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Protein microarray, a key tool of proteomics, the study of the 

complete set of proteins that can be expressed by an organism’s 

genome. Each colored dot is a protein, with a specifi c color for each 

protein being studied.

18.1 DNA Cloning

Bacterial enzymes called restriction endonucleases 
form the basis of DNA cloning

Bacterial plasmids illustrate the use of restriction 
enzymes in cloning

DNA libraries contain collections of cloned DNA 
fragments

The polymerase chain reaction (PCR) amplifi es DNA 
in vitro

18.2 Applications of DNA Technologies

DNA technologies are used in molecular testing for 
many human genetic diseases

DNA fi ngerprinting is used to identify human 
individuals as well as individuals of other species

Genetic engineering uses DNA technologies to alter 
the genes of a cell or organism

DNA technologies and genetic engineering are a 
subject of public concern

18.3 Genome Analysis

DNA sequencing techniques are based on DNA 
replication

Structural genomics determines the complete DNA 
sequence of genomes

Functional genomics focuses on the functions of 
genes and other parts of the genome

Studying the array of expressed proteins is the next 
level of genomic analysis

Systems biology is the study of the interactions 
between all the components of an organism

18  DNA Technologies 
and Genomics

Why It Matters

In early October 1994, 32-year-old Shirley Duguay, a mother of fi ve, 
disappeared from her home on Prince Edward Island, Canada. Within 
a few days, her car was found abandoned; bloodstains inside matched 
her blood type. Several months later the Royal Canadian Mounted 
Police (RCMP) found Duguay’s body in a shallow grave. Among the 
chief suspects in the murder was her estranged common-law hus-
band, Douglas Beamish, who was living nearby with his parents. 

While searching for Duguay, the RCMP discovered a plastic bag 
containing a man’s leather jacket with the victim’s blood on it. 
Beamish’s friends and family acknowledged that Beamish had a simi-
lar jacket, but none could or would positively identify it. In the lining 
of the jacket investigators found 27 white hairs, which forensic scien-
tists identifi ed as cat hairs. The RCMP remembered that Beamish’s 
parents had a white cat named Snowball (Figure 18.1). Could they 
prove that the cat hair in the jacket was Snowball’s?

A Mountie investigator used the Internet to fi nd two experts on 
cat genomes, Marilyn Menotti-Raymond and Stephen J. O’Brien of the 
Laboratory of Genome Diversity at the U.S. National Cancer Institute. 
Menotti-Raymond and O’Brien analyzed DNA from the root of one of 
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the cat hairs taken from 
the jacket and from a 
blood sample taken from 
Snowball. They then used 
a technique called the 
polymerase chain reac-
tion (PCR) to amplify 
10 specifi c regions of the 
cat genome, each of 
which varies among cats 
in the number of copies 

of a short (two-nucleotide) repeated sequence. They 
found that the hair and blood samples matched per-
fectly, providing strong evidence that the hair came 
from Snowball.

Beamish was tried for the murder of Shirley 
Duguay. The evidence presented by Menotti-Raymond 
and O’Brien helped convict him, and he was sentenced 
to 18 years in prison.

The researchers’ analysis of the cat hair and blood 
is an example of DNA fi ngerprinting. (Though hu-
man DNA fi ngerprinting evidence is now extensively 
used in court cases, the Beamish case was the fi rst to 
admit nonhuman animal DNA fi ngerprinting data as 
evidence.) DNA fi ngerprinting is an application of 
DNA technologies, techniques to isolate, purify, ana-
lyze, and manipulate DNA sequences. Scientists use 
DNA technologies both for basic research into the 
biology of organisms and for applied research. The 
use of DNA technologies to alter genes for practical 
purposes is called genetic engineering. 

Genetic engineering is the latest addition to the 
broad area known as biotechnology, which is any tech-
nique applied to biological systems or living organisms 
to make or modify products or processes for a specifi c 
purpose. Thus, biotechnology includes manipulations 
that do not involve DNA technologies, such as the use 
of yeast to brew beer and bake bread and the use of 
bacteria to make yogurt and cheese.

In this chapter, we focus on how biologists isolate 
genes and manipulate them for basic and applied re-
search. You will learn about the basic DNA technolo-
gies and their applications to research in biology, to 
genetic engineering, and to the analysis of genomes. 
You will also learn about some of the risks and contro-
versies surrounding genetic engineering and about 
some of the scientifi c, social, and ethical questions re-
lated to its application.

We begin our discussion with a description of 
methods used to obtain genes in large quantities, an 
essential step for their analysis or manipulation. 

18.1 DNA Cloning

Remember from Chapter 17 that a clone is a line of 
genetically identical cells or individuals derived from 
a single ancestor. DNA cloning is a method for pro-

ducing many copies of a piece of DNA, such as a gene 
of interest; that is, a gene that a researcher wants to 
study or manipulate. Scientists clone DNA for many 
reasons. For example, a researcher might be inter-
ested in how a particular human gene functions. 
Each human cell contains only two copies of most 
genes, amounting to a very small fraction of the total 
amount of DNA in a diploid cell. In its natural state 
in the genome, then, the gene is extremely difficult 
to study. However, through DNA cloning, a researcher 
can produce a sample large enough for scientific 
experimentation. 

Cloned genes are used in basic research to fi nd out 
about their biological functions. For example, research-
ers can determine the DNA sequence of a cloned gene, 
giving them the ultimate information about its struc-
ture. Also, by manipulating the gene and inducing 
mutations in it, they can gain information about its 
function and about how its expression is regulated. 
Cloned genes can be expressed in bacteria, and the 
proteins encoded by the cloned genes can be produced 
in quantity and purifi ed. Those proteins can be used 
in basic research or, in the case of genes encoding pro-
teins of pharmaceutical or clinical importance, they 
can be used in applied research.

An overview of one common method for cloning 
a gene of interest from a genome is shown in Figure 

18.2; the method uses bacteria (commonly, Escherichia 
coli) and plasmids, the small circular DNA molecules 
that replicate separately from the bacterial chromo-
some (see Section 17.1). The researcher extracts DNA 
containing a gene of interest from cells and cuts it into 
fragments. The fragments are inserted into plasmids 
producing recombinant DNA molecules—recombinant 
DNA is DNA from two or more diff erent sources joined 
together. The recombinant plasmids are introduced 
into bacteria; each bacterium receives a diff erent plas-
mid. The bacterium continues growing and dividing, 
and as it does, the plasmid continues to replicate. It is 
through replication of the plasmid that amplifi cation 
of the piece of DNA inserted into the plasmid occurs. 
The fi nal step, then, is to identify the bacteria contain-
ing the plasmid with the gene of interest and isolate it 
for further study.

Bacterial Enzymes Called Restriction 
Endonucleases Form the Basis 
of DNA Cloning 

The key to DNA cloning is the specifi c joining of two 
DNA molecules from diff erent sources, such as a 
genomic DNA fragment and a bacterial plasmid (see 
Figure 18.2). This specifi c joining of DNA is made 
possible, in part, by bacterial enzymes called restriction 
endonucleases (also called restriction enzymes), dis-
covered in the late 1960s. Restriction enzymes recog-
nize short, specifi c DNA sequences called restriction 
sites, typically four to eight base pairs long, and cut the 

Figure 18.1

Snowball, the key 
to a murder case. 
(© Marilyn Menotti-

Raymond, The Na-

tional Cancer Institute–

Frederick)
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DNA at specifi c locations within those sequences. The 
DNA fragments produced by cutting a long DNA mol-
ecule with a restriction enzyme are known as restriction 
fragments.

The “restriction” in the name of the enzymes re-
fers to their normal role inside bacteria, in which the 

enzymes defend against viral attack by breaking down 
(restricting) the DNA molecules of infecting viruses. 
The bacterium protects the restriction sites in its own 
DNA from cutting by modifying bases in those sites 
enzymatically, thereby blocking the action of its restric-
tion enzyme. 

3

5 

2        Cut a circular

bacterial plasmid

to make it linear.

1        Isolate genomic

DNA containing gene of

interest from cells and cut

the DNA into fragments.

4 

       Insert the genomic

DNA fragments into the

plasmid to make recombinant

DNA molecules. Recombinant

DNA is DNA from two different

sources joined together. Here, the

recombinant DNA molecules are

the recombinant plasmids.

       Identify the bacterium containing

the plasmid with the gene of interest

inserted into it. Grow that bacterium

in culture to produce large amounts

of the plasmid for experiments with

the gene of interest.

       Introduce recombinant molecules

into bacterial cells; each bacterium

receives a different plasmid. As the

bacteria grow and divide, the

recombinant plasmids replicate,

thereby amplifying the piece of DNA

inserted into the plasmid.

Cell

Gene of interest

Bacterial
chromosome

Progeny
bacteria

Bacterium

Recombinant
DNA molecules

Inserted genomic
DNA fragment 

Plasmid from
bacterium

Figure 18.2

Overview of cloning DNA frag-
ments in a bacterial plasmid.
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Hundreds of diff erent restriction enzymes have 
been identifi ed, each one cutting DNA at a specifi c 
restriction site. As illustrated by the restriction site of 
EcoRI (Figure 18.3), most restriction sites are symmet-
rical in that the sequence of nucleotides read in the 
5�→3� direction on one strand is same as the sequence 
read in the 5�→3� direction on the complementary 
strand. The restriction enzymes most used in 
cloning—such as EcoRI—cleave the sugar–phosphate 
backbones of DNA to produce DNA fragments with 
single-stranded ends (step 1). The ends are called 
sticky ends because the short single-stranded regions 
can form hydrogen bonds with complementary sticky 
ends on any other DNA molecules cut with the same 
enzyme. For example, step 2 shows the insertion of a 
DNA molecule with sticky ends produced by EcoRI 
between two other DNA molecules with the same 
sticky ends. The pairings leave nicks in the sugar–
phosphate backbones of the DNA strands that are 
sealed by DNA ligase, an enzyme that has the same 
function in DNA replication (step 3; see Section 14.3). 

