomeres destabilizes 
the telomeric T-loops (see Figure 2.12) and leads to removal of the protective telo-
mere cap. When this happens, the uncapped DNA at the end of the chromosomes 
is no different from the double-stranded DNA breaks that can occur when DNA 
is damaged. As a result, cell surveillance systems that monitor DNA integrity are 
thought to induce the cells to enter a state of senescence. Senescence seems to be 
effectively a type of DNA damage response.

Not all cells are subject to cell senescence. Certain cells from embryos can be 
propagated for very long periods in culture and are effectively immortal, as are 
tumor cells, which subvert normal cell cycle controls. The idea that lack of 
telomere integrity is important in cell senescence is supported by studies of tel-
omerase, an enzyme that counteracts telomere shortening by re-elongating 
telomeres. Whereas most normal human somatic cells have negligible or tightly 
regulated telomerase activity, immortal cells have constitutively high telomerase 
levels. Fibroblasts and other somatic cells can be arti� cially immortalized by 
transfecting them with a gene encoding the catalytic subunit of telomerase.

Large numbers of our cells are naturally programmed to die
Throughout the existence of a multicellular organism, individual cells are born 
and die. Cell death occasionally occurs because of irreversible accidental damage 
to cells (necrosis). Causes include physical trauma, exposure to extreme tem-
peratures, and oxygen starvation. Typically, large groups of neighboring cells are 
simultaneously affected. The process leads to leakiness of the plasma membrane; 
water rushes in and causes the cells to swell up until the cellular membranes 
burst. Thereafter, the cells undergo autodigestion, producing local in� ammation 
and attracting macrophages that ingest the cell debris.

In addition to accidental cell death, very large numbers of cells are also delib-
erately and naturally selected to die throughout the existence of a multicellular 
organism. Such programmed cell death (PCD) can occur in response to signals 
sent, or withheld, by other cells (during development or immune surveillance, 
for example), or they can arise after a cell�s internal monitoring systems sense 
major damage to vital cell components such as its DNA or mitochondria.

A variety of different types of programmed cell death are known. Of these, 
apoptosis, or type I PCD, has been extensively studied and is characterized by 
very speci� c changes in cell structure. Typically, individual cells (rather than 
groups of cells) undergo apoptosis, and as they die the cells shrink rather than 
swell. A characteristic feature is that the chromatin condenses into compact 
patches that accumulate around the periphery of the nucleus. The nuclear DNA 
becomes fragmented and the nucleus breaks into discrete chromatin bodies. 
There is violent cellular movement (the cell appears to boil), and eventually the 
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cell breaks apart into several membrane-lined vesicles called apoptotic bodies 
that are phagocytosed.

Another form of PCD is autophagy, a catabolic process in which the cell�s 
components are degraded as a way of coping with adverse conditions such as 
nutrient starvation or infection by certain intracellular pathogens. Intracellular 
double-membrane structures engulf large sections of the cytoplasm and fuse 
with lysosomes, thereby targeting the enclosed proteins and organelles for degra-
dation. Taken to an extreme, autophagy can lead to cell death. Other forms of 
PCD are known but are poorly characterized.

The importance of programmed cell death
Programmed cell death is crucially important in many aspects of the develop-
ment of a multicellular organism and is also vital for the normal functioning of 
mature organisms. A quantitative illustration of its importance in development is 
provided by the nematode Caenorhabditis elegans, the only multicellular organ-
ism for which the lineage of all body cells is known. The adult worm has 959 
somatic cells but is formed from a total of 1090 cells, 131 of which undergo apop-
tosis during embryonic development.

The selection of cells destined to die is highly speci� c: the same 131 cells die 
in different individuals. Although 959 out of the 1090 cells survive, apoptosis is 
the default cell fate: all 1090 cells are programmed to die. The cells that survive do 
so by signaling to each other: they secrete proteins called survival factors that 
bind to cell surface receptors and override default apoptosis pathways.

Programmed cell death is used to remove defective and excess/unwanted 
cells during embryonic development and is responsible for quality control of T 
and B lymphocytes and neurons (Table 4.5). In mature multicellular organisms, 
cell death and cell proliferation are carefully balanced. There is a high cell turno-
ver in some systems, such as for blood cells and epithelial cells in gut and skin. 
About 100,000 cells are programmed to die each second in adult humans, but 
they are replaced by mitosis.

Programmed cell death is also important in defense mechanisms that rid the 
body of virus-infected cells, tumor cells, and other cells that are perceived to be 
abnormal in some way.

Programmed cell death has increasingly been recognized to be important in 
human disease. Aberrations in apoptosis are important in the etiology of autoim-
mune diseases, virally induced diseases, and cancer. For example, helper T lym-
phocytes are key cells in immunosurveillance systems that the human body uses 
to recognize and kill virally infected cells. HIV proteins cause apoptosis of these 

TABLE 4.5 SOME IMPORTANT FUNCTIONS OF PROGRAMMED CELL DEATH

Function Examples Remarks

Killing of defective cells during 
development

removal of defective immature 
lymphocytes 

natural mistakes occur in the DNA rearrangements that give T and B 
lymphocytes their speci� c receptors; up to 95% of immature T cells have 
defective receptors and die by apoptosis

Killing of harmful cells removal of harmful T lymphocytes some immature T cells contain receptors that recognize self antigens instead 
of foreign antigens and need to be eliminated by apoptosis before they 
cause normal host cells to die

removal of virally infected and 
tumor cells

a class of T lymphocytes known as killer T cells is responsible for inducing 
apoptosis in host cells that express viral antigens or altered antigens/
neoantigens produced by tumor cells

removal of cells with damaged 
DNA

cells with damaged DNA tend to accumulate harmful mutations and are 
potentially harmful; DNA damage often induces cell suicide pathways

Killing of excess, obsolete, or 
unnecessary cells

removal of surplus neurons during 
development

in the embryo, many more neurons are produced than are needed; those 
neurons that fail to make the right connections, for example to muscle cells, 
undergo apoptosis

removal of interdigital cells during development, � ngers and toes are sculpted from spade-like 
handplates and footplates by causing apoptosis of the unnecessary 
interdigital cells (see Figure 5.7)
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key immune system cells, allowing disease progression toward AIDS. Many can-
cer cells have devised strategies to oppose the immunosurveillance systems that 
normally induce apoptosis of cancer cells. Successful chemotherapy often relies 
on using chemicals that help induce cancer cells to apoptose. Other forms of 
PCD are important in neurodegenerative disease, such as in Huntington disease 
and Alzheimer disease, as well as in myocardial infarction and in stroke, in which 
secondary PCD caused by oxygen deprivation in the area surrounding the ini-
tially affected cells greatly increases the size of the affected area.

Apoptosis is performed by caspases in response to death signals 
or sustained cell stress
The key molecules that execute apoptosis are the caspase family of proteases. 
These enzymes have cysteine at their active site and cleave their substrates on 
the C-terminal side of aspartate residues. Inactive caspase precursors (procas-
pases) are synthesized naturally by all cells and have an N-terminal prodomain 
that needs to be cleaved off to activate the caspase. There are two classes of 
procaspase:
� Initiator procaspases, such as caspase 8 and caspase 9, have long prodomains 

and can undergo autoactivation. Their job is to initiate cell death pathways 
after they have been activated by signals transmitted through cell surface 
receptors or from internal sensors.

� Effector procaspases, such as caspases 3, 6, and 7, have short prodomains that 
are cleaved by initiator caspases. Effector caspases cleave about 100 different 
target proteins, including nuclear lamins (causing breakdown of the nuclear 
envelope) and cytoskeletal proteins (destroying cell architecture). In addition, 
cells naturally possess a cytoplasmic caspase-activated DNase. The DNase is 
normally kept inactive by being bound by an inhibitor protein. Effector cas-
pases can cleave the inhibitor protein, however, thereby releasing the DNase, 
which migrates to the nucleus and fragments cellular DNA.
Protein modi� cations such as phosphorylation and ubiquitylation are revers-

ible. By contrast, proteolysis is irreversible: once a peptide bond has been cleaved, 
cells cannot re-ligate the cleavage products. Once apoptosis has been initiated, 
therefore, there is no going back. There are two major types of apoptosis pathway, 
which use different initiator caspases. However, they then converge, using the 
same types of effector caspase to cleave target proteins.

Extrinsic pathways: signaling through cell surface death receptors
During development, neighboring cells exchange death signals and survival fac-
tors and have speci� c receptors for both types of signal. Cells that receive enough 
of a survival factor will live, because they initiate cell survival pathways that sup-
press programmed cell death pathways; those that do not receive enough sur-
vival factor will die. Competition between cells to receive enough survival factor 
is thought to control cell numbers both during development and in adulthood.

Many death receptors are members of the TNF (tumor necrosis factor) super-
family. Fas is a well-studied example. Its ligand (FasL) forms trimers and induces 
the Fas receptor to trimerize, causing clustering of death domains on the recep-
tor�s cytoplasmic tail. The clustered death domains attract the binding of an 
adaptor protein, FADD, that then recruits procaspase 8 to initiate a series of cas-
pase cleavages (Figure 4.16).

Intrinsic pathways: intracellular responses to cell stress
Cells are induced to undergo apoptosis when they are suf� ciently stressed that 
sensors indicate signi� cant damage to certain key components. The integrity of 
genomic DNA needs to be protected, and mitochondria are vitally important 
energy producers. The endoplasmic reticulum is also crucial. As well as being 
required for protein and lipid synthesis, it is essential for correct protein folding 
and is the major intracellular depot for storing Ca2+, the most widely used second 
messenger in cell signaling. Prolonged changes in Ca2+ concentration in the ER, 
or the accumulation of unfolded or misfolded proteins, can lead to apoptosis.

The mitochondrial pathway of apoptosis is initiated when pro-apoptosis 
cytoplasmic proteins such as Bax are activated. Bax then binds to the 
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mitochondrial outer membrane and forms oligomers, permitting the release of 
cytochrome c, which in turn activates the cytoplasmic Apaf1 protein, causing 
activation of procaspase 9 (see Figure 4.16). Bax belongs to a large family of 
apoptosis regulators that include anti-apoptosis factors (such as Bcl-2) and pro-
apoptosis factors.

4.5 STEM CELLS AND DIFFERENTIATION
Here we discuss principles underlying the basic biology of stem cells and cell dif-
ferentiation. Applications toward disease treatment and ethical and societal 
issues are treated in Chapter 21. The regulation of cell fate in early development 
is considered in Chapter 5.

Cell specialization involves a directed series of hierarchical 
decisions
All our cells originate from the fertilized egg. The � rst few cell divisions that a 
mammalian zygote undergoes are symmetric, giving daughter cells with the 
same potency; that is, the same potential for developing into different cell types. 
The zygote and its immediate descendants are unspecialized and are said to be 
totipotent, because each cell retains the capacity to differentiate into all possible 
cells of the organism, including the extra-embryonic membranes (which will give 
rise to components of the placenta).

Thereafter, during development, cells become committed to alternative path-
ways that ultimately generate different cell types. The cells become progressively 
more specialized and at the same time restricted in their capacity to generate dif-
ferent types of descendent cell (cell differentiation).
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Figure 4.16 Apoptosis pathways. Extrinsic 
apoptosis pathways involve the activation of 
a cell surface death receptor by a ligand on 
a neighboring cell. The Fas death receptor is 
normally found as a monomer but is induced 
to form a trimer by its trimeric ligand, FasL. 
The resulting clustering of Fas receptors 
recruits the FADD adapter protein. FADD 
acts as a sca� old to recruit procaspase 8, 
which undergoes autoactivation to initiate 
a caspase cascade. Intrinsic apoptosis 
pathways are activated when vital cell 
components are damaged or stressed, for 
example in response to harmful radiation, 
chemicals, or hypoxia. These pathways 
are activated from within cells by using 
mitochondrial and endoplasmic reticulum 
components. In the mitochondrial pathways, 
pro-apoptosis factors, such as Bax shown 
here, form oligomers in the mitochondrial 
outer membrane, forming pores that allow 
the release of cytochrome c. In the cytosol, 
cytochrome c binds and activates the Apaf1 
protein and induces the formation of an 
apoptosome that activates procaspase 9 
and ultimately the same e� ector caspases 
(caspase 3, caspase 6, and caspase 7) as the 
death receptor pathways.
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Progenitor cells produced early in development have wide differentiation 
potential; those produced later have more limited potency (Table 4.6). The end-
point of differentiation is a wide variety of different cell types (see Table 4.1), 
some of which are adapted to a speci� c function (such as hepatocyte or cardio-
myocyte), whereas others, such as � broblasts, have more general functions.

Many mature, terminally differentiated, cells do not divide. Other mature 
cells, often with names ending in -blast, are capable of actively dividing and act-
ing as precursors of terminally differentiated cells, such as osteoblasts (which 
give rise to bone cells) and myoblasts (which are precursors of muscle cells).

Until the birth of an arti� cially cloned sheep called Dolly in 1996, the progres-
sive specialization of cells during development was long thought to be irrevers-
ible in mammals. However, new methods allow terminally differentiated mam-
malian cells to be induced to dedifferentiate to give less specialized cell types, and 
even to produce pluripotent cells. We will consider these in Chapter 21 in the 
context of applications of stem cells.

Stem cells are rare self-renewing progenitor cells
Some progenitor cells that give rise to cells more specialized than themselves are 
also capable of undergoing self-renewal and have the capacity to be immortal. 
Such cells are known as stem cells. Stem cells differ in potency. Until recently, 
most pluripotent stem cells were derived from cells of the early embryo, but, as 
we will see in Chapter 21, differentiated cells from adults can be reprogrammed 
to give pluripotent stem cells. Other stem cells have been derived from naturally 
occurring stem cells in adult and fetal tissues and are typically more restricted in 
their differentiation potential and are often rather dif� cult to grow in culture. 
They are often loosely described as adult stem cells, but because they include 
fetal stem cells they have also been described as tissue stem cells.

Stem cells have attracted a great deal of attention because of their potential 
for treating diseases. There has been growing recognition, too, that cancers may 
often be the result of aberrant stem cells that have subverted normal constraints 
on cell proliferation. Certain types of pluripotent stem cell that are comparatively 
easy to culture have also been important in developing technologies for mod-
eling disease and exploring gene function.

Tissue stem cells allow speci� c adult tissues to be replenished
In adults, dedicated tissue stem cells are regularly active in replenishing tissues 
that undergo rapid turnover: the epidermis of the skin (renewed roughly once 
every fortnight), the lining of the small intestine (villi are renewed about once 
every 3�5 days), and the bone marrow. However, some types of adult tissue, such 
as liver tissue, show minimal cell division or undergo cell division only when 
injured. Not all of these rarely regenerating tissues have dedicated stem cell pop-
ulations; instead, it may well be that any of the tissue cells can participate as 
required in tissue regeneration. Although very little cell division occurs in the 
adult brain, dedicated stem cells continuously generate neurons in a few regions 
of the brain, notably the olfactory bulbs and hippocampus.

TABLE 4.6 THE DIFFERENTIATION POTENTIAL OF PROGENITOR CELLS

Progenitor cell 
type

Di� erentiation potential Examples

Totipotent the capacity to di� erentiate into all possible cells of the 
organism, including the extra-embryonic membranes

the zygote and its immediate descendants

Pluripotent can give rise to all of the cells of the embryo, and therefore of 
a whole animal, but are no longer capable of giving rise to the 
extra-embryonic structures

cells within the inner cell mass of a blastocyst (Figure 4.19A)

Multipotent can give rise to multiple lineages but has lost the ability to give 
rise to all body cells 

hematopoietic stem cell (Figure 4.17)

Oligopotent can give rise to a few types of di� erentiated cell neural stem cell that can create a subset of neurons in brain

Unipotent can give rise to one type of di� erentiated cell only spermatogonial stem cell

STEM CELLS AND DIFFERENTIATION
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In adults, tissue stem cells are typically rare components of the tissue that 
they renew, and the lack of convincing stem cell-speci� c markers makes them 
generally dif� cult to purify. The ones that we know most about in mammals come 
from easily accessible tissues with rapidly proliferating cells. Two of the best-
characterized systems are blood and epidermis, both of which are known to be 
maintained by a single type of progenitor cell. Blood cells are initially made in 
certain embryonic structures before the fetal liver takes over production. From 
fetal week 20 onward, blood cells originate from the bone marrow where two 
types of stem cell have long been known:
� Hematopoietic stem cells (HSCs). HSCs are anchored to � broblast-like osteo-

blasts of the spongy inner marrow of the long bones. Grafting studies in mice 
provide especially persuasive evidence that a single type of HSC is responsible 
for making all the different blood cells. When a mouse that has been irradi-
ated, to ensure destruction of the bone marrow, receives a graft of puri� ed 
HSCs from another mouse strain, the incoming cells are able to differentiate 
and re-populate the blood. Only about 1 in 10,000 to 1 in 15,000 bone marrow 
cells is an HSC; the frequency in blood is about 1 in 100,000. In comparison 
with other stem cells, however, HSCs have been reasonably highly puri� ed. 
They are multipotent, but the cell lineages to which they give rise become 
increasingly specialized, ultimately producing all of the terminally differenti-
ated blood cells (Figure 4.17).

� Mesenchymal stem cells (MSCs). MSCs are primitive connective tissue stem 
cells. Bone marrow MSCs (also known as marrow stromal cells) are poorly 
de� ned, and so are heterogeneous. Unlike HSCs, they are not constantly self-
renewing but are relatively long-lived. They are multipotent and give rise to a 
variety of cell types, including bone, cartilage, fat, and � brous connective 
tissue.
MSCs are also found in umbilical cord blood, where they seem to have a wider 

differentiation potential than in the bone marrow. In addition, MSCs are known 

Figure 4.17 A single type of self-renewing 
multipotent hematopoietic stem cell gives 
rise to all blood cell lineages.
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to occur in a wide variety of non-hematopoietic tissues. Recent evidence sug-
gests that the MSCs in diverse tissue types may originate from progenitor cells 
found in the walls of blood vessels.

Stem cell niches
A variety of other adult tissues are also known to contain stem cells, including 
brain, skin, intestine, and skeletal muscle. Germ cells are sustained by dedicated 
male and female germ-line stem cells. Such stem cells exist in special supportive 
microenvironments, known as stem cell niches, where they are kept active and 
alive by substances secreted by neighboring cells.

The location of some stem cells has been studied, notably in model organ-
isms. Epidermal stem cells are known to occur in three locations (Figure 4.18A), 
of which those in the bulge region of the hair follicles give rise to both the hair 
follicle and the epidermis. The stem cells that will form epidermis give rise to 
keratinocytes that progressively differentiate as they move toward upper layers. 
In the epithelium of the small intestine, stem cells are located near the base of 
crypts, which are small pits interspersed between projections called villi (Figure 
4.18B).

One characteristic of stem cells that helps in identifying where they are located 
is that they divide only rarely. They do not undergo cell division very frequently, 
so as to conserve their proliferative potential and to minimize DNA replication 
errors. As a result, differentiation pathways generally begin with stem cells giving 
rise to proliferating progenitor cells known as transit amplifying (TA) cells. 
Unlike stem cells, TA cells are committed to differentiation and divide a � nite 
number of times until they become differentiated.

