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Preface

The fi rst edition of this book was published in 2002. At that time the revolu-
tion in molecular biology, with gene cloning at its heart, had already pro-
gressed to encompass a variety of other techniques and advances, especially 
genome sequencing, the polymerase chain reaction and microarray technol-
ogy. This has now developed still further, to the extent that many researchers 
no longer need sophisticated techniques to clone and identify specifi c genes. 
They can simply screen the genome sequence for the relevant gene, and (if 
needed) amplify it, using PCR. The changes we have made in this edition 
represent an attempt to refl ect this development – especially by enhancing 
the treatment of bioinformatics. At the same time, we are conscious of the 
need to keep the book accessible to our target audience, which means not 
allowing it to expand much beyond its original size. Therefore, some topics 
have had to go. However, we have tried not to throw out the baby with the 
bathwater. Many of the older techniques still have a role to play – especially 
for those who are working with organisms whose genomes have not yet been 
sequenced. We have also retained a description of some techniques which, 
although now used less frequently, are either signifi cant in understanding the 
development of the subject or play a useful role in understanding underlying 
concepts.

The main title of the book, From Genes to Genomes, is derived from the 
progress of this revolution. It signifi es the move from the early focus on the 
isolation and identifi cation of specifi c genes to the exciting advances that 
have been made possible by the sequencing of complete genomes. This has 
in turn spawned a whole new range of technologies (post-genomics) that are 
designed for genome-wide analysis of gene structure and expression. In this 
edition, we have strengthened this theme, by dealing fi rst with methods 
that are applicable to individual genes before moving on to genome-wide 
concepts.

Dealing only with the techniques, without the applications, would be rather 
dry. Some of the applications are obvious – recombinant product formation, 
genetic diagnosis, transgenic plants and animals, and so on – and we have 
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In this book, we assume you already have a working knowledge of the basic 
concepts of molecular biology. This chapter serves as a reminder of the key 
aspects of molecular biology that are especially relevant to this book.

2.1 Nucleic acid structure
2.1.1 The DNA backbone
Manipulation of nucleic acids in the laboratory is based on their physical and 
chemical properties, which in turn are refl ected in their biological function. 
Intrinsically, DNA is a remarkably stable molecule. Scientists routinely send 
plasmid DNA samples in the post without worrying about refrigeration. 
Indeed, DNA of high enough quality to be analysed has been recovered from 
frozen mammoths and mummifi ed pharaohs thousands of years old. This 
stability is provided by the robust repetitive phosphate–sugar backbone in 
each DNA strand, in which the phosphate links the 5′ position of one sugar 
to the 3′ position of the next (Figure 2.1). The bonds between these phos-
phorus, oxygen and carbon atoms are all covalent bonds. Controlled degrada-
tion of DNA requires enzymes (nucleases) that break these covalent bonds. 
These are divided into endonucleases, which attack internal sites in a DNA 
strand, and exonucleases, which nibble away at the ends. We can for the 
moment ignore other enzymes that attack, for example, the bonds linking the 
bases to the sugar residues. Some of these enzymes are non-specifi c, and lead 
to a generalized destruction of DNA. It was the discovery of restriction endo-
nucleases (or restriction enzymes), which cut DNA strands at specifi c posi-
tions, coupled with DNA ligases, which can join two double-stranded DNA 
molecules together, that opened up the possibility of recombinant DNA 
technology (‘genetic engineering’).

2
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guanine:cytosine (GC) base pairs have three hydrogen bonds, they are stron-
ger (i.e. melt less easily) than adenine:thymine (AT) pairs, which have only 
two hydrogen bonds. It is therefore possible to estimate the melting tempera-
ture of a DNA fragment if you know the sequence (or the base composition 
and length). These considerations are important in understanding the tech-
nique known as hybridization, in which gene probes are used to detect spe-
cifi c nucleic acid sequences. We will look at hybridization in more detail in 
Chapter 7.

In addition to the hydrogen bonds, the double-stranded DNA structure is 
maintained by hydrophobic interactions between the bases. The hydrophobic 
nature of the bases means that a single-stranded structure, in which the bases 
are exposed to the aqueous environment, is unstable. Pairing of the bases 
enables them to be removed from interaction with the surrounding water. In 
contrast to the hydrogen bonding, hydrophobic interactions are relatively 
non-specifi c. Thus, nucleic acid strands will tend to stick together even in the 
absence of specifi c base pairing, although the specifi c interactions make 
the association stronger. The specifi city of the interaction can therefore be 
increased by the use of chemicals (such as formamide) that reduce the hydro-
phobic interactions.

What happens if there is only a single nucleic acid strand? This is normally 
the case with RNA, but single-stranded forms of DNA (ssDNA) also exist. 
In some viruses, the genetic material is single-stranded DNA. A single-
stranded nucleic acid molecule will tend to fold up on itself to form localized 
double-stranded regions, including structures referred to as hairpins or stem-
loop structures. This has the effect of removing the bases from interaction 
with the surrounding water. At room temperature, in the absence of denatur-
ing agents, a single-stranded nucleic acid will normally consist of a complex 
set of such localized secondary structure elements, which is especially evident 
with RNA molecules. This can also happen to a limited extent with double-
stranded DNA, where short sequences sometimes tend to loop out of the 
regular double helix. Because this makes it easier for enzymes to unwind 
the DNA, and to separate the strands, these sequences can play a role in the 
regulation of gene expression, and in the initiation of DNA replication.

A further factor to be taken into account is the negative charge on the 
phosphate groups in the nucleic acid backbone. This works in the opposite 
direction to the hydrogen bonds and hydrophobic interactions; the strong 
negative charge on the DNA strands causes electrostatic repulsion that tends 
to make the two strands repel each other. In the presence of salt, this effect 
is counteracted by a cloud of counterions surrounding the molecule, neutral-
izing the negative charge on the phosphate groups. However, if you reduce 
the salt concentration, any weak interactions between the strands will be 
disrupted by electrostatic repulsion. Hence, at low ionic strength, the strands 
will only remain together if the hydrogen bonding is strong enough, and 
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role in protein synthesis. However there are some viruses that have double-
stranded RNA (dsRNA) as their genetic material, as well as some viruses 
with single-stranded RNA, and some viruses (as well as some plasmids) rep-
licate via single-stranded DNA forms.

2.1.4 Nucleic acid synthesis
We do not need to consider here all the details of how nucleic acids are syn-
thesized. The fundamental features that we need to remember are summa-
rized in Figure 2.6, which shows the addition of a nucleotide to the growing 
end (3′-OH) of a DNA strand. The substrate for this reaction is the relevant 
deoxynucleotide triphosphate (dNTP), i.e. the one that makes the correct 
base pair with the corresponding residue on the template strand. The DNA 
strand is always extended at the 3′-OH end. For this reaction to occur it is 
essential that the existing residue at the 3′-OH end, to which the new nucleo-
tide is to be added, is accurately base paired with its partner on the other 
strand.
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The plasmids that we will be referring to frequently in later pages are natu-
rally supercoiled when they are isolated from the cell. However, if one of the 
strands is broken at any point, the DNA is then free to rotate at that point 
and can therefore relax into a non-supercoiled form. This is known as an 
open circular form (in contrast to the covalently closed circular form of the 
native plasmid).

2.2 What is a gene?
The defi nition of a ‘gene’ is rather imprecise. Its origins go back to the early 
days of genetics, when it was used to describe the unit of inheritance of an 
observable characteristic (a phenotype). This meaning persists in non-
scientifi c usage, rather loosely, as the ‘gene for blue eyes’, or ‘the gene for 
red hair’. As it became realized that many characteristics were determined 
by the presence or properties of individual proteins, the defi nition became 
refi ned to relate to the chromosomal region that carried the information for 
that protein, leading to the concept of ‘one gene, one protein’. As the study 
of genetics and biochemistry progressed further, it was realized that many 
proteins consist of several distinct polypeptides, and that the chromosomal 
regions coding for the different polypeptides could be distinguished geneti-
cally. Therefore, the defi nition was refi ned further to mean a piece of DNA 
containing the information for a single specifi c polypeptide (‘one gene, one 
polypeptide’). With the advent of DNA sequencing, it became possible to 
consider a gene in molecular terms. So we now often use the term ‘gene’ as 
being synonymous with ‘open reading frame’ (ORF), i.e. the region between 
the start and stop codons. In bacteria, this is (usually) a simple uninterrupted 
sequence, but in eukaryotes, the presence of introns (see below) makes this 
defi nition more diffi cult, since the region of the chromosome that contains 
the information for a specifi c polypeptide may be many times longer than 
the actual coding sequence. We also have to be careful as we may want to 
refer to the whole transcribed region, which will be longer than the translated 
open reading frame, or indeed to include the control regions that are neces-
sary for the start of transcription.

Furthermore, this defi nition, by focusing solely on the regions that code 
for proteins (or polypeptides), is too limited in its scope. It ignores many 
regions of DNA that, although not coding for proteins, are nevertheless 
important for the viability of the cell, or infl uence the phenotype in other 
ways. The most obvious of these are DNA sequences that code for RNA 
molecules. Most well known of these are ribosomal and transfer RNA, 
although later in the book we will encounter other RNA molecules that play 
signifi cant roles in gene regulation and other activities. Other DNA regions 
are important in gene regulation because they act as binding sites for regula-
tory proteins.

 2.2 WHAT IS A GENE? 15
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20 CH2 BASIC MOLECULAR BIOLOGY

The resulting level of protein production is dependent on the amount of 
the specifi c mRNA available, rather than just the rate of production. The 
level of an mRNA species will be affected by its rate of degradation as well 
as by its rate of synthesis. In bacteria, most mRNA molecules are degraded 
quite quickly (with a half-life of only a few minutes), although some are much 
more stable. The instability of the majority of bacterial mRNA molecules 
means that bacteria can rapidly alter their profi le of gene expression by 
changing the transcription of specifi c genes. By contrast, the lifespans of most 
eukaryotic mRNA molecules are measured in hours or days rather than 
minutes. Again, this is a refl ection of the fact that an organism (or a cell) that 
is able to control its own environment to a substantial extent is subjected to 
less radical environmental changes. Consequently, mRNA molecules tend to 
be more stable in multicellular organisms than in, for example, yeast. None-
theless, the principle remains; the level of an mRNA is a function of its pro-
duction and degradation rates. We will discuss how to study and disentangle 
these parameters in Chapter 10.

2.3.2 Translation
In bacteria, translation starts when ribosomes bind to a specifi c site (the ribo-
some binding site, RBS), which is adjacent to the start codon. The sequence 
of the ribosome binding site (also known as the Shine–Dalgarno sequence) 
has been recognized as being complementary to the 3′ end of the 16S rRNA 
(Figure 2.9). The precise sequence of this site, and its distance from the start 
codon, does affect the effi ciency of translation, although in nature this is 
less important than transcriptional effi ciency in determining the level of 
gene expression. Translation effi ciency will also depend on the codon usage, 
i.e. the match between synonymous codons and the availability of tRNA 
that will recognize each codon. This concept is explored more fully in 
Chapter 11.

In bacterial systems, where transcription and translation occur in the same 
compartment of the cell, ribosomes will bind to the mRNA, a process known 
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22 CH2 BASIC MOLECULAR BIOLOGY

number of separate polypeptides. This can occur by the ribosomes reaching 
the stop codon at the end of one polypeptide-coding sequence, terminating 
translation and releasing the product before re-initiating (without dis-
sociation from the mRNA). Alternatively, the ribosomes may attach 
independently to internal ribosome binding sites within the mRNA sequence. 
Generally, the genes involved are responsible for different steps in the same 
pathway, and this arrangement facilitates the co-ordinate regulation of those 
genes, i.e. expression of each gene in the operon goes up (or down) together 
in response to changing conditions.

In eukaryotes, in contrast, the way in which ribosomes initiate translation 
is different, which means that they cannot usually produce separate proteins 
from a single mRNA in this way. There are occasions when a single mRNA 
can give rise to different proteins, but these work in different ways, such as 
alternative processing of the mRNA (see below) or by producing one long 
polyprotein or precursor which is then cleaved into different proteins (as 
occurs in some viruses).

2.4.2 Exons and introns
In bacteria there is generally a simple one-for-one relationship between the 
coding sequence of the DNA, the mRNA and the protein. This is usually not 
true for eukaryotic cells, where the initial transcript is many times longer than 
that needed for translation into the fi nal protein. It contains blocks of sequence 
(introns) which are removed by processing to generate the fi nal mRNA 
for translation (Figure 2.11). One important consequence of the presence 
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3.1 What is cloning?
Cloning means using asexual reproduction to obtain organisms that are 
genetically identical to one another, and to the ‘parent’. This contrasts with 
sexual reproduction, where the offspring are not usually identical. It is worth 
stressing that clones are only identical genetically; the actual appearance and 
behaviour of the clones will be infl uenced by other factors such as their envi-
ronment. This applies to all organisms, from bacteria to humans.

Despite the emotive language that increasingly surrounds the use of the 
word ‘cloning’, this is a concept that will be surprisingly familiar to many 
people. In particular, anyone with an interest in gardening will know that it 
is possible to propagate plants by taking cuttings, and that in this way you 
will produce a number of plants that are identical to the original, and to each 
other. These are clones. Similarly, the routine bacteriological procedure of 
purifying a bacterial strain by picking a single colony for inoculating a series 
of fresh cultures is also a form of cloning.

The term cloning is also applied to genes, by extension of the concept. If 
you introduce a foreign gene into a bacterium, or any other type of cell, in 
such a way that it will be copied when the cell replicates, then you will 
produce a large number of cells all with identical copies of that piece of DNA 
– you have cloned the gene (Figure 3.1). By producing a large number of 
copies in this way, you can sequence it or label it as a probe to study its 
expression in the organism it came from. You can express its protein product 
in bacterial or eukaryotic cells. You can mutate it and study what difference 
that mutation makes to the properties of the gene, its protein product or the 
cell that carries it. You can even purify the gene from the bacterial clone and 
inject it into a mouse egg, and produce a line of transgenic mice that express 
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26 CH3 HOW TO CLONE A GENE

it. Behind all these applications lies a cloning process with the same basic 
steps.

In subsequent chapters, we will consider how this process is achieved, ini-
tially with bacterial cells (mainly E. coli) as the host and later extending the 
discussion to alternative host cells. The purpose of this chapter is to present 
an overview of the process, with further details of the various steps being 
considered in subsequent chapters.

3.2 Overview of the procedures
Some bacterial species will naturally take up DNA by a process known as 
transformation. However, most bacteria have to be subjected to chemical or 
physical treatments before DNA will enter the cells. In all cases, the DNA will 
not be replicated by the host cell unless it either recombines with (i.e. is 
inserted into) the host chromosome, or alternatively is incorporated into a 
molecule that is recognized by enzymes within the host cell as a substrate for 
replication. For most purposes the latter strategy is the relevant one. We use 
vectors to carry the DNA and allow it to be replicated. There are many types 
of vectors for use with bacteria. Some of these vectors are plasmids, which are 
naturally occurring pieces of DNA that are replicated independently of the 
chromosome, and are inherited by the two daughter cells when the cell divides. 

Figure 3.1 (a) Bacterial cloning and (b) gene cloning
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transformation process. Generally, this process is not very effi cient, so only 
a small proportion of bacterial cells actually take up the plasmid. However, 
by using a plasmid vector that carries a gene coding for resistance to a specifi c 
antibiotic, we can simply plate out the transformed bacterial culture onto 
agar plates containing that antibiotic, and only the cells which have received 
the plasmid will be able to grow and form colonies.

This description does not consider how we get hold of a piece of DNA 
carrying the specifi c gene that we want to clone. Even a small and relatively 
simple organism like a bacterium contains thousands of genes, and they are 
not arranged as discrete packets, but are regions of a continuous DNA mol-
ecule. We have to break this molecule into smaller fragments, which we can 
do specifi cally (using restriction endonucleases) or non-specifi cally (by 
mechanical shearing). However we do it, we will obtain a very large number 
of different fragments of DNA with no easy way of reliably purifying an 
individual fragment, let alone isolating the specifi c fragment that carries the 
required gene. The only way of separating the fragments is by size, but there 
are will be a lot of different pieces of DNA that are so similar in size that 
they cannot be separated.

3.3 Gene libraries
Fortunately, it is not necessary to purify specifi c DNA fragments. One of the 
strengths of gene cloning is that it provides another, much more powerful, way 
of fi nding a specifi c piece of DNA. Rather than attempting to separate the 
DNA fragments, we take the complete mixture and use DNA ligase to insert 
the fragments into the prepared vector. Under the right conditions, only one 
fragment will be inserted into each vector molecule. In this way, we produce a 
mixture of a large number of different recombinant vector molecules, which is 
known as a gene library (or more specifi cally, in this case, a genomic library, to 
contrast it with other forms of gene library that will be described in Chapter 
6). On transforming a bacterial culture with this library, each cell will only take 
up one molecule. When we then plate the transformed culture, each colony, 
which arises from a single transformed cell, will contain a large number of 
bacteria all of which carry the same recombinant plasmid, with a copy of the 
same piece of DNA from our starting mixture. So instead of a mixture of thou-
sands (or millions, or tens of millions) of different DNA fragments, we have a 
large number of bacterial colonies, each of which carries one fragment only 
(Figure 3.4). The production and screening of gene libraries is considered in 
Chapters 6 and 7, where we will see that a variety of different vectors, other 
than simple plasmids, are used for constructing genomic libraries.

We still have a very complex mixture, but whereas purifying an individual 
DNA fragment is extremely diffi cult, it is simple to isolate individual bacterial 
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30 CH3 HOW TO CLONE A GENE

colonies from this mixture – we just pick them from a plate. In addition, each 
individual bacterial colony will carry a different piece of DNA from our 
original complex mixture. Therefore, if we can identify which bacterial colony 
carries the gene that we are interested in, purifying it becomes a simple 
matter. We just have to pick the right colony and inoculate it into fresh 
medium. However, we still have the problem of knowing which of these 
thousands/millions of bacterial colonies actually carry the gene that we want. 
This is considered more fully in Chapter 7, but one commonly used and very 
powerful method can be introduced here as an example. This depends on the 
phenomenon of hybridization.