The result is DNA from two diff erent sources joined 
together—a recombinant DNA molecule.

Bacterial Plasmids Illustrate the Use 
of Restriction Enzymes in Cloning

The bacterial plasmids used for cloning are examples 
of cloning vectors—DNA molecules into which a DNA 
fragment can be inserted to form a recombinant DNA 
molecule for cloning. Bacterial plasmid cloning vectors 
are not naturally in bacteria; they are plasmids modi-
fi ed to have special features. Commonly, plasmid clon-
ing vectors are engineered to contain two genes that 
are useful in the fi nal steps of a cloning experiment for 
sorting bacteria that have recombinant plasmids from 
those that do not. The ampR gene encodes an enzyme 
that breaks down the antibiotic ampicillin; when the 
plasmid is introduced into E. coli and the ampR gene is 
expressed, the bacteria become resistant to ampicillin. 
The lacZ� gene encodes �-galactosidase (recall the lac 
operon from Section 16.1), which hydrolyzes the sugar 
lactose, as well as a number of synthetic substrates. 
Restriction sites are located within the lacZ� gene, but 
do not alter the gene’s function. For a given cloning 
experiment, one of these restriction sites is chosen.

Cloning a Gene of Interest. Figure 18.4 expands on the 
overview of Figure 18.2 to show the steps used to clone 
a gene of interest using a plasmid cloning vector and 
restriction enzymes. Genomic DNA isolated from the 
organism in which the gene is found is cut with a re-
striction enzyme, and a plasmid cloning vector is cut 
within the lacZ� gene with the same restriction en-
zyme (steps 1 and 2). Mixing the DNA fragments and 
cut plasmid together with DNA ligase produces various 
joined molecules as the sticky ends pair and the en-
zyme seals them together. Some of these molecules are 
recombinant plasmids consisting of, in each case, a 
DNA fragment inserted into the plasmid cloning vec-
tor; others are nonrecombinant plasmids resulting 
from the cut plasmid resealed into a circle without an 
inserted fragment (step 3). In addition, ligase joins to-
gether pieces of genomic DNA with no plasmid in-
volved. Only the recombinant plasmids are important 
in the cloning of the gene of interest; we sort out the 
other two undesired molecules in later steps. 

Next, the DNA molecules are transformed—
introduced—into ampicillin-sensitive, lacZ� E. coli 
(which cannot make �-galactosidase), and the trans-
formed bacteria are spread on a plate of agar growth 
medium containing ampicillin and the �-galactosidase 
substrate X-gal (steps 4 and 5). (Section 17.1 describes 
techniques for transformation of DNA into bacteria.) 
Only bacteria with a plasmid can grow and form colo-
nies because expression of the plasmid’s ampR gene 
makes the bacteria resistant to ampicillin (see Figure 
18.4 results). Within each cell of a colony, the plasmids 
have replicated until a hundred or so are present.

1       EcoRI restriction

enzyme cleaves

sugar–phosphate

backbones at arrows.

3       Nicks in sugar–

phosphate backbones

are sealed by DNA ligase.

2       DNA fragments with

the same sticky ends can

pair. Shown here is a DNA

fragment inserting between

two other DNA fragments,

as happens when inserting

a DNA fragment into a

bacterial plasmid.

Another DNA fragment
produced by EcoRI digestion

Restriction site
for EcoRI

5'
3'

3'
5'

Nick in sugar–phosphate
backbone

Recombinant DNA molecule

5'
3'

3'
5'

5'
3'

3'
5'

5'
3'

3'
5'

5'
3'

3'
5'

DNA

Sticky end

Sticky end

Figure 18.3

The restriction site for the restriction enzyme EcoRI, and the generation of a recombi-
nant DNA molecule by complementary base pairing of DNA fragments produced by 
digestion with the same restriction enzyme. 
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lacZ+

gene

ampR

gene
Plasmid
cloning
vector

Restriction
site

Gene of
interest

DNA fragments with sticky ends Cut plasmid cloning vectors with a restriction
enzyme to produce sticky ends

Cell

Inserted DNA fragments
with gene of interest

Recombinant plasmids

Bacteria transformed with plasmids

Selection:

Bacteria not transformed
with a plasmid

Plate containing
ampicillin and X-gal

Untransformed bacterium
cannot grow on medium
containing ampicillin.

Nonrecombinant plasmid

Inserted DNA fragment
without gene of interest

Resealed plasmid cloning vector
with no inserted DNA fragment

Transformed bacteria grow on 
medium containing ampicillin 
because of ampR gene on plasmid.

Screening:
Blue colony contains bacteria 
with a nonrecombinant 
plasmid; that is, the lacZ+

gene is intact.

White colony contains bacteria 
with a recombinant plasmid, 
that is, the vector with an 
inserted DNA fragment. Once 
the white colony with the gene 
of interest is identified, it can be 
grown in culture to produce 
large quantities of the plasmid.

Figure 18.4 Research Method

Cloning a Gene of Interest in 
a Plasmid Cloning Vector

interpreting the results: Cloning and blue-white screening produce clearly 

identifi able white colonies containing recombinant plasmids. Most of the white colonies 

will contain plasmids that do not contain the gene of interest. Further screening will 

be done to identify the particular white colony that contains a plasmid with the gene 

of interest (Figure 18.5). Once identifi ed, the colony can be cultured to produce large 

quantities of the plasmid for analysis or manipulation of the gene.

purpose: Cloning a gene produces many copies of a gene of interest that can be 

used, for example, to determine the DNA sequence of the gene, to manipulate the gene 

in basic research experiments, to understand its function, and to produce the protein 

encoded by the gene.

3.  Combine the cut genomic 

DNA fragments with 

the cut plasmid. DNA 

molecules will join by 

base pairing of their sticky 

ends, and DNA ligase 

is added to seal them 

toegether. The result is a 

mixture of recombinant 

and nonrecombinant 

plasmids.

4.  Transform the plasmids 

into E. coli. In this step, 

some bacteria will take 

up a plasmid while others 

will not.

5.  Spread the bacterial cells 

on a plate of growth 

medium containing 

ampicillin and X-gal, and 

incubate until colonies 

appear.

2.  Cut a circular plasmid 

cloning vector with the 

same restriction enzyme 

to make it linear. The 

restriction site for the 

enzyme is within the 

lacZ� gene.

protocol:

1.  Break open cells and 

isolate genomic DNA 

containing the gene of 

interest. Cut genomic 

DNA into fragments using 

a restriction enzyme.
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The X-gal in the medium distinguishes between 
bacteria that have been transformed with recombinant 
plasmids and nonrecombinant plasmids by blue-white 
screening (see Figure 18.4 results). If a colony produces 
�-galactosidase, it converts X-gal to a blue product and 
the colony turns blue, but if a colony does not produce 
the enzyme, X-gal is unchanged and the colony re-
mains white. Colonies containing nonrecombinant 
plasmids have an intact lacZ� gene, produce the en-
zyme, and turn blue. Colonies containing recombinant 
plasmids are white because those plasmids each con-
tain a DNA fragment inserted into the lacZ� gene, so 
they do not produce the enzyme. The white colonies 
are examined to fi nd the one containing a recombinant 
plasmid with the gene of interest.

Two researchers, Paul Berg and Stanley Cohen, 
were prime movers in the development of DNA clon-
ing techniques using restriction enzymes and bacterial 
plasmids. Berg and Cohen received a Nobel Prize in 
1980 for their research, which pushed DNA technology 
to the forefront of biological investigations.

Identifying the Clone Containing the Gene of Interest. 

How is a clone containing the gene of interest identifi ed 
amongst the population of clones? The gene of interest 
has a unique DNA sequence, which is the basis for one 
commonly used identifi cation technique. In this tech-
nique, called DNA hybridization, the gene of interest is 
identifi ed in the set of clones when it base pairs with a 
short, single-stranded complementary DNA or RNA 
molecule called a nucleic acid probe (Figure 18.5). The 
probe is typically labeled with a radioactive or a nonra-
dioactive tag, so investigators can detect it. In our ex-
ample, if we know the sequence of part of the gene of 
interest, we can use that information to design and syn-
thesize a nucleic acid probe. Or, we can take advantage 
of DNA sequence similarities of evolutionarily related 
organisms. For instance, we could make a probe for a 
human gene based on the sequence of an equivalent 
mouse gene. Once a colony containing plasmids with 
the gene of interest has been identifi ed, that colony can 
be used to produce large quantities of the cloned gene.

DNA Libraries Contain Collections 
of Cloned DNA Fragments

As you have seen, the starting point for cloning a gene 
of interest is a large set of plasmid clones carrying frag-
ments representing all of the DNA of an organism’s 
genome. A collection of clones that contains a copy of 
every DNA sequence in a genome is called a genomic 
library. A genomic library can be made using plasmid 
cloning vectors or any other kind of cloning vector. The 
number of clones in a genomic library increases with 
the size of the genome. For example, a yeast genomic 
library of plasmid clones consists of hundreds of plas-
mids, whereas a human genomic library of plasmid 
clones consists of thousands of plasmids. 

A genomic library is a resource containing all of 
the DNA of an organism cut into pieces. Just as for a 
book library, where you can search through the same 
set of books on various occasions to fi nd diff erent pas-
sages of interest, you can search through the same ge-
nomic library on various occasions to fi nd and isolate 
diff erent genes or other DNA sequences. 

Researchers also commonly use another kind of 
DNA library that is made starting with mRNA mole-
cules isolated from a cell. To convert single-stranded 
mRNA to double-stranded DNA for cloning (RNA can-
not be cloned) fi rst they use the enzyme reverse tran-
scriptase (made by retroviruses) to make a single-
stranded DNA that is complementary to the mRNA. 
Then they degrade the mRNA strand with an enzyme, 
and use DNA polymerase to make a second DNA 
strand that is complementary to the fi rst. The result is 
a complementary DNA (cDNA). After adding restric-
tion sites to each end, they insert the cDNA into a clon-
ing vector as described for the genomic library. The 
entire collection of cloned cDNAs made from the 
mRNAs isolated from a cell is a cDNA library. 