Stem cell renewal versus di� erentiation
Some progress has been made in identifying factors that are important in stem 
cell renewal and differentiation potential, but much of the detail has yet to be 
worked out. Stem cells can in principle renew themselves by normal (symmetric) 
cell divisions. To produce cells that are more specialized than they are, and so 
launch differentiation pathways, stem cells need to undergo asymmetric cell 
divisions (Box 4.3). Initially, the stem cell gives rise to a cell that is committed to 
a different fate and that typically gives rise in turn to a series of progressively 
more specialized cells.

Embryonic stem cells and embryonic germ cells are pluripotent
Generally, tissue stem cells are dif� cult to grow and maintain in culture without 
differentiating, and their differentiation potential is normally quite limited. Cells 
from the early embryo, however, have very high differentiation potentials. In 
addition to inducing pluripotency by reprogramming differentiated cells, two 
types of embryonic cell have been used to establish pluripotent cell lines: embry-
onic stem cells and embryonic germ cells. Such pluripotent stem cells are theo-
retically capable of making all cells of the body.

stem cells

stem cells

basal
layer

sebaceous
gland

bulge

epidermis

transit
amplifying
cells

hair shaft
(A) (B)

dermis

Paneth
cells

crypt

villus

intestinal
stem cells

cell shedding

goblet cells

mesenchymal
cells

Figure 4.18 Locations of skin, hair follicle, 
and intestinal stem cells. (A) Location of 
epidermal stem cells. Epidermal stem cells 
can be found in three types of niche located 
in the bulge region of the hair follicle, 
the basal layer of the epidermis, and the 
sebaceous gland. Stem cells in the epidermal 
basal layer give rise to proliferating 
progenitor cells known as transit amplifying 
cells, which in turn give rise to increasingly 
di� erentiated upper cell layers. (B) Location 
of intestinal stem cells. Intestinal stem 
cells are located within narrow bands in 
intestinal crypts. They move downward 
to di� erentiate into lysozyme-secreting 
Paneth cells, or upward to generate transit 
amplifying (TA) cells. The nearby intestinal 
villi are regenerated every 3�5 days from the 
crypt TA cells and consist of three types of 
di� erentiated cell: mucus-secreting goblet 
cells, absorptive enterocytes (by far the 
most prevalent villus cell), and occasional 
hormone-secreting enteroendocrine cells. 
[(A) courtesy of The Graduate School of 
Biomedical Sciences, University of Medicine 
and Dentistry of New Jersey. (B) adapted 
from Blanpain C, Horsley V, & Fuchs E (2007) 
Cell, 128, 445�458. With permission from 
Elsevier.]

STEM CELLS AND DIFFERENTIATION
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Origins of cultured embryonic stem cells
Embryonic stem (ES) cells were � rst obtained in the early 1980s after successful 
culturing of cells from the inner cell mass (ICM) of mouse blastocysts, hollow 
microscopic balls containing about 100 cells, of which about 30 or so internal 
cells constitute the ICM (Figure 4.19A). ES cells are pluripotent and were soon 

Cell division is described as asymmetric 
when two daughter cells di� er in 
their behaviors and/or fates. The cell 
division may be intrinsically symmetric 
to produce two identical daughter 
cells that nevertheless are exposed to 
di� erent microenvironments, causing 
them to become di� erent (Figure 1A). 
Alternatively, the cell division may be 
intrinsically asymmetric to produce two 
di� erent daughters. The asymmetry 
may be introduced by positioning the 
spindle toward one end of the cell so 
that cell division gives rise to one large 
and one small daughter cell (Figure 1B). 
Alternatively, asymmetric localization 
of cell components or upstream cell 
polarity regulators dictate how cells 
develop. The spindle is deliberately 
oriented so that the daughter cells will 
di� er in their content of cell fate determinants (Figure 1C).

Meiotic divisions can be intrinsically asymmetric. The two 
successive meiotic divisions in female mammals each result in one 
small cell (a polar body) and one large cell (ultimately to become the 
egg). The large size di� erence ensures that most of the maternal stores 
are retained within the egg, and is due to positioning of the spindle 
away from the center of the cell.

Various mitotic divisions are intrinsically asymmetric. In mammals, 
the zygote undergoes successive symmetric divisions, but later in 
development and adulthood various asymmetric cell divisions are 
important in a variety of circumstances, for example in the adaptive 
immune system to ensure the balanced production of e� ector and 
memory T cells.

Asymmetric and symmetric stem cell division
Asymmetric cell division is often undertaken by stem cells, which need 
to both self-renew and give rise to di� erentiated cells. Each stem cell 
could achieve this economically by an asymmetric division to produce 
one daughter cell identical to the parent and one that is committed 
to a di� erentiation path (Figure 2A). However, this mechanism alone 
would be ine�  cient at generating the large number of stem cells that

(B)(A)

differentiation

differentiation

differentiation

stem cell
epithelial cells

basal layer
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Figure 1 Origins of cell asymmetry. (A) Exposure to di� erent microenvironments can cause originally 
identical daughter cells to become di� erent. (B) Eccentric positioning of the mitotic spindle results in 
one large and one small daughter cell. (C) Asymmetric localization of cell products such as of regulatory 
proteins (shown in small green � lled circles) can result in asymmetric daughter cells. As shown on the 
right, this can happen after asymmetric localization of upstream polarity regulators (pink semicircles).

Figure 2 Asymmetric and symmetric stem cell divisions. (A) Asymmetric division of stem cells. 
(B) Symmetric division of stem cells. (C) Asymmetric division of stem cells produced by reorienting the 
spindle so that one of the two daughter cells is in a di� erent microenvironment.

BOX 4.3 ASYMMETRIC CELL DIVISION

(A) (B) (C)

different
microenvironment

are needed in early development or in response to depletion through 
injury, disease, or interventions such as chemotherapy, and there is 
evidence that stem cells proliferate rapidly in vivo by symmetric division.

Some mammalian stem cells seem to be programmed to switch 
between symmetric and asymmetric cell divisions during development. 
For example, both neural and epidermal progenitors undergo 
symmetric division to expand stem cell numbers during embryonic 
development. The daughter cells are in the same microenvironment as 
the original parental cell (Figure 2B). In mid to late gestation, however, 
asymmetric division is predominant. In both cases, this seems to be 
achieved by reorienting the mitotic spindle through 90° so that the 
two identical daughters now receive di� erent signals. One of them 
retains the position of the parental stem cell in the stem cell niche and 
so receives signals to maintain stem cell identity by direct contact with 
signaling cells. The other daughter cell is geographically remote, does 
not receive the appropriate signals, and di� erentiates (orange cells in 
Figure 2C).

Cultured embryonic stem cells rely on symmetric divisions so that 
the daughter cells have the same potential to di� erentiate, depending 
on the experimental circumstances.



119

shown to be able to give rise to healthy adult mice after being injected into blas-
tocysts from a different mouse strain that were then transferred into the oviduct 
of a foster mother (the technology and some applications are described in 
Chapter 20).

Human ES cells were � rst cultured in the late 1990s. They have traditionally 
been derived from embryos that develop from eggs fertilized in vitro in an IVF (in 
vitro fertilization) clinic. The IVF procedure is intended to help couples who have 
dif� culty in conceiving children; it normally results in an excess of fertilized eggs 
that may then be donated for research purposes.

ES cells can be established in culture by transferring ICM cells into a dish con-
taining culture medium. Culture dishes have traditionally been coated on their 
inner surfaces with a layer of feeder cells (such as embryonic � broblasts). The 
overlying ICM cells attach to the sticky feeder cells and are stimulated to grow by 
nutrients released into the medium from the feeder cells (Figure 4.19B). After the 
ICM cells have proliferated, they are gently removed and subcultured by re-
plating into several fresh culture dishes. After 6 months or so of repeated subcul-
turing, the original small number of ICM cells can yield large numbers of ES cells. 
ES cells that have proliferated in cell culture for 6 months or more without dif-
ferentiating, and that are demonstrably pluripotent while appearing genetically 
normal, are referred to as an embryonic stem (ES) cell line.

Pluripotency tests
To test whether ES cells are likely to be pluripotent, their differentiation potential 
is initially analyzed in culture. When cultured so as to favor differentiation, they 
� rst adhere to each other to form cell clumps known as embryoid bodies, then 
differentiate spontaneously to form cells of different types, but in a rather unpre-
dictable fashion. By manipulating the growth media, they can also be tested for 
their ability to differentiate along particular pathways.

A more rigorous pluripotency test involves assaying the ability to differentiate 
in vivo. ES cells are injected into an immunosuppressed mouse to test for their 
ability to form a benign tumor known as a teratoma. Naturally occurring and 
experimentally induced teratomas typically contain a mixture of many differenti-
ated or partly differentiated cell types from all three germ layers. If ES cells can 
form a teratoma they are considered to be pluripotent.

Embryonic germ cells
An alternative strategy for establishing pluripotent embryonic cell lines has 
involved isolating primordial germ cells, the cells of the gonadal ridge that will 
normally develop into mature gametes. When cultured in vitro primordial germ 
cells give rise to pluripotent embryonic germ (EG) cells. Human EG cells, derived 
from primordial germ cells or embryos and fetuses from 5 to 10 weeks old, were 
� rst cultured in the late 1990s.

EG cells behave in a very similar fashion to ES cells and share many marker 
proteins that are believed to be important in ES cell pluripotency and self-
renewal. Currently, however, the molecular basis of pluripotency and of the 
capacity for self-renewal is imperfectly understood.

The exact relationship between cultured ES cells and pluripotent ICM cells is 
also not understood. ICM cells are not stem cells: they persist for only a limited 
number of cell divisions in the intact embryo before differentiating into other cell 
types with more restricted developmental potential. Even at the earliest stages 
ICM cells are heterogeneous, and some evidence suggests that cultured ES cells 
more closely resemble primitive ectoderm cells, whereas other evidence suggests 
that ES cells are of germ cell origin.

4.6  IMMUNE SYSTEM CELLS: FUNCTION THROUGH 
DIVERSITY
This section focuses on our immune system cells, both because they are medi-
cally important and because some immune system cells undergo extraordinary 
mechanisms that are designed to generate diversity. The vertebrate immune sys-
tem is an intricate network of cells, proteins, and lymphoid organs that protects 
the body against infection by bacteria, viruses, fungi, and parasites, and can 

Figure 4.19 Origins and potential of 
embryonic stem cells. (A) A 6-day-old 
human blastocyst. The blastocyst is a � uid-
� lled hollow ball of cells containing about 
100 cells. Most cells are located on the 
outside and will form trophoblast. The 
cells in the interior, the inner cell mass (ICM) 
will form all the cells of the embryo. 
(B) Cultured human ES (embryonic stem) 
cells. Cells surgically removed from the 
ICM can be used to give rise to a cultured 
human ES cell line. Human ES cell lines 
were traditionally established by growing 
the human ICM cells on a supporting layer 
of mouse embryonic � broblast feeder cells. 
Human ES cells � ll most of the image shown 
here, and the feeder cells are located at the 
extremities. (Courtesy of M Herbert (A) & 
M Lako (B), Newcastle University.)

(A)

(B)
ICM

IMMUNE SYSTEM CELLS: FUNCTION THROUGH DIVERSITY



Chapter 4: Cells and Cell�Cell Communication120

protect against tumor development. Although we may think primarily of B and T 
lymphocytes, immune system cells include many other types of blood cell and a 
range of different tissue cells.

Not all actions of the immune system are bene� cial. While � ghting infection, 
substantial collateral damage can be in� icted on healthy tissues, and exagger-
ated or inappropriate immune responses against foreign substances such as pol-
len can cause allergic diseases. One of the main challenges that the immune sys-
tem faces is distinguishing self (components of the host organism) from nonself 
(the foreign intruders), and although this complex task is generally accomplished 
with remarkable accuracy, mistakes occur, leading to autoimmune disease. The 
immune system is also responsible for the rejection of transplanted tissues. The 
remainder of this section will explain the workings of the immune system and 
introduce the principal cells involved. Table 4.7 and Table 4.8 give an overview of 
the principal cells and their functions.

Lymphocytes are key cells in our immune system, underlying its distinctive 
properties of diversity, speci� city, and memory. They mature in the primary lym-
phoid organs, which in most mammals are the bone marrow and thymus. The 
secondary lymphoid organs are where lymphocytes encounter antigens, mole-
cules that induce an immune response. The most organized of these are lymph 
nodes (which � lter antigens from lymph) and the spleen (which is adapted to 

TABLE 4.7 LYMPHOCYTE CLASSES AND THEIR FUNCTIONS

Lymphocyte class Features Location/production Key function and roles

B cells express immuno-
globulins (Igs) and 
class II major histo-
compatibility complex 
(MHC) proteins

originate in bone marrow and 
when mature migrate to blood 
and lymphoid organs

humoral (antibody) immunity; response to foreign 
antigens; important antigen-presenting cells

Naive B cell express IgM/IgD on cell 
surface

Plasma cell secrete IgM, IgG, IgA, or 
IgE antibodies

produced by antigen-stimulated 
B cells in lymph nodes

secrete soluble antibodies

Memory B cells clonally expanded B-cell 
populations

produced by antigen-stimulated 
B cells in lymph nodes

respond in secondary immune responses

T cells express T-cell receptors
(TCRs)

originate in bone marrow, 
carried by the blood to the 
thymus where they mature

cell-mediated immunity; important in antiviral and 
anti-tumor responses

Helper Th cell CD4+ receptors derived from ab T cells recognize exogenous antigens bound to class II MHC protein; 
signal to other immune system cells, stimulating them to 
proliferate and be activated

Cytotoxic Tc cell CD8+ receptors derived from ab T cells recognize endogenous proteins bound to class I MHC; kill 
virally infected host cells and tumor cells

Regulatory (Treg) 
cells (suppressor 
T cells)

CD4+ and CD25 derived from ab T cells suppress autoimmune responses

Memory T cells clonally expanded 
populations of ab T cells

derived by clonal expansion of 
Tc, Th, or Treg cells 

stimulated to expand rapidly in secondary immune 
responses

NKT cells TCRs interact with CD1 
and not MHC proteins

recognize glycolipid antigens; important regulatory cells

gd T cells distinctive TCR has g and 
d chains

recognize glycolipid antigens; important regulatory cells

Natural killer 
(NK) cells

CD16+ and CD56+ 
Fc receptors for IgG; 
receptors that detect 
class I MHC

originate from bone marrow 
and are present in blood and 
spleen

innate immunity; � rst line of defense against many 
di� erent viral infections; produce interferon-g and TNF-a, 
which can stimulate dendritic cell maturation, activate 
macrophages, and regulate Th cells; recognize and kill 
stressed/diseased cells expressing reduced class I MHC 
proteins or stress proteins
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� lter blood). They are each packed with mature immune cells, predominantly 
lymphocytes but also including macrophages, dendritic cells, and other cells 
whose functions will be detailed below.

Rather less organized mucosa-associated lymphoid tissue is found in various 
sites in the body. Gut-associated lymphoid tissue collectively constitutes the larg-
est lymphoid organ in the body, which is consistent with its need to interact with 
a huge load of antigens from food and commensal bacteria. It comprises the ton-
sils, adenoids, Peyer�s patches in the small intestine, and lymphoid aggregates in 
the appendix and large intestine. Epithelium-associated lymphoid tissue is also 
found in the skin and in the mucous membranes lining the upper airways, bron-
chi, and genitourinary tract.

The � rst line of defense in vertebrate immune systems is physical. The epithe-
lial linings of the skin, gut, and lungs act both as barriers (epithelial cells are � rmly 
attached to each other by tight junctions) and as surfaces for trapping and killing 
pathogens. The epithelia can produce thick mucous secretions to trap pathogens, 
and can then kill them with lysozyme (in sweat) and antimicrobial peptides 
known as defensins (in mucus).

Vertebrates mount an immune response based on cooperation between the 
innate and adaptive immune systems. Cell signaling is a key element in this coop-
eration. Various cell surface molecules and secreted molecules called cytokines 
orchestrate the interactions between immune system cells that are needed for 
the proper functioning and regulation of the overall immune response. The most 
prevalent cytokines are members of the interleukin and interferon protein 
families.

The innate immune system provides a rapid response based on 
general pattern recognition of pathogens
The innate immune system is a primitive one, occurring in both invertebrates 
and vertebrates. It provides relatively nonspeci� c immune responses that are 
based on recognizing generic microbial structures, are identical in all individuals 
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TABLE 4.8 NON�LYMPHOCYTE IMMUNE SYSTEM CELLS AND THEIR FUNCTIONS

Cell class Features/location Functions

MONONUCLEAR PHAGOCYTES key phagocytes; antigen-presenting cells

Monocytes in blood

Motile macrophages roam free; arise by division of monocytes potent phagocytes

Tissue-speci� c macrophages alveolar macrophages (lung), histocytes (connective tissue), 
intestinal macrophages, Kup� er cells (liver), mesangial cells 
(kidney), microglial cells (brain), osteoclasts (bone)

potent phagocytes

DENDRITIC CELLS (DCs) in tissues in contact with external environment (mainly in 
skin and inner linings of nose, lungs, stomach, intestines)

dedicated antigen-presenting cells; limited 
phagocytic activity; key coordinators of innate 
and adaptive immunity

Langerhans cells in skin but migrate to lymph nodes

Interstitial DCs move from interstitial spaces in most organs to lymph nodes/
spleen

BLOOD GRANULOCYTES in blood; migrate to sites of infection/in� ammation during 
immune response

dedicated antigen-presenting cells

Neutrophil lysosome-like granules active motile phagocytes; often the � rst cells to 
arrive at a site of in� ammation after infection

Eosinophil Fc receptors for IgE important in killing antibody-coated large parasites

Basophil Fc receptors for IgE; histamine-containing granules; are 
equivalents of the mast cells in tissues

important in mounting allergic responses and in 
responses to large parasites

MAST CELLS Fc receptors for IgE; histamine-containing granules; tissue 
equivalents of the basophils in blood

dedicated antigen-presenting cells; important in 
mounting allergic responses and in responses to 
large parasites
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of a species, and are rapid, developing within minutes. The principal effector 
cells perform two major functions:
� Various cells engulf and kill bacteria and fungi by phagocytosis, a form of 

endocytosis. The major phagocytic cells are neutrophils (a white blood cell 
with many lysosomal-like cytoplasmic granules), tissue macrophages (ubiq-
uitous, but concentrated in sites vulnerable to infection such as lungs and 
gut), and blood monocytes (precursors to macrophages).