3.4 Hybridization
If a double-stranded DNA fragment is heated, the non-covalent bonds 
holding the two strands together will be disrupted, and the two strands will 
separate. This is known as denaturation, or less formally (and less accurately) 
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nucleic acids can be recovered from the aqueous layer. If you carry out the 
extraction with untreated (and therefore acidic) phenol, DNA will partition 
into the organic phase, allowing you to recover pure RNA from the aqueous 
phase. However, if (as is more often the case) you wish to recover DNA from 
the extraction, it is essential that the phenol is fi rst equilibrated with a neutral, 
or even alkaline, buffer so that the DNA will partition into the aqueous 
phase.

Note: phenol is highly toxic by skin absorption, and gloves must be worn.
Following phenol extraction, you will have a protein-free sample of your 

nucleic acid(s). However, it will probably be more dilute than you want it to 
be, and furthermore it will contain traces of phenol and chloroform. The 
answer is normally to concentrate (and further purify) the solution by pre-
cipitating the nucleic acid. This is done by adding either isopropanol or (more 
frequently) ethanol. This process requires the presence of monovalent cations 
(Na+, K+ or NH4

+) for the formation of a nucleic acid precipitate, which can 
be collected at the bottom of the test tube by centrifugation (Figure 3.8). 
Some of the salt will precipitate as well, but can be removed by washing with 
70 per cent ethanol.

3.6.2 Alkaline denaturation
This is a widely used procedure for separating plasmids from chromosomal 
DNA in bacterial cell extracts. Chromosomal DNA is broken into linear frag-
ments during cell lysis. Raising the pH disrupts the hydrogen bonds and allows 
the linear strands to separate. Plasmids are much less prone to breakage and 
are not disrupted by cell lysis; they remain as intact supercoiled circular DNA. 
Although the high pH will disrupt the hydrogen bonds, the two circular 
strands will not be able to separate physically, and will remain interlinked. 
When the pH is reduced, the interlinked plasmid strands will snap back to 
reform the double-stranded plasmid (Figure 3.9). On the other hand, the 
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Figure 3.8 Ethanol precipitation
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36 CH3 HOW TO CLONE A GENE

separated linear chromosomal fragments will aggregate into an insoluble 
network that can be removed by centrifugation, leaving the plasmids in solu-
tion. Other cell components, including cell wall debris and many proteins, are 
also removed by this procedure, avoiding the need for phenol extraction.

3.6.3 Column purifi cation
Two types of column purifi cation are frequently used when purifying nucleic 
acids. In size-selection chromatography, a sample is passed through a matrix 
of small porous beads. Smaller molecules, such as salts and unincorporated 
nucleotides, will enter the beads, whereas larger ones such as longer nucleic 
acid chains will pass right through the column. This type of purifi cation is a 
fast and simple alternative to purifi cation by alcohol precipitation.

In affi nity chromatography purifi cation, the macromolecules in your sample 
bind to the resin in the column. This could be an anionic resin, which binds 
to the negatively charged phosphate groups in the nucleic acid backbone, or 
more sophisticated ones such as resins coated with oligo-dT sequences, which 
specifi cally bind to the poly-A tails of eukaryotic mRNA molecules (see 
Chapter 6). In both cases, undesirable molecules can be washed from the 
column, after which the stringency conditions are changed and the bound 
nucleic acids eluted.

3.7 Detection and quantitation of nucleic acids
If your DNA preparation is reasonably pure [i.e. free of other materials that 
absorb ultraviolet radiation (UV), including RNA, free nucleotides, and 
proteins], then you can estimate the DNA concentration by measuring the 

Denaturation Renaturation

Denatured plasmid
DNA strands remain
interlocked; linear
chromosomal fragments
dissociate

Interlocked plasmid
strands snap together;
chromosomal fragments
aggregate

 

Chromosomal DNA as
linear fragments; plasmid
as covalently closed
circular DNA

Plasmid

Chromosomal fragments

Figure 3.9 Alkaline denaturation procedure for plasmid purifi cation

c03.indd   36c03.indd   36 9/5/2007   10:57:44 AM9/5/2007   10:57:44 AM



absorbance of the solution in a UV spectrophotometer at 260 nm. This is 
convenient, but not very sensitive: a solution of 50 µg/ml of double-stranded 
DNA will have an absorbance of 1. However, equipment is now available for 
determining the UV absorbance of very small samples of nucleic acids. Note 
that the presence of proteins or phenol will affect this estimate, and that UV 
absorbance gives you no check on the integrity of your DNA; it can be com-
pletely degraded and still give you a reading.

Dyes such as ethidium bromide are commonly used for both detecting and 
quantitating nucleic acids. Ethidium bromide has a fl at ring structure which 
is able to stack in between the bases in nucleic acids; this is known as inter-
calation. The dye can then be detected by its fl uorescence (in the red-orange 
region of the spectrum) when exposed to UV. This is the most widely used 
method for staining electrophoresis gels, and can also be used for estimating 
the amount of DNA (or RNA) in each band on the gel, by comparing the 
intensity of the fl uorescence with a sample of known concentration on the 
same gel.

Note that ethidium bromide is mutagenic, and precautions must be taken 
to eliminate health risks. Alternative, less hazardous, dyes are increasingly 
being used for this purpose.

3.8 Gel electrophoresis
Gel electrophoresis is a crucial technique for both the analysis and the 
purifi cation of nucleic acids. When a charged molecule is placed in an 
electric fi eld, it will migrate towards the electrode with the opposite charge; 
DNA and RNA, being negatively charged, will move towards the 
positive pole (anode). In a gel, which consists of a complex network of pores, 
the rate at which a nucleic acid molecule moves will be determined by its 
ability to penetrate through this network. For linear fragments of double-
stranded DNA within a certain size range, this will refl ect the size of the 
molecule (i.e. the length of the DNA). We do not have to consider the 
amount of charge that the molecule carries (unlike some other applications 
of electrophoresis), since all nucleic acids carry the same amount of charge 
per unit size.

The effective size range of a gel is determined by its composition. We can 
use agarose gels for separating nucleic acid molecules greater than a few 
hundred base pairs, reducing the agarose concentration to obtain effective 
separation of larger fragments, or increasing it for small fragments. For even 
smaller molecules, down to only a few tens of base pairs, we would use poly-
acrylamide gels. These are capable of distinguishing DNA chains with only 
a single base difference in their length, which is important for sequence 
analysis (see Chapter 9).
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4.1 Restriction endonucleases
Restriction endonucleases derive their name from the phenomenon of host-
controlled restriction and modifi cation. This can occur if a bacteriophage 
preparation that has been grown using one bacterial host strain is used to 
infect a different strain. It may be found that infection is extremely ineffi cient 
(phage growth is restricted by the new host) compared with infection using 
the same strain for both propagation and assay. The reason for this restriction 
of phage growth is that many bacterial strains produce an endonuclease, 
which is therefore known as a restriction endonuclease, that cuts DNA into 
pieces, so that the incoming phage DNA is rapidly broken down and only 
occasionally escapes to produce phage progeny (Figure 4.1). The host DNA 
is protected against the action of the endonuclease by a second enzyme, 
which modifi es DNA by methylation, so that it is not attacked by the endo-
nuclease. Although this phenomenon was initially demonstrated with bacte-
riophage infection, it can also occur whenever DNA is transferred between 
one bacterial strain and another. If the receiving strain possesses a restric-
tion/modifi cation system that is not present in the originating host, then the 
yields of transformants or recombinants will be very low.

The restriction enzymes that were initially studied in this way (type I 
restriction endonucleases) recognize specifi c sequences in the DNA but do 
not cut there. Instead they track along the DNA for a variable distance, 
sometimes as far as 5 kb, before breaking the DNA strand. This is not very 
useful for our purposes, since it does not generate specifi c fragments. The 
enzymes that are commonly used for gene cloning (type II restriction endo-
nucleases) typically recognize and cut within (or immediately adjacent to) 
specifi c target sequences and therefore generate specifi c fragments.

4
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Although most of the commonly used enzymes recognize either four-base 
or six-base sites, there are also important roles for enzymes that cut even less 
frequently, such as NotI and PacI (see Box 4.1). These both have eight base 
recognition sites, which might be expected to occur (on average) every 48 
bases (about 65 kb), but the sequences are far from random (being composed 
entirely of G + C or A + T, respectively), so a given DNA sequence may 
contain very few sites (or even none at all) for such an enzyme.

4.1.2 Sticky and blunt ends
Another important parameter that affects the use we make of restriction 
enzymes is the position of the cut site within the recognition sequence. In 
this context it should be noted that most (but not all) restriction endonuclease 
recognition sites are said to be palindromic, although the term is not strictly 
accurate. A verbal palindrome, for example ‘radar’ reads the same from left 
to right as from right to left. A restriction site ‘palindrome’, such as GAATTC, 
is slightly different. At fi rst glance it does not seem to be the same when read 
in the other direction, but you have to remember that the two strands of 
DNA lie in opposite directions. When we write GAATTC we are looking at 
the sequence of the ‘top’ strand, which runs 5′ to 3′ when read from left to 
right – so we should write the sequence as 5′GAATTC3′. On the ‘bottom’ 
(complementary) strand, we have to read from right to left to see the 5′ to 
3′ sequence, which would also be 5′GAATTC3′; see Figure 4.2.

Within this sequence, the restriction enzyme EcoRI will cut the DNA 
between the G and the A on each strand, and will hence produce fragments 
with four bases unpaired at the 5′ end (Figure 4.3). These four bases (AATT) 
are the same on all fragments generated with this enzyme, and these ends 
are complementary to one another. They will thus tend to form base pairs, 
and so help to stick the fragments together. They are therefore referred to 
as cohesive or sticky ends. Note that the base pairing formed with a sequence 
of four bases is very weak and would not be stable, so we need to use DNA 
ligase to fi nally join the fragments together with a covalent bond to form a 
recombinant molecule (see below). Nevertheless, the limited cohesiveness of 
these ends does make the ligation process much more effi cient.

G
G

A
A

A
A
T

T
T

T
C

C

5'

3'

3'

5'

Figure 4.2 Reading a palindromic sequence. The top strand, read from left to right (5′ to 
3′), is the same as the bottom strand when also read 5′ to 3′ (right to left)
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46 CH4 CUTTING AND JOINING DNA

Some enzymes, such as PstI, also form cohesive ends, but by cutting asym-
metrically within the right-hand part of the recognition site; they thus gener-
ate sticky ends with unpaired single-strand sequences at the 3′ ends of the 
fragment (Figure 4.4).

Although enzymes that generate cohesive ends are useful for gene cloning 
because of the effi ciency of the ligation process, there is a limitation. You 
can only join together fragments with compatible ends. So two EcoRI frag-
ments can be ligated to each other, or two BamHI fragments can be joined, 
but you cannot ligate an EcoRI fragment directly to a BamHI fragment. 
However, there are circumstances in which compatible ends can be generated 
by different restriction enzymes. For example the restriction enzymes BamHI 
and BglII recognize different sequences (see Box 4.1), but they both generate 
the same sticky ends (with unpaired GATC sequences) and these can be 
joined.

More fl exibility can be achieved by using an enzyme such as SmaI, which 
recognizes the six base sequence CCCGGG and cuts symmetrically at the 
centre position (see Figure 4.4); it generates blunt ends, which although much 
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Figure 4.3 Sticky ends generated by EcoRI
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less effi ciently ligated, have the advantage that they can be joined to any 
other blunt-ended fragment.

Some of the examples shown in Box 4.1 recognize the same restriction site. 
These are known as isoschizomers (Greek iso, equal; skhizo, to split). Some 
pairs of isoschizomers cut at different positions within the recognition site, 
which adds fl exibility to our strategy. For example Acc65I and KpnI both 
recognize the sequence GGTACC (Figure 4.5), but cut it at a different place, 
generating different sticky ends, while of another pair of isoschizomers (XmaI 
and SmaI), XmaI cuts asymmetrically and produces sticky ends that can be 
ligated to other XmaI fragments, while SmaI, as mentioned above, will gener-
ate blunt-ended fragments, allowing you to ligate the fragment to other 
blunt-ended DNA sequences.

4.2 Ligation
As outlined in Chapter 3, the next stage in cloning a gene is to join the DNA 
fragment to a vector molecule, such as a plasmid or bacteriophage, that can 
be replicated by the host cell after transformation. The joining, or ligation, 
of DNA fragments is carried out by an enzyme known as DNA ligase.

The natural role of DNA ligase is to repair single-strand breaks (nicks) in 
the sugar–phosphate backbone of a double-stranded DNA molecule, such as 
may occur through damage to DNA, as well as the joining of the short 
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Figure 4.4 Restriction fragment ends
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48 CH4 CUTTING AND JOINING DNA

fragments produced as a consequence of replication of the ‘lagging strand’ 
during DNA replication. The action of the ligase requires that the nick should 
expose a 3′OH group and a 5′-phosphate (Figure 4.6). Digestion with restric-
tion endonucleases cuts the DNA in this way, i.e. it leaves the phosphate on 
the 5′ position of the deoxyribose. The unstable pairing of two restriction 
fragments with compatible sticky ends can therefore be considered as a 
double-stranded DNA molecule with a nick in each strand, and is therefore 
a substrate for DNA ligase action.

Some DNA ligases, such as T4 DNA ligase (encoded by the bacteriophage 
T4), are also capable of ligating blunt-ended fragments, albeit much less 
effi ciently, while others (notably the E. coli DNA ligase) are not; they require 
pairing of overlapping ends. To keep things simple, we will only consider the 
action of T4 DNA ligase, which is by far the most extensively used one. We 
will refer to this enzyme as T4 ligase (or just ‘ligase’) although there is also 
a (much less commonly used) T4 RNA ligase.

The T4 ligase requires ATP as a co-substrate. In the fi rst step, the ligase 
reacts with ATP to form a covalent enzyme–AMP complex, which in turn 
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50 CH4 CUTTING AND JOINING DNA

preparations and degradation of the enzyme or the DNA (including loss of 
the 5′-phosphate). In addition, the conditions need to be adjusted correctly 
to achieve the optimum effect.

Since the reaction we want normally involves two different molecules of 
DNA (intermolecular ligation), we would expect it to be extremely sensitive 
to DNA concentration. It is therefore important to use high concentrations 
of DNA – but which DNA component? We have two components: the vector 
and the insert (ignoring for the moment the fact that the insert may itself be 
a heterogeneous mixture of fragments). There is therefore a variety of pos-
sible reactions that can occur (Figure 4.7), and by adjusting the relative 
amounts of the components, as well as the overall concentration of DNA, we 
can infl uence the likelihood of these different reactions.

At low concentrations of DNA, we are more likely to get the two ends of 
the same molecule joining (an intramolecular reaction), since the rate of a 
reaction involving one component will be linearly related to its concentra-

Vector Insert

Circular
monomers

Linear
dimers
(or higher
multimers)

Circular
dimers

Recombinant plasmid

Figure 4.7 Ligation: some of the potential products. Only the shaded circles are expected to 
be replicated after transformation
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tion, whereas the rate with two different components will be proportional to 
the product of the two concentrations. (Or for a reaction involving two mol-
ecules of the same substrate, the rate will be proportional to the square of 
the concentration). Therefore, increasing the concentration will give a greater 
increase in the rate of the intermolecular reaction (between two molecules) 
than of the intramolecular reaction.

If we increase the concentration of the vector but not the insert, we will 
get a greater increase in the ligation of two vector molecules together (which 
we do not want) than in the production of the recombinant vector–insert 
product. Conversely, increasing insert concentration will give increased levels 
of insert–insert dimers (which we also do not want, although they are less of 
a problem as they will not give rise to transformants).

Therefore, we need not only to keep the overall DNA concentration high, 
but also to create an optimum vector : insert ratio. It is not easy to predict 
reliably what that ratio should be, but typically it would range from 3 : 1 to 
1 : 3. Note that these are molar ratios and have to take account of the relative 
size of the vector and the insert. For example, if the vector is 5 kb and the 
insert is 500 bases, then a 1 : 1 molar ratio would involve 10 times as much 
vector, by weight, as insert (e.g. 500 ng of vector and 50 ng of insert). Con-
versely, for the same 5 kb vector but an insert size of 50 kb, if you used 500 ng 
of vector you would need 5 µg of insert to achieve a 1 : 1 molar ratio. In 
general, to convert the amount of DNA by weight into a value that can be 
used to calculate the molar ratio, divide the amount used (by weight) by the 
size of the DNA. Thus, if WV and WI are the weights used of vector and insert 
DNA respectively, and SV and SI are the sizes of vector and insert (e.g. in 
kilobases), then the vector : insert ratio is (WV/SV) : (WI/SI).

A further complication arises if we are working with a heterogeneous col-
lection of potential insert fragments, as would be the case if we were making 
a gene library (see Chapter 6). Loading more insert DNA into the ligation 
mixture will increase the possibility of obtaining multiple inserts. In other 
words, we may produce recombinant plasmids that carry two or more com-
pletely different pieces of DNA. This is not a good idea. It can lead to seri-
ously misleading results when we come to characterize the clones in the 
library and try to relate them to the structure of the genome of our starting 
organism.

Therefore, adjusting the relative amount of the vector and insert will not 
only infl uence the success of ligation, but will also affect the nature of the 
products. Fortunately we do not have to rely entirely on adjusting the levels 
of DNA in order to obtain the result that we want. In the next section, we 
will look at the use of alkaline phosphatase to remove 5′-phosphate groups 
(thus preventing some types of ligation), and in Chapter 5 we will consider 
designs of vector that allow us to distinguish between recombinant and non-
recombinant transformants.
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Actually it is not a real problem. The recombinant plasmid will have unre-
paired nicks in its (circular) DNA (one at each end of the inserted fragment), 
but it will hold together very stably by virtue of the base pairing all along the 
inserted DNA fragment. It will be maintained stably at 37°C, as a double-
stranded molecule. When this nicked molecule is introduced into a bacterial 
cell, enzymes within the cell will rapidly repair the remaining nicks, adding 
the missing phosphates and ligating the broken ends. The plasmid will be 
replicated without any diffi culty.