Not all genes are active in every cell. Therefore, a 
cDNA library is limited in that it includes copies of only 
the genes that were active in the cells used as the start-
ing point for creation of the library. This limitation can 
be an advantage, however, in identifying genes active in 
one cell type and not another. cDNA libraries are useful, 
therefore, for providing clues to the changes in gene 
activity that are responsible for cell diff erentiation and 
specialization. An ingenious method for comparing the 
cDNAs libraries produced by diff erent cell types—the 
DNA chip—is described later in this chapter. 

cDNA libraries provide a critical advantage to ge-
netic engineers who wish to insert eukaryotic genes 
into bacteria, particularly when the bacteria are to be 
used as “factories” for making the protein encoded in 
the gene. The genes in eukaryotic nuclear DNA typi-
cally contain many introns, spacer sequences that inter-
rupt the amino acid-coding sequence of a gene (see 
Section 15.3). Because bacterial DNA does not contain 
introns, bacteria are not equipped to process eukary-
otic genes correctly. However, the cDNA copy of a eu-
karyotic mRNA already has the introns removed, so 
bacteria can transcribe and translate it accurately to 
make eukaryotic proteins. 

Genomic and cDNA libraries both depend on clon-
ing in a living cell to produce multiple copies of the 
DNA of interest. Next we look at a highly automated 
method of making copies of a targeted piece of DNA 
in a genome.

The Polymerase Chain Reaction 
(PCR) Amplifi es DNA in Vitro

Producing multiple DNA copies by cloning requires 
a series of techniques and considerable time. A much 
more rapid process, polymerase chain reaction (PCR), 
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purpose: Hybridization with a specifi c DNA probe allows researchers to detect a 

specifi c DNA sequence, such as a gene, within a population of DNA molecules. Here, 

DNA hybridization is used to screen a collection of bacterial colonies to identify those 

containing a recombinant plasmid with a gene of interest.

Figure 18.5 Research Method

DNA Hybridization to Identify 
a DNA Sequence of Interest
protocol:

1.  Prepare master plates of white colonies detected 

in the blue-white screening step of Figure 18.4. 

These colonies contain bacteria with recombinant 

plasmids. Hundreds or thousands of colonies can 

be screened for the gene of interest by using many 

master plates.

2.  Lay a special fi lter paper on the plate to pick up 

some cells from each colony. This produces a 

replica of the colony pattern on the fi lter.

3.  Treat the fi lter to break open the cells and to 

denature the released DNA to single strands. 

The single-stranded DNA sticks to the fi lter in the 

same position as the colony from which it was 

derived.

4.  Add a labeled single-stranded probe (DNA or 

RNA) for the gene of interest and incubate. The 

label can be radioactive or nonradioactive. If a 

recombinant plasmid’s inserted DNA fragment 

is complementary to the probe, the two will 

hybridize, that is, form base pairs. Wash off excess 

labeled probe.

5.  Detect the hybridization event by looking for 

the labeled tag on the probe. If the probe was 

radioactively labeled, place the fi lter against 

photographic fi lm. The decaying radioactive 

compound exposes the fi lm, giving a dark spot 

when the fi lm is developed. Correlate the position 

of any dark spot on the fi lm to the original colony 

pattern on the master plate. Isolate the colony and 

use it to produce large quantities of the gene of 

interest.

Culture medium
containing ampicillin

Filter paper

Filter paper
Replica of bacterial
colonies

Bacterial
colony

Bag

Labeled single-
stranded DNA
probe for the
gene of intrest

Filter

Developed
photographic
film

Plasmid DNA
(single stranded)

Labeled probe
(single stranded)

Original master plate

Corresponds to
one colony on
master plate

Hybridization has occurred between
the labeled probe and the plasmids
released from the bacteria in this
colony. The hybridization is detected
in subsequent steps.

interpreting the results: DNA hybridization with a labeled probe enables a 

researcher to home in on a sequence of interest. If the probe is for a particular gene, it 

allows the specifi c identifi cation of a colony containing bacteria with recombinant 

plasmids carrying that gene. The specifi city of the method depends directly on the probe 

used. The same collection of bacterial clones can be used again and again to search for 

recombinant plasmids carrying different genes or different plasmids of interest simply by 

changing the probe used in the experiment.
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produces an extremely large number of copies of a 
specific DNA sequence from a DNA mixture without 
having to clone the sequence in a host organism. The 
process is called amplification because it increases 
the amount of DNA to the point where it can be ana-
lyzed or manipulated easily. Developed in 1983 by 

Kary B. Mullis and F. Faloona at Cetus Corporation 
(Emeryville, CA), PCR has become one of the most 
important tools in modern molecular biology, find-
ing wide application in all areas of biology. Mullis 
received a Nobel Prize in 1993 for his role in the de-
velopment of PCR.

Target
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DNA containing 
target sequence 
to be amplified

Cycle 1 Cycle 2 Cycle 3

2 molecules produced Produces 4 molecules Produces 8 molecules

Figure 18.6 Research Method

The Polymerase Chain 
Reaction (PCR)

purpose: To amplify—produce large numbers of copies of—a target DNA sequence in the test 

tube without cloning.

protocol: A polymerase chain reaction mixture has four key elements: (1) the DNA with the 

target sequence to be amplifi ed; (2) a pair of DNA primers, one complementary to one end of 

the target sequence and the other complementary to the other end of the target sequence; (3) the 

four nucleoside triphosphate precursors for DNA synthesis (dATP, dTTP, dGTP, and dCTP); and 

(4) DNA polymerase. Since PCR uses high temperatures for some of the steps, a heat-stable DNA 

polymerase is used, typically one isolated from a microorganism that grows in a high-temperature 

area such as a thermal pool or near a deep-sea vent.

1.  Denaturation: 

Heat DNA 

containing 

target sequence 

to denature 

it to single 

strands.

2.  Annealing: Cool the 

mixture to allow the two 

primers to anneal to their 

complementary sequences 

at the two ends of the 

target sequence. 

3.  Heat to the optimal 

temperature for DNA 

polymerase to extend the 

primers, using the four 

nucleoside triphosphate 

precursors to make 

complementary copies of 

the two template strands. 

This completes cycle 1 of 

PCR; the end result is two 

molecules.

4.  Repeat the same steps of 

denaturation, annealing of 

primers, and extension in 

cycle 2, producing a total 

of four molecules.

5.  Repeat the same steps in 

cycle 3, producing a total 

of eight molecules. Two of 

the eight match the exact 

length of the target DNA 

sequence (highlighted in 

yellow).

interpreting the results: After three cycles, PCR produces a pair of molecules matching 

the target sequence. Subsequent cycles amplify these molecules to the point where they outnumber 

all other molecules in the reaction by many orders of magnitude.
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How PCR is performed is shown in Figure 18.6. 
PCR essentially is DNA replication, but a special case 
in which a DNA polymerase replicates just a portion of 
a DNA molecule rather than the whole molecule. PCR 
takes advantage of a characteristic common to all DNA 
polymerases: these enzymes add nucleotides only to 
the end of an existing chain called the primer (see Sec-
tion 14.3). For replication to take place, a primer there-
fore must be in place, base-paired to the template chain 
at which replication is to begin. By cycling 20 to 30 times 
through a series of steps, PCR amplifi es the target se-
quence, producing millions of copies. 

Since the primers used in PCR are designed to 
bracket only the sequence of interest, the cycles repli-
cate only this sequence from a mixture of essentially 
any DNA molecules. Thus PCR not only fi nds the “nee-
dle in the haystack” among all the sequences in a mix-
ture, but also makes millions of copies of the “needle”—
the DNA sequence of interest. Usually no further 
purifi cation of the amplifi ed sequence is necessary. 

The characteristics of PCR allow extremely small 
DNA samples to be amplifi ed to concentrations high 
enough for analysis. PCR is used, for example, to pro-
duce enough DNA for analysis from the root of a single 
human hair, or from a small amount of blood, semen, 
or saliva, such as the traces left at the scene of a crime. 
It is also used to extract and multiply DNA sequences 
from skeletal remains; ancient sources such as mam-
moths, Neanderthals, and Egyptian mummies; and, in 
rare cases, from amber-entombed fossils, fossil bones, 
and fossil plant remains. 

A successful outcome of PCR is shown by analyz-
ing a sample of the amplifi ed DNA using agarose gel 
electrophoresis to see if the copies are the same length 
as the target (Figure 18.7). Gel electrophoresis is a tech-
nique by which DNA, RNA, or protein molecules are 
separated in a gel subjected to an electric fi eld. The 
type of gel and the conditions used vary with the ex-
periment, but in each case the gel functions as a mo-
lecular sieve to separate the macromolecules based on 
size, electrical charge, or other properties. For separat-
ing large DNA molecules, such as those typically pro-
duced by PCR, a gel made of agarose, a natural mole-
cule isolated from seaweed, is used because of its large 
pore size.

For PCR experiments, the size of the amplifi ed 
DNA is determined by comparing the position of the 
DNA band with the positions of DNA fragments of 
known size separated on the gel at the same time. If 
that size matches the predicted size for the target DNA, 
PCR is deemed successful. In some cases, such as 
DNA from ancient sources, a size prediction may not 
be possible; in this case, agarose gel electrophoresis 
analysis simply indicates whether there was DNA in 
the sample that could be amplifi ed.