� NK (natural killer) cells induce virus-infected cells and tumor cells to undergo 
apoptosis. Two principal pathways are used. First, NK cells bind to diseased 
cells, and small cytoplasmic granules are released by exocytosis into the inter-
cellular space. Some of the released proteins (perforins) are inserted into the 
membranes of the target cell to create pores, whereas others (granzymes) 
enter the target cells, where they cleave critical substrates such as procaspase 
3 that initiate apoptosis. In the second pathway, Fas ligands on NK cells acti-
vate Fas receptors on target cells to initiate apoptosis (see Figure 4.16).
Other cells help in various ways. In response to injury, platelets release coagu-

lation factors and adhere to each other and to endothelial cells lining the walls of 
blood vessels to form clots and lessen bleeding. Mast cells release chemical mes-
sengers that cause blood vessels near a wound to constrict, reducing blood loss at 
the wound. They also secrete histamines and other factors that induce blood ves-
sels slightly farther from the wound to dilate, increasing the delivery of blood 
components to the general region. Cells in tissue then release chemokines such 
as interleukin-8 to create a chemical gradient that attracts neutrophils and other 
white blood cells to the site.

The innate immune system must distinguish self from nonself. To do this, it 
recognizes conserved features of pathogens by using various cell surface recep-
tors, and secreted recognition molecules in the blood complement system.

Toll-like receptors (TLRs) are a family of transmembrane proteins that are 
involved in the recognition of speci� c features of pathogens as being foreign. 
Examples of these features are the following: peptidoglycans (from bacterial cell 
walls); � agella; lipopolysaccharides (on Gram-negative bacteria); and double-
stranded RNA, methylated DNA, and zymosan (in fungal cell walls). TLRs are 
abundant on macrophages and neutrophils, and on epithelial cells lining the 
lung and gut. Once stimulated, TLRs induce the surface expression of co-
stimulatory molecules that are essential for initiating adaptive immune responses 
(see below) and stimulate the secretion of pharmacologically active molecules 
(prostaglandins and cytokines) that both initiate an in� ammatory response and 
also help induce an adaptive immune response.

The complement system comprises 20 or so proteins that circulate in the 
blood and extracellular � uid. Complement proteins are made mostly by the liver, 
but blood monocytes, tissue macrophages, and epithelial cells of the gastrointes-
tinal and genitourinary tracts can also make signi� cant amounts. The proteins 
are proteases that interact in a proteolytic cascade on the surface of invading 
microbes. Eventually a membrane attack complex is formed that can punch holes 
through the outer membranes of the microbes, causing them to swell up and 
burst (Figure 4.20). Activation of complement is possible by three different 
pathways:
� The classical pathway involves interaction with the adaptive immune system, 

particularly invariant domains of antibodies, which bind to antigens on the 
surface of a microbe.

� The alternative pathway is directly triggered when the C3 complement pro-
tein binds to certain bacterial cell wall components.

� The lectin pathway uses nonspeci� c pattern recognition alone. The trigger is 
a mannan-binding lectin that binds to characteristic arrangements of man-
nose and fucose residues on bacterial cell walls.

The adaptive immune system mounts highly speci� c immune 
responses that are enhanced by memory cells
The adaptive immune system arose in early vertebrates, providing a powerful 
additional defense against pathogens. It is mobilized by components of the 

Figure 4.20 Activating the complement 
system. Antibodies bound to the surface of 
a microbe can be bound by complement via 
a component (C1q) of the C1 complement 
complex, activating the classical complement 
pathway. Eventually a membrane attack 
complex is formed: a ring of complement C9 
proteins surrounding a core of complement 
proteins C5 to C8 integrates into the cell 
membrane of the microbe. The membrane 
attack complex then punches a hole in 
the microbe�s cell membrane, and the cell 
contents are released, killing the microbe.

microbe

C1 complement
complex

membrane
attack complex
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innate immune system when the latter fails to provide adequate protection 
against an invading pathogen. It has three key characteristics:
� Exquisite speci� city: it can discriminate between tiny differences in molecu-

lar structure.
� Extraordinary adaptability: it can respond to an unlimited number of 

molecules.
� Memory: it can remember a previous encounter with a foreign molecule and 

respond more rapidly and more effectively on a second occasion.
Whereas innate immune responses are the same in all members of a species, 

adaptive immune responses vary between individuals: one individual may mount 
a strong reaction to a particular antigen that another individual may never 
respond to. There are two major arms to the adaptive immune response:
� Humoral (antibody) immunity is mediated by B lymphocytes (also called 

B cells).
� Cell-mediated immunity is effected by T lymphocytes (T cells) and is an 

important antiviral defense system.
Both B and T cells have dedicated cell surface receptors that can speci� cally 

recognize individual antigens.
What makes the adaptive immune system so pro� cient at recognizing anti-

gens is that during its development in the primary lymphoid organs each naive B 
or T cell acquires a cell surface antigen receptor of a unique speci� city. Binding of 
this receptor to its speci� c antigen activates the cell and causes it to proliferate 
into a clone of cells with the same immunological speci� city as the parent cell 
(clonal selection). As a result, the number of lymphocytes that can recognize the 
speci� c antigen can be rapidly expanded.

Immunological memory is another important feature of the adaptive immune 
system. During the massive clonal expansion of antigen-speci� c lymphocytes 
that occurs after an initial encounter with antigen, some of the expanding daugh-
ter cells differentiate into memory cells that are able to respond to the antigen 
more rapidly or more effectively. Memory cells are endowed with higher-af� nity 
antigen receptors, and also combinations of adhesion molecules, homing recep-
tors, and cytokine receptors that direct the lymphocytes to migrate ef� ciently 
into speci� c tissues (extravasation).

Humoral immunity depends on the activities of soluble antibodies
B cells produced in the bone marrow have cell surface immunoglobulins (Igs) as 
their antigen receptors (B-cell receptors). When B cells are activated, however, 
they can differentiate into plasma cells that secrete their Ig receptors in a soluble 
form, known as antibodies. Igs are composed of two identical heavy chains and 
two identical light chains that are held together by disul� de bonding (Figure 
4.21). The light chains can be one of two varieties (k or g) that are functionally 
equivalent. The heavy chains can be one of � ve functionally distinct types that 
de� ne � ve immunoglobulin classes (Table 4.9).
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Figure 4.21 Antibody (immunoglobulin) structure. Antibodies are soluble 
immunoglobulins (Igs). Igs consist of two identical heavy chains, which can 
be one of � ve classes, and two identical light chains, which can be one of 
two classes, as shown. The two heavy chains are held together by disul� de 
bonds, and each light chain is linked to one heavy chain by disul� de bridges. 
As shown in Figure 4.22, each chain is composed of globular domains that are 
maintained by intrachain disul� de bridges. The N-terminal regions are known as 
variable regions because their sequence varies signi� cantly from one antibody 
to another. Most of the sequence variation is concentrated in hypervariable 
regions (also called complementarity-determining regions), which are the 
sequences involved in antigen binding. The constant region of each heavy chain 
determines the class of the heavy chain and the response to bound antigen (see 
Table 4.9).
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Each Ig chain contains two distinct regions:
� An N-terminal variable region that is involved in antigen binding and has a 

variable sequence that accounts for the unique speci� city of each B-cell 
receptor and antibody. The variability is not distributed evenly throughout 
the domain, but is concentrated in hypervariable regions (also called 
complementarity-determining regions), which are the regions that directly 
interact with antigen.

� A C-terminal constant region, a domain that is invariant within each class but 
differs signi� cantly between the different heavy chain classes, accounting for 
the different functionality of each isotype.
Although heavy and light Ig chains are encoded at different genetic loci, they 

are structurally closely related. The light chains have two, and heavy chains four 
or � ve, immunoglobulin domains, domains of about 100 amino acids that are 
held together in a barrel-like structure by an internal disul� de bond. Many other 
cell surface proteins, including T-cell receptors and several other proteins 
involved in immune system functions, possess one or more of these domains and 
so de� ne the immunoglobulin superfamily (Figure 4.22).

As described previously, when IgM or IgG antibodies coat microbes they can 
initiate the classical pathway of complement activation, causing lysis of the 
microbes (see Figure 4.20). Complement can also promote phagocytosis via com-
plement receptors on macrophages and neutrophils. Antibodies also have sev-
eral other important functions:
� Blocking pathogen entry into cells: viruses and certain microorganisms that 

can exist within animal cells enter into the cells by binding to certain pre-
ferred receptors on the cell surface. Antibodies can physically block this proc-
ess (Figure 4.23A).

� Neutralizing toxins : antibodies can directly bind and neutralize toxins released 
by bacteria, inhibiting their enzymatic activity or their ability to bind to cell 
surface receptors (Figure 4.23B).

� Activating effector cells : many immune system cells express receptors that 
recognize the invariant domains of immunoglobulin molecules. Antibodies 
bound to the surface of microbes can therefore not only activate complement 
but also directly activate those immune system cells that carry appropriate Fc 
receptors. IgG antibodies, for example, promote both phagocytic uptake by 
neutrophils and macrophages and antibody-dependent cell-mediated cyto-
toxicity by NK cells (Figure 4.23C). IgE bound to IgE-speci� c Fc receptors on 
eosinophils, basophils, and mast cells can trigger the release of powerful 
pharmacological mediators and activate these cells to kill antibody-coated 
parasites.

TABLE 4.9 IMMUNOGLOBULIN ISOTYPES

Isotype H chain Structure Working form Location and functions

IgM m pentamer/monomer B-cell receptor (monomer) and 
secreted antibody (pentamer)

� rst Ig to be produced (see Figure 4.26A); activates 
complement

IgD d monomer B-cell receptor only second Ig to be produced (see Figure 4.26A); function 
unknown

IgA a often dimer or 
tetramer

B-cell receptor, but predominantly as 
antibodies secreted by plasma cells

predominant Ig in external secretions such as breast milk, 
saliva, tears, and mucus of the bronchial, genitourinary, 
and digestive tracts

IgG g monomer principal serum Ig; binds to Fc receptors on phagocytic 
cells; activates complement

IgE e monomer binds to Fc receptors of mast cells and blood basophils; 
mediates immediate hypersensitivity reactions 
responsible for symptoms of allergic conditions such as 
hay fever and asthma
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In cell-mediated immunity, T cells recognize cells containing 
fragments of foreign proteins
Microorganisms such as viruses that penetrate cells and multiply within them 
are out of reach of antibodies. T cells evolved to deal with this need; they carry on 
their surfaces dedicated T-cell receptors (TCRs) that recognize sequences from 
foreign antigens. TCRs are heterodimers that are evolutionarily related to both 
immunoglobulins and other cell receptors of the immunoglobulin superfamily 
(see Figure 4.22).

There are two types of TCR, composed either of a and b chains or of g and d 
chains. Unlike the immunoglobulins on B cells, most ab TCRs and the cells that 
bear them are limited to recognizing foreign proteins, and only after they have 
been degraded intracellularly. Peptides of an appropriate size and sequence 
derived from this degradation bind to major histocompatibility complex (MHC) 
proteins (Box 4.4) that are then transported to the surface of the cell. With the 
peptide held in a cleft on its outer surface, the MHC protein presents the peptide 
to a T cell carrying an appropriate TCRab receptor (antigen presentation), thereby 
activating that T cell.
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Figure 4.22 Some representatives of 
the immunoglobulin superfamily. The 
immunoglobulin domain is a barrel-like 
structure held together by a disul� de bridge 
(pink dot). Multiple copies of this structural 
domain are found in many proteins with 
important immune system functions, but 
other members of the immunoglobulin 
superfamily can have di� erent functions, 
such as Ig-CAM cell adhesion molecules 
(Section 4.2). Shaded boxes show the 
variable domains of immune system 
proteins. b2M, b2-microglobulin.

Figure 4.23 Aspects of antibody function. 
(A) Inhibiting viral infection. Viruses infect 
cells by � rst using docking proteins to 
bind to certain receptors on the plasma 
membrane of host cells. Antibodies (Ab) can 
bind to the viral docking proteins to prevent 
them from binding to host cell receptors. 
(B) Neutralizing toxins. Antibodies bind to 
toxins released from invading microbes and 
so stop them from binding to cell receptors. 
(C) Activating e� ector cells. Antibodies can 
bind and coat the surfaces of microbes and 
large target cells. Various immune system 
e� ector cells (notably macrophages, natural 
killer cells, neutrophils, eosinophils, and 
mast cells) carry Fc receptors that enable 
them to bind to the Fc region on IgA, IgG, 
or IgE antibodies. Antibody binding to an Fc 
receptor activates the e� ector cell and can 
lead to cell killing by phagocytosis, or release 
of lytic enzymes, death signals, and so on.
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The major histocompatibility complex (MHC) 
is a large gene cluster that contains genes mostly 
associated with cell-mediated immune responses and, 
in particular, with antigen processing and presentation. 
Among the protein products of the MHC are the class 
I and II MHC antigens, which are members of the 
immunoglobulin superfamily of cell surface proteins 
(see Figure 4.22). These transmembrane proteins are 
heterodimers. The MHC contains genes for the highly 
polymorphic a (heavy) chain of class I and both a and 
b chains of class II MHC proteins. The lighter chain 
of  class I MHC protein, b2-microglobulin, is not polymorphic and is 
encoded by a gene elsewhere in the genome.

The human MHC (known as the HLA complex; HLA stands for 
human leukocyte antigen) spans several megabases at 6p21.3. The 
class I MHC a chain genes (HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, and 
HLA-G) are located at the telomeric side; class II MHC genes are tightly 
clustered at the centromeric end. An intervening region, sometimes 
known as the class III MHC gene region, contains various complement 
and other genes (Figure 1).

The MHC class I and class II proteins are among the most 
polymorphic vertebrate proteins known. Most individuals are 
heterozygous at the corresponding loci, and both allelic forms 
are functional and co-expressed at the cell surface. This extreme 
polymorphism is presumably driven by intense natural selection 
pressure from viruses and other parasites, which favors individuals 
with a greater capacity for recognizing infected host cells.

Because of their very high degree of polymorphism, class I and 
II MHC proteins are important in graft rejection after organ or tissue 
transplantation from one individual to another. If the donor and 
recipient (host) are unrelated, major di� erences could be expected in 
the MHC proteins expressed by transplanted cells and host cells. The 
graft will be rejected because it will be recognized as foreign and will 
be attacked by the immune system. To increase transplant success 
rates, tissue typing is performed to identify alleles at important 
MHC loci (in easily accessible blood cells) so that potential donors 
can be sought with a closely matching MHC pro� le, and drugs are 
administered that can suppress immune responses. However, MHC 
polymorphism remains a challenge for successful cell therapy.

Antigen presentation
The function of classical MHC proteins is to bind and transport 
peptides to the cell surface for antigen presentation to T cells with 
TCRab receptors.
� Class I MHC proteins bind peptides predominantly derived 

from endogenous antigens and present them to cytotoxic T (Tc) 
lymphocytes.

� Class II MHC proteins bind peptides predominantly derived 
from exogenous antigens and present them to helper T (Th) 
lymphocytes.
All cells with MHC proteins on their surface can present peptides 

to T cells and in this context can be referred to as antigen-presenting 
cells. However, when such cells are recognized and potentially killed 
by Tc cells they are often known as target cells. Almost all nucleated 
cells express class I MHC proteins and so can function as a target cell 
presenting endogenous antigens to Tc cells. Target cells are often cells 
infected with a virus or some other intracellular microorganism. In 
addition, altered self cells such as cancer cells and aging body cells can 
serve as target cells, as can allogeneic cells introduced via skin grafts or 
organ transplantation (between genetically non-identical individuals).

By contrast, relatively few cells express class II MHC molecules. 
Among the most important are dendritic cells, macrophages, and 
B cells. These cells are also among the few that can express the 
co-stimulatory molecules that are essential for initiating immune 
responses in both Tc and Th cells. For both these reasons they are 
sometimes referred to as professional antigen-presenting cells. Several 

other cell types (including � broblasts in skin, vascular endothelial cells, 
glial cells, and pancreatic b cells) can be induced to express class II 
MHC proteins.
From antigen presentation to T-cell activation
Co-stimulatory molecules are surface molecules that interact 
with speci� c receptors on the T cell (Figure 2). The co-stimulatory 
signal delivered by this interaction is necessary to induce the Th 
cell to synthesize the T-cell growth factor interleukin-2 (IL-2) and to 
express high-a�  nity receptors for IL-2. The secreted IL-2 stimulates 
the proliferation of T cells expressing the CD4 or CD8 cell surface 
receptors. This complex way of inducing T-cell responses is presumably 
necessary to avoid the inadvertent activation of T cells, which would 
be potentially damaging, and to allow the detailed regulation of their 
proliferation and functional di� erentiation.

Co-stimulatory molecules are of such critical importance to the 
initiation and regulation of immune responses that they are not 
constitutively expressed, even by professional antigen-presenting 
cells. Their expression can be induced via the TCR-triggered transient 
expression of CD40 ligand on T cells and the subsequent interaction 
with and crosslinking of this ligand to CD40 on professional antigen-
presenting cells. The expression of co-stimulators is also triggered by 
signaling arising from the recognition of the conserved features of 
pathogens that is part of the innate immune system, most importantly 
the signaling through Toll-like receptors expressed on dendritic cells, 
macrophages, and certain other cells.

Figure 2 Presentation of peptide antigens to T cells. Cell adhesion 
(mediated by molecules such as ICAM1 and LAF1) brings the cells 
together. The peptides (about eight or nine amino acids long for 
class I MHC, and somewhat larger for class II MHC) are held in an 
outward-facing cleft in the MHC molecule. CD8 or CD4 proteins bind 
to non-polymorphic components of class I and class II MHC proteins, 
respectively. In addition to TCR�antigen recognition, a co-stimulatory 
signal is needed, such as a member of the B7 family that is recognized 
by CD28 receptors on the T-cell surface.

Figure 1 Organization of HLA genes in the human MHC. 
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This process, in which most ab T cells recognize antigens only after they have 
been degraded and become associated with MHC molecules, is often referred to 
as MHC restriction. It allows T cells to survey a peptide library derived from the 
entire set of proteins that is contained within the cell but is presented on the sur-
face of the cell by MHC molecules, thereby providing a remarkable evolutionary 
solution to the problem of how to detect intracellular pathogens. At the same 
time, it restricts T cells to recognition of only those antigens that are associated 
with cell-surface MHC molecules and are derived from intracellular spaces. T 
cells therefore complement B cells and antibodies that can recognize only extra-
cellular antigens and pathogens.

Cell-associated antigens that are synthesized within the cell are referred to as 
endogenous antigens. They derive from proteins produced within the cells 
(including normal cellular proteins, tumor proteins, or viral and bacterial pro-
teins produced within infected cells). Such antigens are degraded within the 
cytosol by proteasomes, large complexes containing enzymes that cleave peptide 
bonds, converting proteins to peptides. These antigens are bound by class I MHC 
proteins. Antigens that are captured by endocytosis or phagocytosis are described  
as exogenous antigens. The internalized antigens move through several increas-
ingly acidic compartments, where they encounter hydrolytic enzymes including 
proteases. These antigens are presented by class II MHC proteins.

An important aspect of this process is that MHC molecules cannot distinguish 
self from nonself antigens, and therefore, except on the rare occasions when a 
cell does indeed become infected or captures a microbial protein, the MHC mol-
ecules on its surface are presenting peptides derived from the degradation of self 
proteins. A key event during the development of ab T cells in the thymus is that 
only those T cells that have receptors that potentially recognize foreign peptides 
in association with self MHC molecules are allowed to mature and be released 
into the periphery (positive selection). Those that recognize self peptides are 
induced to commit suicide by apoptosis (negative selection).