Some of the other problems still remain, potentially. We could still get 
insert dimers, or multiple inserts. However, since we no longer have to worry 
about self-ligation of the vector, we can increase vector concentration relative 
to the insert and thus drive the reaction in the direction we want.

Even so, if we are making a gene library, when the possibility of multiple 
inserts is at its most serious as a problem, we may want to turn this strategy 
on its head. Phosphatase treatment of the insert rather than the vector 
will prevent multiple inserts, and we can prevent the occurrence of non-
recombinant transformants (carrying self-ligated vector rather than vector–
insert recombinants) by using special vectors that are unable to produce 
clones unless they carry an inserted DNA fragment (see Chapter 5).

An alternative strategy is to cut both components (vector and insert) with 
two different restriction enzymes. Most modern vectors have multiple cloning 
sites (see Chapter 5) so you can cut the vector with, for example, EcoRI and 
BamHI. Provided that both enzymes have cut effi ciently (and that you have 
removed the small fragment between the two sites), then vector re-ligation 
will be impossible. If your insert fragment has been digested with the same 
two enzymes, then virtually all the colonies obtained will be recombinant, 
i.e. they will contain the insert fragment. This is also a useful strategy if you 
want to ensure that the insert fragment is in a specifi c orientation.

4.3 Modifi cation of restriction fragment ends
Restriction fragments with sticky ends are useful as they can be readily 
ligated. However, there is a limitation on their usefulness, as they can only 
be ligated to another fragment with compatible ends. Therefore, an EcoRI 
fragment can be ligated to another EcoRI fragment, but not to one generated 
by BamHI.

This is a potential nuisance, as the vector you are using will only have a 
limited number of possible sites into which you can insert DNA (and you 
may specifi cally want to put your insert in a particular position), and it may 
not be possible to generate a suitable insert with the same enzyme. The best 
strategy in this situation is to add short oligonucleotides (linkers or adaptors) 
to the ends of your insert fragments.
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54 CH4 CUTTING AND JOINING DNA

4.3.1 Linkers and adaptors
Linkers are short synthetic pieces of DNA that contain a restriction site. For 
example, the sequence CCGGATCCGG contains the BamHI site (GGATCC). 
Furthermore it is self-complementary, so you only need to synthesize (or 
buy) one strand; two molecules of it will anneal to produce a double-stranded 
DNA fragment 10 bp long (see Figure 4.9). If this is joined to a blunt-ended 
potential insert fragment by blunt-end ligation, your fragment now will have 
a BamHI site near each end. Cutting this with BamHI will generate a 
fragment with BamHI sticky ends, that can be ligated with a BamHI-cut 
vector.

You may object that this still requires ineffi cient blunt-end ligation to join 
the linker to the potential insert. However, the effi ciency of blunt-end liga-
tion can be markedly improved by using high concentrations of at least one 
of the components. In this case, you can easily produce and use large amounts 
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Figure 4.9 Linkers
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of the linker. Furthermore, since the linker is very small (e.g. 10 bases), and 
it is the molar concentration that is important, even modest amounts of the 
linker by mass will represent an enormous excess of linker in molar terms. 
For example, if you use 100 ng of a 1 kb insert, then 10 ng of linker will rep-
resent a 10 : 1 linker : insert ratio. The high molar concentration of the linker 
will drive the reaction very effectively. Of course, this effi cient ligation is 
likely to add multiple copies of the linker to the ends of your insert, but this 
is not a problem – the subsequent restriction digestion will remove them.

Further versatility can be obtained by the use of adaptors. These are pairs 
of short oligonucleotides that are designed to anneal together in such a way 
as to create a short double-stranded DNA fragment with different sticky 
ends (or with one sticky and one blunt end). For example the sequences 
5′GATCCCCGGG and 5′AATTCCCGGG will anneal as shown in Figure 
4.10 to produce a fragment with a BamHI sticky end at one end and an EcoRI 
sticky end at the other, without needing to be cut by a restriction enzyme. 
Ligation of this adaptor to a restriction fragment generated by BamHI diges-
tion will produce a DNA fragment with EcoRI ends that can now be ligated 
with an EcoRI cut vector.

Alternatively, an adaptor with one sticky end and one blunt end can be 
used to convert blunt-ended DNA fragments, such as those generated by 
cDNA synthesis (see Chapter 6), into fragments with a sticky end, which 
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Figure 4.10 Adaptors
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increases the cloning effi ciency substantially. As with linkers, you can use 
high molar concentrations of adaptors to drive ligation very effi ciently, and 
the use of adaptors with non-phosphorylated sticky ends ensures that you 
will not get multiple additions of the adaptor to the end of your DNA 
fragment.

Linkers and adaptors have applications much wider than adding restriction 
sites. For example, if you want to clone and sequence all the fragments from 
a sample of DNA, but only have a small amount of material, you can use the 
same methods to add, to the ends of all the fragments, short oligonucleotides 
that will act as recognition sites for a pair of PCR primers (see Chapter 8). 
PCR amplifi cation will then give you an abundant supply of the full range of 
DNA fragments.

4.3.2 Homopolymer tailing
An alternative way of adding sticky ends to DNA molecules is to use the 
enzyme terminal deoxynucleotide transferase (or terminal transferase for 
short). When supplied with a single deoxynucleotide triphosphate (say 
dGTP), this enzyme will repetitively add nucleotides to the 3′OH end of a 
DNA molecule (Figure 4.11). This enzyme is different from DNA polymer-
ases in that it does not require a template strand, so this reaction will produce 
a molecule with a single-stranded run of G residues at each 3′ end, hence the 
term homopolymer tailing. If the vector is treated in this way, and the insert 
fragment(s) are treated with terminal transferase and dCTP (generating a 
tail of C residues), the two tails are complementary and will tend to anneal 
to one another (see Figure 4.12).

It is not possible to ensure that the tails are all exactly the same length, so 
when the molecules anneal together there will be gaps in one of the sequences. 
This does not matter. If the tails are longer than about 20 nucleotides, then 
the pairing of the tails will be strong enough to be stable at room tempera-
ture, and the product can be used for transformation without repairing the 
gaps, or even without sealing the nicks with ligase. Both gaps and nicks will 
be repaired within the host cell after transformation.

One advantage of this strategy is that it is not possible for the vector to 
reform without an insert: the ends of the vector are not complementary to 
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Figure 4.11 Tailing with terminal transferase
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one another. The downside is that you have constructed a recombinant 
plasmid that contains a variable number of GC base pairs at either end of 
the insert, so it lacks the precision associated with the other methods described 
in this chapter. This is a disadvantage if you want to recover the insert from 
the recombinant vector, for example to reclone it in another vector. However, 
you can use restriction sites in the fl anking region of the vector to release the 
insert. Or you can sequence the ends of the insert and use that information 
to design PCR primers (see Chapter 8) to allow you to specifi cally amplify 
the insert.

4.4 Other ways of joining DNA molecules
4.4.1 TA cloning of PCR products
Some of the polymerases used in PCR amplifi cation (see Chapter 8) also 
have a (very limited) terminal transferase action: they add a single adenine 
residue to the 3′ ends of the synthesized strands. This can cause problems 
with cloning, as the ends are not truly blunt, so blunt-end cloning is likely to 
be unsuccessful. However, it provides an opportunity as well as a problem. 
There are commercially available ‘TA vectors’, which are supplied in linear-
ized form with a single 3′T ‘overhang’ which is compatible with the unpaired 
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Figure 4.12 Cloning using homopolymer tailing
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3′A on the PCR product (see Figure 4.13). This concept can be combined 
with topoisomerase cloning (see below) to form a highly effi cient way of 
cloning such PCR products.

Alternative strategies include designing the PCR primers to incorporate a 
restriction site; the product can then be digested with the appropriate enzyme 
before ligation in the conventional manner. The strategies for cloning PCR 
products are considered further in Chapter 8.

4.4.2 DNA topoisomerase
Although DNA ligase is the most commonly used enzyme for joining two 
DNA molecules, it is not the only enzyme that can do this. DNA topoisom-
erase I is another example. Topoisomerases are responsible for controlling 
the degree of supercoiling of DNA (see Chapter 2); type I topoisomerases 
achieve this by cutting one DNA strand, which is then free to rotate (thus 
reducing the supercoiling); the enzyme subsequently rejoins the cut ends of 
the DNA strands. The enzyme remains covalently attached to the phosphate 
group at the end of the broken strand after cutting it, thus retaining the bond 
energy and being in place for the subsequent re-joining. In one commercially 
available system, a linearized vector is supplied with Vaccinia virus 
topoisomerase I covalently attached to phosphate groups at the 3′ ends 
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Figure 4.13 TA cloning
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(Figure 4.14). When the prepared vector is mixed with the DNA fragment 
to be cloned, the enzyme transfers the phosphate linkages to the 5′ ends of 
the fragment, thus joining the insert to the vector. Since the topoisomerase 
is already attached to the vector, the reaction only requires two molecules 
(the vector and the insert) to come into contact, and is therefore quicker than 
conventional ligation which needs simultaneous contact between three mol-
ecules (vector, insert and ligase).

Note that, unlike the action of DNA ligase, the insert in topoisomerase 
ligation should not have a 5′-phosphate group. This system is mainly applied 
to the cloning of PCR products (Chapter 8), where the 5′ end (derived from 
the primers used in amplifi cation) is not normally phosphorylated, unless you 
specifi cally order a 5′ phosphorylated primer.
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Figure 4.14 Ligation using topoisomerase
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70 CH5 VECTORS

the cell and liberation of a large number of phage particles. In the lysogenic 
state, expression of almost all of the phage genes is switched off by the action 
of a phage-encoded repressor protein, the product of the cI gene.

When you add a lambda phage preparation to an E. coli culture, some of 
the infected cells will become lysogenic, and some will enter the lytic cycle. 
The proportion of infected cells going down each route is infl uenced by envi-
ronmental conditions, as well as by the genetic composition of the phage and 
the host. Some phage mutants will only produce lytic infection, and these 
give rise to clear plaques, while the wild-type phage produces turbid plaques 
due to the presence of lysogens which are resistant to further attack by 
lambda phage (known as superinfection immunity). On the other hand, some 
bacterial host strains carrying a mutation known as hfl  (high frequency of 
lysogenization) produce a much higher proportion of lysogens when infected 
with wild-type lambda – which can be useful if we want a more stably altered 
host strain, for example if we are studying the expression of genes carried by 
the phage. Generally, when using lambda vectors we are more interested in 
the recombinant phage carrying the cloned genes, and the lytic cycle is the 
more relevant one in such cases.
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repression
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replication
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Figure 5.4 Bacteriophage growth: lytic cycle and lysogeny
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lambda is to be able to clone large pieces of DNA, this would be a serious 
limitation. The way round it is to delete some of the DNA that is normally 
present. This is possible because the lambda genome contains a number of 
genes that are not absolutely necessary – especially if we only need lytic 
growth, when we can delete any genes that are solely required for the estab-
lishment of lysogeny. However, we cannot delete too much. The stability of 
the phage head requires a certain amount of DNA, so, even though there are 
more genes that are not required, we cannot delete all that DNA. To produce 
viable phage, there has to be a minimum of 37 kb of DNA (about 75% of 
wild-type) between the two cos sites that are cleaved.

The existence of these packaging limits is a very important feature of the 
design and application of lambda vectors, and also of cosmids, which we will 
discuss later.

DNA  nicks  sealed
in  vivo  by  ligase

Linear  DNA,  with  sticky  ends,  in  phage  particle

Injection  into
cell  followed
by circularization

Theta  replication

coscoscos

Length  of   DNA  packaged

Rolling  circle  replication

Multiple  length  linear  DNA

Figure 5.6 Replication of bacteriophage lambda DNA
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74 CH5 VECTORS

5.2.2 In vitro packaging
Naked bacteriophage DNA can be introduced into a host bacterial cell by 
transformation (often referred to as transfection when talking about phage 
DNA), in much the same way as we described for a plasmid. The big differ-
ence is that, in this case, instead of plating on a selective agar and counting 
bacterial colonies, we would mix the transfection mix with a culture of a 
phage-sensitive indicator bacterium in molten soft agar and look for plaques 
(zones of clearing due to lysis of the bacteria) when overlaid onto an agar 
plate. Note that in this case we do not need an antibiotic resistance gene as 
a selective marker.

However, the large size of most bacteriophage DNA molecules, including 
that of lambda, makes transfection an ineffi cient process compared with 
plasmid transformation, and not suitable for the generation of gene libraries, 
which is the principal application of lambda vectors. However, there is a more 
effi cient alternative. Some mutant lambda phages, in an appropriate bacterial 
host strain, will produce empty phage heads (as they lack a protein needed 
for packaging the DNA), while others are defective in the production of the 
head, but contain the proteins needed for packaging. The two extracts are 
thus complementary to one another. Use of the mixture allows productive 
packaging of added DNA, which occurs very effectively in vitro (including 
the addition of the tails). The resulting phage particles can then be assayed 
by addition of a sensitive bacterial culture and plating as an overlay, as above. 
Since in vitro packaging of lambda DNA is much more effective than trans-
fection, it is the method that is almost always used.

One feature of this system that is markedly different from working with 
plasmid vectors is that the packaging reaction is most effi cient with multiple 
length DNA. The enzyme involved in packaging the DNA normally cuts the 
DNA at two different cos sites on a multiple length molecule; monomeric 
circular molecules with a single cos site are packaged very poorly. Therefore, 
whereas with plasmid vectors the ideal ligation product is a monomeric cir-
cular plasmid consisting of one copy of the vector plus insert, for lambda 
vectors it is advantageous to adjust the ligation conditions so that we do get 
multiple end to end ligation of lambda molecules together with the insert 
fragments. The stickiness of the ends of the linear lambda DNA means this 
happens very readily.

5.2.3 Insertion vectors
The simplest form of lambda vector, known as an insertion vector, is similar 
in concept to a plasmid vector, in containing a single cloning site into which 
DNA can be inserted. However, wild-type lambda DNA contains many sites 
for most of the commonly used restriction enzymes; you cannot just cut it 
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78 CH5 VECTORS

be blue – so you have an immediate check that everything has gone according 
to plan. Or not.

So we see that lambda vectors provide a highly versatile and effi cient 
system for primary cloning of unknown fragments, especially in the construc-
tion of genomic and cDNA libraries (see Chapter 6). They extend the cloning 
capacity over that readily obtainable with plasmid vectors, and can easily 
generate the very large numbers of recombinants that are required for a gene 
library. However, some people do not like working with lambda systems, 
mainly because they require a different set of techniques for growing, assay-
ing and maintaining phage preparations. There is nothing really diffi cult 
about it; it is just unfamiliar. The only real disadvantage to lambda cloning 
systems is the size of the vector DNA. With an insertion vector, your recom-
binant may contain 5 kb of insert and 45 kb of vector. This makes it more 
diffi cult to analyse or manipulate your insert – especially as the lambda vector 
will contain a substantial number of recognition sites for different restriction 
enzymes. The normal procedure therefore, having identifi ed the recombinant 
clone of interest, would be to reclone the insert (or a part of it) into a plasmid 
vector for further analysis and manipulation.

Although lambda phages are the most widely used phage vectors, there 
are other phages, or vectors based on them, that are used for specifi c pur-
poses, including P1 and M13. These are discussed later on in this chapter. 
However, fi rst we need to look at a special class of vector that combines some 
of the features of lambda and plasmid vectors, and enables the cloning of 
even larger pieces of DNA. These are the cosmids.

5.3 Cosmids
The lambda packaging reaction has two fundamental requirements: the pres-
ence of a cos site, and the physical size of the DNA. Cosmids exploit this to 
provide cloning vectors with a capacity larger than can be achieved with 
lambda replacement vectors.

Basically, a cosmid is simply a plasmid which contains a lambda cos site. 
As with all plasmid vectors, it has an origin of replication, a selectable marker 
(usually an antibiotic resistance gene), and a cloning site. Digestion, ligation 
with the potential insert fragments and subsequent purifi cation of recombi-
nant clones, are carried out more or less as for a normal plasmid vector. 
However, instead of transforming bacterial cells with the ligation mix, as you 
would normally with a plasmid, you subject the ligation mixture to in vitro 
packaging as described above for lambda vectors. Since the cosmid carries a 
cos site, it can be a substrate for in vitro packaging – but only if it is big 
enough. The vector itself is quite small – in the example shown in Figure 5.9, 
it is 5.4 kb, which is much too small for successful packaging. The packaging 
reaction will only be successful if you have inserted a DNA fragment between 
about 32 and 45 kb in size. So you not only have an increased cloning 
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accurately F-specifi c. It attaches to the tips of the pili that are produced on 
the surface of bacteria that carry an F-type plasmid, and therefore can only 
infect bacteria that carry such a plasmid. The phage particles contain a cir-
cular, single-stranded DNA molecule of about 6 kb. After this DNA enters 
the cell, it is converted to a double-stranded molecule (the replicative form, 
RF) by synthesis of the complementary strand. This molecule is replicated 
by producing a circular single-stranded copy of one strand of the RF. This 
single-stranded DNA is again converted to a double-stranded form (see 
Figure 5.10). This separation of the synthesis of the two strands is not unique 
to M13, but is found in some other bacteriophages and some plasmids. 
However, most of the phage DNA within the cell is double-stranded circular 
DNA (RF), and can be isolated by conventional plasmid purifi cation 
methods.

Continued replication of the phage DNA leads to a build up of these 
plasmid-like DNA molecules within the cell. At the same time, expression 
of phage genes occurs, and the product of one of these genes binds to the 
single-stranded DNA, initiating production of phage particles. The produc-

+

RF +

Synthesis  of
complementary
(-)  strand

Synthesis of
new (+) strand

Phage particles

RF

M13 phage DNA

Figure 5.10 Replication of single-strand bacteriophages
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tion of phage particles occurs by extrusion of the single-stranded DNA 
through the cell membrane, during which process it becomes coated with 
phage proteins. The length of the fi lamentous phage particle is determined 
by the length of the DNA molecule, unlike lambda where the size of the 
particle is determined by the structure of the proteins of which it is composed. 
Hence, there are no absolute packaging limits for M13, although the phage 
does become increasingly fragile if large DNA fragments are inserted.