The advantages of PCR have made it the tech-
nique of choice for researchers, law enforcement 
agencies, and forensic specialists whose primary in-

terest is in the amplifi cation of specifi c DNA frag-
ments up to a practical maximum of a few thousand 
base pairs. Cloning remains the technique of choice 
for amplifi cation of longer fragments. The major limi-
tation of PCR relates to the primers. In order to design 
a primer for PCR, the researcher must fi rst have se-
quence information about the target DNA. By contrast, 
cloning can be used to amplify DNA of unknown 
sequence.

Study Break

1. What features do restriction enzymes have in 
common? How do they diff er?

2. Plasmid cloning vectors are one type of cloning 
vector that can be used with E. coli as a host or-
ganism. What features of a plasmid cloning 
vector make it useful for constructing and clon-
ing recombinant DNA molecules?

3. What is a cDNA library, and from what cellular 
material is it derived? How does a cDNA library 
diff er from a genomic library? 

4. What information and materials are needed to 
amplify a region of DNA using PCR?

18.2 Applications 
of DNA Technologies

The ability to clone pieces of DNA—genes, especially—
and to amplify specifi c segments of DNA by PCR revo-
lutionized biology. These and other DNA technologies 
are now used for research in all areas of biology, in-
cluding cloning genes to determine their structure, 
function, and regulation of expression; manipulating 
genes to determine how their products function in 
cellular or developmental processes; and identifying 
diff erences in DNA sequences among individuals in 
ecological studies. The same DNA technologies also 
have practical applications, including medical and fo-
rensic detection, modifi cation of animals and plants, 
and the manufacture of commercial products. In this 
section, case studies provide examples of how the 
techniques are used to answer questions and solve 
problems.

DNA Technologies Are Used in Molecular 
Testing for Many Human Genetic Diseases

Many human genetic diseases are caused by defects in 
enzymes or other proteins that result from mutations 
at the DNA level. Once scientists have identifi ed the 
specifi c mutations responsible for human genetic dis-
eases, they can often use DNA technologies to develop 
molecular tests for those diseases. One example is 
sickle-cell disease (see Why It Matters in Chapter 12, 



purpose: Gel electrophoresis separates DNA molecules, RNA molecules, or proteins according 

to their sizes, electrical charges, or other properties through a gel in an electric fi eld. Different gel 

types and conditions are used for different molecules and types of applications. A common gel for 

separating large DNA fragments is made of agarose.

Figure 18.7 Research Method

Separation of DNA Fragments 
by Agarose Gel Electrophoresis

3.  Apply an electric current to the gel; DNA fragments are 

negatively charged, so they migrate to the positive pole. 

Shorter DNA fragments migrate faster than longer DNA 

fragments. At the completion of the separation, DNA 

fragments of the same length have formed bands in the gel. 

At this point, the bands are invisible.

protocol:

Lane with
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fragments

Micropipettor 
adding marker 
DNA fragments 
to well

PCR
reaction 
products 
already 
loaded to 
wells

+

–

Well in gel for 
placing DNA 
sampleAgarose gel

Buffer 
solution

Gel box

+

–

+

–

1.  Prepare a gel consisting of a thin slab of agarose and place it 

in a gel box in between two electrodes. The gel has wells for 

placing the DNA samples to be analyzed. Add buffer to cover 

the gel.

2.  Load DNA sample solutions, such as PCR products, into 

wells of the gel, alongside a well loaded with marker DNA 

fragments of known sizes.

4.   Stain the gel with a dye that binds to DNA. The dye 

fluoresces under UV light, enabling the DNA bands to be 

seen and photographed. An actual gel showing separated 

DNA bands stained and visualized this way is shown.

interpreting the results: Agarose gel electrophoresis separates DNA fragments 

ac cording to their length. The lengths of the DNA fragments being analyzed are determined by 

measuring their migration distances and comparing those distances to a calibration curve of the 

migration distances of the marker bands, which have known length. For PCR, agarose gel 

electrophoresis shows whether DNA of the correct length was amplifi ed. For restriction enzyme 

digests, this technique shows whether fragments are produced as expected.
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β-Globin gene
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MstII MstII
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mutant allele

Region of probe
used to screen for
sickle-cell mutation

Section 12.2, and Section 13.4). People with this dis-
ease are homozygous for a DNA mutation that aff ects 
hemoglobin, the oxygen carrying molecule of the 
blood. Hemoglobin consists of two copies each of the 
�-globin and �-globin polypeptides. The mutation, 
which is in the �-globin gene, alters one amino acid in 
the polypeptide. As a consequence, the function of he-
moglobin is signifi cantly impaired in individuals ho-
mozygous for the mutation (who have sickle-cell ane-
mia), and mildly impaired in individuals heterozygous 
for the mutation (who have sickle-cell trait). 

The sickle-cell mutation changes a restriction site 
in the DNA (Figure 18.8). Three restriction sites for 
MstII are associated with the normal �-globin gene, 
two within the coding sequence of the gene and one 
upstream of the gene. The sickle-cell mutation elimi-
nates the middle site of the three. Cutting the �-globin 
gene with MstII produces two DNA fragments from 
the normal gene and one fragment from the mutated 
gene (see Figure 18.8). Restriction-enzyme-generated 
DNA fragments of diff erent lengths from the same re-
gion of the genome such as in this example are known 
as restriction fragment length polymorphisms (RFLPs, 
pronounced “riff -lips”). 

RFLPs typically are analyzed using Southern blot 
analysis (named after its inventor, researcher Edward 
Southern) (Figure 18.9). In this technique, genomic 
DNA is digested with a restriction enzyme, and the 
DNA fragments are separated using agarose gel elec-
trophoresis. The fragments are then transferred—
blotted—to a fi lter paper, and a labeled probe is used 
to identify a DNA sequence of interest from among the 
many thousands of fragments on the fi lter paper. 

Analyzing DNA for the sickle-cell mutation by 
MstII digestion and Southern blot analysis is straight-
forward (see Figure 18.9). An individual with sickle-cell 
disease will have one DNA band of 376 bp detected by 
the probe (lane A), a healthy individual will have two 
DNA bands of 175 and 201 bp (lane B), and an indi-
vidual with sickle-cell trait (heterozygous for normal 

and mutant alleles) will have three DNA bands of 
376 bp (mutant allele), and 201 and 175 bp (normal 
allele) (lane C). The same probe detects all three RFLP 
fragments by binding to all or part of the sequence.

Restriction enzyme digestion and Southern blot 
analysis may be used to test for a number of other hu-
man genetic diseases, including phenylketonuria and 
Duchenne muscular dystrophy. In some cases, restric-
tion enzyme digestion is combined with PCR for a 
quicker, easier analysis. The gene or region of the gene 
with the restriction enzyme variation is fi rst amplifi ed 
using PCR, and the amplifi ed DNA is then cut with the 
diagnostic restriction enzyme. Amplifi cation produces 
enough DNA so that separation by size on an agarose 
gel produces clearly visible bands, positioned accord-
ing to fragment length. Researchers can then deter-
mine whether the fragment lengths match a normal or 
abnormal RFLP pattern. This method eliminates the 
need for a probe or for Southern blotting. 

DNA Fingerprinting Is Used to Identify 
Human Individuals as well as Individuals 
of Other Species

Just as each human has a unique set of fi ngerprints, 
each also has unique combinations and variations of 
DNA sequences (with the exception of identical twins) 
known as DNA fi ngerprints. DNA fi ngerprinting is a 
technique used to distinguish between individuals of 
the same species using DNA samples. Invented by Sir 
Alec Jeff reys in 1985, DNA fi ngerprinting has become 
a mainstream technique for distinguishing human in-
dividuals, notably in forensics and paternity testing. 
And, as Why It Matters indicated, the technique is ap-
plicable to all kinds of organisms. We focus on humans 
in the following discussion.

DNA Fingerprinting Principles. In DNA fi ngerprinting, 
scientists use molecular techniques, most typically PCR, 
to analyze DNA variations at various loci in the genome. 
In the United States, 13 loci in noncoding regions of the 
genome are the standards for PCR analysis. Each locus 
is an example of a short tandem repeat (STR) sequence, 
meaning that it has a short sequence of DNA repeated 

Figure 18.8

Restriction site diff erences between the normal and sickle-cell mu-
tant alleles of the �-globin gene. The fi gure shows a DNA segment 

that can be used as a probe to identify these alleles in subsequent anal-

ysis (see Figure 18.9).



purpose: The Southern blot technique allows researchers to identify DNA fragments of interest 

after separating DNA fragments on a gel. One application is to compare different samples of 

genomic DNA cut with a restriction enzyme to detect specifi c restriction fragment length poly-

morphisms. Here the technique is used to distinguish between individuals with sickle-cell disease, 

individuals with sickle-cell trait, and normal individuals.

Figure 18.9 Research Method

Southern Blot Analysis

protocol: 1.  Isolate genomic DNA and digest with a restriction enzyme. 

Here, genomic DNA is isolated from three individuals: 

A, sickle-cell disease (homozygous for the sickle-cell mutant 

allele); B, normal (homozygous for the normal allele); and 

C, sickle-cell trait (heterozygote for sickle-cell mutant allele). 

Digest the DNA with MstII. 

2.  Separate the DNA fragments by agarose gel electrophoresis. 

The thousands of differently sized DNA fragments generated 

results in a smear of DNA down the length of each lane in the 

gel, which can be seen after staining the DNA. (Gel electro-

phoresis and gel staining are shown in Figure 18.7).

3.  Hybridization with a labeled DNA probe to identify DNA fragments of interest cannot 

be done directly with an agarose gel. Edward Southern devised a method to transfer 

the DNA fragments from a gel to a special filter paper. First, treat the gel with a solu-

tion to denature the DNA to single strands. Next, place the gel on a piece of blotting 

paper with ends of the paper in the buffer solution and place the special filter paper 

on top of the gel. Capillary action wicks the buffer solution in the tray up the blotting 

paper, through the gel and special filter paper, and into the weighted stack of paper 

towels on top of the gel. The movement of the solution transfers—blots—the single-

stranded DNA fragments to the filter paper, where they stick. The pattern of DNA 

fragments is the same as it was in the gel.