T-cell activation
Of the major classes of T cells (see Table 4.7), there are three main ones that par-
ticipate in this process:
� Helper T (Th) cells (which usually carry a CD4 cell surface receptor) recognize 

peptides that are predominantly produced from exogenous protein antigens 
and bound to a class II MHC protein (see Box 4.4). Only a few types of cell�
dendritic cells, macrophages, and B cells�express class II MHC proteins and 
act to present antigens to Th cells. Once activated, Th cells secrete cytokines 
to mobilize or regulate other immune system cells so as to generate an effec-
tive immune response. There are three types: Th1 cells activate macrophages 
and Tc cells (see below); Th2 cells stimulate activation of eosinophils and pro-
mote antibody production by B cells; Th17 cells promote autoimmunity and 
in� ammation.

� Cytotoxic T (Tc) cells (which usually carry a CD8 cell surface receptor) recog-
nize peptides that are predominantly produced from endogenous protein 
antigens and are bound to a class I MHC protein. Almost all nucleated cells 
express class I MHC proteins and so can present antigen to Tc cells. Once acti-
vated, and in association with cytokines secreted by Th cells, they differenti-
ate into effector cells called cytotoxic T lymphocytes (CTLs).

      CTLs are particularly important in recognizing and killing virally infected 
cells. Like NK cells, they induce apoptosis, either by the Fas pathway (see 
Figure 4.16) or often by delivering granules containing perforin and granzymes. 
Some viruses seek to avoid being killed by CTLs by downregulating the expres-
sion of class I MHC molecules on host cells. However, NK cells have receptors 
that screen host cells for the presence of class I MHC antigens and are acti-
vated when they sense host cells lacking class I MHC proteins.

� Regulatory T (Treg) cells. These cells generally express CD4 but are distin-
guished from helper T cells by their constitutive surface expression of CD25 
(one of the chains of the interleukin-2 receptor) and intracellular expression 
of the transcription factor Foxp3. They suppress autoimmunity (immune 
responses to self antigens; Box 4.5)

IMMUNE SYSTEM CELLS: FUNCTION THROUGH DIVERSITY
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Not all ab T cells recognize peptides presented by MHC class I and class II 
molecules. In particular, a subclass called NKT cells can react with glycolipid 
antigens, which are presented by members of the CD1 protein family rather than 
by MHC proteins. CD1 proteins are non-polymorphic and structurally closely 
resemble class I MHC proteins; however, like class II MHC proteins, their expres-
sion is restricted to professional antigen-presenting cells.

Other T-cell populations express a gd T-cell receptor and are found in a wide 
variety of lymphoid tissues. Despite the abundance and presumed importance of 
these cells, very little is known about their antigen recognition and function 
except that in many cases it seems to be MHC-unrestricted. Possibly, gd T cells 
recognize antigens presented by non-MHC-encoded molecules, or perhaps like 
B cells they can recognize soluble antigens. Some human gd T cells resemble NKT 
cells in being able to recognize bacterial glycolipids bound to CD1 molecules. 
Other populations of gd T cells, such as those found in the skin, have essentially 
invariant TCRs and presumably recognize a common microbial antigen or a self 
molecule, but the nature of this is unknown.

The unique organization and expression of Ig and TCR genes
The diversity of B-cell receptors/Igs and TCRs is extraordinary. Each person needs 
to produce huge numbers of different Igs and TCRs to optimize the chances of 
recognizing any of a myriad of foreign antigens. Yet at the genome level we have 
only three immunoglobulin gene loci: IGH speci� es the heavy chain, and IGK 
and IGL the alternative k and l light chains, respectively. Similarly, there are only 
four human TCR gene loci (TRA, TRB, TRG, and TRD), one each for making the 
four types of TCR chain: a, b, g, and d.

Despite the huge diversity of Igs and TCRs, an individual B or T cell is mono-
specifi c. Each such cell produces just one type of Ig or TCR heterodimer with a 
unique antigen-binding site, and so is speci� c for one type of antigen only. 
Different B (or T) cells make different Igs (or TCRs); it is the population of billions 
of different B and T cells each bearing a different antigen receptor that enables 
the immune system to respond to virtually any foreign material.

The diversity of Igs and TCRs follows on from the unique organization and 
expression of the respective genes. The variable region of each antigen receptor 
chain is speci� ed by at least two different types of gene segment: V gene segments 
encode most of the variable region; J gene segments encode the joining region 
that forms a small part at the C-terminal end of the variable region. Additionally, 
D gene segments encode a small diversity region near the C-terminal ends of the 
variable region of Ig heavy chains, TCRb chains, and TCRd chains only. The orga-
nization of the gene segments is extraordinary: each one is usually present in 
numerous different copies in germ-line DNA (Figure 4.24).

Ig and TCR gene loci are inactive in all cells other than B and T lymphocytes, 
respectively, and only become active in B and T cells as they mature. As part of 
this process, random combinations of V + D (where present) + J gene segments 
are brought together by somatic recombination at the DNA level to create a novel 

The central characteristic of immunity is the capacity to distinguish 
between self and nonself. Ig and TCR gene loci are activated by DNA 
rearrangements that produce a random array of di� erent B-cell and 
T-cell receptors. Inevitably, self-reactive lymphocytes are produced, cells 
that carry high-a�  nity receptors against antigens present on host 
cells. These potentially harmful self-reactive lymphocytes need to be 
eliminated or inactivated during the maturation process. For B cells 
this process is less critical, because their activation is often dependent 
on T cells and they lack cytotoxic activity. For T cells it is of central 
importance, and multiple mechanisms for preventing autoimmune 
damage by self-reactive T cells have been identi� ed.

During their development in the thymus, immature T cells with 
high-a�  nity receptors for self-peptide:MHC complexes are eliminated. 
This is a central form of self tolerance. However, it is clearly not 100% 

e�  cient because autoimmune diseases do occur. For example, in 
rheumatoid arthritis, self-reactive T cells attack the tissue in joints, 
causing an in� ammatory response that results in swelling and tissue 
destruction. Peripheral tolerance is a back-up form of tolerance that is 
designed to inactivate, or otherwise regulate, autoreactive T or B cells 
in secondary lymphoid tissues.

One mechanism for achieving peripheral tolerance is anergy, in 
which self-reactive T cells that encounter antigen will generally do 
so without receiving co-stimulatory signals. In these circumstances, 
a permanent state of unresponsiveness is induced in which the cells 
are unable to respond even if they subsequently encounter antigen 
in the presence of co-stimulatory signals. Another mechanism is via 
regulatory T cells (Treg cells) that act in secondary lymphoid tissues 
and at sites of in� ammation to down regulate autoimmune processes.

BOX 4.5 AUTOIMMUNITY
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exon that potentially encodes the variable domain of a receptor chain (Figure 
4.25). A typical receptor gene locus may contain 100 V, 5 D, and 10 J elements. 
Random recombination of these gives 5000 permutations, and because each 
immune receptor contains two chains, each formed from randomly rearranged 
receptor genes, the rearrangement process by itself creates a potential basic 
germ-line repertoire of (5000)2 or about 25 million speci� cities.

Telomeric

Centromeric

D gene segments

g3 g1 a1 g2 g4 a2e

m d

Figure 4.24 Multiple gene segments in 
the IGH Ig heavy-chain gene locus at 
14q32. The IGH gene locus spans 
1250 kb of 14q32.3 and, for clari� cation, 
is shown as six successive segments of 
about 200 kb from the telomeric end (top) 
to the centromeric end (bottom). VH gene 
segments span the � rst 900 kb. In addition 
to functional segments (green), there are 
many nonfunctional pseudogene segments 
(red) and some others whose functional 
status is uncertain (yellow). Next are 
27 DH gene segments (dark blue within 
pink box) followed immediately by 
9 JH gene segments (within pale blue box), 
and � nally various transcription units 
(Cm, Cd, Cg3, and so on), each of which 
contains several exons. The number of 
gene segments shows some variation, as 
represented by the variable presence of 
additional gene segments such as the � ve 
VH gene segments at about the 500 kb 
position. [Reproduced with permission 
from The International Immunogenetics 
Information System at http://www.imgt.org]
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Figure 4.25 Cell-speci� c VDJ recombination as a prelude to making an 
Ig heavy chain. Two sequential somatic recombinations produce � rst D�J 
joining, then a mature VDJ exon. In this particular example, the second out of 
129 di� erent V segments (V2) is fused to the third D region segment (D3) and 
the second J region segment (J2) to produce a functional V2D3J2 exon, but the 
choice is cell-speci� c so that a neighboring B lymphocyte may have a functional 
V129D17J1 exon, for example. Once the VDJ exon has been assembled, the gene 
can be transcribed using the VDJ exon as the � rst exon, with the subsequent 
exons provided by the nearest constant region (C) transcription unit.

V1 V2 V3 V4 Vn D1D2 D3 D4 Dn J1 J2 J3 J4 Cm Cd Cg3 Cg1 Ca2Jn
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Large as the combinatorial diversity above may seem, it represents only the 
tip of the iceberg of receptor diversity. A much bigger contribution to V domain 
variability is provided by mutational events that take place before the joining of 
V, D, and J elements and which create junctional diversity. First, exonucleases 
nibble away at the ends of each element, removing a variable number of nucle-
otides. Second, a template-independent DNA polymerase adds a variable num-
ber of random nucleotides to the nibbled ends, creating N regions. Combinatorial 
and junctional diversity together create an almost limitless repertoire of variable 
domains in immune receptors.

The genetic mechanisms leading to the production of functional VJ and VDJ 
exons often involve large-scale deletions of the sequences separating the selected 
gene segments (most probably by intrachromatid recombination; Figure 4.26B). 
Conserved recombination signal sequences � ank the 3¢ ends of each V and J seg-
ment and both the 5¢ and 3¢ ends of each D gene segment. They are recognized by 
RAG proteins that initiate the recombination process, and they are the only lym-
phocyte-speci� c proteins involved in the entire recombination process. The 
recombination signal sequences also specify the rules for recombination, 
enabling joining of V to J, or D to J followed by V to DJ, but never V to V or D to D.

Additional recombination and mutation mechanisms contribute 
to receptor diversity in B cells, but not T cells
The Ig heavy chain locus is unique in having a series of downstream constant 
region loci, each of which contains the various exons required to specify the 
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Figure 4.26 Ig heavy chain class 
switching is mediated by intrachromatid 
recombination. (A) Early (partial) switch 
to IgD. The constant region of a human Ig 
heavy chain is encoded by one of several 
di� erent C transcription units: one each for 
the m (IgM), d (IgD) and e (IgE) chains, four for 
g (IgG), and two for a (IgA). The initial heavy 
chain class is IgM because RNA splicing 
brings together sequences transcribed 
from the VDJ exon and the exons of the 
neighboring Cm transcription unit. As naive 
B cells mature, however, alternative RNA 
splicing brings together sequences from the 
VDJ exon and exons of the Cd transcription 
unit, leading to the additional production of 
IgD. (B) Late switch to IgA, IgG, and IgE. Later 
in the maturation process, class switching 
occurs by intrachromatid recombination, in 
which the same VDJ exon is brought close 
to the initially more distal constant region 
transcription units (Ca, Cg, or Ce) by a looping 
out of the intervening segments. The new 
VDJ-C combination is expressed to give 
IgA, IgG, or IgE. The combination for IgG is 
illustrated here.



131

constant domains of a separate class (isotype) of Ig. After VDJ rearrangement in 
immature B cells, transcription initially terminates downstream of the Cm con-
stant region so that the expressed heavy chain is of the IgM isotype. On matura-
tion of the B cell, transcription extends to the end of the next downstream con-
stant region, Cd, resulting in a primary transcript containing at its 5¢ end the VDJ 
exon followed by the various Cm exons and then the various Cd exons. This tran-
script undergoes alternate splicing and polyadenylation at the RNA level to gen-
erate mRNA species that have the same VDJ exon joined to either the Cm or the Cd 
exons. Thus, each individual mature B cell expresses IgM and IgD receptors of 
identical speci� city. Exposure to foreign antigen during a primary immune 
response triggers a further change in the splicing pattern that deletes the exon 
specifying the transmembrane region of the IgM receptor, allowing the secretion 
of IgM (but not IgD).

After interaction with antigen, and under the direction of signals received 
from helper T cells, the descendants of a B cell can alter the structure of their 
antigen receptor, and ultimately of the antibody that they secrete, in two distinct 
ways. First, the B cell can switch to produce an Ig with the same antigen-binding 
site as before but using a different class of heavy chain (class switching or isotype 
switching). Such switching is mediated by switch regions upstream of each con-
stant region locus (except Cd) that allow a second and less well understood recom-
bination process to take place at the DNA level in which the Cm�Cd module and a 
variable number of other constant regions are deleted, placing a new constant 
region immediately downstream of the VDJ exon (see Figure 4.26).

Second, again under the in� uence of signals from T cells, B cells can re� ne the 
af� nity of Ig binding (af� nity maturation) so that they can respond more effec-
tively to foreign antigen on a future occasion (when they will be able to secrete 
large amounts of soluble antibody with a very high af� nity for the foreign antigen 
in a powerful secondary immune response). This is brought about by somatic 
hypermutation in which DNA repair enzymes are targeted to the VDJ exon of the 
H chain and the VJ exon of the L chain where, in a poorly understood process, 
they create point mutations at individual bases in the sequence.

The monospeci� city of Igs and TCRs is due to allelic exclusion and 
light chain exclusion
There are three Ig gene loci per haploid chromosome set, and so a total of six 
gene loci are potentially available to B cells for making Ig chains. However, an 
individual B cell is monospecifi c: it produces only one type of Ig molecule with a 
single type of heavy chain and a single type of light chain. There are two reasons 
for this:
� Allelic exclusion: a light chain or a heavy chain can be synthesized from a 

maternal chromosome or a paternal chromosome in any one B cell, but not 
from both parental homologs. As a result, there is monoallelic expression at 
the heavy chain gene locus in B cells. Most T cells that form ab receptors also 
restrict expression to one of the two alleles.

� Light chain exclusion: a light chain synthesized in a single B cell may be a k 
chain or a l chain, but never both. As a result of this requirement plus that of 
allelic exclusion, there is monoallelic expression at one of the two functional 
light chain gene clusters and no expression at the other.
The decision to activate only one out of two possible heavy-chain alleles and 

only one out of four possible light-chain genes is not quite random. In each B-cell 
precursor, productive DNA rearrangements are attempted at IGK in preference to 
IGL, so that most B cells carry k light chains. At least three mechanisms account 
for the unusual monoallelic expression of antigen receptors in lymphocytes. 
First, it seems that the rearrangement of receptor genes frequently goes wrong, 
destroying the � rst locus. It may also go wrong at the second attempt using the 
second locus, in which case the immature B or T cell dies. Second, even when it 
occurs correctly, as noted above only one-third of rearrangements will generate a 
functional protein. Third, once a chain has been successfully expressed on the 
cell surface, a feedback signal is delivered that inactivates the rearrangement 
process.
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Principles of 
Development 5
� The zygote and each cell in very early stage vertebrate embryos (up to the 16-cell stage in 

mouse) can give rise to every type of adult cell; as development proceeds, the choice of cell 
fate narrows.

� In the early development of vertebrate embryos, the choice between alternative cell fates 
primarily depends on the position of a cell and its interactions with other cells rather than 
cell lineage.

� Many proteins that act as master regulators of early development are transcription factors; 
others are components of pathways that mediate signaling between cells.

� The vertebrate body plan is dependent on the speci� cation of three orthogonal axes and the 
polarization of individual cells; there are very signi� cant differences in the way that these 
axes are speci� ed in different vertebrates.

� The fates of cells at different positions along an axis are dictated by master regulatory genes 
such as Hox genes.

� Cells become aware of their positions along an axis (and respond accordingly) as a result of 
differential exposure to signaling molecules known as morphogens.

� Major changes in the form of the embryo (morphogenesis) are driven by changes in cell 
shape, selective cell proliferation, and differences in cell af� nity.

� Gastrulation is a key developmental stage in early animal embryos. Rapid cell migrations 
cause drastic restructuring of the embryo to form three germ layers�ectoderm, mesoderm, 
and endoderm�that will be precursors of de� ned tissues of the body.

� Mammals are unusual in that only a small fraction of the cells of the early embryo give rise 
to the mature animal; the rest of the cells are involved in establishing extraembryonic 
tissues that act as a life support.

� Developmental control genes are often highly conserved but there are important species 
differences in gastrulation and in many earlier developmental processes.

KEY CONCEPTS
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Many of the properties of cells described in Chapter 4 are particularly relevant to 
early development. Cell differentiation is especially relevant during embryonic 
development, when tissues and organs are being formed. The embryonic stages 
are characterized by dramatic changes in form that involve active cell prolifera-
tion, major cell migration events, extensive cell signaling, and programmed cell 
death. In this chapter we consider the details of some key aspects of develop-
ment, with particular emphasis on vertebrate and especially mammalian 
development.

5.1 AN OVERVIEW OF DEVELOPMENT
Multicellular organisms can vary enormously in size, form, and cell number but, 
in each case, life begins with a single cell. The process of development, from sin-
gle cell to mature organism, involves many rounds of cell division during which 
the cells must become increasingly specialized and organized in precise patterns. 
Their behavior and interactions with each other during development mold the 
overall morphology of the organism.

Traditionally, animal development has been divided into an embryonic stage 
(during which all the major organ systems are established), and a postembryonic 
stage (which in mammals consists predominantly of growth and re� nement). 
Developmental biologists tend to concentrate on the embryonic stage because 
this is where the most exciting and dramatic events occur, but postembryonic 
development is important too.

Once the basic body plan has been established, it is not clear when develop-
ment stops. In humans, postembryonic growth begins at the start of the fetal 
period in the fetus at about 9 weeks after fertilization but continues for up to two 
decades after birth, with some organs reaching maturity before others. It can be 
argued that human development ceases when the individual becomes sexually 
mature, but many tissues�skin, blood, and intestinal epithelium, for example�
need to be replenished throughout life. In such cases, development never really 
stops at all; instead it reaches an equilibrium. Even aging, a natural part of the life 
cycle, can be regarded as a part of development.

Development is a gradual process. The fertilized egg initially gives rise to a 
simple embryo with relatively crude features. As development proceeds, the 
number of cell types increases and the organization of these cell types becomes 
more intricate. Complexity is achieved progressively. At the molecular level, 
development incorporates several different processes that affect cell behavior. 
The processes listed below are inter-related and can occur separately or in com-
bination in different parts of the embryo.
� Cell proliferation�repeated cell division leads to an increase in cell number; 

in the mature organism, this is balanced by cell loss.
� Growth�this leads to an increase in overall organismal size and biomass.
� Differentiation�the process by which cells become structurally and func-

tionally specialized.
� Pattern formation�the process by which cells become organized, initially to 

form the fundamental body plan of the organism and subsequently the 
detailed structures of different organs and tissues.