A signifi cant, feature of M13 is that infection does not lead to bacterial 
lysis. Phage particles continue to be produced, and the cell remains viable, 
although it grows more slowly. Infection does result in the appearance of 
‘plaques’ in a bacterial lawn, but these are zones of reduced growth rather 
than zones of lysis. As a consequence of the continuing viability of the host 
cell, very high titres of phage can be produced.

The main advantage of M13 is that it provides a very convenient way of 
obtaining single-stranded versions of a gene, which would be diffi cult to do 
in any other way. Single-stranded DNA obtained from M13 clones was origi-
nally essential for DNA sequencing (see Chapter 9), although nowadays 
double-stranded DNA templates are commonly used for sequencing. Another 
application where single-stranded DNA can be advantageous (although not 
essential) is site-directed mutagenesis (Chapter 11). M13 vectors also have 
another role, not connected with the production of single-stranded DNA: this 
is the technique known as phage display (see Chapter 14).

5.5 Expression vectors
The above discussion has assumed that all you want to do is to clone a piece 
of DNA. It does not consider the possibility that you might want to obtain 
expression of the gene encoded by that DNA. If you take a DNA fragment 
from another organism and clone it in E. coli, there are many reasons why it 
may not be expressed. At the simplest level, these relate to the signals neces-
sary for initiating transcription (a promoter) and translation (a ribosome-
binding site and start codon). The basic way of encouraging (although not 
ensuring) expression of the cloned gene is to incorporate these signals into 
the vector, adjacent to the cloning site. This is then known as an expression 
vector.

Expression vectors are of two main types (see Figures 5.11 and 5.12). If the 
vector just carries a promoter, and relies on the translation signals in the cloned 
DNA, it is referred to as a transcriptional fusion vector. On the other hand, if 
the vector supplies the translational signals as well (so you are inserting the 
cloned fragment into the coding region of a vector gene), then you have a 
translational fusion. Note that in this case the insert must be in frame with the 
start codon. The plasmid vector pUC18 that we looked at earlier is actually a 
translational fusion vector, although not often used as such. A better example 
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is the lambda vector gt11 (see Figure 5.13). This is an insertional vector, 43.7 kb 
in length (making the maximum cloning capacity about 7 kb). It has been engi-
neered to contain a beta-galactosidase gene, and has a single EcoRI restriction 
site within that gene – but in contrast to pUC18, the cloning site is towards the 
3′ end of the beta-galactosidase gene. This confers two properties on the 
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Figure 5.11 Expression vectors: transcriptional fusions
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Figure 5.12 Expression vectors: translational fusions
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promoter, then we can turn the expression of the T7 polymerase up (by 
adding IPTG) or down, so we still have control over the level of expression. 
Further devices can be included to inhibit the low level of T7 polymerase 
arising from the leakiness of the uninduced lac promoter.

The pGEM® series of vectors (see Figure 5.14) provide an example. In this 
case, there is a multiple cloning site adjacent to the T7 promoter, so any DNA 
inserted will be under the control of the T7 promoter. This is a transcriptional 
fusion vector, and is often more useful for generating substantial amounts of 
an RNA copy of your cloned fragment, which can then be used as a probe 
for hybridization. The vector actually has a second specifi c promoter, derived 
from another bacteriophage (SP6), at the other side of the multiple cloning 
site, so if you provide an SP6 polymerase you will get an RNA copy of the 
other strand, the antisense strand. The usefulness of this will be apparent 
when we consider applications of antisense RNA, such as the RNase protec-
tion assay (Chapter 10).

There are also a variety of translational fusion vectors with T7 promoters, 
which are designed for obtaining high, controllable, levels of protein expres-
sion. We will return to the concept of expression vectors, and other factors 
that have to be considered for the optimization of protein production, in 
Chapter 11.

5.6  Vectors for cloning and expression in 
eukaryotic cells

Most primary cloning (initial isolation of a gene or other DNA fragment from 
a target organism) is done with bacterial hosts (usually E. coli), because of 
the ease of manipulation and the range of powerful techniques available. 
Eukaryotic hosts are more commonly used for studying the behaviour of 
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Figure 5.14 Structure of the expression vector pGEM-3Z. ori = origin of replication; 
bla = beta-lactamase (ampicillin resistance); SP6 and T7 are specifi c promoters recognized by 
the SP6 and T7 RNA polymerases respectively
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genes that have already been cloned (but now in an environment more 
closely related to their original source), for analysing their effect on the host 
cell and modifying it, or for obtaining a product which is not made in its 
natural state in a bacterial host. There is therefore more emphasis with 
eukaryotic vectors on obtaining gene expression rather than making gene 
libraries or primary cloning (with the notable exception of YAC vectors, see 
below). There is a bewildering variety of vectors available for cloning in dif-
ferent eukaryotic hosts, and a full review of them is beyond the scope of this 
book. In this chapter, we want to introduce some of the main concepts, many 
of which are similar in principle to those of bacterial cloning vectors, although 
there are signifi cant differences; we will consider further the use of eukaryotic 
hosts for product formation in Chapter 11, and the genetic modifi cation of 
animal and plant cells (or whole animals and plants) in Chapter 15.

5.6.1 Yeasts
Microbiologically, ‘yeasts’ are single-celled fungi, as opposed to fi lamentous 
fungi, but the term is quite imprecise. Not all ‘yeasts’ are related taxonomi-
cally, and indeed some fi lamentous fungi can also grow in a unicellular form 
that is referred to as a yeast form. Although in common usage the term ‘yeast’ 
would be taken to mean the brewer’s/baker’s yeast Saccharomyces cerevisiae, 
even molecular biologists are starting to have to recognize the existence of 
other yeasts (especially members of the genus Pichia, which we will encoun-
ter again in Chapter 11). However, for the moment we will limit ourselves to 
S. cerevisiae.

The vectors that will be most familiar, after reading about bacterial cloning 
vectors, are the yeast episomal plasmids (YEp). These are based (Figure 
5.15) on a naturally occurring yeast plasmid known as the 2 µm plasmid, and 
they are able to replicate independently in yeast, at high copy number 

bla
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2 µm origin

trp1

Figure 5.15 Structure of a yeast episomal vector. ori = origin of replication; bla = beta-
lactamase (ampicillin resistance); trp1 = selectable marker in S. cerevisiae auxotrophs; 2 µm 
origin = origin of replication in S. cerevisiae
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SV40 origin allows episomal replication in COS cells, and the neomycin 
phosphotransferase gene permits selection for resistance to the antibiotic 
G-418 (Geneticin®). Note that this is a shuttle vector, carrying an E. coli 
origin of replication and an ampicillin resistance gene (b-lactamase), so the 
construction can be carried out in E. coli before transferring the recombinant 
plasmid to a mammalian cell line. There is a wide variety of commercially 
available expression vectors for mammalian cells, with more sophisticated 
features than that shown. We will return to the topic of expression of cloned 
genes in mammalian cells in Chapter 11.

There are other types of vector available, based on various viruses, which 
can be used to transmit your cloned gene from one cell to another. Of these, 
the retroviral vectors deserve a special mention, and in order to understand 
these we need a brief account of retroviral biology. Retroviruses have an 
RNA genome. When a cell is infected, the RNA is copied into double-
stranded DNA by the action of a viral protein, reverse transcriptase. This 
protein is present in the virion and enters the cell along with the RNA. 
(Reverse transcriptase is formally described as an RNA-directed DNA poly-
merase, and we will encounter it again in Chapter 6, where we consider its 
use in the production of cDNA from mRNA templates.) This DNA then 
circularizes and is integrated into the host cell DNA by the action of another 
virion protein known as integrase. The effi ciency of integration of the DNA 
into the genome is one of the main attractions of this system for genetic 
manipulation of animal cells.

The integrated DNA is bounded by sequences known as long terminal 
repeats (LTR), which include a strong promoter for transcription of the inte-
grated viral genes gag, pol and env. Full-length transcripts provide the viral 
RNA which is assembled into virus particles; one region of the virus, known 
as the psi site, is essential for this process. The packaged virus particles 
acquire envelope glycoproteins from the host cell membrane as they bud off 
from the cell, without lysis. These glycoproteins determine the type of recep-
tor the virus uses to infect further cells.

Development of vectors based on retroviruses rests on the knowledge that 
most of these functions can be provided in trans, e.g. by genes from a defec-
tive helper virus already integrated into the genome of the host cell. The 
main features that are cis-acting, and therefore need to be located on the 
vector itself, are the LTR sequences and the psi site.

The basic features of the use of such a vector are outlined in Figure 5.19. 
The vector is a shuttle plasmid, so E. coli is used for construction of the 
recombinant plasmid by inserting the required gene at the multiple cloning 
site. This construct is then used to transfect a culture of a special cell line 
(helper cells) that contains the gag, pol and env genes required for virus pro-
duction, integrated into the genome. The transfected cells will therefore be 
able to produce virus particles containing an RNA copy of your construct. 
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Gene libraries play a central role in gene cloning strategies, as will be appar-
ent from the frequent references to them in previous chapters. Why are they 
so important? The answer to this question goes back to the basic concept of 
gene cloning, as outlined in Chapter 3. If you want to isolate a specifi c gene 
(or more generally a specifi c fragment of the genome), you can break the 
genome up into small enough pieces to be cloned using your chosen vector, 
and then screen that collection of clones to identify the one that contains the 
bit of DNA that you are looking for. (We will consider the ways of doing 
that in the next chapter.) You only want that one clone, so you could in 
principle throw all the rest away. However, if at some point in the future you 
want to clone another piece of DNA from the same source, you would have 
to go through the whole process again. Therefore, instead of discarding all 
the clones you do not want, you can store them away somewhere, pooled 
together, so that next time you can just screen the same collection to identify 
the clones that carry this other gene. You can share the collection with col-
leagues, or ask to share theirs for another cloning need. You have made a 
gene library – a resource that can be used to retrieve any of the genes from 
your starting material. Even if you do not intend to keep it and re-screen it, 
it is still a gene library.

A gene library, therefore, is a collection of clones which between them 
represent the entire genome of an organism. More specifi cally, we should 
refer to such a library as a genomic library, to distinguish it from a different 
sort of gene library which is constructed from DNA copies of the mRNA 
present in the originating cells at the time of isolation. These DNA copies of 
mRNA are referred to as copy or complementary DNA (cDNA), and hence 
such a library is referred to as a cDNA library. In this chapter we will look 
at the construction of these two types of libraries; ways of screening them are 
considered in Chapter 7.

6
Genomic and cDNA Libraries

From Genes to Genomes, Second Edition, Jeremy W. Dale and Malcolm von Schantz
© 2007 John Wiley & Sons, Ltd
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96 CH6 GENOMIC AND cDNA LIBRARIES

6.1 Genomic libraries
The fi rst step in producing a genomic library is to fragment the genomic DNA 
into pieces of a suitable size for cloning in an appropriate vector. It might be 
considered that the simplest way to do this is to digest the DNA to comple-
tion with a restriction endonuclease such as EcoRI. However, therein lies a 
problem. In Chapter 4, we saw that the average fragment size generated by 
EcoRI is about 4 kb (given certain assumptions about DNA composition). 
However, this is only an average. Even if restriction sites are randomly dis-
tributed we would expect some fragments to be very much bigger, and some 
would be very small. Ligation tends to work best with smaller fragments, so 
these would be over-represented in the library, while some of the largest 
fragments may be too big to be cloned effi ciently, if at all.

That is only part of the problem. Identifying a clone carrying a specifi c 
DNA fragment is often not the end of the story. For many purposes, notably 
for genome sequencing, we are likely to want to be able to isolate the adja-
cent DNA as well. This would enable us to piece together all the small bits 
of DNA represented by individual clones so as to build up a bigger picture. 
If we make a library of, say, EcoRI fragments, then we have no way of 
knowing how they fi t together. There is no information in the library that 
connects one clone with another. To provide that information, we need a 
library of overlapping fragments. Figure 6.1 shows how these overlapping 
fragments enable the identifi cation of clones on either side of the one that 
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Figure 6.1 Genomic libraries: overlapping and non-overlapping fragments
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we originally selected. These clones could then be used to identify further 
overlapping clones, and so we can move along the chromosome in either 
direction. This is the basis of a technique known as chromosome walking, 
which we will come back to in Chapter 12.

6.1.1 Partial digests
One way to construct a library of overlapping fragments is to use partial 
digestion. This means using conditions, such as short digestion times, that 
result in only a small proportion of the available sites being cut. A similar 
effect can be obtained by using very small amounts of enzyme, or by incubat-
ing the digest at a reduced temperature, or a combination of these. The 
digested material may then be fractionated by electrophoresis to obtain frag-
ments of the required size range before cloning in an appropriate vector. If 
there is an equal probability of cutting at any site, the result will be a series 
of overlapping fragments (Figure 6.2), which would overcome the diffi culties 
referred to above. If we do this with an enzyme, such as EcoRI, that recog-
nizes a six-base sequence, the average size of fragments in a partial digest 
will be too large for cloning in typical plasmid or lambda vectors, but vectors 
that can accommodate large inserts (such as BAC or YAC vectors; see 
Chapter 5) can be used for generating a genomic library of such fragments 
from a large genome. For smaller genomes, such as those of bacteria, we 
would tend to use partial digests with an enzyme that cuts more frequently, 
e.g. one such as Sau3A that has a four-base recognition site (a ‘four-base 
cutter’), and clone the products using a lambda or cosmid vector.

Restriction sites
Genomic DNA

Collection of
overlapping
fragments

Digest not allowed
to go to completion

Figure 6.2 Using a partial digest to produce a collection of overlapping fragments
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restriction digests. Not only is it easier to control the extent of degradation, 
but also the restriction digests can be directly ligated with the vector. In 
contrast, the fragments generated by mechanical shearing have either blunt 
or ‘ragged’ ends – that is they may contain variable lengths of single stranded 
regions at the 5′ or 3′ ends. These are not suitable for ligation, and have to 
be converted to blunt ends by trimming back the unpaired ends with a single-
strand specifi c exonuclease. In addition, since blunt end ligation is a relatively 
ineffi cient process, addition of linkers or adaptors (see Chapter 4) will be 
necessary in order to generate enough clones to constitute a representative 
library. However, mechanical shearing does have a role to play in generating 
the sets of overlapping fragments that are needed for shotgun sequencing (see 
Chapter 9).

6.1.2 Choice of vectors
Of the various types of vectors described in Chapter 5, which should we 
choose for constructing our genomic library? This choice is infl uenced by 
three interlocking parameters: the size of the insert that these vectors can 
accommodate; the size of the library that is necessary to obtain a reasonably 
complete representation of the entire genome; and the total size of the 
genome of the target organism.

Superfi cially, you might think that if we start with a genome of 4 Mb 
(4 × 106 bases; most bacterial genomes are of this order of magnitude) and 
produce a library of fragments which are 4 kb (4 × 103 bases) long, then you 
should be able to cover the entire genome with 1000 clones, since (4 × 106)/
(4 × 103) = 103. However, this would only be possible if (a) all the clones are 
different, and (b) the clones are non-overlapping. Yet we are considering a 
library of random fragments, so the fi rst condition is not met, and, as dis-
cussed above, we want the library to contain overlapping fragments, so the 
second condition does not hold either.

In a random collection of clones, the more clones we look at, the 
more likely it is that some of them will be completely or partially identical. 
In other words, the larger and more complete the library is, the more 
redundancy there will be. As we increase the size of the library, it becomes 
less and less likely that each additional clone adds any new informa-
tion. Ultimately, it is not possible to produce a library that is guaranteed to 
carry all of the genetic information from the original genome. We have to 
use probabilities. We could require a 90 per cent probability (p = 0.9) of 
having the gene that we want, or a 99 per cent probability (p = 0.99). The 
level at which we set this probability will affect the required size of the 
library.
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More specifi cally, the number of independent clones needed can be calcu-
lated from the formula

N
P
f

= −( )
−( )

ln
ln

1
1

where N = required number of clones, P = the probability of the library con-
taining the desired piece of DNA and f = the fraction of the genome repre-
sented by an average clone, which is calculated by dividing the average insert 
size by the total genome size.

Note that this calculation refers to the number of independent clones, i.e. the 
number of cells that were transformed originally (or the number of phage parti-
cles arising from a packaging reaction). This is usually determined from the 
number of colonies or phage plaques produced. Once you have plated out the 
library, and resuspended the colonies or plaques, you have amplifi ed the library, 
and each clone is represented by thousands of individual cells or phage in the tube 
containing your library. You cannot increase the size (or complexity) of the 
library by plating out larger volumes. If your original library contains 1000 clones, 
plating it out to produce 10 000 plaques will simply mean each clone is present (on 
average) 10 times. You are not screening 10 000 independent clones.

Box 6.1 shows that, with the example of a bacterial genome of, say, 4 
million bases and a plasmid vector carrying inserts with an average size of 
4 kb, we will need a library of nearly 5000 clones to have a 99 per cent chance 
of recovering any specifi c sequence. (This assumes that all pieces of DNA 
are equally likely to turn up in the library, which is not entirely true; some 
fragments may be lethal, or may be diffi cult to clone for other reasons.)

Box 6.1  Estimates of the required size of 
genomic libraries

Organism Genome size Vector type Average insert P Library
   size  size

Bacterium 4 × 106 bases Plasmid  4 kb 0.99 4.6 × 103

  Lambda replacement  18 kb 0.99 1.0 × 103

  Cosmid  40 kb 0.99 458
  BAC 300 kb 0.99  59

Mammal 3 × 109 bases Plasmid  4 kb 0.99 3.5 × 106

  Lambda replacement  18 kb 0.99 7.7 × 105

  Cosmid  40 kb 0.99 3.5 × 105

  BAC 300 kb 0.99 4.6 × 104

The values shown for the genome sizes of bacteria and mammals are examples of the purpose of 
this calculation. The actual genome sizes vary quite widely from one organism to another. The 
insert sizes for specifi c vectors wil also vary.
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colonies tend to grow into one another if plated at high density, but also they 
tend to smudge when blotted, which can make it diffi cult to identify the 
required colony.