+

–

+

–
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B CA

B CA B CA
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individual with 
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4.  To home in on a particular region of the genome, use DNA 

hybridization with a labeled probe. That is, incubate a labeled, 

single-stranded probe with the filter and, after washing off 

excess probe, detect hybridization of the probe with DNA 

fragments on the filter. For a radioactive probe, the filter is 

placed against photographic film, which, after development 

will show a band or bands where the probe hybridized. In this 

experiment, the probe is a cloned piece of DNA from the area 

shown in Figure 18.8 that can bind to all three of the MstII 
fragments of interest.

interpreting the results: The hybridization result indicates that the probe has identifi ed a 

very specifi c DNA fragment or fragments in the digested genomic DNA. The RFLPs for the �-globin 

gene can be seen in Figure 18.8. DNA from the sickle-cell disease individual cut with MstII results in 

a single band of 376 bp detected by the probe, while DNA from the normal individual results in two 

bands of 201, and 175 bp. DNA from a sickle-cell trait heterozygote results in three bands of 376 bp 

(from the sickle-cell mutant allele), and 201 and 175 bp (the latter two from the normal allele). This 

type of analysis in general is useful for distinguishing normal and mutant alleles of genes where the 

mutation involved alters a restriction site.
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in series, with each repeat about 3 to 5 bp. Each locus has 
a diff erent repeated sequence, and the number of repeats 
varies among individuals in a population. For example, 
one STR locus has the sequence AGAT repeated between 
8 and 20 times. As a further source of variation, a given 
individual is either homozygous or heterozygous for an 
STR allele; perhaps you are homozygous for the eleven-
repeat allele, or heterozygous for a nine-repeat allele and 
a fi fteen-repeat allele. Likely your DNA fi ngerprint for 
this locus is diff erent from most of the others in your 
class. Because each individual has an essentially unique 
combination of alleles (identical twins are the exception), 
analysis of multiple STR loci can discriminate between 
DNA of diff erent individuals. 

Figure 18.10 illustrates how PCR is used to obtain a 
DNA fi ngerprint for a theoretical STR locus with three 
alleles of 9, 11, and 15 tandem repeats (Figure 18.10a). 
Using primers that fl ank the STR locus, the locus is 
amplifi ed from genomic DNA using PCR, and the PCR 
products are analyzed by gel electrophoresis (Figure 
18.10b). The number of bands on the gel and the sizes 
of the DNA in the bands show the STR alleles that were 
amplifi ed. One band indicates that the individual was 
homozygous for an STR allele with a particular number 
of repeats, while two bands indicates the individual is 
heterozygous for two STR alleles with diff erent num-
bers of repeats. In the result shown in Figure 18.10b, 
the A individual is homozygous for a 11-repeat allele 

(designated 11,11), B is heterozygous for a 15-repeat 
allele and a 9-repeat allele (15,9), and C is heterozygous 
for the 11-repeat allele and the 9-repeat allele (11,9). 

DNA Fingerprinting in Forensics. DNA fi ngerprints 
are routinely used to identify criminals or eliminate 
innocent persons as suspects in legal proceedings. For 
example, a DNA fi ngerprint prepared from a hair 
found at the scene of a crime, or from a semen sample, 
might be compared with the DNA fi ngerprint of a sus-
pect to link the suspect with the crime. Or, a DNA fi n-
gerprint of blood found on a suspect’s clothing or pos-
sessions might be compared with the DNA fi ngerprint 
of a victim. Typically, the evidence is presented in terms 
of the probability that the particular DNA sample could 
have come from a random individual. Hence the media 
report probability values, such as one in several mil-
lion, or in several billion, that a person other than the 
accused could have left his or her DNA at the crime 
scene. 

Although courts initially met with legal challenges 
to the admissibility of DNA fi ngerprints, experience 
has shown that they are highly dependable as a line of 
evidence if DNA samples are collected and prepared 
with care and if a suffi  cient number of polymorphic 
loci are examined. There is always concern, though, 
about the possibility of contamination of the sample 
with DNA from another source during the path from 

Extract genomic DNA
and use specific
primers to amplify
the STR locus using
the PCR.

a.  Alleles at an STR locus b.  DNA fingerprint analysis of the STR locus by PCR
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Figure 18.10

Using PCR to obtain a DNA fi ngerprint for an STR locus. (a) Three alleles 

of the STR locus with 9, 11, and 15 copies of the tandemly repeated se-

quence. The arrows indicate where left and right PCR primers can bind to 

amplify the STR locus. (b) DNA fi ngerprint analysis of the STR locus by PCR.
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crime scene to forensic lab analysis. Moreover, in some 
cases criminals themselves have planted fake DNA 
samples at crime scenes to confuse the investigation.

There are many examples of the use of DNA fi nger-
printing to identify a criminal. For example, in a case in 
England, the DNA fi ngerprints of more than 4000 men 
were made during an investigation of the rape and mur-
der of two teenage girls. The results led to the release of 
a man wrongly imprisoned for the crimes and to the 
confession and conviction of the actual killer. And the 
application of DNA fi ngerprinting techniques to stored 
forensic samples has led to the release of a number of 
persons wrongly convicted for rape or murder.

DNA Fingerprinting in Testing Paternity and Establish-

ing Ancestry. DNA fi ngerprints are also widely used as 
evidence of paternity because parents and their chil-
dren share common alleles in their DNA fi ngerprints. 
That is, each child receives one allele of each locus 
from one parent and the other allele from the other 
parent. A comparison of DNA fi ngerprints for a num-
ber of loci can prove almost infallibly whether a child 
has been fathered or mothered by a given person. DNA 
fi ngerprints have also been used for other investiga-
tions, such as confi rming that remains discovered in a 
remote region of Russia were actually those of Czar 
Nicholas II and members of his family, murdered in 
1918 during the Russian revolution. 

DNA fi ngerprinting is also widely used in studies 
of other organisms, including other animals, plants, 
and bacteria. Examples include testing for pathogenic 
E. coli in food sources such as hamburger meat, inves-
tigating cases of wildlife poaching, detecting geneti-
cally modifi ed organisms among living organisms or 
in food, and comparing the DNA of ancient organisms 
with present-day descendants.

Genetic Engineering Uses DNA 
Technologies to Alter the Genes 
of a Cell or Organism

We have seen the many ways scientists use DNA tech-
nologies to ask, and answer, questions that were once 
completely inaccessible. Genetic engineering goes be-
yond gathering information; it is the use of DNA tech-
nologies to modify genes of a cell or organism. The 
goals of genetic engineering include using prokary-
otes, fungi, animals, and plants as factories for the 
production of proteins needed in medicine and scien-
tifi c research; correcting hereditary disorders; and im-
proving animals and crop plants of agricultural impor-
tance. In many of these areas genetic engineering has 
already been spectacularly successful. The successes 
and potential benefi ts of genetic engineering, however, 
are tempered by ethical and social concerns about its 
use, along with the fear that the methods may produce 
toxic or damaging foods, or release dangerous and un-
controllable organisms to the environment.

Genetic engineering uses DNA technologies of the 
kind discussed already in this chapter. DNA—perhaps 
a modifi ed gene—is introduced into target cells of an 
organism. Organisms that have undergone a gene 
transfer are called transgenic, meaning that they have 
been modifi ed to contain genetic information—the 
transgene—from an external source. 

The following sections discuss examples of appli-
cations of genetic engineering to bacteria, animals, and 
plants, and assess major controversies arising from 
these projects.

Genetic Engineering of Bacteria to Produce Proteins. 

Transgenic bacteria have been made, for example, to 
make proteins for medical applications, break down 
toxic wastes such as oil spills, produce industrial chem-
icals such as alcohols, and process minerals. E. coli has 
been the organism of choice for many of these applica-
tions of DNA technologies.

Using E. coli to make a protein from a foreign 
source is conceptually straightforward. First, the gene 
for the protein is cloned from the appropriate organ-
ism. Then the gene is inserted in a special type of bacte-
rial plasmid called an expression vector, which has a 
bacterial promoter adjacent to the restriction site used 
for inserting the gene. The resulting recombinant plas-
mid is transformed into E. coli, which transcribes the 
gene and translates the resulting mRNA to make the 
desired protein. The protein is either extracted from 
the bacterial cells and purifi ed or, if the protein is se-
creted, it is purifi ed from the culture medium.

For example, E. coli bacteria have been genetically 
engineered to make the human hormone insulin; the 
commercial product is called humulin. Insulin is re-
quired by persons with some forms of diabetes. Hu-
mulin is a perfect copy of the human insulin hormone. 
Many other proteins, including human growth hor-
mone to treat human growth disorders, tissue plas-
minogen activator to dissolve blood clots that cause 
heart attacks, and a vaccine against hoof-and-mouth 
disease of cattle (a highly contagious and sometimes 
fatal viral disease), have been developed for commer-
cial production in bacteria by similar methods.

Although they off er many benefi ts, genetically 
engineered bacteria pose the risk that they may be 
released accidentally into the environment where any 
adverse eff ects are currently unknown. Scientists 
minimize the danger of accidental release by growing 
the bacteria in laboratories that follow appropriate 
biosafety protocols. In addition, the bacterial strains 
used typically are genetically modifi ed so that they 
will not survive outside of the growth media used in 
the laboratory.

Genetic Engineering of Animals. Many animals, in-
cluding fruit fl ies, fi sh, mice, pigs, sheep, goats, and 
cows, have been altered successfully by genetic engi-
neering. There are many purposes for these altera-



tions, including basic research, correcting genetic dis-
orders in humans and other mammals, and producing 
pharmaceutically important proteins. 