� Morphogenesis�changes in the overall shape or form of an organism. 
Underlying mechanisms include differential cell proliferation, selective cell�
cell adhesion or cell�matrix adhesion, changes in cell shape and size, the 
selective use of programmed cell death, and control over the symmetry and 
plane of cell division.
Each of the processes above is controlled by genes that specify when and 

where in the embryo the particular gene products that will direct the behavior of 
individual cells are synthesized. The nucleated cells in a multicellular organism 
show only very minor differences in DNA sequence (see Chapter 4); essentially 
they contain the same DNA and the same genes. To allow cells to diversify into a 
large number of different types, differential gene expression is required.

Because gene expression is controlled by transcription factors, development 
ultimately depends on which transcription factors are active in each cell. To con-
trol transcription factors, cells communicate using complicated cell signaling 
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pathways. Until quite recently, the gene products that were known to be involved 
in modulating transcription and in cell signaling were exclusively proteins, but 
now it is clear that many genes make noncoding RNA products that have impor-
tant developmental functions. In this chapter we will focus on vertebrate, and 
particularly mammalian, development. Our knowledge of early human develop-
ment is fragmentary, because access to samples for study is often restricted for 
ethical or practical reasons. As a result, much of the available information is 
derived from animal models of development.

Animal models of development
Because many of the key molecules, and even whole developmental pathways, 
are highly conserved, invertebrate models have been valuable in aiding the iden-
ti� cation of genes that are important in vertebrate development (Table 5.1). They 
have also provided model systems that illuminate our understanding of verte-
brate development. The fruit � y Drosophila melanogaster provides particularly 
useful models of neurogenesis and eye development. The nematode 
Caenorhabditis elegans has an almost invariant cell lineage and is the only organ-
ism for which the fate of all cells is known and for which there is a complete wir-
ing diagram of the nervous system. Lineage mutants of C. elegans provide a useful 
means for studying cell memory in development, and the nematode vulva is a 
well established model of organogenesis.

At the levels of anatomy and physiology, vertebrate organisms are superior 
models of human development. All vertebrate embryos pass through similar 
stages of development, and although there are signi� cant species differences in 
the detail of some of the earliest developmental processes, the embryos reach a 
phylotypic stage at which the body plan of all vertebrates is much the same.

Although mammalian models could be expected to provide the best models, 
mammalian embryos are not easily accessible for study, because development 
occurs inside the mother. Mammalian eggs, and very early stage embryos, are 
also tiny and dif� cult to study and manipulate. Nevertheless, as we shall see in 
Chapter 20, sophisticated genetic manipulations of mice have been possible, 
making the mouse a favorite model for human development. Although human 

TABLE 5.1 PRINCIPAL ANIMAL MODELS OF HUMAN DEVELOPMENT

Group Organism Advantages Disadvantages

Invertebrates Caenorhabditis elegans 
(roundworm)

easy to breed and maintain (GT = 3�5 days); fate 
of every single cell is known

body plan di� erent from that of vertebrates; 
di�  cult to do targeted mutagenesis

Drosophila melanogaster 
(fruit � y)

easy to breed (GT = 12�14 days); sophisticated 
genetics; large numbers of mutants available

body plan di� erent from that of vertebrates; 
cannot be stored frozen

Fish Danio rerio (zebra� sh) relatively easy to breed (GT = 3 months) and 
maintain large populations; good genetics

small embryo size makes manipulation di�  cult

Frogs Xenopus laevis 
(large-clawed frog)

transparent large embryo that is easy to 
manipulate

genetics is di�  cult because of tetraploid 
genome; not so easy to breed (GT = 12 months)

Xenopus tropicalis 
(small-clawed frog)

diploid genome makes it genetically more 
amenable than X. laevis; easier to breed than 
X. laevis (GT < 5 months )

smaller embryo than X. laevis

Birds Gallus gallus (chick) accessible embryo that is easy to observe and 
manipulate

genetics is di�  cult; moderately long generation 
time (5 months)

Mammals Mus musculus  (mouse) relatively easy to breed (GT = 2 months); 
sophisticated genetics; many di� erent strains and 
mutants

small embryo size makes manipulation di�  cult; 
implantation of embryo makes it di�  cult to 
access 

Papio hamadryas 
(baboon)

extremely similar physiology to humans very expensive to maintain even small colonies; 
di�  cult to breed (GT = 60 months); major ethical 
concerns about using primates for research 
investigations

GT, generation time (time from birth to sexual maturity).

AN OVERVIEW OF DEVELOPMENT
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development would be best inferred from studies of primates, primate models 
are disadvantaged by cost. Primates have also not been so amenable to genetic 
analyses, and their use as models is particularly contentious.

Other vertebrates offer some advantages. Amphibians, such as the frog 
Xenopus laevis, have comparatively large eggs (typically 1000�8000 times the size 
of a human egg) and develop from egg to tadpole outside the mother. Although 
the very earliest stages of development in birds also occur within the mother, 
much of avian development is very accessible. For example, in chick develop-
ment, the embryo in a freshly laid hen�s egg consists of a disk of cells that is only 
2 mm in diameter, and development can be followed at all subsequent stages up 
to hatching. As a result, delicate surgical transplantation procedures can be con-
ducted in amphibian and avian embryos that have been extremely important in 
our understanding of development. However, genetic approaches are often dif-
� cult in amphibian and avian models. The zebra� sh Danio rerio combines 
genetic amenability with accessible and transparent embryos, and is arguably 
the most versatile of the vertebrate models of development.

5.2 CELL SPECIALIZATION DURING DEVELOPMENT
As animal embryos develop, their cells become progressively more specialized 
(differentiated), and their potency�the ability to give rise to different types of 
cell�gradually becomes more restricted.

Cells become specialized through an irreversible series of 
hierarchical decisions
The mammalian zygote and its immediate cleavage descendants (usually up to 
the 8�16-cell stage) are totipotent. Each such cell (or blastomere, as they are 
known) can give rise to all possible cells of the organism. Thereafter, however, 
cells become more restricted in their ability to give rise to different cell types. We 
provide below an overview of cell specialization in mammalian embryos. Only a 
small minority of the cells in the very early mammalian embryo give rise to the 
organism proper; most are devoted to making four kinds of extraembryonic 
membrane. As well as protecting the embryo (and later the fetus), the extra-
embryonic membranes provide it with nutrition, respiration, and excretion. 
Further details about their origins will be given in Section 5.5, when we consider 
the stages of early human development.

At about the 16-cell stage in mammals, the morula stage, the embryo appears 
as a solid ball of cells, but it is possible to discriminate between cells on the out-
side of the cluster and those in the interior. Fluid begins to be secreted by cells so 
that in the subsequent blastocyst stages, the ball of cells is hollow with � uid occu-
pying much of the interior. A clear distinction can now be seen between two sep-
arate cell layers: an outer layer of cells (trophoblast) and a small group of internal 
cells (the inner cell mass). The outer cells will ultimately give rise to one of the 
extraembryonic membranes, the chorion, which later combines with maternal 
tissue to form the placenta. The inner cell mass will give rise to the embryo proper 
plus the other extraembryonic membranes (Figure 5.1).

Even before mammalian embryos implant in the uterine wall, the inner cell 
mass begins to differentiate into two layers, the epiblast and the hypoblast. The 
epiblast gives rise to some extraembryonic tissue as well as all the cells of the later 
stage embryo and fetus, but the hypoblast is exclusively devoted to making extra-
embryonic tissues (see Figure 5.1). The cells of the inner cell mass have tradition-
ally been considered to be pluripotent : they can give rise to all of the cells of the 
embryo, but unlike totipotent cells they cannot give rise to extraembryonic struc-
tures derived from the trophoblast. At any time up until the late blastocyst, the 
potency of the embryonic cells is demonstrated by the ability of the embryo to 
form twins.

The embryo proper is formed from the embryonic epiblast. At an early stage, 
germ-line cells are set aside. Some of the embryonic epiblast cells are induced by 
signals from neighboring extraembryonic cells to become primordial germ cells. 
At a later stage, gastrulation occurs. Here, the embryo undergoes radical changes, 
and the non-germ-line cells are organized into three fundamental layers of cells. 
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The three germ layers, as they are known, are ectoderm, mesoderm, and endo-
derm, and they will give rise to all the somatic tissues.

The constituent cells of the three germ layers are multipotent, and their 
differentiation potential is restricted. The ectoderm cells of the embryo, for 
example, give rise to epidermis, neural tissue, and neural crest, but they cannot 
normally give rise to kidney cells (mesoderm-derived) or liver cells (endoderm-
derived). Cells from each of the three germ layers undergo a series of sequential 
differentiation steps. Eventually, unipotent progenitor cells give rise to terminally 
differentiated cells with specialized functions.

The choice between alternative cell fates often depends on cell 
position
As we will see in Section 5.3, a vertebrate zygote that seems symmetric will give 
rise to an organism that is clearly asymmetric. At a super� cial level, vertebrates 
may seem symmetric around a longitudinal line, the midline, that divides the 
body into a left half and a right half, but clear asymmetry in two out of the three 
axes means that back (dorsal) can be distinguished from front (ventral), and top 
(anterior) from bottom (posterior).

In the very early stage mammalian embryo, cells are generally inherently � ex-
ible and the fate of a cell�the range of cell types that the cell can produce�
seems to be determined largely by its position. Cell fates are often speci� ed by 
signals from nearby cells, a process termed induction. Typically, cells in one tis-
sue, the inducer, send signals to cells in another immediately adjacent tissue, the 
responder. As a result, the responder tissue is induced to change its behavior and 
is directed toward a new developmental pathway.

Solid evidence for induction has come from cell transplantation conducted 
by microsurgery on the comparatively large embryo of the frog Xenopus laevis. A 
good example is the formation of the neural plate that, as we will see in Section 
5.6, gives rise to the neural tube and then to the central nervous system (brain 
plus spinal cord). The neural plate arises from ectoderm cells positioned along a 
central line (the midline) that runs along the back (dorsal) surface of the embryo; 
ectoderm cells on either side of the midline give rise to epidermis. Initially, how-
ever, all of the surface ectoderm is uncommitted (or naive): it is competent to give 
rise to either epidermis or neural plate.
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Figure 5.1 A road map for di� erentiation 
events in early human development. 
One of the � rst overt signs of tissue 
di� erentiation in mammalian embryos is 
apparent at the blastocyst stage, when there 
are two cell layers. The outer trophoblast 
cells give rise to extraembryonic tissue�
cytotrophoblast, that will form chorionic 
villi, and syncytiotrophoblast, which will 
ingress into uterine tissue. The inner cells 
of blastocysts also give rise to di� erent 
extraembryonic tissues plus the embryonic 
epiblast that will give rise to the embryo 
proper. Some embryonic epiblast cells are 
induced early on to form primordial germ 
cells, the precursors of germ cells, that will 
later migrate to the gonads (as detailed in 
Section 5.7). The other cells of the embryonic 
epiblast will later give rise to the three 
germ layers�ectoderm, mesoderm, and 
endoderm�that will be precursors of our 
somatic tissues (as detailed in Figure 5.13). 
The dashed line indicates a possible dual 
origin of the extraembryonic mesoderm. 
[Adapted from Gilbert (2006) Developmental 
Biology, 8th ed. With permission from 
Sinauer Associates, Inc.]
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The ectodermal cells are therefore � exible. If positioned on the front (ventral) 
surface of the embryo they will normally give rise to epidermis, but if surgically 
grafted to the dorsal midline surface they give rise to neural plate (Figure 5.2). 
Similarly, if dorsal midline ectoderm cells are grafted to the ventral or lateral 
regions of the embryo they form epidermis. The dorsal ectoderm cells are induced 
to form the neural plate along the midline because they receive specialized sig-
nals from underlying mesoderm cells. These signals are described in Section 5.3.

The fate of the ectoderm�epidermal or neural�depends on the position of 
the cells, not their lineage, and is initially reversible. At this point cell fate is said 
to be specifi ed, which means it can still be altered by changing the environment 
of the cell. Later on, the fate of the ectoderm becomes � xed and can no longer be 
altered by grafting. At this stage, the cells are said to be determined, irreversibly 
committed to their fate because they have initiated some molecular process that 
inevitably leads to differentiation. A new transcription factor may be synthesized 
that cannot be inactivated, or a particular gene expression pattern is locked in 
place through chromatin modi� cations. There may also be a loss of competence 
for induction. For example, ectoderm cells that are committed to becoming epi-
dermis may stop synthesizing the receptor that responds to signals transmitted 
from the underlying mesoderm.

Sometimes cell fate can be speci� ed by lineage rather than 
position
There are fewer examples of cell fate speci� ed by lineage in vertebrate embryos. 
One explicit case is when stem cells divide by a form of asymmetric cell division 
that produces inherently different daughter cells. One daughter cell will have the 
same type of properties as the parent stem cell, ensuring stem cell renewal. The 
other daughter cell has altered properties, making it different from both the par-
ent cell and its sister, and it becomes committed to producing a lineage of dif-
ferentiated cells. In such cases, the fate of the committed daughter cell is not 
in� uenced by its position or by signals from other cells. The decision is intrinsic 
to the stem cell lineage, and the speci� cation of cell fate is said to be autonomous 
(non-conditional).

The autonomous speci� cation of cell fates in the above example results from 
the asymmetric distribution of regulatory molecules at cell division (see Box 4.3). 
Such asymmetry of individual cells is known as cell polarity. In neural stem cells, 
for example, there is asymmetric distribution of the receptor Notch-1 (concen-
trated at the apical pole) and also its intracellular antagonist Numb (concentrated 
at the basal pole). Division in the plane of the epithelial surface causes these 
determinants to be distributed equally in daughter cells, but a division at right 
angles to the epithelial surface causes them to be unequally segregated, and the 
daughter cells therefore develop differently (Figure 5.3). The polarization of cells 
is a crucial part of embryonic development.
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Figure 5.2 Ectoderm cells in the early 
Xenopus embryo become committed to 
epidermal or neural cell fates according to 
their position. (A) Cells in the dorsal midline 
ectoderm (red) give rise to the neural plate 
that is formed along the anteroposterior 
(A�P) axis; other ectodermal cells such 
as ventral ectoderm (green) give rise to 
epidermis. (B) If the ventral ectoderm is 
grafted onto the dorsal side of the embryo, 
it is re-speci� ed and now forms the neural 
plate instead of epidermis. This shows that 
the fate of early ectoderm cells is � exible 
and does not depend on their lineage but 
on their position. The fate of dorsal midline 
ectoderm cells is speci� ed by signals from 
cells of an underlying mesoderm structure, 
the notochord, that forms along the 
anteroposterior axis.
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5.3 PATTERN FORMATION IN DEVELOPMENT
Differentiation gives rise to cells with specialized structures and functions, but 
for an organism to function the cells also need to be organized in a useful way. 
Random organization of cells would give rise to amorphous heterogeneous tis-
sues rather than highly ordered tissues and organs. A process is required that 
directs how cells should be organized during development, conforming to a body 
plan.

Although there are many minor differences between individuals, all members 
of the same animal species tend to conform to the same basic body plan. First, 
three orthogonal axes need to be speci� ed, so that the cells of the organism can 
know their positions in relation to the three dimensions. The organs and tissues 
of the body are distributed in essentially the same way in relation to these axes in 
every individual, and this pattern emerges very early in development.

Later, de� ned patterns emerge within particular organs. A good example is 
the formation of � ve � ngers on each hand and � ve toes on each foot. More 
detailed patterns are generated by the arrangement of cells within tissues. During 
development, such patterns emerge gradually, with an initially crude embryo 
being progressively re� ned like a picture coming into sharp focus. In this section, 
we discuss how pattern formation in the developing embryo is initiated, and the 
molecular mechanisms that are involved.

Emergence of the body plan is dependent on axis speci� cation 
and polarization
Three axes need to be speci� ed to produce an embryo and eventually a mature 
organism with a head and a tail, a back and a front, and left and right sides. In 
vertebrates the two major body axes, the anteroposterior axis (also known as the 
craniocaudal axis, from head to feet or tail) and the dorsoventral axis (from back 
to belly), are clearly asymmetric (Figure 5.4A).

The vertebrate left�right axis is different from the other two axes because it 
shows super� cial bilateral symmetry�our left arm looks much the same as our 
right arm, for example. Inside the body, however, many organs are placed asym-
metrically with respect to the longitudinal midline. Although major disturbances 
to the anteroposterior and dorsoventral axes are not compatible with life, various 
major abnormalities of the left�right axis are seen in some individuals (Figure 
5.4B).
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Figure 5.3 Cell fate in the descendants 
of neural stem cells depends on the 
plane of cell division. (A) Neural stem 
cells, occurring in neuroepithelium, have 
cytoplasmic processes at both the apical 
pole and the basal pole, with the latter 
providing an anchor that connects them to 
the underlying basal lamina. The Notch-1 cell 
surface receptor is concentrated at the apical 
pole, and its intracellular antagonist Numb is 
concentrated at the basal pole. (B) Symmetric 
divisions of neural stem cells occurring in 
the plane of the neuroepithelium result 
in an even distribution of Notch-1 and 
Numb in the daughter cells. (C) However, 
asymmetric divisions perpendicular to the 
neuroepithelium result in the formation of a 
replacement stem cell that remains anchored 
in the basal lamina and a committed 
neuronal progenitor that contains the 
Notch-1 receptor but not Numb. The latter 
cell is not anchored to the basal lamina and 
so can migrate and follow a pathway of 
neural di� erentiation.
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The establishment of polarity in the early embryo and the mechanisms of axis 
speci� cation can vary signi� cantly between animals. In various types of animal, 
asymmetry is present in the egg. During differentiation to produce the egg, cer-
tain molecules known collectively as determinants are deposited asymmetrically 
within the egg, endowing it with polarity. When the fertilized egg divides, the 
determinants are segregated unequally into different daughter cells, causing the 
embryo to become polarized.

In other animals, the egg is symmetric but symmetry is broken by an external 
cue from the environment. In chickens, for example, the anteroposterior axis of 
the embryo is de� ned by gravity as the egg rotates on its way down the oviduct. In 
frogs, both mechanisms are used: there is pre-existing asymmetry in the egg 
de� ned by the distribution of maternal gene products, while the site of sperm 
entry provides another positional coordinate.