6.1.3 Construction and evaluation of a genomic library
The basis of the construction of a genomic library has been covered partly 
in earlier chapters and partly by this chapter so far. By way of recapitulation, 
the genomic DNA is fragmented, as randomly as possible, into suitably sized 
pieces for insertion into your chosen vector. The vector is prepared by diges-
tion with the appropriate enzyme, and (for a lambda replacement vector) 
removing the stuffer fragment. The vector is then ligated with the complete 
mixture of genomic fragments. If you have a chosen a lambda vector, or a 
cosmid, you will need to mix your ligation products with packaging extracts 
for the assembly of infectious phage particles (see Chapter 5). If you are using 
a plasmid vector, you will introduce the mixture of ligated DNA into a bacte-
rial cell by transformation or electroporation. The library will then be obtained 
as bacterial colonies (if using plasmid or cosmid vectors, or BACs) or phage 
plaques on a bacterial lawn (with lambda vectors). A library in a yeast artifi -
cial chromosome vector (YAC) would similarly be electroporated into yeast 
cells. For storage of the library, you would make a pooled suspension of the 
bacterial colonies, or of the phage harvested from the plate(s).

You then want to know how good your library is. Firstly you count the 
number of colonies or plaques (at an appropriate dilution so that you get 
countable colonies/plaques). If you do this using the original plates, it tells 
you the size (or complexity) of your library. If you determine the titre (the 
number of colonies or phage plaques) of the stored library recovered from 
the original plate, you will get a falsely elevated estimate of the size of the 
library, since this library has already been amplifi ed. The amplifi cation of a 
gene library is illustrated (Figure 6.3) with a plasmid vector. The concept with 
a phage vector is the same, except that plaques are produced and the ampli-
fi ed library will consist of phage particles. The library would consist of thou-
sands or millions of clones, rather than the few shown.

Secondly, you will want to determine the quality of the library, i.e. what 
proportion of the clones actually contain an insert, and how large are those 
inserts? Both of these questions can be answered by picking a number of 
clones, growing them up individually, extracting the plasmid or phage DNA 
and subjecting it to restriction digestion followed by agarose gel electropho-
resis. The details will vary according to the vector and cloning strategy, but 
at the simplest level (insertion of restriction fragments into a plasmid) you 
will see that each clone has one fragment of constant size corresponding to 
the vector, and fragments of various sizes which are your insert fragments 
(Figure 6.4). By determining the size of these fragments, you can estimate 
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the average insert size in your library (assuming you have picked a represen-
tative sample). Those without an insert band (see track 5) are probably re-
ligated vector, so you can estimate what proportion of clones do not have an 
insert at all. Clearly you do not want too many of these, as it will reduce the 
effi ciency of your screening.

In Chapter 5, we described how some vectors, such as lambda gt11 or 
plasmid vectors of the pUC family (such as pUC18), provide you with a more 
direct estimate of the proportion of clones lacking an insert. With these 
examples, the non-recombinant vectors (without an insert) will produce 
blue plaques/colonies on an X-gal/IPTG containing plate (due to the b-
galactosidase gene in the vector being uninterrupted by a cloned insert). If 
you have successfully introduced an insert fragment into the vector, the insert 
will (usually) disrupt the ß-galactosidase gene, giving ‘white’ clones. Any 

Genomic DNA

Fragmented  DNA

Determine  the size 
(complexity) of  the library
Each  colony  is  an 
independent  clone

Amplified  library
Each  clone  is  represented
by  millions of  bacteria

Resuspend  colonies

Figure 6.3 Amplifi cation of gene libraries
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phosphatase) – rather than the vector – thus virtually eliminating the possibil-
ity of multiple inserts. If you do this with other vectors, you run the risk of 
obtaining an unacceptably high frequency of vector religation. It may be 
worth running this risk, especially if you are using a vector such as pUC18 
or lambda gt11 when you can tell straight away what your insertion frequency 
is. If you get too many blue colonies/plaques, then you throw the library away 
and try again.

6.2 Growing and storing libraries
Once a library has been made, it represents a potentially useful resource for 
subsequent experiments, as well as for the initial purpose for which it was 
produced. You will therefore want to store it safely for future use. A random 
library will consist of a tube containing a suspension of pooled colonies from 
a plate (if you used a plasmid or cosmid vector), or pooled bacteriophage 
particles (for a phage vector). This would normally be kept at −80°C; bacte-
rial cells in a plasmid library are protected from the adverse effects of freez-
ing by glycerol, while phage libraries are cryoprotected by dimethyl sulfoxide 
(DMSO). When the library is to be screened, a small lump of the frozen stock 
is removed and thawed. Plasmid libraries in cells are simply spread out on 
agar plates containing the appropriate antibiotic, which ensures that the cells 
do not shed their plasmids. Phage libraries fi rst need to be mixed with, and 
infect prepared bacterial cells before being plated out. It is preferable to 
divide your library into aliquots before freezing it, so that each aliquot is only 
thawed once. This avoids the loss of clones that will accompany repeated 
freezing and thawing.

The fi rst task is to determine the titre of the library, which almost inevitably 
will have dropped since the original stock was frozen. A dilution series is 
produced and each dilution is spread out on an agar plate (on a lawn of bac-
teria, in the case of phage libraries) and grown at 37°C overnight. This allows 
you to calculate the titre of the library, and to determine how much is to be 
used for each plate in the actual screening. The number of clones required 
for the screen can be calculated using the formula described above. Thus, the 
number of clones that need to be screened is dependent on (1) the size of 
the fragments in the library and (2) the size of the genome. However, note 
the earlier comments about library amplifi cation. If your original library 
contained 1000 clones, you cannot screen 10 000 clones by growing up more 
of the library and plating out a larger amount. You are merely screening the 
same 1000 clones 10 times.

In the next section, we describe the construction of a different sort of 
library, using cDNA produced by reverse transcription of mRNA. To deter-
mine the number of clones in a cDNA library that you need to screen, you 
have to take account of the abundance of the relevant mRNA. If you are 
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of clones needed for a representative library, but it also provides us with a 
variety of ways in which we can focus attention on the differences between 
various cells or tissues, and thus identify genes that are selectively expressed 
in different environments or in different tissues.

However, we cannot clone the mRNA directly. We have to produce a 
complementary DNA (cDNA) copy; hence the designation of such a library 
as a cDNA library. The synthesis of the cDNA is carried out using an enzyme 
known as reverse transcriptase. (Since transcription refers to the production 
of RNA from a DNA template, the opposite process – RNA-directed DNA 
synthesis – is known as reverse transcription, RT.) Although this is not a 
normal process in most cells, some types of viruses, such as leukaemia viruses 
and HIV, replicate in this fashion; the viral particle contains RNA, which is 
copied into DNA after infection, using a virus-encoded enzyme. Some cellu-
lar DNA polymerases also have reverse transcription capability.

6.3.1 Isolation of mRNA
Most of the RNA in a cell is not messenger RNA. The initial RNA prepara-
tion will contain substantial amounts of ribosomal RNA and transfer RNA. 
For construction of a cDNA library it is highly desirable to purify the mRNA. 
With eukaryotic cells, we can take advantage of the fact that mRNA carries 
a tail at the 3′ end – a string of A residues that is added post-transcriptionally. 
The polyadenylated mRNA will anneal to synthetic oligo(dT) sequences (i.e. 
short polymers of deoxythymidine, or in other words short stretches of syn-
thetic DNA containing just T residues). Other RNA species and non-RNA 
components will not anneal and can be washed off (Figure 6.5). Although 
some mRNA in bacteria does have polyA tails, these are much shorter and 
only a small proportion of mRNA is polyadenylated. Therefore, this does 
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TTTTTT
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TTTTTT

Mixture  of   mRNA (polyadenylated)
and other components

oligo (dT)  beads Other  components
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mRNA  washed  off
by  elution  buffer

Figure 6.5 Principle of oligo-dT purifi cation of mRNA
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108 CH6 GENOMIC AND cDNA LIBRARIES

not provide a reliable way of isolating bacterial mRNA. The question of the 
production of bacterial cDNA is discussed below.

When the RNA preparation is passed through a column of a polymer 
coated with synthetic oligo(dT) fragments, the polyA tail will anneal to the 
oligo(dT) residues and will be retained on the column while other RNA 
species will pass through. This is in effect a hybridization process, and as such 
the hybrids can be made unstable by lowering the salt concentration and 
raising the temperature, enabling the elution of purifi ed mRNA from the 
column (Figure 6.6). The eluate will be a complex mixture of all the mRNA 
species present in the cell at the time of extraction. The relative amounts of 
the different transcripts will vary substantially, which has major implications 
for the ease of obtaining certain cDNA clones. This is a further clear distinc-
tion from a genomic library. Although the following description is presented 
in terms of a single mRNA, bear in mind that we would in reality be dealing 
with a complex mixture.

6.3.2 cDNA synthesis
The presence of the polyA tail is also useful in the reverse transcription step 
(Figure 6.7). Reverse transcriptase, like DNA-directed DNA polymerase, 
requires a primer for initiation. An oligo(dT) primer will anneal to the polyA 
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other RNA, and 
other components
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with oligo (dT)

Non-mRNA components
washed through

mRNA eluted
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Figure 6.6 Purifi cation of mRNA through an oligo (dT) column
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This method suffers from several disadvantages. In particular, the require-
ment for hairpin formation to prime second-strand synthesis, and the need 
to cleave the hairpin with S1 nuclease, can cause the loss of sequence at the 
5′ ends of the mRNA. It has therefore been largely superseded by alternative 
strategies, such as using homopolymer tailing to add a tail to the 3′ end of 
the fi rst cDNA strand (see Figure 6.8). As described in Chapter 4, terminal 
transferase, if provided with, say dCTP, will add a string of C residues to the 
3′ ends of DNA molecules. This enables the use of an oligo(dG) primer to 
initiate second strand synthesis, without requiring hairpin formation and 
cleavage.

Alternatively, degradation of the RNA strand by RNaseH (rather than 
alkali treatment) will leave small RNA fragments, which act as primers for 
second-strand synthesis. This also avoids the need for cutting the hairpin with 
S1 nuclease.

For cloning the cDNA, adaptors (see Chapter 4) are added, by blunt-end 
ligation, to make the cDNA molecules compatible with the chosen vector 
(Figure 6.9). After size-fractionation, eliminating excess adaptors and small, 
abortive cDNA fragments, the library is inserted into the vector in a second 
ligation. The size of cDNA molecules makes it unnecessary to consider 
vectors with a large cloning capacity. The choice is essentially between a 
plasmid vector, or a phage lambda insertion vector such as gt10 or gt11 (see 
Chapter 5).
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Figure 6.8 cDNA synthesis: using homopolymer tailing
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One limitation of the basic procedures described above is that you may 
not get full-length cDNA. Constraints such as elements of secondary struc-
ture in the mRNA may interfere with reverse transcription, so that the 
enzyme rarely, if ever, reaches the end of the mRNA. As a result, the regions 
at the 5′ end of the mRNA may be under-represented in the cDNA library. 
This can be partially addressed by using random primers rather than oligo-dT 
primers. These random primers will initiate fi rst-strand cDNA synthesis at 
intermediate points, and hence the enzyme will be more likely to reach the 
5′ end of the mRNA (see Figure 6.10). You are unlikely to get any clones 
containing full-length cDNA, but these clones containing the 5′ end can be 
compared to other clones carrying the missing 3′ portion, making it possible 
to devise strategies for obtaining full-length molecules. The use of random 
primers rather than oligo(dT) primers also overcomes the problem that some 
RNA molecules (e.g. bacterial mRNA and genomic RNA from viruses) are 
not polyadenylated.

Many variations of these strategies have been devised to obtain full-length 
cDNA. The most powerful strategy, known as rapid amplifi cation of cDNA 
ends (RACE), exploits the amplifi cation power of the polymerase chain reac-
tion; this is discussed in Chapter 8.

cDNA Adaptor
oligonucleotides

Blunt-end ligation

Prepared
vector

Ligate

Recombinant
plasmid

Adaptor

Adaptor

Figure 6.9 Cloning cDNA
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Alternatively, if you can predict the sequence of the ends of the mRNA, 
for example from genome sequence data, you can simply use a pair of specifi c 
primers for RT-PCR amplifi cation, which can generate your specifi c, full-
length, cDNA directly from even small amounts of mRNA in your starting 
material. This bypasses completely the need for production and screening of 
a cDNA library.

6.3.3 Bacterial cDNA
The arguments in favour of cDNA, rather than genomic, libraries carry much 
less force with bacterial targets. The smaller size of bacterial genomes, and 
the (virtual) absence of introns, means that a genomic library is usually quite 
adequate – and a lot easier to construct. There are also technical diffi culties 
in producing cDNA with bacteria. Not only is the mRNA not consistently 
polyadenylated, but also it is remarkably unstable: many bacterial mRNA 
species have a half-life (in vivo) of only a minute or two. Furthermore, the 
organization of bacterial genes into polycistronic operons (groups of genes 
that are transcribed into a single long mRNA) means that a bacterial mRNA 
can be as much as 10–20 kb in length. Not only is it diffi cult to isolate this 
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Figure 6.10 cDNA synthesis: enhancing representation of 5′ mRNA ends. (a) Oligo (dT) 
primer, incomplete products; (b) random primers – enrich for 5′ ends
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mRNA intact, but it would be very diffi cult to produce a full-length cDNA 
copy from it.

As a consequence, bacterial cDNA libraries are rarely produced. However, 
for some purposes, such as the analysis of gene expression (see Chapter 10), 
cloning of bacterial cDNA can play an important role, for example in iden-
tifying those transcripts that are relatively abundant in the bacterial cells 
under selected conditions.

6.4 Random, arrayed and ordered libraries
So far we have envisaged a gene library as a single tube containing a mixture 
of a large number of clones. When you want to screen the library, you plate 
it out to obtain a large number of bacterial colonies or phage plaques. For 
many purposes, this is perfectly adequate. However, there are circumstances 
when you do not want to treat the library as a random collection of a large 
number of clones. For example, if you have a very complex screening proce-
dure, you may be able to test only a portion of the library at a time. This 
might mean taking a small aliquot of the library and testing say 100 clones. 
If you then take another aliquot, and again test 100 clones, then some of 
those clones may be the same ones that you have already tested. (Remember 
that, in an amplifi ed library, each independent clone is present in many 
copies.)

One way around this is to produce an arrayed or gridded library. If we go 
back to the original transformation step (or infection with the packaged 
phage particles), then instead of simply pooling all the clones and storing 
them in one tube, we can pick them individually and store them separately 
(Figure 6.11). This can be done using individual wells in microtitre trays, or 
sometimes on fi lters. If you are doing this manually, then you are limited in 
the size of library that you can handle (depending on how patient you are) – 

Random
library Arrayed (gridded)

library

Replicate
and
screen

Plate out

Pick individual
colonies to a
microtitre plate

Figure 6.11 Production of an arrayed, or gridded, library
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but it is quite possible for a bacterial library of a few thousand clones. 
However, there are machines available that will identify colonies on a plate, 
pick them individually and transfer them to individual wells in a microtitre 
tray, enabling the production of much larger gridded libraries. Once you have 
an arrayed library, it is then easy to subculture the clones to trays with fresh 
culture medium, creating multiple and identical copies of your library. You 
can then work your way through the library, testing each clone individually, 
knowing that every well contains a different clone. Alternatively, the library 
can be replicated to agar plates, or directly to membranes, which can then 
be screened to identify specifi c clones, as described in Chapter 7.

Replicating such a library onto a membrane is one way of producing 
another form of array, consisting of spots of DNA rather than viable clones. 
For a larger library, for example a human gene library, you would want to 
screen the library at a much higher density. That is, you would want to put 
the spots on the fi lter much closer together than would be obtained by merely 
replicating from the microtitre tray. This requires very precise positioning of 
the spots on the fi lter, which is achieved by using another robot.

The availability of genome sequence data makes it possible to produce 
DNA arrays without constructing a gene library, using PCR products or 
synthetic oligonucleotides. These either use nylon membranes (macroarrays) 
or glass slides (microarrays), and are especially useful for analysing variations 
in genome content and genome-wide analyses of transcription. The use of 
such arrays is considered in Chapters 13 and 14.

It is not necessary to be able to produce your own arrays, or to own your 
own robots. Arrays representing genomic and cDNA libraries from a con-
siderable range of organisms are readily available from public and commer-
cial resource centres, as well as facilities for producing such arrays from your 
own libraries. The most comprehensive collection is housed by imaGenes 
(http://www.imagenes-bio.de/). After obtaining the array and screening it, the 
investigator can order the positive clones from the resource centre.

An arrayed library as shown in Figure 6.11 still consists of a random set of 
clones. Without screening it, we have no information as to the nature of the 
insert in each clone, or the relationship between clones. A further develop-
ment of the concept is to establish which clones overlap so that we can 
produce a set of clones that can be arranged in order, so as to cover the whole 
genome. This can be done by hybridization between sets of clones. For 
example, if we pick one clone at random (clone 1) and hybridize it to the 
library (Figure 6.12), we will fi nd other clones that overlap. We can pick one 
of these (clone 2) and repeat the hybridization, identifying the next adjacent, 
overlapping clone (clone 3), and so on, until we have covered the whole 
genome. Obviously it is not quite as simple as that in practice. Note that 
this exemplifi es how important it is to have overlapping clones in the 
library.
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Because of the inherent redundancy in a random library, the number of 
clones required in an ordered library is much less; some of the clones in the 
random library will not be needed. The actual number of clones needed will 
depend on the degree of overlap between the chosen clones, as well as the 
insert size.