Genetic Engineering Methods for Animals. Several 
methods are used to introduce a gene of interest into 
animal cells. The gene may be introduced into germ-line 
cells, which develop into sperm or eggs and thus enable 
the introduced gene to be passed from generation to 
generation. Or, the gene may be introduced into somatic 
(body) cells, diff erentiated cells that are not part of lines 
producing sperm or eggs, in which case the gene is not 
transmitted from generation to generation. 

Germ-line cells of embryos are often used as targets 
for introducing genes, particularly in mammals (Figure 

18.11). The treated cells are then cultured in quantity and 
reintroduced into early embryos. If the technique is suc-
cessful, some of the introduced cells become founders 
of cell lines that develop into eggs or sperm with the de-
sired genetic information integrated into their DNA. In-
dividuals produced by crosses using the engineered eggs 
and sperm then contain the introduced sequences in all 
their cells. Several genes have been introduced into the 
germ lines of mice by this approach, resulting in perma-
nent, heritable changes in the engineered individuals. 

A related technique involves introducing desired 
genes into stem cells, which are capable of diff erentiat-
ing into almost any adult cell type and tissue. Stem 
cells that have taken up the gene are then injected into 
an early embryo, where they diff erentiate into a variety 
of tissues along with cells of the embryo itself, includ-
ing sperm and egg cells. Males and females are then 
bred, leading to off spring that are either homozygotes, 
containing two copies of the introduced gene, or het-
erozygotes, containing one introduced gene and one 
gene that was native to the embryo receiving the engi-
neered stem cells. 

Introduction of genes into stem cells has been per-
formed mostly in mice. One of the highly useful results 
is the production of a “knockout mouse,” a homozy-
gous recessive that receives two copies of a gene altered 
to a nonfunctional state, and thus has no functional 
copies. The eff ect of the missing gene on the knockout 
mouse is a clue to the normal function of the gene. In 
some cases, knockout mice are used to model human 
genetic diseases.

For introducing genes into somatic cells, typically 
somatic cells are removed from the body, cultured, and 
then transformed with DNA containing the transgene. 
The modifi ed cells are then reintroduced into the body 
where the transgene functions. Because germ cells and 
their products are not involved, the transgene remains 
in the individual and is not passed to off spring.

Gene Therapy: Correcting Genetic Disorders. The path 
to gene therapy—correcting genetic disorders—in hu-
mans began with experiments using mice. In 1982, 
Richard Palmiter at the University of Washington, 
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purpose: To make a transgenic animal that can transmit the transgene to offspring. 

The embryonic germ-line cells that receive the transgene develop into the reproductive 

cells of the animal.

protocol:

Figure 18.11 Research Method

Introduction of Genes into Mouse Embryos 
Using Embryonic Germ-Line Cells

1.  Introduce desired gene into germ-line cells 

from an embryo by injection or electro-

poration.

2.  Clone cell that has the incorporated transgene 

to produce a pure culture of transgenic cells.

3.  Inject transgenic cells into early-stage 

embryos (called a blastocyst).

4.  Implant embryos into surrogate 

(foster) mothers.

5.  Allow embryos to grow to maturity 

and be born.

6. Interbreed the progeny mice.

Germ-line cells derived
from mouse embryo

Pure population of 
transgenic cells

Mice have transgenic cells in 
body regions including germ line

Genetically engineered 
offspring—all cells transgenic

Cell with
transgene

Transgene

interpreting the results: The result of the breeding is some offspring in which 

all cells are transgenic—a genetically engineered animal has been produced.
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Ralph Brinster of the University of Pennsylvania, and 
their colleagues injected a growth hormone gene from 
rats into fertilized mouse eggs and implanted the eggs 
into a surrogate mother. She gave birth to some normal-
sized mouse pups that grew faster than normal and 
became about twice the size of their normal litter 
mates. These giant mice (Figure 18.12) attracted exten-
sive media attention from around the world.

Palmiter and Brinster next attempted to cure a ge-
netic disorder by gene therapy. In this experiment, they 
were able to correct a genetic growth hormone defi ciency 
that produces dwarf mice. They introduced a normal 
copy of the growth hormone gene into fertilized eggs 
taken from mutant dwarf mice and implanted them into 
a surrogate mother. The transgenic mouse pups grew to 
slightly larger than normal, demonstrating that the ge-
netic defect in those mice had been corrected. 

This sort of experiment, in which a gene is intro-
duced into germ-line cells of an animal to correct a ge-
netic disorder, is germ-line gene therapy. For ethical 
reasons, germ-line gene therapy is not permitted with 
humans. Instead, humans are treated with somatic 
gene therapy, in which genes are introduced into so-
matic cells (as described in the previous section). 

The fi rst successful use of somatic gene therapy 
with a human subject who had a genetic disorder was 
carried out in the 1990s by W. French Anderson and his 
colleagues at the National Institutes of Health. The sub-
ject was a young girl with adenosine deaminase defi ciency 
(ADA). Without the adenosine deaminase enzyme, 
white blood cells cannot mature (see Chapter 43); with-
out normally functioning white blood cells, the body’s 
immune response is so defi cient that most children 
with ADA die of infections before reaching puberty. 
The researchers successfully introduced a functional 
ADA gene into mature white blood cells isolated from 
the patient. Those cells were reintroduced into the girl, 
and expression of the ADA gene provided a temporary 
cure for her ADA defi ciency. The cure was not perma-

nent because mature white blood cells, produced by 
diff erentiation of stem cells in the bone marrow, are 
nondividing cells with a fi nite life time. Therefore, the 
somatic gene therapy procedure has to be repeated ev-
ery few months. Indeed, the subject of this example still 
receives periodic gene therapy to maintain the neces-
sary levels of the ADA enzyme in her blood. In addition, 
she receives direct doses of the normal enzyme.

Successful somatic gene therapy has also been 
achieved for sickle-cell disease. In December 1998, a 
13-year-old boy’s bone marrow cells were replaced with 
stem cells from the umbilical cord of an unrelated in-
fant. The hope was that the stem cells would produce 
healthy bone marrow cells, the source of blood cells. 
The procedure worked, and the patient has been de-
clared cured of the disease.

However, despite enormous eff orts, human somatic 
gene therapy has not been the panacea people expected. 
Relatively little progress has been made since the fi rst 
gene therapy clinical trial for ADA defi ciency described, 
and, in fact, there have been major setbacks. In 1999, for 
example, a teenage patient in a somatic gene therapy 
trial died as a result of a severe immune response to the 
viral vector being used to introduce a normal gene to 
correct his genetic defi ciency. Furthermore, some chil-
dren in gene therapy trials involving the use of retrovi-
rus vectors to introduce genes into blood stem cells have 
developed a leukemia-like condition. In short, somatic 
gene therapy is not yet an eff ective treatment for human 
genetic disease, even though the approach has been suc-
cessful in a number of cases to correct models of human 
genetic disorders in experimental mammals. Although 
no commercial human gene therapy product has been 
approved for use, research and clinical trials continue 
as scientists try to circumvent the diffi  culties.

Turning Domestic Animals into Protein Factories. An-
other successful application of genetic engineering 
turns animals into pharmaceutical factories for the 
production of proteins required to treat human dis-
eases or other medical conditions. Most of these pharm-
ing projects, as they are called, engineer the animals to 
produce the desired proteins in milk, making the pro-
duction, extraction, and purifi cation of the proteins 
harmless to the animals.

One of the fi rst successful applications of this ap-
proach was carried out with sheep engineered to pro-
duce a protein required for normal blood clotting in 
humans. The protein, called a clotting factor, is defi cient 
in persons with one form of hemophilia, who require 
frequent injections of the factor to avoid bleeding to 
death from even minor injuries. Using DNA cloning 
techniques, researchers joined the gene encoding the 
normal form of the clotting factor to the promoter se-
quences of the �-lactoglobin gene, which encodes a 
protein secreted in milk, and introduced it into fertil-
ized eggs. Those cells were implanted into a surrogate 
mother, and the transgenic sheep born were allowed 

Figure 18.12

A genetically engi-
neered giant 
mouse (right) 
produced by the 
introduction of a 
rat growth hor-
mone gene into 
the animal. A 
mouse of normal 
size is on the left.
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to mature. The �-lactoglobin promoter controlling the 
clotting factor gene became activated in mammary 
gland cells of females, resulting in the production of 
clotting factor. The clotting factor was then secreted 
into the milk. Production in the milk is harmless to the 
sheep and yields the protein in a form that can easily 
be obtained and purifi ed. 

Other similar projects are under development to 
produce particular proteins in transgenic mammals. 
These include a protein to treat cystic fi brosis, collagen 
to correct scars and wrinkles, human milk proteins to 
be added to infant formulas, and normal hemoglobin 
for use as an additive to blood transfusions.

Producing Animal Clones. Making transgenic mam-
mals is expensive and ineffi  cient. And, because only one 
copy of the transgene typically becomes incorporated 
into the treated cell, not all progeny of a transgenic ani-
mal inherit that gene. Scientists reasoned that an alter-
native to breeding a valuable transgenic mammal to 
produce progeny with the transgene would be to clone 
the mammal. Each clone would be identical to the origi-
nal, including the expression of the transgene. That this 
is possible was shown in 1997 when two Scottish scien-
tists, Ian Wilmut and Keith H. S. Campbell of the Roslin 
Institute, Edinburgh, announced that that they had suc-
cessfully cloned a sheep from a single somatic cell de-
rived from an adult sheep (Figure 18.13)—the fi rst mam-
malian clone made. For their experiment, the researchers 
fused a diploid cell derived from the mammary gland of 
a 6-year-old adult sheep with an unfertilized egg cell 
from which the nucleus had been removed. Signals 
from the egg cytoplasm triggered DNA replication and 
cell division, producing a cluster of cells derived from 
the mammary gland cell. The cluster was implanted into 
the uterus of an adult female sheep, where it developed 
into an embryo that grew to full term and was delivered 
as an apparently normal lamb, named Dolly. Their clon-
ing success rate, though, was very low—Dolly repre-
sents less than 0.4% of the transgenic cells they made. 
Dolly developed to sexual maturity and produced four 
normal off spring. She was euthanized at age 6 after con-
tracting a fatal, virus-induced lung disease that her clon-
ers believe was unrelated to the cloning.