In mammals the symmetry-breaking mechanism is unclear. There is no evi-
dence for determinants in the zygote, and the cells of early mammalian embryos 
show considerable developmental � exibility when compared with those of other 
vertebrates (Box 5.1).
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Figure 5.4 The three axes of bilaterally symmetric animals. (A) The three axes. The anteroposterior (A�P) axis 
is sometimes known as the craniocaudal or rostrocaudal axis (from the Latin cauda = tail and rostrum = beak). In 
vertebrates the A�P and dorsoventral (D�V) axes are clearly lines of asymmetry. By contrast, the left�right (L�R) axis 
is super� cially symmetric (a plane through the A�P axis and at right angles to the L�R axis seems to divide the body 
into two equal halves). (B) Internal left�right asymmetry in humans. Vertebrate embryos are initially symmetric with 
respect to the L�R axis. The breaking of this axis of symmetry is evolutionarily conserved, so that the organization and 
placement of internal organs shows L�R asymmetry. In humans, the left lung has two lobes, the right lung has three. 
The heart, stomach, and spleen are placed to the left; the liver is to the right, as shown in the left panel. In about 1 in 
10,000 individuals the pattern is reversed (situs inversus) without harmful consequences. Failure to break symmetry 
leads to isomerism: an individual may have two right halves (the liver and stomach become centralized but no 
spleen develops) or two left halves (resulting in two spleens). In some cases, assignment of left and right is internally 
inconsistent (heterotaxia), leading to heart defects and other problems. [(B) adapted from McGrath and Brueckner 
(2003) Curr. Opin. Genet. Dev. 13, 385�392. With permission from Elsevier.]

In many vertebrates, there is clear evidence of axes being set up in 
the egg or in the very early embryo. Mammalian embryos seem to be 
di� erent. There is no clear sign of polarity in the mouse egg, and initial 
claims that the � rst cleavage of the mouse zygote is related to an axis 
of the embryo have not been substantiated.

The sperm entry point de� nes one early opportunity for 
establishing asymmetry. Fertilization induces the second meiotic 
division of the egg, and a second polar body (Figure 1) is generally 
extruded opposite the sperm entry site. This de� nes the animal�
vegetal axis of the zygote, with the polar body at the animal pole. 
Subsequent cleavage divisions result in a blastocyst that shows 
bilateral symmetry aligned with the former animal�vegetal axis of the 
zygote (see Figure 1A).

The � rst clear sign of polarity in the early mouse embryo is at the 
blastocyst stage, when the cells are organized into two layers�an 
outer cell layer, known as trophectoderm, and an inner group of 

cells, the inner cell mass (ICM), which are located at one end of the 
embryo, the embryonic pole. The opposite pole of the embryo is the 
abembryonic pole. The embryonic face of the ICM is in contact with 
the trophectoderm, whereas the abembryonic face is open to the 
� uid-� lled cavity, the blastocele. This di� erence in environment is 
su�  cient to specify the � rst two distinct cell layers in the ICM: primitive 
ectoderm (epiblast) at the embryonic pole, and primitive endoderm 
(hypoblast) at the abembryonic pole (Figure 1B, left panel). This, in 
turn, de� nes the dorsoventral (D�V) axis of the embryo. It is not clear 
how the ICM becomes positioned asymmetrically in the blastocyst in 
the � rst place, but it is interesting to note that when the site of sperm 
entry is tracked with � uorescent beads, it is consistently localized to 
trophectoderm cells at the embryonic�abembryonic border.

It is still unclear how the anteroposterior (A�P) axis is speci� ed, but 
the position of sperm entry may have a de� ning role. The � rst overt 
indication of the A�P axis is the primitive streak, a linear structure that 

BOX 5.1 AXIS SPECIFICATION AND POLARITY IN THE EARLY MAMMALIAN EMBRYO
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develops in mouse embryos at about 6.5 days after fertilization, and in 
human embryos at about 14 days after fertilization. The decision as to 
which end should form the head and which should form the tail rests 
with one of two major signaling centers in the early embryo, a region 
of extraembryonic tissue called the anterior visceral endoderm (AVE). In 
mice, this is initially located at the tip of the egg cylinder but it rotates 
toward the future cranial pole of the A�P axis just before gastrulation 
(Figure 1C). The second major signaling center, the node, is established 
at the opposite extreme of the epiblast.

The left�right (L�R) axis is the last of the three axes to form. The 
major step in determining L�R asymmetry occurs during gastrulation, 
when rotation of cilia at the embryonic node results in a unidirectional 
� ow of perinodal � uid that is required to specify the L�R axis. 
Somehow genes are activated speci� cally on the embryo�s left-hand 
side to produce Nodal and Lefty-2, initiating signaling pathways 
that activate genes encoding left-hand-speci� c transcription factors 
(such as Pitx2) and inhibiting those that produce right-hand-speci� c 
transcription factors.

Pattern formation often depends on gradients of signaling 
molecules
Axis speci� cation and polarization are important early events in development. If 
they are to generate the appropriate body plan, cells in different parts of the 
embryo must behave differently, ultimately by making different gene products. 
However, a cell can behave appropriately only if it knows its precise position in 
the organism. The major axes of the embryo provide the coordinates that allow 
the position of any cell to be absolutely and unambiguously de� ned.
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Figure 1 Axis speci� cation in the early 
mammalian embryo. (A) The animal�vegetal 
axis. The animal pole of the animal�vegetal axis 
in the mouse embryo is de� ned as the point 
at which the second polar body is extruded 
just after fertilization. (B) The embryonic�
abembryonic axis and development of the 
anteroposterior axis in the mouse embryo. At 
the blastocyst stage, at about embryonic day 4 
(E4; 4 days after fertilization) in mice, the inner 
cell mass (ICM) is oval with bilateral symmetry 
and consists of two layers, the outer epiblast 
layer and the more centrally located primitive 
(or visceral) endoderm (called hypoblast in 
human embryos). The ICM is con� ned to one 
pole of the embryo, the embryonic pole, and the 
resulting embryonic�abembryonic axis relates 
geometrically to the dorsoventral axis of the 
future epiblast. By 6.5 days after fertilization, the 
mouse epiblast is now shaped like a cup and is 
located at a position distal from what had been 
the embryonic pole. At this stage the primitive 
streak forms as a linear structure that is aligned 
along the posterior end of the anteroposterior 
axis. (C) The speci� cation of the anterior visceral 
endoderm is a major symmetry-breaking event 
in the early mouse embryo. At about E5.5, 
before the primitive streak forms, signals from 
the epiblast induce a distally located region 
of the visceral endoderm, shown by green 
coloring, to proliferate and extend to one side, 
the anterior side, of the epiblast. Accordingly, 
this population of cells is known as the 
anterior visceral endoderm (AVE). At 6 days the 
extended AVE signals to the adjacent epiblast 
to specify the anterior ectoderm. As the anterior 
ectoderm becomes determined, proximal 
epiblast cells expressing genes characteristic of 
prospective mesoderm migrate to the posterior 
end and converge at a point to initiate the 
primitive streak, which forms at day 6.5. [(B) and 
(C) adapted from Wolpert L, Jessell T, Lawrence 
P et al. (2007) Principles of Development, 3rd ed. 
With permission from Oxford University Press.]

PATTERN FORMATION IN DEVELOPMENT



Chapter 5: Principles of Development142

How do cells become aware of their position along an axis and therefore 
behave accordingly? This question is pertinent because functionally equivalent 
cells at different positions are often required in the production of different struc-
tures. Examples include the formation of different � ngers from the same cell 
types in the developing hand, and the formation of different vertebrae (some 
with ribs and some without) from the same cell types in the mesodermal struc-
tures known as somites.

In many developmental systems, the regionally speci� c behavior of cells has 
been shown to depend on a signal gradient that has different effects on equiva-
lent target cells at different concentrations. Signaling molecules that work in this 
way are known as morphogens. In vertebrate embryos, this mechanism is used 
to pattern the main anteroposterior axis of the body, and both the anteroposte-
rior and proximodistal axes of the limbs (the proximodistal axis of the limbs runs 
from adjacent to the trunk to the tips of the � ngers or toes).

Homeotic mutations reveal the molecular basis of positional 
identity
In some rare Drosophila mutants, one body part develops with the likeness of 
another (a homeotic transformation). A mutant for the gene Antennapedia, for 
example, has legs growing out of its head in the place of antennae. It is therefore 
clear that some genes control the positional identity of a cell (the information 
that tells each cell where it is in the embryo and therefore how to behave to gen-
erate a regionally appropriate structure). Such genes are known as homeotic 
genes.

Drosophila has two clusters of similar homeotic genes, collectively called the 
homeotic gene complex (HOM-C ; Figure 5.5A). Each of the genes encodes a 
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Figure 5.5 Hox genes are expressed 
at di� erent positions along the 
anteroposterior axis according to their 
position within Hox clusters. 
(A) Conservation of gene function within 
Hox clusters. In Drosophila, an evolutionary 
rearrangement of what was a single 
Hox cluster resulted in two subclusters 
collectively called HOM-C. Mammals have 
four Hox gene clusters, such as the mouse 
Hoxa, Hoxb, Hoxc, and Hoxd clusters shown 
here, that arose by the duplication of a 
single ancestral Hox cluster. Colors indicate 
sets of paralogous genes that have similar 
functions/expression patterns, such as 
Drosophila labial (lab) and Hoxa1, Hoxb1, and 
Hoxd1. (B) Mouse Hox genes show graded 
expression along the anteroposterior axis. 
Genes at the 3¢ end, such as Hoxa1 (A1) and 
Hoxb1 (B1), show expression at anterior (A) 
parts of the embryo (in the head and neck 
regions); those at the 5¢ end are expressed 
at posterior (P) regions toward the tail. 
[Adapted from Twyman (2000) Instant Notes 
In Developmental Biology. Taylor & Francis.]
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transcription factor containing a homeodomain, a short conserved DNA-binding 
domain. The DNA sequence specifying the homeodomain is known as a 
homeobox. The homeotic genes of HOM-C are expressed in overlapping patterns 
along the anteroposterior axis of the � y, dividing the body into discrete zones. 
The particular combination of genes expressed in each zone seems to establish a 
code that gives each cell along the axis a speci� c positional identity. When the 
codes are arti� cially manipulated (by disrupting the genes or deliberately overex-
pressing them), it is possible to generate � ies with transformations of speci� c 
body parts.

Clustered homeobox genes that regulate position along the anteroposterior 
axis in this way are known as Hox genes and are functionally and structurally well 
conserved. Humans, and mice, have four unlinked clusters of Hox genes that are 
expressed in overlapping patterns along the anteroposterior axis in a strikingly 
similar manner to that of their counterparts in � ies (Figure 5.5B). Studies in which 
the mouse genes have been knocked out by mutation or over expressed have 
achieved body part transformations involving vertebrae. For example, mouse 
mutants with a disrupted Hoxc8 gene have an extra pair of ribs resulting from the 
transformation of the � rst lumbar vertebra into the 13th thoracic vertebra.

Two of the mammalian Hox gene clusters, HoxA and HoxD, are also expressed 
in overlapping patterns along the limbs. Knocking out members of these gene 
clusters in mice, or overexpressing them, produces mutants with speci� c rear-
rangements of the limb segments. For example, mice with targeted disruptions of 
the Hoxa11 and Hoxd11 genes lack a radius and an ulna.

The differential expression of Hox genes is controlled by the action of mor-
phogens. During vertebrate limb development, a particular subset of cells at the 
posterior margin of each limb bud�the zone of polarizing activity (ZPA)�is the 
source of a morphogen gradient (Figure 5.6). Cells nearest the ZPA form the 
smallest, most posterior digit of the hand or foot; those farthest away form the 
thumb or great toe. When a donor ZPA is grafted onto the anterior margin of a 
limb bud that already has its own ZPA, the limb becomes symmetric, with poste-
rior digits at both extremities. Sonic hedgehog (Shh) seems to act as the morpho-
gen. Because it cannot diffuse more than a few cell widths away from its source, 
its action seems to be indirect.

A bead soaked in Shh protein will substitute functionally for a ZPA, as will a 
bead soaked in retinoic acid, which is known to induce Shh gene expression. All 
� ve distal HoxD genes (Hoxd9–Hoxd13) are expressed at the heart of the ZPA. 
However, as the strength of the signal diminishes, the HoxD genes are switched 
off one by one, until at the thumb-forming anterior margin of the limb bud only 
Hoxd9 remains switched on. In this way, signal gradients specifying the major 
embryonic axes are linked to the homeotic genes that control regional cell 
behavior.
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Figure 5.6 Digit formation in the chick 
limb bud is speci� ed by the zone of 
polarizing activity. (A) Normal speci� cation 
of digits. The zone of polarizing activity (ZPA) 
is located in the posterior margin of the 
developing limb bud (left panel). ZPA cells 
produce the morphogen Sonic hedgehog 
(Shh), and the ensuing gradient of Shh levels 
generates a nested overlapping pattern of 
expression patterns for the � ve di� erent 
HoxD genes (middle panel), which is 
important for the speci� cation of digits (right 
panel). (B) Duplication of ZPA signals causes 
mirror-image duplication of digits. Grafting 
of a second ZPA to the anterior margin of 
the limb bud (or placement of a bead coated 
with Shh or retinoic acid, RA) establishes 
an opposing morphogen gradient and 
results in a mirror-image reversal of digit 
fates. [From Twyman (2000) Instant Notes In 
Developmental Biology. Taylor & Francis.]
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The source of the morphogen gradient that guides Hox gene expression along 
the major anteroposterior axis of the embryo is thought to be a transient embry-
onic structure known as the node, which is one of two major signaling centers in 
the early embryo (see Box 5.1), and the morphogen itself is thought to be retinoic 
acid. The node secretes increasing amounts of retinoic acid as it regresses, such 
that posterior cells are exposed to larger amounts of the chemical than anterior 
cells, resulting in the progressive activation of more Hox genes in the posterior 
regions of the embryo.

5.4 MORPHOGENESIS
Cell division, with progressive pattern formation and cell differentiation, would 
eventually yield an embryo with organized cell types, but that embryo would be 
a static ball of cells. Real embryos are dynamic structures, with cells and tissues 
undergoing constant interactions and rearrangements to generate structures 
and shapes. Cells form sheets, tubes, loose reticular masses, and dense clumps. 
Cells migrate either individually or en masse. In some cases, such behavior is in 
response to the developmental program. In other cases, these processes drive 
development, bringing groups of cells together that would otherwise never come 
into contact. Several different mechanisms underlying morphogenesis are sum-
marized in Table 5.2 and discussed in more detail below.

Morphogenesis can be driven by changes in cell shape and size
Orchestrated changes in cell shape can be brought about by reorganization of the 
cytoskeleton, and this can have a major impact on the structure of whole tissues. 
One of the landmark events in vertebrate development is the formation of the 
neural tube, which will ultimately give rise to the brain and spinal cord. As detailed 
in Section 5.6, a � at sheet of cells, the neural plate, is induced by signals from 
underlying cells to roll up into a tube, the neural tube. To achieve this, local con-
traction of micro� laments causes some columnar cells at the middle of the neu-
ral plate to become constricted at their apical ends, so that the top ends of the 
cells (the ends facing the external environment) become narrower. As a result, 
they become wedge-shaped and can now act as hinges. In combination with 
increased proliferation at the margins of the neural plate, this provides suf� cient 
force for the entire neural plate to roll up into a tube. Similar behavior within any 
� at sheet of cells will tend to cause that sheet to fold inward (invaginate).

TABLE 5.2 MORPHOGENETIC PROCESSES IN DEVELOPMENT

Process Example

Change in cell shape change from columnar to wedge-shaped cells during neural tube closure in birds and mammals

Change in cell size expansion of adipocytes (fat cells) as they accumulate lipid droplets

Gain of cell�cell adhesion condensation of cells of the cartilage mesenchyme in vertebrate limb bud

Loss of cell�cell adhesion delamination of cells from epiblast during gastrulation in mammals

Cell�matrix interaction migration of neural crest cells and germ cells

Loss of cell�matrix adhesion delamination of cells from basal layer of the epidermis

Di� erential rates of cell proliferation selective outgrowth of vertebrate limb buds by proliferation of cells in the progress zone, the 
undi� erentiated population of mesenchyme cells from which successive parts of the limb are laid down

Alternative positioning and/or 
orientation of mitotic spindle

di� erent embryonic cleavage patterns in animals; stereotyped cell divisions in nematodes

Apoptosis separation of digits in vertebrate limb bud (Figure 5.7); selection of functional synapses in the 
mammalian nervous system

Cell fusion formation of trophoblast and myotubes in mammals
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Major morphogenetic changes in the embryo result from changes 
in cell a�  nity
Selective cell�cell adhesion and cell�matrix adhesion were described in Section 
4.2 as mechanisms used to organize cells into tissues and maintain tissue bound-
aries. In development, regulating the synthesis of particular cell adhesion mole-
cules allows cells to make and break contacts with each other and undergo very 
dynamic reorganization. Gastrulation is perhaps the most dramatic example of a 
morphogenetic process. The single sheet of epiblast turns in on itself and is con-
verted into the three fundamental germ layers of the embryo, a process driven by 
a combination of changes in cell shape, selective cell proliferation, and differ-
ences in cell af� nity. Various processes can result from altering the adhesive 
properties of cells (Table 5.3). For example, when a cell loses contact with those 
surrounding it (delamination), it is free to move to another location (migration, 
ingression, or egression). Conversely, an increase in cell�cell or cell�matrix adhe-
sion allows new contacts to be made (intercalation or condensation).

Cell proliferation and apoptosis are important morphogenetic 
mechanisms
After an initial period of cleavage during which all cells divide at much the same 
rate, cells in different parts of the embryo begin to divide at different rates. This 
can be used to generate new structures. For example, rapid cell division in 
selected regions of the mesoderm gives rise to limb buds, whereas adjacent 
regions, dividing more slowly, do not form such structures.

The plane of cell division, which is dependent on the orientation of the mitotic 
spindle, is also important. For example, divisions perpendicular to the plane of 
an epithelial sheet will cause that sheet to expand by the incorporation of new 
cells. Divisions in the same plane as the sheet will generate additional layers. If 
the cells are asymmetric, as is true of some stem cells, then the plane of cell divi-
sion can in� uence the types of daughter cell that are produced. Furthermore, 
asymmetric positioning of the mitotic spindle will result in a cleavage plane that 
is not in the center of the cell. The resulting asymmetric cell division will generate 
two daughter cells of different sizes. Asymmetric cell division in female gamet-
ogenesis produces a massive egg, containing most of the cytoplasm, and vestigial 
polar bodies that are essentially waste vessels for the unwanted haploid chromo-
some set (see Box 4.3). Contrast this with male gametogenesis, in which meiosis 
produces four equivalent spermatids.

Apoptosis is another important morphogenetic mechanism, because it allows 
gaps to be introduced into the body plan. The gaps between our � ngers and toes 

TABLE 5.3 PROCESSES RESULTING FROM ALTERED CELL ADHESION

Process Example

Migration The movement of an individual cell with respect to other cells in the embryo. Some cells, notably the neural crest cells (Box 5.4) 
and germ cells (Section 5.7), migrate far from their original locations during development

Ingression The movement of a cell from the surface of an embryo into its interior (Figure 5.13)

Egression The movement of a cell from the interior of an embryo to the external surface

Delamination The movement of cells out of an epithelial sheet, often to convert a single layer of cells into multiple layers. This is one of the major 
processes that underlie gastrulation (Figure 5.13) in mammalian embryos. Cells can also delaminate from a basement membrane, 
as occurs in the development of the skin

Intercalation The opposite of delamination: cells from multiple cell layers merge into a single epithelial sheet

Condensation The conversion of loosely packed mesenchyme cells into an epithelial structure; sometimes called a mesenchymal-to-epithelial 
transition

Dispersal The opposite of condensation: conversion of an epithelial structure into loosely packed mesenchyme cells; an epithelial-to-
mesenchymal transition

Epiboly The spreading of a sheet of cells

MORPHOGENESIS
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are created by the death of interdigital cells in the hand and foot plates beginning 
at about 45 days of gestation (Figure 5.7). In the mammalian nervous system, 
apoptosis is used to prune out the neurons with nonproductive connections, 
allowing the neuronal circuitry to be progressively re� ned. Remarkably, up 
to 50% of neurons are disposed of in this manner, and in the retina this can 
approach 80%.