An ordered library can be a valuable resource. Ordered libraries have 
contributed substantially to some of the genome sequencing projects – notably 
the public human genome sequencing consortium used an ordered library of 
BAC clones. However, the work required to establish an ordered library is 
substantial, even for a relatively small genome such as that of a bacterium. 
More recent developments in sequencing technology, and in the computer 
techniques for assembling sequence data from large numbers of small frag-
ments (see Chapter 12), provide alternatives to the production of ordered 
libraries as strategies for genome sequencing.

1

2

3
4

(iii) Clone  3 hybridizes to Clone  4

(i) Clone 1 hybridizes to Clone  2

(ii) Clone  2 hybridizes to Clone  3

Clones in a random genomic library

Figure 6.12 Production of an ordered library
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118 CH7 FINDING THE RIGHT CLONE

separated under conditions that are much too mild to pose any threat to the 
covalent bonds in the backbone. This is referred to as denaturation of DNA, 
and unlike the denaturation of most proteins it is readily reversible. Because 
of the complementarity of the base pairs, the strands will easily join together 
again and renature. In the test tube, DNA is readily denatured by heating, 
and the denaturation process is therefore often referred to as ‘melting’ even 
when it is accomplished enzymatically (e.g. by DNA polymerase) or chemi-
cally (e.g. by NaOH). The separation of the strands during renaturation 
causes a radical change in the physical properties of DNA, such as optical 
density (Figure 7.1). During melting of DNA, the optical density changes 
dramatically during a short temperature interval, and then stabilizes after the 
strands have separated entirely. The midpoint of this temperature interval is 
denoted the melting temperature (Tm). Under physiological conditions, the 
Tm is usually between 85 and 95°C (depending on the base composition of 
the DNA). In the laboratory, we can adjust other factors, such as the salt 
concentration (see below) to bring the melting temperature down to a more 
convenient range.

The reason that the Tm varies according to the base composition of the 
DNA is that guanine – cytosine base pairs are joined together by three hydro-
gen bonds, whereas adenine – thymine base pairs have only two. If we take 
reasonably large DNA molecules, such as might be obtained by isolating total 
DNA from an organism, we can make an estimate of its base composition 
by measuring the Tm. Alternatively, if we know the base composition, we can 
calculate the Tm. For shorter sequences, such as the 20–30 base synthetic oli-
gonucleotides that are commonly used as primers, other factors have to be 

70 80 90 100

Temperature ( C)o

A260
Tm

Figure 7.1 Melting (denaturation) of DNA

c07.indd   118c07.indd   118 9/5/2007   11:00:32 AM9/5/2007   11:00:32 AM



taken into account. The strength of the association between two bases 
(expressed as ∆G, the energy released on formation of a base pair) also 
depends on the adjacent bases, because hydrophobic interactions between 
adjacent bases (stacking) also affects the stability of the pairing. Some exam-
ples are shown in Figure 7.2, the negative values indicating that energy is 
released on formation of a base-paired structure. More energy released 
means greater stability. It can be seen that the free energy of base pairing 
(kcal/mol) for the CG/GC doublet is not the same as for the GC/CG doublet. 
For short oligonucleotides, calculation of the Tm therefore has to take account 
of the context of each base in the sequence (computer programs are readily 
available to do this for you). This is not likely to be such an important factor 
in determining the Tm of a longer stretch of DNA because there will be a 
tendency for these differences to average out.

Although the normal base pairs (A – T and G – C) are the only forms that 
are fully compatible with the canonical Watson – Crick double helix, pairing 
of other bases can occur, especially in situations where a regular double helix 
is less important (such as the folding of single-stranded nucleic acids into 
secondary structures; see below).

In addition to the hydrogen bonds, the double-stranded DNA structure is 
maintained by hydrophobic interactions between the bases on opposite 
strands. (This is in addition to the hydrophobic stacking of adjacent bases on 
the same strand, as referred to above.) The hydrophobic nature of the bases 
means that a single-stranded structure, in which the bases are exposed to the 
aqueous environment, is unstable; pairing of the bases enables them to be 
removed from interaction with the surrounding water. In contrast to the 
hydrogen bonding, hydrophobic interactions are relatively non-specifi c, i.e. 
nucleic acid strands will tend to stick together even in the absence of specifi c 
base-pairing, although the specifi c interactions enable a stronger association. 
The specifi city of the interaction can therefore be increased by the use of 
chemicals (such as formamide) that reduce the hydrophobic interactions.

�G

-0.9

-1.1

-2.0

-3.4

U A

UA

U A

UA

G C

C G

G C

C G

Figure 7.2 Free energy of base pairing
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experiment should be of partially mismatched probe–target hybrids, by 
choosing an appropriate combination of temperature and salt concentration. 
If, for example, the intention is to hybridize a cDNA probe with genomic 
DNA from the same species, then high stringency conditions (i.e. high tem-
perature and low salt concentration) should be chosen (Figure 7.4). This will 
ensure that the probe will remain bound to the membrane only where it has 
annealed to the correct complementary sequences. Where the probe has 
annealed to DNA that is partially similar (for example members of the same 
gene family), the annealing will be disrupted by these conditions, and the 
probe will be washed off the fi lter. If, on the other hand, you want to detect, 
say, a chicken gene with a probe made from human DNA (a heterologous 
probe), then low stringency (i.e. low temperature and high salt concentra-
tion) should be chosen in order to protect the expected partially mismatched 
hybrids.

The hybridization of the fi lter with an appropriate probe is the fi rst example 
of fi lter hybridization that we will come across in this book. In fi lter hybrid-
ization, as the name implies, the target is immobilized on a fi lter and the 
probe is free in the hybridization solution until it binds to the target. Other 
important application of fi lter hybridization include Southern blots (see later 
in this chapter) and northern blots (Chapter 10). In both cases, the target 
nucleic acids are fi rst size-separated in an electrophoresis gel before being 
transferred onto the membrane. The difference between them is that in 
Southern blots the target nucleic acids are fragments of DNA while northern 

probe

Homologous DNA

Partially similar DNA

Hybridization

High
stringency
wash

Low 
stringency
wash

Probe washed off

Probe retained

Figure 7.4 High and Low stringency washing
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126 CH7 FINDING THE RIGHT CLONE

to the one you are attempting to clone, and use the sequence data to design 
appropriate probes.

This takes advantage of the fact that genes with the same function are often 
very similar in different organisms. (We will see examples of this in Chapter 
9.) As we would expect, the similarity tends to be greatest for the most closely 
related species (you might not like to think it but we are closely related to 
rats in this sense!). The extent of the relationship varies from one gene to 
another; some genes are very highly conserved while others are more vari-
able. Generally, the closer the relationship between the two species, the more 
reliable the screening is likely to be.

If we move in the other direction, towards less closely related species, then 
the similarity is likely to decline to a level at which we can no longer detect 
hybridization using high stringency conditions. This does not mean that the 
probe is useless. It is quite common to screen gene libraries with heterologous 
probes that require lower stringency (e.g. lower temperature or higher ionic 
strength) in order to hybridize to the target clone. However there is a price 
to be paid. As you lower the stringency in order to allow your heterologous 
probe to hybridize, so you also allow the probe to hybridize to other genes 
which are similar to the gene you are trying to clone. In other words, you are 
more likely to get false positive signals. A certain proportion of false positives 
can be tolerated (indeed you are likely to encounter some false positives, 
however good your probe is); these have to be eliminated by further screen-
ing and checking (see below). However, if the ratio of false to genuine posi-
tives becomes too high, then the re-screening becomes prohibitively 
time-consuming. (The precise point at which this ratio becomes unacceptable 
will depend on how badly you want the clone and whether you can think of 
any other way of getting it.)

Back translation An alternative strategy becomes possible if you are able 
to obtain in pure form the protein that is encoded by the gene of interest. It 
is then possible to determine part of the amino acid sequence of the protein. 
Technological advances, especially using mass spectrometry (see Chapter 
14), have made this a much more attractive option, since partial amino acid 
sequence can be obtained from a protein spot or band on a gel. This informa-
tion can then be used to infer the likely sequence of the gene itself. Since this 
process is the reverse of normal translation it is referred to as back translation 
or reverse translation. Once you have done that, you can then synthesize an 
appropriate nucleic acid probe.

However, you have to remember the redundancy of the genetic code. If 
you know the DNA or RNA sequence you can predict accurately the amino 
acid sequence of the protein (subject to a few peripheral assumptions). The 
fact that several different codons code for the same amino acid does 
not affect the inference in the real translation direction, but in the reverse 
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direction it is a different matter. If you know there is say a leucine residue 
in the protein at a specifi c position, then you have considerable uncertainty 
over what the DNA sequence actually is. It could be any one of six codons 
(see Box 7.1).

Box 7.1  Genetic code: possible codons for each 
amino acid

Amino acid Possible codons Number of 
  codons

Alanine GCU GCC GCA GCG   4

Arginine CGU CGC CGA CGG AGA AGG 6

Asparagine AAU AAC     2

Aspartate GAU GAC     2

Cysteine UGU UGC     2

Glutamate GAA GAG     2

Glutamine CAA CAG     2

Glycine GGU GGC GGA GGG   4

Histidine CAU CAC     2

Isoleucine AUU AUC AUA    3

Leucine UUA UUG CUU CUC CUA CUG 6

Lysine AAA AAG     2

Methionine AUG      1

Phenylalanine UUU UUC     2

Proline CCU CCC CCA CCG   4

Serine UCU UCC UCA UCG AGU AGC 6

Threonine ACU ACC ACA ACG   4

Tryptophan UGG      1

Tyrosine UAU UAC     2

Valine  GUU GUC GUA GUG   4

Stop UAA UAG UGA    3
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128 CH7 FINDING THE RIGHT CLONE

You can easily accommodate ambiguity in the sequence by programming 
the DNA synthesizer to include a mixture of bases at that position. However, 
every such ambiguity reduces the specifi city of the probe. If you allow too 
much ambiguity you will have a probe that will react with an unacceptable 
number of non-specifi c clones in the library. One way of reducing the ambi-
guity of the probe is to take account of the codon usage of the organism. If 
this shows that there is a very marked preference for one codon over another 
synonymous codon, then you can use that information in selecting the codon 
to be included in your probe. This clearly involves taking a chance, and in 
many organisms this preference is not marked enough to be very helpful. 
Instead, you can reduce the required ambiguity by careful selection of the 
region of the amino acid sequence to be included, so as to avoid amino acids 
such as leucine, arginine or serine (with six possible codons) in favour of 
those amino acids with unique codons (methionine, tryptophan) or with only 
two possible codons (e.g. tyrosine, histidine). Oligonucleotides (oligomers) 
based on reverse-translation deduction are often called guessmers.

To decrease the number of false positives, you can make duplicate lifts 
from your library and produce two guessmer probes from different regions . 
The chances of a clone giving a false positive signal in both of these is much 
smaller than with one. This approach can also be used for the design of PCR 
primers for the identifi cation of unknown genes (see Chapter 8).

7.2  Screening expression libraries 
with antibodies

Libraries made with an expression vector such as lambda gt11 (see Chapter 
5) allow an alternative method of screening, using antibodies (see Box 7.2). 
For this, the library is cultured at conditions which permit the expression of 
fusion proteins. This means growing at 42°C, to inactivate the temperature-
sensitive phage repressor, and in the presence of isopropyl galactoside 
(IPTG), in order to induce expression from the lacZ promoter. The plates 
are then overlaid with a nitrocellulose or nylon fi lter in the same way as with 
nucleic acid probe screening, except the fi lters are not treated with sodium 
hydroxide. Then, instead of a gene probe, they are incubated with a diluted 
antibody to the protein in question. This antibody can be produced by purify-
ing the protein in question and injecting it into an animal such as a 
rabbit. Alternatively, a synthetic peptide can be produced corresponding to 
a known or assumed part of the protein, and used similarly for 
immunization.

It is also possible to use lambda gt11 libraries to identify antigens that have 
not been characterized, for example by using antisera from experimentally 
infected animals, or from human subjects recovering from an infectious 
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Box 7.2 Antibodies
Antibodies are made by animals in response to antigens – proteins or 
peptides, for our purposes. An antiserum contains a range of antibodies, 
which recognize different parts of the protein, or epitopes. Some bind to 
short amino acid sequences (linear epitopes), irrespective of conformation. 
If you immunize with a short peptide, you will only get antibodies that 
recognize linear epitopes. Other antibodies bind to conformational epi-
topes, formed by folding the amino acid chain. Such antibodies only react 
with native, not denatured, protein. Since many procedures use denatured 
protein, it is important that the antibody can react with a linear epitope. 
Furthermore, if the immunizing protein is glycosylated (or has other post-
translational modifi cations), some of the antibodies will recognize modi-
fi ed epitopes, and will be no use for screening gene libraries. However, a 
typical antiserum will contain a mixture of antibodies, and some of these 
will recognize linear, non-modifi ed epitopes.

Antibodies vary in specifi city – some will react with proteins other than 
your target. The antiserum may also contain antibodies to other antigens 
to which the animal has been exposed. In particular rabbits often have 
antibodies to E. coli antigens, which is a problem if you are testing expres-
sion in E. coli. You have to test the specifi city of the antiserum – and 
sometimes purify it by absorbing out cross-reacting antibodies.

Alternatively, isolation and culture of individual antibody-producing 
cells will yield a single antibody species rather than the mixture you get in 
an antiserum. Antibody-producing cells cannot be maintained in culture, 
but they can be fused with other cells to form a hybridoma, which can be 
grown and used to produce a single antibody. This is a monoclonal antibody, 
made by a single clone of antibody-producing cells. Although monoclonal 
antibodies are important where specifi city is needed (e.g. in diagnosis), they 
are not inherently specifi c. Their specifi city arises through selecting clones 
that make antibodies that are specifi c. For us, this specifi city can be a dis-
advantage. If the monoclonal antibody recognizes a glycosylated or confor-
mational epitope, it will be useless for many of our applications.

The other advantage of monoclonal antibodies is their constancy. With 
conventional antisera, once you have used up your supply you have to immu-
nize another animal. The antiserum will differ in both titre and specifi city. 
(Larger animals, such as goats, can supply antibodies for years – but they are 
expensive.) However, a monoclonal antibody is produced from a permanent 
cell line, so you can obtain continuous supplies of identical antibody.

The antibody needs to be labelled, for example with an enzyme, such 
as horseradish peroxidase, which can be detected using chromogenic or 
chemiluminescent substrates. It is often more convenient to use a second 
antibody. For example, mouse anti-rabbit IgG is an antibody raised in a 
mouse that reacts with rabbit antibodies. A wide range of labelled second 
antibodies can be bought off the shelf.
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130 CH7 FINDING THE RIGHT CLONE

disease. This has proved to be a very powerful way of identifying those anti-
gens that are especially important in the natural course of infection, or for 
protection against infection.

After incubating the fi lter with the antibody, excess antibody is washed 
off, and the fi lter incubated with a labelled secondary antibody that will 
bind to the fi rst one, such as for example anti-rabbit immunoglobulin, 
allowing detection of the clones that reacted with the primary antibody 
(see Box 7.2).

Note the limitations of using antibody screening. Screening a gene library 
with antibodies obviously needs expression of the cloned gene – hence the 
common use of an expression vector such as lambda gt11. Furthermore, the 
protein that is expressed in E. coli may not fold into its correct, natural con-
formation – especially if you are using a vector like lambda gt11 that gener-
ates a fusion protein. You therefore need an antibody that binds to a linear 
epitope (see Box 7.2). In addition, it must recognize a non-glycosylated 
epitope, since the protein you are trying to detect will not be correctly gly-
cosylated in E. coli.

An antiserum derived from immunizing an animal with a purifi ed protein 
will contain a variety of different antibodies, some of which will recognize 
linear, non-modifi ed epitopes. The problem with conformational or modifi ed 
(e.g. glycosylated) epitopes is most likely to occur with monoclonal antibod-
ies (see Box 7.2), where it is necessary to confi rm the nature of the recognized 
epitope before using it for screening libraries. Similar considerations arise 
when using antibodies for western blotting (see Chapter 10).

Whichever method you use for screening your library, some clones will be 
false positives, and they are also likely to be contaminated by surrounding 
clones. The clones you recover will therefore need to be subjected to further 
screening, at lower density, until all clones on the plate produce a positive 
signal.

7.3 Subcloning
In subcloning, the recombinant insert is transferred to another vector, almost 
invariably a plasmid, which is more amenable for growth, purifi cation and 
analysis. Clearly, if the original vector is a plasmid, subcloning may be unnec-
essary. For recombinant clones with larger inserts, such as lambda or cosmid 
clones, it may be possible to divide the insert up into a set of defi ned restric-
tion fragments and clone each of those fragments, or to identify which frag-
ment carries the DNA that hybridizes to your probe and just clone that 
fragment into a plasmid vector.

If the insert is even larger than that, such as those found in yeast and bac-
terial artifi cial chromosomes (YACs and BACs), this approach is likely to be 
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too time-consuming. Instead you would probably want to fragment the insert 
from the selected clone into a number of smaller fragments (shotgun subclon-
ing) and produce a mini-library of those fragments which would then be re-
screened in the same way as the original library (although much more 
easily).

7.4 Characterization of plasmid clones
Whether your clone is produced directly or by subcloning from a larger frag-
ment from a gene library, at some stage you are certain to want to character-
ize the plasmid, and the fragment that it contains. The basic techniques for 
doing this were described in Chapter 3, so we only need a recapitulation of 
the major features here. The most basic procedure is to run total DNA 
extracts or crude plasmid preparations on an agarose gel and look for a 
change in the size of the plasmid compared with the original vector. If the 
insert is a reasonable size compared with the vector, you will be able to dis-
tinguish recombinant plasmids (carrying the insert) from the parental vector. 
However you need to be aware that it is not easy to reliably determine the 
size of the insert in this way. Conventional size markers are linear DNA 
fragments, while the intact plasmid will be a supercoiled circular structure, 
and will therefore run differently on the gel.