After the successful cloning experiment produc-
ing Dolly, many additional mammals have been cloned, 
including mice, goats, pigs, monkeys, rabbits, dogs, a 
male calf appropriately named Gene, and a domestic 
cat called CC (for Copy Cat). 

Cloning farm animals has been so successful that 
several commercial enterprises now provide cloned 
copies of champion animals. One example is a clone 
of an American Holstein cow, Zita, who was the U.S. 
national champion milk producer for many years. Ani-
mal breeders estimate that there are now more than 
100 cloned animals on American farms, and breeders 
plan to produce entire herds if government approval is 
granted.

The cloning of domestic animals has its drawbacks. 
Many cloning attempts fail, leading to the death of the 
transplanted embryos. Cloned animals often suff er from 
health defects from conditions such as birth defects and 
poor lung development. Genes may be lost during the 
cloning process or may be expressed abnormally in the 
cloned animal. For example, molecular studies have 
shown that the expression of perhaps hundreds of genes 
in the genomes of clones is regulated abnormally.

Genetic Engineering of Plants. Genetic engineering of 
plants has led to increased resistance to pests and dis-
ease; greater tolerance to heat, drought, and salinity; 
greater crop yields; faster growth; and resistance to her-
bicides. Another aim is to produce seeds with higher 
levels of amino acids. The essential amino acid lysine, 
for example, is present only in limited quantities in ce-
real grains such as wheat, rice, oats, barley, and corn; the 
seeds of legumes such as beans, peas, lentils, soybeans, 
and peanuts are defi cient in the essential amino acids 
methionine or cysteine. Increasing the amounts of the 
defi cient amino acids in plant seeds by genetic engineer-
ing would greatly improve the diet of domestic animals 
and human populations that rely on seeds as a primary 
food source. Eff orts are also under way to increase the 
content of vitamins and minerals in crop plants. 

Other possibilities for plant genetic engineering 
include plant pharming to produce pharmaceutical 
products. Plants are ideal for this purpose, because 
they are primary producers at the bottom rung of the 
food chain and can be grown in huge numbers with 
maximum conservation of the sun’s energy captured 
in photosynthesis.

Some plants, such as Arabidopsis, tobacco, potato, 
cabbage, and carrot, have special advantages for genetic 
engineering because individual cells can be removed 
from an adult, altered by the introduction of a desired 
gene, and then grown in cultures into a multicellular 
mass of cloned cells called a callus. Subsequently, roots, 

Figure 18.13

Dolly, the cloned 
sheep.
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stems, and leaves develop in the callus, forming a young 
plant that can then be grown in containers or fi elds by 
the usual methods. In the plant, each cell contains the 
introduced gene. The gametes produced by the trans-
genic plants can then be used in crosses to produce 
off spring, some of which will have the transgene, as in 
the similar experiments with animals. 

Methods Used to Insert Genes into Plants. Genes are 
inserted into plant cells by several techniques. A com-
monly used method takes advantage of a natural pro-
cess that causes crown gall disease, which is charac-
terized by bulbous, irregular growths—tumors, 
essentially—that can develop at wound sites on the 
trunks and limbs of deciduous trees (Figure 18.14). 
Crown gall disease is caused by the bacterium Rhizo-
bium radiobacter (formerly Agrobacterium tumefaciens, 
recently reclassifi ed on the basis of genome analysis). 
This bacterium contains a large, circular plasmid 
called the Ti (tumor inducing) plasmid. The interac-
tion between the bacterium and a plant cell it infects 
stimulates the excision of a segment of the Ti plasmid 
called T DNA (for transforming DNA), which then 
integrates into the plant cell’s genome. Genes on the 
T DNA are then expressed; the products stimulate the 
transformed cell to grow and divide and therefore to 
produce a tumor. The tumors provide essential nutri-
ents for the bacterium. The Ti plasmid is used as a 
vector for making transgenic plants, in much the 
same way as bacterial plasmids are used as vectors to 
introduce genes into bacteria (Figure 18.15). 

Successful Plant Genetic Engineering Projects. An 
early visual demonstration of the successful use of ge-
netic engineering techniques to produce a transgenic 
plant is the glowing tobacco plant (Figure 18.16). The 
transgenic plant contained luciferase, the gene for the 
fi refl y enzyme. When the plant was soaked in the sub-
strate for the enzyme, it became luminescent.

The most widespread application of genetic engi-
neering of plants involves the production of transgenic 
crops. Thousands of such crops have been developed 
and fi eld tested, and many have been approved for 
commercial use. If you examine the processed plant-

based foods at a national supermarket chain, you will 
likely fi nd that at least two-thirds contain transgenic 
plants.

In many cases, plants are modifi ed to make them 
resistant to insect pests, viruses, or herbicides. Crops 
modifi ed for insect resistance include corn, cotton, and 
potatoes. The most common approach to making plants 
resistant to insects is to introduce the gene from the 
bacterium Bacillus thuringiensis that encodes the Bt toxin, 
an organic pesticide. This toxin has been used in powder 
form to kill insects in agriculture for many years, and 
now transgenic plants making their own Bt toxin are 
resistant to specifi c groups of insects that feed on them. 
Millions of acres of crop plants planted in the United 
States, amounting to about 70% of the nation’s agricul-
tural acreage, are now Bt-engineered varieties.

Virus infections cause enormous crop losses 
worldwide. Transgenic crops that are virus-resistant 
would be highly valuable to the agricultural commu-
nity. There is some promise in this area. By some un-
known process, transgenic plants expressing certain 
viral proteins become resistant to infections by whole 
viruses that contain those same proteins. Two virus-
resistant genetically modifi ed crops made so far are 
papaya and squash.

Several crops have also been engineered to become 
resistant to herbicides. For example, glyphosate (com-
monly known by its brand name, Roundup) is a highly 
potent herbicide that is widely used in weed control. 
The herbicide works by inhibiting a particular enzyme 
in the chloroplast. Unfortunately, it also kills crops. But 
transgenic crops have been made in which a bacterial 
form of the chloroplast enzyme has been added to the 
plants. The bacterial-derived enzyme is not aff ected 
by Roundup, and farmers that use these herbicide-
resistant crops can spray fi elds of crops to kill weeds 
without killing the crops. Now most of the corn, soy-
bean, and cotton plants grown in the United States and 
many other countries are the genetically engineered, 
glyphosate-resistant (“Roundup-ready”) varieties.

Crop plants are also being engineered to alter their 
nutritional qualities. For example, a strain of rice plants 
has been produced with seeds rich in �-carotene, a pre-
cursor of vitamin A, as well as iron (Figure 18.17). The 
new rice, which is given a yellow or golden color by the 
carotene, may provide improved nutrition for the bil-
lions of people that depend on rice as a diet staple. In 
particular, the rice may help improve the nutrition of 
children younger than age 5 in southeast Asia, 70% of 
whom suff er from impaired vision because of vitamin 
A defi ciency. Insights from the Molecular Revolution de-
scribes an experiment in which rice plants were geneti-
cally engineered to develop resistance to a damaging 
bacterial blight.

Plant pharming is also an active area both in uni-
versity research labs and at biotechnology companies. 
Plant pharming involves the engineering of transgenic 
plants to produce medically valuable products. The ap-

Gall

Figure 18.14

A crown gall tu-
mor on the trunk 
of a California 
pepper tree. The 

tumor, stimulated 

by genes intro-

duced from the 

bacterium Rhizo-
bium radiobacter, 
is the bulbous, ir-

regular growth ex-

tending from the 

trunk.
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proach is one described earlier: the gene for the prod-
uct is cloned into a cloning vector adjacent to a pro-
moter, in this case one active in plants, and the 
recombinant DNA molecule is introduced into plants. 
Products under development include vaccines for vari-
ous bacterial and viral diseases, protease inhibitors to 
treat or prevent virus infections, collagen to treat scars 
and wrinkles, and aprotinin to reduce bleeding and 
clotting during heart surgery.

In contrast to animal genetic engineering, geneti-
cally altered plants have been widely developed and 
appear to be here to stay as mainstays of agriculture. 
But, as the next section discusses, both animal and 
plant genetic engineering have not proceeded without 
concerns. 

DNA Technologies and Genetic Engineering 
Are a Subject of Public Concern

When recombinant DNA technology was developed in 
the early 1970s, researchers quickly recognized that in 
addition to the anticipated many benefi ts, there might 
be deleterious outcomes. One key concern at the time 
was that a bacterium carrying a recombinant DNA 
molecule might escape into the environment. Perhaps 
it could transfer that molecule to other bacteria and 
produce new, potentially harmful, strains. To address 
these concerns, the U.S. scientists who developed the 
technology drew up safety guidelines for recombinant 
DNA research in the United States. Adopted by the 
National Institutes of Health (NIH), the guidelines 
listed the precautions to be used in the laboratory when 
constructing recombinant DNA molecules and in-
cluded the design and use of host organisms that could 
survive only in growth media in the laboratory. Since 
that time countless thousands of experiments involv-
ing recombinant DNA molecules have been done in 
laboratories around the world. Those experiments have 
shown that recombinant DNA manipulations can be 
done safely. Over time, therefore, the recombinant 
DNA guidelines have become more relaxed. Nonethe-
less, stringent regulations still exist for certain areas of 
recombinant DNA research that pose signifi cant risk, 
such as cloning genes from highly pathogenic bacteria 
or viruses, or gene therapy experiments. In essence, as 
the risk increases, the research facility must increase 
its security and it must obtain more levels of approval 
by peer scientist groups.