5.5 EARLY HUMAN DEVELOPMENT: FERTILIZATION TO 
GASTRULATION
During fertilization the egg is activated to form a unique 
individual
Fertilization is the process by which two sex cells (gametes) fuse to create a new 
individual. The female gamete, the egg cell (or oocyte), is a very large cell that 
contains material necessary for the beginning of growth and development (Figure 
5.8A). The cytoplasm is extremely well endowed with very large numbers of mito-
chondria and ribosomes, and large amounts of protein, including DNA and RNA 
polymerases. There are also considerable quantities of RNAs, protective chemi-
cals, and morphogenetic factors. In many species, including birds, reptiles, � sh, 
amphibians, and insects, the egg contains a signi� cant amount of yolk, a collec-
tion of nutrients that is required to nourish the developing embryo before it can 
feed independently. Yolk is not required in mammalian eggs because the embryo 
will be nourished by the placental blood supply.

Outside the egg�s plasma membrane is the vitelline envelope, which in mam-
mals is a separate and thick extracellular matrix known as the zona pellucida. In 
mammals, too, the egg is surrounded by a layer of cells known as cumulus cells 
that nurture the egg before, and just after, ovulation.
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Figure 5.7 Programmed cell death sculpts 
� ngers and toes during embryonic 
development. (A) The digits of a mouse paw 
are sculpted from the plate-like structure 
seen at embryonic day 12.5 (E12.5); the 
digits are fully connected by webbing. The 
cells within the webbing are programmed 
to die and have disappeared by E14.5. The 
dying cells are identi� ed by acridine orange 
staining on the right panel. (B) Incomplete 
programmed cell death during human hand 
development results in webbed � ngers. 
[(A) from Pollard TD & Earnshaw WC (2002) 
Cell Biology, 2nd ed. With permission from 
Elsevier.]
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The male gamete, the sperm cell, is a small cell with a greatly reduced cyto-
plasm and a haploid nucleus. The nucleus is highly condensed and transcrip-
tionally inactive because the normal histones are replaced by a special class of 
packaging proteins known as protamines. A long � agellum at the posterior end 
provides propulsion. The acrosomal vesicle (or acrosome) at the anterior end 
(Figure 5.8B) contains digestive enzymes. Human sperm cells have to migrate 
very considerable distances, and out of the 280 million or so ejaculated into the 
vagina only about 200 reach the required part of the oviduct where fertilization 
takes place.

Fertilization begins with attachment of a sperm to the zona pellucida followed 
by the release of enzymes from the acrosomal vesicle, causing local digestion of 
the zona pellucida. The head of the sperm then fuses with the plasma membrane 
of the oocyte and the sperm nucleus passes into the cytoplasm. Within the oocyte, 
the haploid sets of sperm and egg chromosomes are initially separated from each 
other and constitute, respectively, the male and female pronuclei. They subse-
quently fuse to form a diploid nucleus. The fertilized oocyte is known as the 
zygote.

Cleavage partitions the zygote into many smaller cells
Cleavage is the developmental stage during which the zygote divides repeatedly 
to form a number of smaller cells called blastomeres. The nature of the early 
cleavage divisions varies widely between different animal species. For example, 
in Drosophila and many other insects, the process does not even involve cell divi-
sion; instead, the zygote nucleus undergoes a series of divisions in a common 
cytoplasm to generate a large, � attened multinucleated cell, the syncytial blasto-
derm. However, in many animals the result of cleavage is usually a ball of cells, 
often surrounding a � uid-� lled cavity called the blastocele.

In most invertebrates, the ball of cells resulting from cleavage is called a blas-
tula. In vertebrates the terminology varies. In amphibians and mammals, the 
term morula is used to describe the initial, loosely packed, ball of cells that results 
from early cleavage, and thereafter when the � uid-� lled blastocele forms, the ball 
of cells is known as a blastula in amphibians but a blastocyst in mammals (Figure 
5.9 and Figure 5.10). The situation is different in birds, � sh, and reptiles, in which 
the egg contains a lot of yolk, which inhibits cell division. Here the cleavage is 
restricted to a � attened blastodisc at the periphery of the cell.

For many species (but not mammals�see below), cleavage divisions are rapid 
because there are no intervening G1 and G2 gap phases in the cell cycle between 
DNA replication (S phase) and mitosis (M phase). In such cases there is no net 
growth of the embryo and so, as the cell number increases, the cell size decreases. 
Where this happens, the genome inherited from the zygote (the zygotic genome) 
is transcriptionally inactive during cleavage. Instead, there is heavy reliance on 
maternally inherited gene products distributed in the egg cytoplasm. The mater-
nal gene products regulate the cell cycle and determine the rate of cleavage, and 
the cleavage divisions are synchronous. This type of regulation is often referred to 
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(A) (B) Figure 5.8 The specialized sex cells. (A) The 
egg. The mammalian egg (oocyte) is a large 
cell, 120 mm in diameter, surrounded by an 
extracellular envelope, the zona pellucida, 
which contains three glycoproteins, ZP-1, 
ZP-2, and ZP-3, that polymerize to form 
a gel. The � rst polar body (the product of 
meiosis I; not shown here) lies under the zona 
within the perivitelline space. At ovulation, 
oocytes are in metaphase II. Meiosis II is not 
completed until after fertilization. (B) The 
sperm. This cell is much smaller than the 
egg, with a 5 mm head containing highly 
compacted DNA, a 5 mm cylindrical body (the 
midpiece, containing many mitochondria), 
and a 50 mm tail. At the front, the acrosomal 
vesicle contains enzymes that help the sperm 
to make a hole in the zona pellucida, allowing 
it to access and fertilize the egg. Fertilization 
triggers secretion of cortical granules by the 
egg that e� ectively inhibit further sperm from 
passing through the zona pellucida. [From 
Alberts B, Johnson A, Lewis J et al. (2002) 
Molecular Biology of the Cell, 4th ed. Garland 
Science/Taylor & Francis LLC.]
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as maternal genome regulation, and the maternal gene products are often 
referred to as maternal determinants.

Mammalian eggs are among the smallest in the animal kingdom, 
and cleavage in mammals is exceptional in several ways
Cleavage in mammals is distinguished by several features, as follows:
� The zygotic genome is activated early, as early as the two-cell stage in some 

species. As a result, the cleavage divisions are controlled by the zygotic genome 
rather than by maternally inherited gene products. The divisions are slow 
because cell cycles include G1 and G2 phases and are asynchronous.

� The cleavage mechanism is unique. The � rst cleavage plane is vertical, but in 
the second round of cell division one of the cells cleaves vertically and the 
other horizontally (rotational cleavage�see Figure 5.9). Additionally, cells do 
not always divide at the same time to produce two-cell then four-cell then 
eight-cell stages, but can sometimes divide at different times to produce 
embryos with odd numbers of cells, such as three-cell or � ve-cell embryos.

� The embryo undergoes compaction. The loosely associated blastomeres of 
the eight-cell embryo � atten against each other to maximize their contacts 
and form a tightly packed morula. Compaction does occur in many non-
mammalian embryos, but it is much more obvious in mammals.
Compaction has the effect of introducing a degree of cell polarity. Before com-

paction the blastomeres are rounded cells with uniformly distributed microvilli, 
and the cell adhesion molecule E-cadherin is found wherever the cells are in con-
tact with each other. After compaction, the microvilli become restricted to the 
apical surface, while E-cadherin becomes distributed over the basolateral sur-
faces. Now the cells form tight junctions with their neighbors and the cytoskeletal 
elements are reorganized to form an apical band.

At about the 16-cell morula stage in mammals, it becomes possible to dis-
criminate between two types of cell: external polarized cells and internal non-
polar cells. As the population of nonpolar cells increases, the cells begin to 
communicate with each other through gap junctions. The distinction between 
the two types of cells is a fundamental one and underlies the more overt distinc-
tion between the outer and inner cell layers of the subsequent blastocyst (see 
Figure 5.9).

Only a small percentage of the cells in the early mammalian 
embryo give rise to the mature organism
In many animal models of development, the organism is formed from cells that 
have descended from all the cells of the early embryo. Mammals are rather differ-
ent: only a small minority of the cells of the early embryo give rise to the organism 
proper. This is so because much of early mammalian development is concerned 
with establishing the extraembryonic membranes�tissues that act as a life sup-
port but mostly do not contribute to the � nal organism (Box 5.2).
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Figure 5.9 Early development of the mammalian embryo, from zygote to 
blastocyst. In mammals, the � rst cleavage is a normal meridional division (along 
the vertical axis), but in the second cleavage one of the two cells (blastomeres) 
divides meridionally while the other divides at right angles, equatorially (rotational 
cleavage). At the eight-cell stage, the mouse morula undergoes compaction, when 
the blastomeres huddle together to form a compact ball of cells. The tight packaging, 
stabilized by tight junctions formed between the outer cells of the ball, seals o�  the 
inside of the sphere. The inner cells form gap junctions, enabling small molecules 
and ions to pass between them. The morula does not have an internal cavity, but 
the outer cells secrete � uid so that the subsequent blastocyst becomes a hollow ball 
of cells with a � uid-� lled internal cavity, the blastocele. The blastocyst has an outer 
layer of cells, the trophoblast, that will give rise to an extraembryonic membrane, 
the chorion, plus an inner cell mass (ICM) located at one end of the embryo, the 
embryonic pole. Cells from the ICM will give rise to the other extracellular membranes 
as well as the embryo proper and the subsequent fetus. For convenience, the zona 
pellucida that surrounds the early embryo (see Figure 5.10) is not shown. [Adapted 
from Twyman (2000) Instant Notes In Developmental Biology. Taylor & Francis.]
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As the blastocele forms (at about the 32-cell stage in humans), the inner non-
polar cells congregate at one end of the blastocele, the embryonic pole, to form 
an off-center inner cell mass (ICM). The outer trophoblast cells give rise to the 
chorion, the outermost extraembryonic membrane, while the cells of the ICM 
will give rise to all the cells of the organism plus the other three extra-embryonic 
membranes. At any time until the late blastocyst stage, splitting can lead to the 
production of identical (monozygotic) twins (Box 5.3).
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Figure 5.10 The physiological context 
of early embryonic development. Sperm 
deposited in the seminal � uid swim up into 
the uterus and then into the oviducts 
(= fallopian tubes). During ovulation, an egg 
is released from an ovary into the oviduct, 
where it may be fertilized by a sperm. The 
fertilized egg is slowly propelled along the 
oviduct by cilia on the inner lining of the 
oviduct. During its journey, the zygote goes 
through various cleavage divisions, but 
the zona pellucida usually prevents it from 
adhering to the oviduct walls (although this 
occasionally happens in humans, causing a 
dangerous condition, an ectopic pregnancy). 
Once in the uterus, the zona pellucida 
is partly degraded and the blastocyst is 
released to allow implantation in the wall 
of the uterus (endometrium). [From Gilbert 
(2006) Developmental Biology, 8th ed. With 
permission from Sinauer Associates, Inc.]

Early mammalian development is unusual in that it is concerned 
primarily with the formation of tissues that mostly do not contribute 
to the � nal organism. These tissues are the four extraembryonic 
membranes: yolk sac, amnion, chorion, and allantois. The chorion 
combines with maternal tissue to form the placenta. As well as 
protecting the embryo (and later the fetus), these life support systems 
are required to provide for its nutrition, respiration, and excretion.

Yolk sac
The most primitive of the four extraembryonic membranes, the yolk 
sac is found in all amniotes (mammals, birds, and reptiles) and also 
in sharks, bony � shes, and some amphibians. In bird embryos, the 
yolk sac surrounds a nutritive yolk mass (the yellow part of the egg, 
consisting mostly of phospholipids). In many mammals, including 
humans and mice, the yolk sac does not contain any yolk. The yolk sac 
is generally important because:
� the primordial germ cells pass through the yolk sac on their 

migration from the epiblast to the genital ridge (for more details, 
see Section 5.7);

� it is the source of the � rst blood cells of the conceptus and most of 
the � rst blood vessels, some of which extend themselves into the 
developing embryo.

The yolk sac originates from splanchnic (= visceral) lateral plate 
mesoderm and endoderm.
Amnion
The amnion is the innermost of the extraembryonic membranes, 
remaining attached to and immediately surrounding the embryo. It 
contains amniotic � uid that bathes the embryo, thereby preventing 
drying out during development, helping the embryo to � oat (and so 
reducing the e� ects of gravity on the body), and acting as a hydraulic 
cushion to protect the embryo from mechanical jolting. The amnion 
derives from ectoderm and somatic lateral plate mesoderm.

Chorion
The chorion is also derived from ectoderm and somatic lateral plate 
mesoderm. In the embryos of birds, the chorion is pressed against 
the shell membrane, but in mammalian embryos it is composed of 

trophoblast cells, which produce the enzymes that erode the lining 
of the uterus, helping the embryo to implant into the uterine wall. 
The chorion is also a source of hormones (chorionic gonadotropin) 
that in� uence the uterus as well as other systems. In all these cases, 
the chorion serves as a surface for respiratory exchange. In placental 
mammals, the chorion provides the fetal component of the placenta 
(see below).

Allantois
The most evolutionarily recent of the extraembryonic membranes, the 
allantois develops from the posterior part of the alimentary canal in 
the embryos of reptiles, birds, and mammals. It arises from an outward 
bulging of the � oor of the hindgut and so is composed of endoderm 
and splanchnic lateral plate mesoderm. In most amniotes it acts as a 
waste (urine) storage system, but not in placental mammals (including 
humans). Although the allantois of placental mammals is vestigial and 
may regress, its blood vessels give rise to the umbilical cord vessels.

Placenta
The placenta is found only in some mammals and is derived partly 
from the conceptus and partly from the uterine wall. It develops after 
implantation, when the embryo induces a response in the neighboring 
maternal endometrium, changing it to become a nutrient-packed 
highly vascular tissue called the decidua. During the second and third 
weeks of development, the trophoblast tissue becomes vacuolated, 
and these vacuoles connect to nearby maternal capillaries, rapidly 
� lling with blood.

As the chorion forms, it projects outgrowths known as chorionic 
villi into the vacuoles, bringing the maternal and embryonic blood 
supplies into close contact. At the end of 3 weeks, the chorion has 
di� erentiated fully and contains a vascular system that is connected 
to the embryo. Exchange of nutrients and waste products occurs over 
the chorionic villi. Initially, the embryo is completely surrounded by 
the decidua, but as it grows and expands into the uterus, the overlying 
decidual tissue (decidua capsularis) thins out and then disintegrates. 
The mature placenta is derived completely from the underlying 
decidua basalis.
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Implantation
At about day 5 of human development, an enzyme is released that bores a hole 
through the zona pellucida, causing it to partly degrade and releasing the blasto-
cyst (see Figure 5.10). The hatched blastocyst is now free to interact directly with 
the cells lining the uterus, the endometrium. Very soon after arriving in the uterus 
(day 6 of human development), the blastocyst attaches tightly to the uterine epi-
thelium (implantation). Trophoblast cells proliferate rapidly and differentiate 
into an inner layer of cytotrophoblast and an outer multinucleated cell layer, the 
syncytiotrophoblast, that starts to invade the connective tissue of the uterus 
(Figure 5.11).

Approximately one in every 200 human pregnancies gives rise to 
twins. There are two distinct types:
� Fraternal (dizygotic) twins result from the independent 

fertilization of two eggs and are no more closely related than 
any other siblings. Although developing in the same womb, the 
embryos have separate and independent sets of extraembryonic 
membranes (Figure 1).

� Identical (monozygotic) twins arise from the same fertilization 
event, and are produced by the division of the embryo while the 
cells are still totipotent or pluripotent (see Figure 1).
About one-third of monozygotic twins are produced by an 

early division of the embryo, occurring before or during the morula 

stage. As a result, two separate blastocysts are formed, giving rise 
to embryos shrouded by independent sets of extraembryonic 
membranes. In the remaining two-thirds, twinning occurs at the 
blastocyst stage and involves division of the inner cell mass.

The nature of the twinning re� ects the exact stage at which 
the division occurs and how complete the division is. In most cases, 
the division occurs before day 9 of gestation, which is when the 
amnion is formed. Such twins share a common chorionic cavity but 
are surrounded by individual amnions. In a very small proportion of 
births, the division occurs after day 9 and the developing embryos 
are enclosed within a common amnion. Either through incomplete 
separation or subsequent fusion, these twins are occasionally conjoined.
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Figure 1 Monozygotic and dizygotic twinning. [Adapted from Larsen (2001) Human Embryology, 3rd ed. With permission from Elsevier.]
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Even before implantation occurs, cells of the ICM begin to differentiate into 
two distinct layers. An external cell layer, the epiblast (or primitive ectoderm) will 
give rise to ectoderm, endoderm, and mesoderm (and hence all of the tissues of 
the embryo), and also the amnion, yolk sac, and allantois. An internal cell layer, 
the hypoblast (also called primitive endoderm or visceral endoderm) will give rise 
to the extraembryonic mesoderm that lines the primary yolk sac and the 
blastocele.

A � uid-� lled cavity, the amniotic cavity, forms within the inner cell mass, 
enclosed by the amnion. The embryo now consists of distinct epiblast and hypo-
blast layers that will come together to form a � at bilaminar germ disk located 
between two � uid-� lled cavities, the amniotic cavity on one side and the yolk sac 
on the other (Figure 5.11B and Figure 5.12).

Gastrulation is a dynamic process by which cells of the epiblast 
give rise to the three germ layers
Gastrulation takes place during the third week of human development and is the 
� rst major morphogenetic process in development. During gastrulation, the ori-
entation of the body is laid down, and the embryo is converted from a bilaminar 
structure into a structure of three germ layers: ectoderm, endoderm, and meso-
derm. It should be noted that whereas the bilaminar germ disk is a � at disk in 
humans, rabbits, and some other mammals, it is cup-shaped in the mouse (com-
pare Figure 1B in Box 5.1).

In mammals, birds, and reptiles, the major structure characterizing gastrula-
tion is a linear one, the primitive streak. This transient structure appears, at 
about day 15 in human development, as a faint groove along the longitudinal 
midline of the now oval-shaped bilaminar germ disk. Over the course of the next 
day, the primitive streak develops a groove (primitive groove), which deepens and 
elongates to occupy close to half the length of the embryo. By day 16 a deep 
depression (the primitive pit), surrounded by a slight mound of epiblast (the 
primitive node), is evident at the end of the groove, near the center of the germ 
disk (see Figure 5.12).