7.4.1  Restriction digests and agarose 
gel electrophoresis

More accurate and more reliable estimates of the size of the insert can be 
obtained by digesting the plasmid with an appropriate restriction enzyme to 
generate linear fragments that can be accurately sized on an agarose gel. A 
common procedure is to use the same enzyme that was involved in the 
cloning step. For example, if you have inserted an EcoRI fragment into a 
unique EcoRI site on the cloning vector, then digestion with EcoRI will yield 
two fragments: one corresponding to the linearized vector, and the other the 
inserted fragment. Using a standard marker containing a set of linear DNA 
fragments of known size enables the gel to be calibrated so that the size of 
the insert can be determined (within the limits of accuracy of the system).

Further restriction digestion can be used to verify the construct. If you 
know the location of other restriction sites within your cloned fragment, you 
can confi rm the nature of the insert by additional digests. The use of a site 
that is asymmetrically placed within the insert will enable you to check the 
orientation of the insert. Figure 7.6 shows an example. In this case, we have 
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132 CH7 FINDING THE RIGHT CLONE

inserted a 4.5 kb EcoRI fragment into the EcoRI site (E) of a 2.5 kb vector 
plasmid. The EcoRI digest confi rms that both plasmids A and B have a 4.5 kb 
insert. However, the insert could be either way round. Fortunately, there is 
a HindIII site asymmetrically placed within the insert, and another in the 
vector, adjacent to the EcoRI site. Therefore, a HindIII digest will settle the 
matter. The gel shows that plasmid A yields two HindIII fragments, of 5.5 
and 1.5 kb, while plasmid B has the insert in the other orientation, yielding 
fragments of 3 and 4 kb. Since this is simple to do, it is possible to investigate 
a number of colonies to fi nd one in which the insert is the right way round.

E H E H
3kb1.5kb

Recombinant plasmid B

E H E H
3kb 1.5kb

Recombinant plasmid A

E H

Vector (2.5kb)

23.1
9.6
6.6

4.4

2.3
2.0

0.56

M  A BV A BV

EcoRI HindIII

Not drawn
to scale

Figure 7.6 Determining the orientation of an insert fragment
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the relevant DNA fragment can be identifi ed by hybridization in the ways 
already described.

Southern blotting is a very useful way of verifying that the band you can 
see on a gel is indeed the insert that you have been seeking. However, that 
is only the beginning of the applications of Southern blotting. We will come 
across it again later on, particularly in Chapter 13, where it is invaluable for 
detecting specifi c gene fragments in a digest of total chromosomal DNA 
(which just looks like a smear if stained with ethidium bromide), and for 
comparing the banding patterns obtained with specifi c probes in DNA from 
different strains or different individuals.

7.4.3 PCR and sequence analysis
Usually the sequence of the vector is known. It is therefore simple to design 
a pair of primers that will hybridize to a region at either side of the cloning 
site, and use these primers to PCR amplify a fragment containing the inserted 
DNA (see Chapter 8). In this case there is no need to purify the plasmid 
DNA from each recombinant clone. You can simply resuspend a portion of 
the colony in water and boil it. PCR amplifi cation will then produce a product 
of a characteristic size, if you have cloned the right piece of DNA. You can 
screen a substantial number of potential recombinants in this way. Once you 
have found one that does produce the correct size of product in the PCR, 
you can determine the sequence of the PCR product to confi rm the nature 
of the insert.

If you are more confi dent about the nature of your recombinant product 
– for example if you are simply re-cloning a known fragment rather than 
recovering a recombinant from a library, you can skip the PCR step and 
simply carry out sequencing on purifi ed plasmid DNA from the chosen 
colony.
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propensity for remaining bound to the DNA and continuing to add successive 
nucleotides without dissociating from the DNA), it lacks proofreading activ-
ity, so it is unable to correct erroneously incorporated nucleotide bases. This 
is signiÞ cant for some applications, as the product may not be a completely 
accurate copy of the original sequence, and other thermostable polymerases 
are available which have proofreading ability.

PCR uses Taq polymerase (or other thermostable DNA polymerases) for 
the exponential ampliÞ cation of a DNA fragment from a longer initial tem-
plate, which could be as long as a whole chromosome. The ampliÞ ed frag-
ment is deÞ ned by two short synthetic oligonucleotides, primers, that are 
complementary to the opposing DNA strands of the template that is being 
ampliÞ ed. This introduces another limitation to the method. You must know 
the sequence for at least part of the DNA molecule you wish to amplify Ð or 
you must at least be able to make an educated guess.

So how do we go from a small amount of, say, total human genomic DNA 
to a large amount of one short region that has been exponentially ampliÞ ed 
to the extent that it entirely dominates the reaction mixture? This will be 
clear if you go through the Þ rst few cycles in a PCR ampliÞ cation.

8.1 The PCR reaction
In this example, we will be starting with genomic DNA puriÞ ed from human 
buccal cells, collected by swabbing the inside of the mouth with a cotton bud. 
The preparation will contain sheared chromosome fragments. Only a small 
amount is required, even from such a complex template Ð in fact, as little as 
a single cell has been used as starting material.

We will also need two primers. These can be synthesized to your speciÞ ca-
tions from a specialist supplier at a very low cost within a couple of days. In 
this example, we will replicate the work of Mullis and his colleagues and use 
primers ß anking a region for the human beta-globin gene that is mutated in 
sickle cell anaemia. A great excess of primer molecules is added to the 
reaction. (This of course refers to an excess in molar, or molecular, terms, as 
the primer is very much smaller than the template Ð see the discussion in 
Chapter 4.)

The binding, annealing, of the primer to the template is a typical DNA:
DNA hybridization reaction, and follows similar principles to the hybridiza-
tion of probes as described in Chapter 7. First, the double-stranded template 
needs to be denatured. The temperature used for this in PCR, 94¡C, hardly 
does any damage to the Taq polymerase molecule during the minute or so 
that the PCR reaction is heated to this temperature.

The temperature is then lowered to the optimal annealing temperature, 
where the two primers can bind to the opposing DNA strands (Figure 8.1). 
This is the only temperature in a PCR cycle that can be varied widely. It is 
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chosen for maximum binding of the primer to the correct template, and 
minimum binding to other sequences. If the annealing temperature is too 
low, the primers will bind at other positions on the template, resulting in 
false products or no detectable product at all. If the annealing temperature 
is too high, the primers may fail to bind at the correct site, resulting in no 
ampliÞ cation. The temperature needed will depend on the sequence and 
length of the primers, as discussed later. Because the primers are short, and 
at relatively high molar concentrations, annealing is rapid, taking less than a 
minute.

The temperature is then raised to approximately 72¡C, which is normally 
the optimum extension temperature for a PCR reaction. The Taq polymerase 
will now produce complementary DNA strands starting from the primers. 
The extension proceeds at approximately 1000 bases per minute.

DNA  template

Anneal

Primer 2

Primer  1

Add  primers
Denature

Primer 2Primer  1

Extension

Further cycles of  denaturation, annealing  and extension

5' 3'
5'

5'
3' 5'

3'

3'

Figure 8.1 Polymerase chain reaction: fi rst cycle
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ends of the primer sequences are modiÞ ed to incorporate the appropriate 
recognition site. In the Þ rst PCR cycle, the 5′ ends of the primer will not pair 
with the template, but that does not prevent annealing (provided there is 
sufÞ cient similarity in the 3′ region of the primer) or extension (which is 
dependent on a perfect match of the Þ nal 3′ nucleotide). In subsequent 
rounds, the part of the primer carrying the restriction site (which is now 
incorporated into the product) will be accurately replicated, as the primers 
are now a perfect match with the template. The end product is a DNA frag-
ment carrying the restriction site near the ends, so it can be cut with the 
restriction enzyme and ligated with an appropriate vector. The same princi-
ple can be employed to introduce other modiÞ cations into the product, 
including base changes. Attaching ß uorescent dyes, or other labels, to one or 
both primers provides a good way of obtaining a labelled product.

Further cycles of  
annealing and extension

Denature and reanneal

First cycle products

5'
5' 3'

5'
3'

New product stops at 
end of  template
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Figure 8.2 Polymerase chain reaction: second cycle
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140 CH8 POLYMERASE CHAIN REACTION

8.2 PCR in practice
The launching of PCR as a revolutionary new technology was enabled by the 
development of the programmable thermocycler. These instruments are 
based on metal heating blocks with holes for the PCR tubes. The blocks are 
designed to switch between the programmed series of temperature steps with 
great speed and precision by a combination of heating and cooling systems. 
The use of small (0.2Ð0.5 ml), thin-walled, tubes helps to ensure a rapid 
change of temperature. Alternatively, for larger numbers of samples, micro-
titre plates are used.

RE site

RE site

Cut  at  restriction  site  and  
ligate  to  a suitable  vector

5'

5'

Primer 2
RE site

5'

Primer  1
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1st cycle extension

2nd cycle extension

Further cycles

Figure 8.3 Adding restriction sites to a PCR product
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Because the PCR reaction is performed in a small volume (typically 
20Ð50 µl), and because of the high temperatures involved, it can be easily 
imagined that the water would quickly evaporate and end up on the inside 
of the lid rather than on the bottom of the tube. There are two ways of pre-
venting this. The original one was to place a drop of mineral oil over the 
reaction. The less messy approach applied almost universally today is to heat 
the lids of the tubes to prevent condensation.

8.2.1 Optimization of the PCR reaction
The importance of the annealing temperature in PCR has already been dis-
cussed. If the temperature is too high, binding of the primers to the target 
will not be stable enough for ampliÞ cation to take place. If it is too low, the 
system will become too tolerant of partial primerÐtarget mismatches, and will 
therefore be non-speciÞ c. The annealing temperature will be affected by the 
sequence and length of the primers. Because GÐC pairing is stronger than 
AÐT pairing, the more Gs and Cs there are in the primer, the stronger it will 
bind (and therefore higher annealing temperatures can be used). See Chapter 
7 for a discussion of other factors that inß uence the optimal annealing tem-
perature. Although computer algorithms are available to predict the optimal 
annealing temperature for a primer, in practice some trial and error is often 
needed. Normally, the annealing temperature is chosen somewhere between 
40 and 60¡C, although for templates with a high GC content annealing tem-
peratures as high as 72¡C (the normal extension temperature, see below) may 
be used. Note also that, as with any other hybridization, we may want to use 
conditions that will allow priming from sites that are only partially matched 
to the primers, and for this purpose we would use a lower annealing 
temperature.

Another important factor is the concentration of magnesium ions, a neces-
sary cofactor for the enzyme. Typically, a magnesium concentration of 1.5 mm 
is used. A higher magnesium concentration gives a higher yield, but also a 
lower speciÞ city. Lowering the magnesium concentration increases speciÞ c-
ity, but will decrease enzyme activity.

8.2.2 Primer design
The most important PCR parameter by far is the design of the primers. 
Assuming that we know the sequence of the target gene, we want to pick a 
region of a suitable length for ampliÞ cation. For analytical purposes, 200Ð500 
base pairs is adequate. If it is too small, it will be difÞ cult to detect on an 
agarose gel; if it is too big, the ampliÞ cation will be inefÞ cient. (For other 
purposes, it is possible to amplify much longer sequences, but it requires 
special conditions.) We then select two sequences (usually 20Ð25 bp) either 
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142 CH8 POLYMERASE CHAIN REACTION

side of this region for binding our complementary primers. It is essential to 
get the orientation of the primers right. The Ôleft-handÕ (forward) primer will 
be the same as the sequence of the ÔtopÕ strand Ð remember that double-
stranded DNA is conventionally represented with the top strand in the 5′ to 
3′ direction, reading from left to right; this is the strand that is shown if your 
DNA is shown in single-stranded format. The Ôright-handÕ (reverse) primer 
must be the sequence of the complementary strand, read from right to left 
(which is the 5′ to 3′ direction for the lower strand). This is illustrated in 
Figure 8.4 (using unrealistically short primers for clarity).

There are some further factors that affect the design of the primers. If an 
oligonucleotide contains sequences with complementarity to itself or the 
other primer, the result will be a partially double-stranded structure rather 
than annealing to the target sequence, because the primers are present in such 
great excess that they are much more likely to encounter a partially comple-
mentary primer molecule than a perfectly complementary template molecule. 
Thus, primer complementarity is to be avoided. It is also desirable for the two 
primers to have similar annealing temperatures, which means they should be 
similar in length and base composition. Computer programmes are available 
to check that the chosen sequences are suitable in both of these respects.

We also want to make sure, as far as possible, that each primer will anneal 
only to the chosen sequence, and not to any other region of the template mix. 
If we are working with DNA from an organism for which the complete 
genomic sequence is known, then we can search the database to check for 
other sequences that are complementary to our primers (see Chapter 9 for 
a description of how these searches are done). Ultimately, it is in part a 
matter of trial and error Ð even the best designed primers do not necessarily 
work well, in which case we need to change one or both primers.

What if we do not know the sequence of the target region? This problem 
can often be circumvented by some informed guesswork. For example, we 

GCATGTCG

CGTACAGC
GTGCGTAC

GTACGCAC

GCATGTCG
CACGCATG

Reverse
primer

Forward
primer

Target
sequence

5'
3'

5'

5'

3'
5'

Primer sequences needed (5' to 3' direction):

Forward primer

Reverse primer

GCATGTCG

CACGCATG

Figure 8.4 Forward and reverse primers
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may use sequence information from a more or less closely related organism 
to design our primers. The fact that the sequences will probably not be a 
perfect match can be accommodated in two ways. Firstly, we can use a lower 
annealing temperature, to allow the imperfectly matched primers to anneal, 
and secondly we can create degenerate pools of primers, i.e. we can incorpo-
rate ambiguities into the primers. This is analogous to the use of heterologous 
probes for library screening (see Chapter 7). When using heterologous 
primers in this way it is essential to remember that the ends of the ampliÞ ed 
product represent the primer sequence, and are not derived from the target 
genome.

8.2.3 Analysis of PCR products
The normal way of analysing the products of a PCR reaction is to separate 
the samples in an agarose electrophoresis gel. This allows you to ascertain 
that only one fragment is obtained in each reaction, which is usually the 
objective. By comparing the size of the ampliÞ ed fragment to a molecular 
weight standard, it is also possible to make sure that the molecular weight is 
the same as the predicted one (which is usually known). The assumption is 
that, if the fragment is the predicted size, then it probably corresponds to the 
predicted fragment Ð an assumption which occasionally leads you down 
the wrong track, which therefore often necessitates checking the identity of 
the fragment (see below).

On the other hand, you may get a fragment of a different size from the 
predicted one. Frequently, a speciÞ c ampliÞ cation product (of the correct 
size) is found together with an abundant fragment of low molecular weight. 
These low-molecular-weight fragments are called primer dimers, and are 
caused by binding of the primer molecules to each other. They can usually 
be ignored, although the tendency of primers to form dimers can cause prob-
lems with a PCR, due (amongst other things) to competition between primerÐ
primer and primerÐtemplate binding. Another effect may be an ampliÞ cation 
that appears to be speciÞ c (as shown by the absence of a fragment of that 
size in control reactions), but which gives a product of a different size than 
the expected one. This may indicate that one, or both, of the primers is 
binding at a position other than the intended one, producing an artefactual 
product. This may also be manifested as a speciÞ cally ampliÞ ed fragment 
together with a more or less complex mixture of non-speciÞ c ones. In these 
cases, greater speciÞ city may be obtained by adjusting one or more of the 
PCR parameters (see the previous section).

Alternatively, nested PCR may be used to increase the speciÞ city (and/or 
the sensitivity) of the ampliÞ cation. In nested PCR (Figure 8.5), a small 
aliquot of the original reaction is transferred to a second, ÔnestedÕ PCR reac-
tion. In the nested PCR reaction, one or both primers are replaced with a 
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146 CH8 POLYMERASE CHAIN REACTION

A further improvement to PCR cloning technology is the use of Vaccinia 
virus DNA topoisomerase I (TOPO); see also Chapter 4. In vivo, topoisom-
erases are involved in the supercoiling/relaxation of DNA. They will cleave 
DNA at speciÞ c sites, leaving a sticky end. The energy released by breaking 
the phosphodiester bond is stored in a covalent bond between the enzyme 
and one of the cleaved strands. The enzyme trapped in the sticky end will 
then rapidly and efÞ ciently release its stored energy into the formation of a 
new phosphodiester fragment as soon as the sticky end encounters its com-
plementary partner. Thus, TOPO has both endonuclease and ligase activity. 
Commercially available TOPO vectors offer sticky end overhangs, ranging 
from TA cloning to more complex sequences bound to the TOPO enzyme. 
This makes for rapid and ligase-free cloning.

8.4 Long-range PCR
We have already discussed the fact that Taq polymerase lacks proofreading 
activity and is thus unable to correct its own errors. These errors occur 
approximately once per 9000 nucleotides, on average. Such mistakes will then 
be perpetuated in all new molecules descended from the one containing the 
error. If direct sequencing is used, this is not really a problem, because the 
defects will be randomly distributed and the vast majority of molecules will 
be correct in any given position. However, if the PCR products are cloned it 
will potentially be a problem, because any error in the one molecule that 
happens to be cloned will be perpetuated in all the offspring of that one clone 
(Figure 8.7). For this reason, investigators normally sequence at least three 
independent PCR clones in order to ensure that they are identical.

Another consequence of the relative sloppiness of Taq polymerase is the 
fact that Taq polymerase can only efÞ ciently amplify fragments of a few 
thousand base pairs. Both these problems can be solved by the introduction 
of thermostable DNA polymerases from other thermophilic organisms, such 
as Pfu and Pwo DNA polymerases. Unlike Taq polymerase, these enzymes 
do have proofreading activity. They are not necessarily as efÞ cient, however. 
This has been ingeniously overcome by the introduction of proprietary mix-
tures of Taq and proofreading DNA polymerases. By combining proofread-
ing and high yield, and by the ability for one polymerase to continue the 
extension where the other one stalls, these mixtures may allow the efÞ cient 
ampliÞ cation of DNA fragments as large as 50 kb.

8.5 Reverse-transcription PCR
In Chapter 6, we described the use of reverse transcriptase to obtain a cDNA 
copy of mRNA, and the construction of cDNA libraries. Combining reverse 
transcriptase (RT) with PCR, a procedure known as RT-PCR, extends the 
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application of PCR into the analysis of gene expression, either qualitatively 
or quantitatively, as well as greatly facilitating the construction of cDNA 
libraries or the cloning of speciÞ c cDNAs. The use of RT-PCR for the analy-
sis of gene expression is described in Chapter 10.

One problem with RT-PCR is that the initial mRNA preparation may be 
contaminated with genomic DNA. The PCR step can then result in ampliÞ ca-
tion of the contaminating DNA. When working with eukaryotic material, this 
can often be overcome by designing the primers so that the amplicon spans 
at least one intron. In this way, ampliÞ cation of any genomic DNA will either 
be prevented altogether (because the presence of the intervening intron 
makes the sequence too large to be ampliÞ ed), or at least it will be readily 
distinguished from ampliÞ ed cDNA (because of the different size of the 
product). Generally, it is preferable to remove all traces of DNA from the 
mRNA, usually by treatment with RNase-free DNase.

8.6 Rapid amplifi cation of cDNA ends
The procedure described in Chapter 6 for generating cDNA suffers from the 
problem that the products are often incomplete, i.e. the ends of the mRNA 
molecules are under-represented in the clones generated. In Chapter 6 we 
considered some ways of at least partially overcoming this problem. PCR 
provides further enhancement of these techniques, by speciÞ cally amplifying 
the ends of cDNA molecules.

Direct sequencing of  pooled products

Majority of  products are accurate at
any single position

Sequencing  of   individual  clones
affected by errors

Cloning of  PCR
products

PCR  introduces 
random errors

Reliable consensus sequence

Figure 8.7 Detection of PCR errors
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Normally, PCR would use two primers which are speciÞ c to the desired 
amplicon. In the basic 3′ RACE system, as shown in Figure 8.8, one primer 
(the GSP) is speciÞ c for the gene concerned, while the other primer (the 
oligo-dT-anchor primer) will act as primer for any polyadenylated mRNA. 
The speciÞ city of the system can be enhanced by a nested PCR in which 
further ampliÞ cation takes place using a second, nested primer (also speciÞ c 
for the gene in question) in place of the GSP.

In a similar way, 5′ RACE enables ampliÞ cation of cDNA corresponding 
to the 5′ end of the mRNA. The key feature of this procedure is the incor-
poration of a universal tag at the 3′ end of all Þ rst-strand cDNA molecules. 
This is accomplished by the enzyme terminal deoxynucleotidyl transferase, 
usually known as terminal transferase, or TdT. This enzyme will non-speciÞ -
cally add deoxynucleotides to the 3′ end of a single DNA strand. By making 
only one dNTP available, for example deoxycytosine, a monomeric 5′ tail 
analogous to the 3′ poly-A tail can be added.

In the procedure shown in Figure 8.9, the mRNA is initially reverse tran-
scribed using random primers, which are more likely to produce Þ rst-strand 
cDNA reaching the 5′ end of the mRNA than using oligo-dT primers (which 
start at the far 3′ end). This is a non-speciÞ c step, and will produce a mixture 
of single-stranded cDNA molecules, reß ecting more or less all the mRNA 
present in the original material. The cDNA pool is then tailed. using terminal 
transferase, to provide a binding site for an oligo-dG primer coupled to an 
anchor sequence for second-strand cDNA synthesis. This is then followed by 
PCR ampliÞ cation, using the anchor primer and a gene-speciÞ c primer. As 
with 3′ RACE, additional speciÞ city is typically gained by using nested PCR, 
with a second speciÞ c primer replacing the Þ rst GSP.

Thus, even if a gene is novel, PCR can be used to obtain the entire cDNA 
sequence without ever using a vector-based library. This has made it possible 
for many laboratories to abandon cDNA library screening altogether, 
although it is currently experiencing a revival thanks to the development of 
array libraries from national genome facilities.

8.7 Quantitative PCR
It is difÞ cult to derive reliable quantitative information from conventional 
PCR, for example by measuring the amount of product formed. There is no 
simple and reliable relationship between the amount of template you start 
with and the amount of product obtained, unless you can be certain that the 
PCR reaction is truly proceeding exponentially throughout. This will usually 
no longer be the case during the latter phase when the availability of reagents 
becomes limiting. This problem may be overcome, to a point, by adding a 
known amount of a second template that is almost identical (and ampliÞ able 
with the same primers) but still distinguishable on an electrophoresis gel. 
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150 CH8 POLYMERASE CHAIN REACTION

Normally, this is produced by cloning the PCR product into a plasmid vector 
and deleting a small part of it. Adding a known quantity of this modiÞ ed 
DNA to the PCR reaction will allow you to achieve much better quantitative 
accuracy by comparing the relative amounts of the two resulting PCR pro-
ducts. In practice, this has now been superseded by real-time PCR, a method 
that is much more accurate and also simpler. The previous limitation, afford-
ability of equipment, has become less of an obstacle.

If you have a way of detecting the product without interrupting the series 
of ampliÞ cations, then you have an invaluable way of quantifying the proce-
dure. This is the basis of real-time PCR. For real-time PCR, you need a way 
of detecting the product as it is formed, without having to stop the reaction 
and run the products out on a gel. The simplest method to understand is to 
add, to the PCR mixture, a dye such as SYBRTM Green (pronounced as 

Polyadenylated  mRNA5' 3'AAAAAAA

Polyadenylated  mRNA5' 3'AAAAAAA

Reverse transcribe all mRNA,
using random primer

Gene-specific
primer

5'

First strand cDNA 5'

5'CCCCCC

Denature
Tail with terminal transferase,
using dCTP

Random
primer

5'

++++ GGGG

5'

5'CCCCCC

Anchor++++ GGGG

5'

** **

5'
3'

GGGG++++
CCCC 5'

3'

* * **

5'
3'

GGGG++++
CCCC 5'

3'

Denature
Anneal with GSP
Extend

Denature
Anneal with oligo-dC primer + anchor
Extend

Further rounds of  PCR
using anchor primer + GSP

Figure 8.9 Rapid amplifi cation of cDNA ends: 5′ RACE
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Cybergreen) that ß uoresces when it binds to double-stranded DNA. This is 
the cheapest and simplest way of performing real-time PCR, because the dye 
is generic (and thus not reaction-speciÞ c) and you can use the same primers 
as in any normal PCR reaction. However, this method may lead to artefacts, 
as you will be unable to distinguish the signal produced if the wrong product 
is made. More speciÞ c methods are described below.

If you carry out the PCR reaction in a machine that not only performs the 
temperature cycling needed for a PCR reaction but also will detect the ß uo-
rescence of your samples, then you can monitor the progress of your PCR in 
real time. Initially, the template is single-stranded, and so there is no signal. 
As ampliÞ cation proceeds, double-stranded product is formed, and eventu-
ally enough of this product is made to allow the resulting ß uorescence to be 
detected by the machine (see Figure 8.10). The level of the ß uorescence will 
increase over a number of cycles, and by extrapolation of the resulting curve 
back to zero you can determine the number of cycles needed for formation 
of a detectable amount of product. This value, known as the CT value, is 
related to the initial amount of template: higher amounts of initial template 
will result in lower C T values. In the Þ gure, sample A produces a detectable 
signal after 20 cycles, so we say it has a CT value of 20. This represents more 
template than in samples B (CT = 22) or C (CT = 25).

Since SYBR Green will bind to any double-stranded DNA, there is no 
guarantee (apart from the speciÞ city of the primers) that the ß uorescence 
detected is due to formation of a speciÞ c product. It is possible to circumvent 
this by programming the thermocycler to generate a melting temperature 
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Figure 8.10 Real-time PCR
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curve of the product after the end of the ampliÞ cation. The shape of this 
curve is a measure of the homogeneity of the sample.

The other commonly used methods achieve speciÞ city through the use of 
a probe that hybridizes speciÞ cally to the desired product, the probe being 
labelled in such a way that ß uorescence only occurs as a consequence of the 
PCR reaction. The most generally employed method is the so-called TaqMan 
method (Figure 8.11). Here, an oligonucleotide probe that is complementary 
to an internal sequence within one of the ampliÞ ed strands is labelled with a 
ß uorescent group at its 5′ end, and a quencher at its 3′ end, which quenches 
the ß uorescence at the 5′ end so long as both ß uorophore and quencher are 
within the same molecule. Thus, virtually no ß uorescence is emitted at the 
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PCR reaction

Degradation of  TaqMan probe
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Figure 8.11 Real-time PCR: TaqMan reaction
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beginning of the reaction. As the reaction proceeds, the oligonucleotide will 
bind to the increasing number of newly synthesized strands. When such a 
strand is copied, the intrinsic 5′Ð3′ exonuclease activity of the polymerase will 
cleave the ß uorophore away from the probe, thus liberating it from the 
quencher and enabling it to ß uoresce. The intensity of this ß uorescence is a 
directly proportional measure of the amount of product that has been gener-
ated. Because the oligonucleotide sequence is complementary to an internal 
part of the amplicon independent of the primers, it provides high speciÞ city. 
When using this method for amplifying cDNA, the oligonucleotide is often 
designed to span the junction between two exons. That way, any ampliÞ ca-
tion of contaminating genomic DNA will not lead to the release of any 
ß uorophore.

Another method, known as Molecular Beacons, also uses a probe contain-
ing a ß uorophore and a quencher, but in this case instead of a linear probe 
(as in the TaqMan method) the probe is designed with complementary ends 
that form a hairpin structure, with the loop containing a sequence comple-
mentary to the target (Figure 8.12). Here, the quencher/ß uorophore combi-
nation works in a different way from that used for TaqMan, in that ß uorescence 
is only suppressed if the two are in close proximity. When the probe binds 
to an ampliÞ ed DNA strand, the hairpin conformation is lost, and the ß uo-
rophore is activated, because it is no longer adjacent to the quencher. Since 
the detection is dependent on the relative stability of the hairpin and the 
target binding, it is more speciÞ c than TaqMan probes, and is especially 
useful for detecting single base changes (SNPs).

Real-time PCR is an important technique for estimating the level of expres-
sion of speciÞ c genes (see Chapter 10), when it is used in combination with 
reverse transcription. Its application for the detection of DNA sequences, 

Fluorophore Quencher

Amplified target sequence

Figure 8.12 Real-time PCR: molecular beacons
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including medical diagnostic applications (see Chapter 13), rests more in the 
convenience of detection of the product than in quantiÞ cation. When analys-
ing a number of samples, it is quicker than using agarose gels, and can be 
readily automated.

8.8 Applications of PCR
8.8.1 PCR cloning strategies
PCR can be used in several ways to provide alternatives to the screening of 
random libraries as described in Chapter 7. For example, analysis of the 
known sequences of a set of related genes may show that, although the genes 
are not similar enough to devise reliable hybridization probes, there may be 
some regions that are relatively highly conserved. It is possible to construct 
pairs of primers directed at these conserved regions, and use these to amplify 
the corresponding fragment from the genomic DNA of your target organism 
(Figure 8.13). Nested PCR is often used to add to the power of this approach. 
You can then sequence this product, to try to conÞ rm that it is indeed derived 
from the correct gene, and you can use it as a probe for screening a gene 
library to isolate clones carrying the complete gene.

This approach needs to be treated carefully. One reason why part of a gene 
may be highly conserved is that it codes for an essential substrate-binding 
site, so any gene which uses the same substrate is likely to have a similar 
sequence. For example, many enzymes that use ATP as a substrate have a 
similar sequence that represents the ATP-binding site.

Alternatively, if you already know the sequence of the gene, then you can 
devise a reliable PCR system to amplify the whole gene or part of it, whether 
from genomic DNA or cDNA, and either clone or sequence the product. 
Cloning and/or sequencing a gene of which you already know the sequence 
is much more useful than it sounds. For example, you may want to know 
whether the sequence varies at all in different strains (see Chapter 13), or 
you may want to identify alternatively spliced transcripts of a eukaryotic 
gene. PCR ampliÞ cation combined with direct sequencing provides a quick 
route to answering that question. It is also employed in medical genetics in 
the search for individual sequence differences which may cause disease.

Alternatively, you may have cloned a gene in one vector, and you then 
want to subclone it in a different plasmid Ð perhaps moving it into an expres-
sion vector, or removing extraneous DNA that was present in the original 
clone from a random gene library. You can easily devise a pair of primers 
that will produce exactly the product you want Ð down to adjusting the 
reading frame to Þ t in with your expression vector (see Chapter 11), or adding 
or removing restriction sites at the end of the fragment to aid subsequent 
manipulation.
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In Chapter 11, we discuss the introduction of changes into the coding 
sequence of a gene (site-directed mutagenesis); PCR plays a major role in this 
as well. A further topic in Chapter 11 is the use of a procedure known as 
assembly PCR for assembling synthetic genes. There is virtually no end to 
the versatility of the procedures to which you can adapt PCR as an aid to 
cloning and re-cloning DNA fragments in a research laboratory.

8.8.2 Analysis of recombinant clones and rare events
The best way of characterizing a recombinant clone, to make sure you have 
indeed produced the structure that you intended, is to sequence it Ð or at 
least to sequence across the new junctions that have been made. For this, you 
can either directly sequence the appropriate part of the recombinant plasmid, 
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PCR  amplification
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Figure 8.13 Use of conserved sequences to design PCR primers
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or you can amplify across the inserted fragment and sequence the PCR 
product.

PCR can also be used to detect speciÞ c events that occur in vivo, without 
having to clone the affected region of the genome. For example, if we want 
to detect the transposition of an insertion sequence into a speciÞ c site, or if 
we want to test if our gene knockouts (see Chapter 15) have really inserted 
a foreign DNA fragment into that site, we can use PCR. We would use one 
primer directed at the insert and one at the genomic ß anking sequence. We 
would only get a product if the event we are looking for has indeed occurred. 
Otherwise the two primers are binding to completely different bits of 
DNA.

However, this needs a word of caution, which applies to some extent in 
many applications of PCR. The technique is splendid for amplifying DNA 
where a genuine target exists. When there is no genuine target, there is the 
possibility of artefacts being created, due to the power of the technique for 
amplifying extremely rare events, such as the possibility of the polymerase 
ÔjumpingÕ from one DNA molecule to another. This may seem highly unlikely 
(although there are reports of it happening) Ð but it only needs to happen 
once, in the early stages, and the product will then be ampliÞ ed effectively, 
leading to an incorrect conclusion.

A similar effect can occur if the template contains a stable hairpin (or 
stem-loop) structure. This will cause the polymerase to pause (or even to stop 
altogether). However while it is paused, it may encounter the other side of 
the hairpin and ÔjumpÕ across Ð yielding a product that lacks the hairpin. 
Although this rarely happens, the product will then amplify much more 
effectively than the original template, and the Þ nal product will be shorter 
than it should be Ð leading to the suggestion that your strain contains a dele-
tion at that point.

8.8.3 Diagnostic applications
The polymerase chain reaction has many important practical applications in 
the real world outside molecular biology laboratories. Amongst these are 
forensic applications Ð the detection and identiÞ cation of speciÞ c DNA frag-
ments that can be traced to a particular individual Ð and uses in medical 
diagnostics, including the detection of mutations causing human genetic dis-
eases. PCR can be employed for the detection of pathogenic microorganisms 
in a clinical specimen (such as sputum or blood). This is especially valuable 
for organisms which are difÞ cult to culture, including many viruses and some 
bacteria. In addition, PCR tests (often in combination with speciÞ c gene 
probes) are available for the identiÞ cation and speciation of pathogens that 
have been cultured. In these contexts, the problem of contamination has to 
be taken very seriously. The ability of PCR to amplify tiny amounts of DNA 
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makes it an extremely sensitive test, but it also makes it extremely sensitive 
to low levels of contaminating DNA. In a diagnostic situation, extensive 
measures have to be taken to avoid contamination, notably the use of sepa-
rate rooms and equipment for the preparation of the clean (pre-PCR ampli-
Þ cation) material and the analysis of the post-PCR products (which contain 
large amounts of material that can act as template for further ampliÞ cation). 
A battery of additional precautions must be taken, including the use of nega-
tive controls with each batch of samples. We will look at some of these 
applications further in later chapters.
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11.5.3 Assembly PCR
An alternative procedure, which is a lot simpler in practice than that described 
above, is simply to mix together a complete set of synthetic fragments (each 
of which overlaps, and is complementary to, its neighbours on either side). 
As before, these fragments are designed to optimize codon usage and base 
composition. This complex mixture is then subjected to a number of rounds 
of PCR, which results in, amongst other products, some full-length DNA. 
This is further amplifi ed, specifi cally, by addition of primers directed at the 
ends of the full-length gene, and further rounds of PCR. Although the syn-
thesis of a complete gene of say 1000 base pairs involves a highly complex 
mixture of starting oligonucleotides, which might be expected to produce an 
impossible number of different products, the procedure really does work.

11.5.4 Protein engineering
The above discussion started off by considering site-directed mutagenesis and 
synthetic DNA as a means of altering the base composition and/or codon 
usage of a naturally occurring gene, as an aid to expressing that gene. The 
product is still the same as the naturally occurring one, but there is no reason 
why we should limit these techniques to the production of naturally occurring 
proteins. We can just as easily synthesize a gene which codes for an altered 
protein. We could introduce specifi c changes into the sequence and test their 
effects on for example the substrate specifi city of the enzyme, or we could 
introduce cysteine residues into the sequence at strategic points, so that the 
protein produced would contain additional disulfi de bridges. This would be 
expected to increase the thermal stability of the enzyme, which could be 
advantageous. (Unfortunately such a change often results in the loss of 
enzyme activity as well.)

This concept, often referred to as protein engineering, would in principle 
culminate in the production of totally novel enzymes, tailor-made to carry 
out specifi c enzyme reactions. The limiting factor now is not the techniques 
for producing such engineered proteins, but the inadequacy of our 
knowledge of how a specifi c sequence of amino acids will fold into a three-
dimensional structure, and how we can predict the enzymic activity of such 
a novel protein.

11.6 Vaccines
One of the best examples of the use of genetic manipulation for product 
formation is the development of novel vaccines, as an alternative to the con-
ventional use of killed or live (attenuated) pathogens, or toxoids (toxins 
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