The process of gastrulation is extremely dynamic, involving very rapid cell 
movements. At day 14�15 in human development, the epiblast cells near the 
primitive streak begin to proliferate, � atten, and lose their connections with one 
another. These � attened cells develop pseudopodia that allow them to migrate 
downward through the primitive streak into the space between the epiblast and 

Figure 5.11 Detail of human embryo 
implantation. (A) Human embryo 
implantation begins at about 6 days 
after fertilization, when the hatched 
blastocyst adheres to the wall of the 
uterus (endometrium). Trophoblast 
cells di� erentiate into an inner layer of 
cytotrophoblast and an outer multinucleated 
cell layer, the syncytiotrophoblast, that 
invades the connective tissue of the uterus. 
The inner cell mass of the blastocyst has 
given rise to two distinct cell layers, the 
epiblast and the hypoblast. (B) By about 
11 days after fertilization, the primary 
yolk sac detaches from the surrounding 
cytotrophoblast. Loose endodermal cells are 
scattered round the yolk sac. Villi composed 
of cytotrophoblast cells begin to extend into 
the syncytiotrophoblast. [Reproduced from 
McLachlan (1994) Medical Embryology. With 
permission from Addison-Wesley.]
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the hypoblast (Figure 5.13B). Some of the ingressing epiblast cells invade the 
hypoblast and displace its cells, leading eventually to complete replacement of 
the hypoblast by a new layer of epiblast-derived cells, the de� nitive endoderm. 
Starting on day 16, some of the migrating epiblast cells diverge into the space 
between the epiblast and the newly formed de� nitive endoderm to form a third 
layer, the intraembryonic mesoderm (Figure 5.13C). When the intraembryonic 
mesoderm and de� nitive endoderm have formed, the residual epiblast is now 
described as the ectoderm, and the new three-layered structure is referred to as 
the trilaminar germ disk (see Figure 5.13C).

The ingressing mesoderm cells migrate in different directions, some laterally 
and others toward the anterior, and others are deposited on the midline (Figure 
5.14).

The cells that migrate through the primitive pit in the center of the primitive 
node and come to rest on the midline form two structures:
� The prechordal (also called prochordal) plate is a compact mass of mesoderm 

to the anterior of the primitive pit. The prechordal plate will induce important 
cranial midline structures such as the brain.

� The notochordal process is a hollow tube that sprouts from the primitive pit 
and grows in length as cells proliferating in the region of the primitive node 
add on to its proximal end. The notochordal process and adjacent mesoderm 
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Figure 5.12 The primitive streak is an 
early marker of the anteroposterior 
axis. At about 15 days after fertilization, a 
transient linear structure called the primitive 
streak emerges. It appears on the dorsal 
surface of the human embryo, which is an 
oval bilaminar germ disk. It forms at the 
posterior end of the longitudinal midline, 
which will de� ne the anteroposterior axis. 
The expanded view at the bottom right 
shows the dorsal surface of the embryo 
through the sectioned amnion and yolk 
sac (the inset at upper left shows the 
relationship of the embryo to the chorionic 
cavity). In this view the primitive streak is 
about 1 day old. [From Larsen (2001) Human 
Embryology, 3rd ed. With permission from 
Elsevier.]

Figure 5.13 During human gastrulation, a � at bilaminar germ disk transforms into a trilaminar embryo. The outcome of gastrulation is similar in 
all mammals, but major di� erences may occur in the details of morphogenesis, particularly in how extraembryonic structures are formed and used. (A) In 
humans, the epiblast and hypoblast come into contact to form a � at bilaminar germ disk. The epiblast cells within this disk are described as the primitive 
ectoderm but will give rise to all three germ layers�ectoderm, endoderm, and mesoderm�as described in panels (B) and (C). The epiblast cells that are 
not in contact with the hypoblast will give rise to the ectoderm of the amnion. The hypoblast will give rise to the extraembryonic endoderm that lines the 
yolk sac. (B) The bilaminar germ disk at 14�15 days of human development. Along the length of the primitive streak, epiblast cells migrate downward to 
invade the hypoblast, and in so doing they become converted to embryonic endoderm and displace the cells of the hypoblast. (C) The bilaminar germ 
disk at 16 days of human development. A second wave of ingressing epiblast cells diverge into the space between the epiblast and the newly formed 
embryonic endoderm to form embryonic mesoderm. The remaining epiblast cells are now known as the embryonic ectoderm. [From Larsen (2001) 
Human Embryology, 3rd ed. With permission from Elsevier.]
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induce the overlying embryonic ectoderm to form the neural plate, the pre-
cursor of the central nervous system (Figure 5.15). At the same time as the 
notochordal process extends, the primitive streak regresses. By day 20 of 
human development, the notochordal process is completely formed, but it 
then transforms from a hollow tube to a solid rod, the notochord. The noto-
chord will later induce the formation of components of the nervous system 
(as described in Section 5.6).
The ingressing mesoderm cells that migrate laterally condense into rodlike 

and sheetlike structures on either side of the notochord. There are three main 
structures (Figure 5.16A):
� The paraxial mesoderm, a pair of cylindrical condensations lying immedi-

ately adjacent to and � anking the notochord, � rst develops into a series of 
whorl-like structures known as somitomeres, which form along the antero-
posterior axis through the third and fourth weeks of human development. 
The � rst seven cranial somitomeres will eventually go on to form the striated 
muscles of the face, jaw, and throat, but the other somitomeres develop fur-
ther into discrete blocks of segmental mesoderm known as somites (see Figure 
5.16C). Cervical, thoracic, lumbar, and sacral somites will establish the seg-
mental organization of the body by giving rise to most of the axial skeleton 
(including the vertebral column), the voluntary muscles, and part of the der-
mis of the skin.

� The intermediate mesoderm, a pair of less pronounced cylindrical conden-
sations, just lateral to the paraxial mesoderm, later develops into the urinary 
system, parts of the genital system, and kidneys.

� The remainder of the lateral mesoderm forms a � attened sheet, known as the 
lateral plate mesoderm. Starting on day 17 of human development, each of 
the lateral plates splits horizontally into two layers separated by a space that 
will become the body cavity, the coelom. The dorsal layer is known as the 
somatic (or parietal) mesoderm or somatopleure. It becomes applied to the 
inner surface of the ectoderm and will give rise to the inner lining of the body 
wall (see Figure 5.16B). The ventral layer, adjacent to the endoderm, is the 
splanchnic (or visceral) mesoderm or splanchnopleure, and it will give rise to 
the linings of the visceral organs.
Figure 5.17 summarizes how the three germ layers of the early embryo give 

rise to the many different tissues of the mature organism.
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Figure 5.14 Migration paths of mesoderm cells that ingress during 
gastrulation. Epiblast cells ingressing through the primitive pit migrate toward 
the anterior end (A) to form the notochordal process and the prechordal plate 
(oval shape at anterior end�see Figure 5.12) and laterally through the primitive 
groove to form the lateral mesoderm � anking the midline. The oval shape at the 
posterior end (P) marks the site of what will become the primordial anus. [From 
Larsen (2001) Human Embryology, 3rd ed. With permission from Elsevier.]

Figure 5.15 Progression of the human 
embryonic disk during week 3, showing 
development of the neural plate and 
notochord. The sketches are dorsal views 
of the embryonic disk, showing how 
it progresses from 15 to 21 days after 
fertilization. The primitive streak emerges 
at about day 15 along the posterior dorsal 
surface, advancing toward the center of 
the embryonic disk by the addition of cells 
to its posterior (caudal) end. Mesenchymal 
cells migrate from the anterior end of the 
primitive streak to form a midline cellular 
cord known as the notochordal process. 
The notochordal process grows cranially 
until it reaches the prechordal plate, the 
future site of the mouth. By day 18, the 
developing notochordal process can be seen 
to be accompanied by a thickening of the 
overlying epiblast to form the neural plate, 
which will eventually give rise to the brain 
and spinal cord. As the notochordal process 
develops, it changes from being a tube to 
become a solid rod, the notochord. The 
cloacal membrane is the primordial anus. 
A, anterior; P, posterior. [From Moore (1984) 
The Developing Human, 3rd ed. With 
permission from Elsevier.]
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5.6  NEURAL DEVELOPMENT
As described above, gastrulation results in a remarkable set of changes in the 
embryo, converting it from a two-layered structure to a three-layered one. The 
development of the embryo is now programmed toward organizing tissues into 
the precursors of the many organs and systems contained in the adult. The early 
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Figure 5.16 Di� erentiation of lateral 
mesoderm. (A) Early di� erentiation of 
lateral mesoderm. Early on day 17, the 
mesoderm immediately � anking the 
notochordal process begins to di� erentiate 
and forms cylindrical condensations, the 
paraxial mesoderm. The neighboring, less 
pronounced, cylindrical condensations are 
the intermediate mesoderm. The rest of the 
lateral mesoderm forms a � attened sheet, 
the lateral plate mesoderm. (B) Di� erentiation 
of lateral plate mesoderm (LPM). Later on 
day 17, vacuoles form in the LPM, which 
begins to split into two layers. The dorsal 
layer, the somatopleuric mesoderm, will give 
rise to the inner lining of the body walls and 
to most of the dermis. The ventral layer, the 
splanchnopleuric mesoderm, will give rise to 
the mesothelium, the lining of embryonic 
mesoderm epithelium that covers the 
visceral organs. (C) Somites originate 
from paraxial mesoderm. The paraxial 
mesoderm goes on to form a series of 
rounded whorl-like structures, somitomeres. 
Somitomeres 1�7  at the anterior end will 
develop into structures of the head, and 
the rest will give rise to somites, blocks of 
segmental mesoderm that in turn give rise 
to the vertebral column and segmented 
muscles. In this diagram of a 21-day human 
embryo, six central somitomeres have 
already di� erentiated into somites; these 
will be followed later by the more posterior 
somitomeres. The dashed line indicates the 
axis where the section was made to give the 
cross-section shown on the left. A, anterior; 
P, posterior. [Adapted from Larsen (2001) 
Human Embryology, 3rd ed. With permission 
from Elsevier.]
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Figure 5.17 Principal derivatives of 
the three germ layers. The three germ 
layers formed during gastrulation will 
eventually form all tissues of the embryo. 
The connective tissue of the head and 
the cartilage of the skull and of structures 
derived from branchial arches are a mixture 
of ectodermal and mesodermal tissue, as 
shown. Although the notochord persists 
in adults in some primitive vertebrates, in 
mammals and other higher vertebrates 
it becomes ossi� ed in regions of forming 
vertebrae and contributes to the center of 
the intervertebral disks. Note that some of 
the embryonic mesoderm cells go on to 
form extraembryonic mesoderm.
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development of the nervous system is a good example of organogenesis because 
it shows how the processes of differentiation, pattern formation, and morpho-
genesis are exquisitely coordinated.

The axial mesoderm induces the overlying ectoderm to develop 
into the nervous system
The development of the nervous system marks the onset of organogenesis; it 
begins at the end of the third week of human development. The initiating event is 
the induction of the overlying ectoderm by axial mesoderm (mesoderm running 
along the anteroposterior axis). Within the axial mesoderm, cells of the pre-
chordal plate and the anterior portion of the notochordal plate transmit signals 
to overlying ectoderm cells, causing them to differentiate into a thick plate of 
neuroepithelial cells (neurectoderm). The resulting neural plate appears at day 18 
of human development but grows rapidly and changes proportions over the next 
2 days (see Figure 5.15).

At about days 20�22 after fertilization, a process known as neurulation results 
in conversion of the neural plate into a neural tube, the precursor of the brain 
and spinal cord. The neural plate begins to crease ventrally along its midline to 
form a depression called the neural groove. This is thought to develop in response 
to inductive signals from the closely apposed notochord. Thick neural folds rotate 
around the neural groove and meet dorsally, initially at a mid-point along the 
anteroposterior axis (see Figure 5.15 and Figure 5.18). Closure of the neural tube 
proceeds in a zipperlike fashion and bidirectionally. Initially, the neural tube is 
open at both ends (the openings are called the anterior and posterior neuro-
pores), but subsequently the openings need to be closed. Occasionally, there is a 
partial failure of neural tube closure, resulting in conditions such as spina 
bi� da.

During neurulation, the neural crest, a speci� c population of cells arising 
along the lateral margins of the neural folds, detaches from the neural plate and 
migrates to many speci� c locations within the body. This highly versatile group 
of cells gives rise to part of the peripheral nervous system, melanocytes, some 
bone and muscle, and other structures (Box 5.4).

Pattern formation in the neural tube involves the coordinated 
expression of genes along two axes
As soon as the neural plate is formed, three large cranial vesicles (the future brain) 
become visible, as well as a narrower caudal section that will form the spinal 
cord. This anteroposterior polarity re� ects the regional speci� city of neural 
induction: the signals coming from the axial mesoderm contain positional infor-
mation that causes the overlying ectoderm to form neural tissue speci� c for dif-
ferent parts of the axis. The precise nature of the signal in birds and mammals is 
not understood. In Xenopus, a model has been developed in which neural devel-
opment is prevented by members of the bone morphogenetic protein (BMP) 
family of signaling proteins, and BMP antagonists are required to initiate neural 
induction. The mechanism in birds and mammals seems to be more complex 
and is an area of active research. It seems likely that a general neuralizing signal 
is released from the mesoderm that induces the formation of neural plate that is 
anterior in character. Another signal that originates in the caudal region of the 
embryo will �posteriorize� that part of the neural plate. Molecules secreted by the 
anterior mesoderm are required for formation of the head.

Whatever the underlying mechanism, the signals activate different sets of 
transcription factors along the axis, and these confer positional identities on the 
cells and regulate their behavior. In the forebrain and midbrain, transcription Figure 5.18 Morphogenesis of the 

nervous system. The change from a � at 
neural plate to a closed neural tube is caused 
by the formation of hinge points where cells 
become apically constricted, and by the 
proliferation of ectoderm at the margins of 
the neural plate pushing the sides together. 
As the neural folds come together, neural 
crest cells delaminate and begin to migrate 
away to diverse locations, as described later.
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factors of the Emx and Otx families are expressed. In the hindbrain and spinal 
cord, positional identities are controlled by the Hox genes. In the hindbrain, it 
seems that the positional values of cells are � xed at the neural plate stage and 
that migrating neural crest cells carry this information with them and impose 
positional identities on the tissues surrounding their eventual resting place. 

The vertebrate neural crest is quite extraordinary and, although 
derived from ectoderm, its importance has led to suggestions that 
it be recognized as a fourth germ layer. Neural crest cells originate 
during neurulation from dorsal ectoderm cells at the edges of the 
neural folds (Figure 5.18). The neural crest is a transient structure�the 
cells disperse soon after the neural tube closes. They undergo an 
epithelial-to-mesenchymal transition and they migrate away from the 
midline (Figure 1).

Neural crest cells migrate to peripheral locations, where they 
assume a variety of di� erent ectodermal and mesodermal fates, giving 
rise to a quite prodigious number of di� erentiated cell types (Table 1). 
Most of our information comes from fate-mapping studies in the chick, 
which have been aided by the ability to transplant corresponding 
domains of the dorsal neural tube between chick and quail embryos 
and to identify the cellular derivatives of such domains.

Neural crest (NC) cells form at all levels along the anteroposterior 
axis of the neural tube; however, four main, but overlapping, regions 
are recognized with characteristic derivatives and functions as listed 
below.
Cranial neural crest
Some NC cells migrate dorsolaterally and give rise to the craniofacial 
mesenchyme, which in turn produces cartilage, bone, cranial neurons, 
glia, and connective tissues of the face. NC cells also give rise to 
structures within the pharyngeal (branchial) arches and pouches, 
including cartilaginous rudiments of several bones of the nose, 
face, middle ear, jaw, and neck and also cells of the thymus and 
odontoblasts of tooth primordia.

Trunk neural crest
An early wave of NC cells migrates ventrolaterally through the anterior 
half of the sclerotomes (the blocks of mesodermal tissue derived from 
somites that will di� erentiate into the vertebral cartilage). Some of 
the NC cells stay in the sclerotomes to form the dorsal root ganglia 
containing the sensory neurons. Other NC cells continue ventrally to 
form the sympathetic ganglia, the adrenal medulla, and nerve clusters 
surrounding the aorta. A later wave of NC cells migrates dorsolaterally 

into the ectoderm, becoming melanocytes and going on to move 
through the skin toward the ventral midline of the body.

Vagal and sacral neural crest
The vagal (neck) NC lies opposite chick somites 1�7; the sacral NC 
lies posterior to somite 28. The neck and sacral NC cells generate the 
parasympathetic (enteric) ganglia of the gut.

Cardiac neural crest
The cardiac neural crest is a subregion of the vagal neural crest, 
extending from chick somites 1 to 3. Cardiac NC cells develop into 
melanocytes, neurons, cartilage, or connective tissue (of certain 
pharyngeal arches). In addition, this type of NC gives rise to the 
entire (muscular/connective tissue) walls of the large arteries as they 
arise from the heart (out� ow tracts), and contribute to the septum 
separating the pulmonary circulation from the aorta.

Table 1 Major classes of neural crest derivatives

Tissue/region Cell types/structure

Peripheral nervous 
system (PNS) neurons

sensory ganglia; sympathetic ganglia; 
parasympathetic ganglia

PNS glial cells Schwann cells; non-myelinating glial cells

Endocrine/
paraendocrine 
derivatives

adrenal medulla; calcitonin-secreting 
cells; carotid body type I cells

Head and neck corneal endothelium and stroma; dermis, 
smooth muscle, and adipose tissue; 
facial and anterior ventral skull cartilage 
and bones; lachrymal gland, connective 
tissue; pituitary gland, connective tissue; 
salivary gland, connective tissue; thyroid, 
connective tissue; tooth papillae

Skin dermis, smooth muscle, and adipose 
tissue; melanocytes

Others arteries originating from aortic arch�
connective tissue and smooth muscle; 
thymus, connective tissue; truncoconal 
septum

neural tube

sensory
ganglion

sympathetic
ganglion

adrenal
gland

original site of neural crest cells

ectoderm

somite

notochord

aorta

coelomic
cavity

gut tube

enteric
ganglia

D

V

L R Figure 1 Main migratory pathways during neural crest 
migration. Schematic cross section through the middle part of the 
trunk of a chick embryo. Cells taking the pathway just beneath the 
ectoderm (outer red arrows) will form melanocytes; those that take 
the deep pathway via the somites (inner red arrows) will form the 
neurons and glial cells of sensory and sympathetic ganglia, and parts 
of the adrenal gland. The neurons and glia of the enteric ganglia, in 
the wall of the gut, are formed from neural crest cells that migrate 
along the length of the body from either the neck or sacral regions. 
[From Alberts B, Johnson A, Lewis J et al. (2002) Molecular Biology of 
the Cell, 4th ed. Garland Science/Taylor & Francis LLC.]

BOX 5.4 THE EXTRAORDINARY VERSATILITY OF THE VERTEBRATE NEURAL CREST










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































	HUMAN MOLECULAR GENETICS
	PREFACE