Guidelines for genetic engineering also extend to 
research in several areas that have been the subject of 
public concern and debate. While the public is con-
cerned little about genetically engineered microorgan-
isms, for example those cleaning up oil spills and haz-
ardous chemicals, it is concerned about possible 
problems with genetically modifi ed organisms (GMOs) 
used as food. A GMO is a transgenic organism; the ma-
jority of GMOs are crop plants. Issues are the safety of 
GMO-containing food and the possible adverse eff ects 

Bacterial
chromosome

Restriction site

Rhizobium radiobacter

Rhizobium radiobacter
disarmed so cannot
induce tumors

T DNA with gene of
interest integrated into
plant cell chromosome

T DNA

DNA fragment with
gene of interest

Plant cell (not to scale)

Nucleus

Regenerated
transgenic
plant

Ti
plasmid

T DNA

Recombinant
plasmid

purpose: To make transgenic plants. This technique is one way to introduce a 

transgene into a plant for genetic engineering purposes.

Figure 18.15 Research Method

Using the Ti Plasmid of Rhizobium radiobacter 
to Produce Transgenic Plants

protocol:

1.  Isolate the Ti plasmid from 

Rhizobium radiobacter. The plasmid 

contains a segment called T DNA 

(T = transforming), which induces 

tumors in plants.

2.  Digest the Ti plasmid with a restriction 

enzyme that cuts within the T DNA 

segment. Mix with a gene of interest 

on a DNA fragment that was produced 

by digesting with the same enzyme. 

Use DNA ligase to join the two DNA 

molecules together to produce a 

recombinant plasmid.

3.  Transform the recombinant Ti plasmid 

into a disarmed Rhizobium radiobacter 
that cannot induce tumors, and use the 

transformed bacterium to infect cells in 

plant fragments in a test tube. In infected 

cells, the T DNA with the inserted gene of 

interest excises from the Ti plasmid and 

integrates into the plant cell genome.

4.  Culture the transgenic plant fragments to 

regenerate whole plants.
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interpreting the results: The plant has been genetically engineered to contain 

a new gene. The transgenic plant will express a new trait based on that gene, perhaps 

resistance to an herbicide or the production of an insect toxin according to the goal of 

the experiment.
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of the GMOs to the environment, such as by interbreed-
ing with natural species or by harming benefi cial insect 
species. For example, could introduced genes providing 
herbicide or insect resistance move from crop plants 
into related weed species through cross pollination, pro-
ducing “super weeds” that might be diffi  cult or impos-
sible to control? And Bt-expressing corn was originally 
thought to have adverse eff ects on monarch butterfl ies 
who fed on the pollen. The most recent of a series of in-
dependent studies investigating this possibility has in-
dicated that the risk to the butterfl ies is extremely low. 

More broadly, diff erent countries have reacted to 
GMOs in diff erent ways. In the United States, trans-
genic crops are widely planted and harvested. Before 
commercialization, such GMOs are evaluated for po-
tential risk by appropriate government regulatory 
agencies, including the NIH, Food and Drug Admin-
istration (FDA), Department of Agriculture, and Envi-
ronmental Protection Agency (EPA). Typically, opposi-
tion to GMOs has come from particular activist and 
consumer groups.

Political opposition to GMOs has been greater in 
Europe, dampening the use of transgenic crop plants 

in the fi elds and GMOs in food. In 1999, the European 
Union (EU) imposed a 6-year moratorium on all 
GMOs, leading to a bitter dispute with the United 
States, Canada, and Argentina, the leading growers of 
transgenic crops. More recently, the EU has revised the 
GMO regulations in all member states. Basically, the 
EU has decided that using genetic engineering in ag-
riculture and food production is permissible provided 
the GMO or food containing it is safe for humans, ani-
mals, and the environment. All use of GMOs in the 
fi eld or in food requires authorization following a care-
ful review process.

On a global level, an international agreement, the 
Cartagena Protocol on Biosafety, “promotes biosafety 
by establishing practical rules and procedures for the 
safe transfer [between countries], handling and use of 
GMOs.” Separate procedures have been set up for 
GMOs that are to be introduced into the environment 
and those that are to be used as food or feed or for pro-
cessing. To date, 132 countries have ratifi ed the Proto-
col. (As of November 2006, the United States is not one 
of them.)

In sum, the use of DNA technologies in biotech-
nology has the potential for tremendous benefi ts to 
humankind. Such experimentation is not without risk, 
and so for each experiment, researchers must assess 
that risk and make a judgment about whether to pro-
ceed and, if so, how to do so safely. Furthermore, 
agreed-upon guidelines and protocols should ensure a 
level of biosafety for researchers, consumers, politi-
cians, and governments.

We now turn to the analysis of whole genomes.

Study Break

1. What are the principles of DNA fi ngerprinting?
2. What is a transgenic organism?
3. What is the diff erence between using germ-line 

cells and somatic cells for gene therapy?

18.3 Genome Analysis 

The development of DNA technologies for analyzing 
genes and gene expression revolutionized experimen-
tal biology. DNA sequencing techniques (described in 
this section) have made it possible to analyze the se-
quences of cloned genes and genes amplifi ed by PCR. 
Having the complete sequence of a gene aids research-
ers tremendously in unraveling how the gene func-
tions. But a gene is only part of a genome. Researchers 
want to know about the organization of genes in a com-
plete genome, and how genes work together in net-
works to control life. Of particular interest, of course, 
is the human genome. The complete sequencing of the 
approximately 3 billion base-pair human genome—the 

Figure 18.16

A genetically engineered tobacco plant, made capable of lumi-
nescence by the introduction of a fi refl y gene coding for the en-
zyme luciferase.

Figure 18.17

Rice genetically engineered to contain �-carotene.

Regular rice Genetically engineered golden
rice containing β-carotene
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Human Genome Project (HGP)—began in 1990. The 
task was completed in 2003 by an international consor-
tium of researchers and by a private company, Celera 
Genomics. As part of the offi  cial HGP, for purposes of 
comparison the genomes of several important model 
organisms commonly used in genetic studies were se-
quenced: E. coli (representing prokaryotes), the yeast 
Saccharomyces cerevisiae (representing single-celled 
eukaryotes), Drosophila melanogaster and Caenorhabdi-
tis elegans (the fruit fl y and nematode worm, respec-
tively, representing multicellular animals of moderate 
genome complexity), and Mus musculus (the mouse, 
representing a mammal of genome complexity com-
parable to that of humans). In addition, the sequences 
of the genomes of many organisms beyond this list, 
including plants, have been completed or are in prog-
ress at this time. What researchers are learning from 
analyzing complete genomes is of enormous impor-
tance to our understanding of biology and the evolu-
tion of organisms.

DNA Sequencing Techniques Are 
Based on DNA Replication

DNA sequencing is the key technology for genome se-
quencing projects. DNA sequencing is also used on a 
smaller scale, for example, in determining the se-
quence of individual genes that have been cloned or 
amplifi ed by PCR. 

DNA sequencing was fi rst developed in the late 
1970s by Allan M. Maxam, a graduate student, and his 
mentor, Walter Gilbert of Harvard University; within a 
few years, another investigator, Frederick Sanger of 
Cambridge University, designed the method that is 
most used today. Gilbert and Sanger were awarded a 
Nobel Prize in 1980. 

The Sanger method is based on the properties 
of nucleotides known as dideoxyribonucleotides—the 
method, therefore, is also called dideoxy sequencing 
(Figure 18.18). Dideoxyribonucleotides have a single 
—H bound to the 3� carbon of the deoxyribose sugar 

Insights from the Molecular Revolution

Engineering Rice for Blight Resistance

Rice is common in the diet of the en-

tire human population; for one-third of 

humanity, more than 2 billion people, 

it is the primary nutrient source. 

Worldwide, some 146 million hectares 

are planted with rice, producing 

560 million tons of the grain annually.

This major human staple is threat-

ened by a rice blight caused by the bac-

terium Xanthomonas oryzae. Rice 

plants infected by the bacterium turn 

yellow and wilt; in many Asian and Af-

rican rice fi elds, as much as half of the 

crop is lost to the blight. Although 

some wild forms of rice, which are not 

usable as crop plants, have a natural 

resistance to the Xanthomonas blight, 

none of the cultivated varieties is resis-

tant. Attempts to develop resistant 

strains by crossbreeding crop rice with 

wild varieties have produced only one 

resistant type that, unfortunately, is es-

sentially unusable as a food source. 

At best, crossbreeding plants to de-

velop resistance can take many years 

to produce results. As a shortcut, 

Pamela Ronald and her colleagues at 

the University of California at Davis de-

cided to try genetic engineering. They 

were aided by the results of genetic ex-

periments in which a gene, Xa21, was 

found that confers resistance to Xan-
thomonas in a wild rice.

Ronald and her coworkers set out to 

clone the DNA of the Xa21 gene. Their 

fi rst step was to locate it in wild rice 

chromosomes, using traditional genetic 

crosses to set up a linkage map. The 

studies showed that Xa21 is located 

near several known genes, including 

one that was so close that it rarely re-

combined with Xa21 in genetic crosses. 

The DNA of the known gene was 

used as a probe to fi nd nearby se-

quences in a genomic library of the re-

sistant wild rice genome. The probe 

paired with 16 DNA fragments in the 

library. To determine whether any of 

the fragments included the Xa21 gene, 

the researchers introduced each frag-

ment individually into rice crop plants 

that were susceptible to Xanthomonas 
infection, using a gene gun. Out of 

1500 plants that incorporated the frag-

ments, 50 plants, all containing the 

same 9600-base-pair fragment, proved 

to be resistant to the blight. These 

plants were the fi rst rice crop plants to 

be engineered successfully to resist 

Xanthomonas infections.

The 9600-base-pair fragment was 

then broken into subfragments that 

were cloned and tested individually for 

their ability to confer resistance. This 

technique allowed the researchers to 

identify and isolate the specifi c part of 

the fragment containing the resistance 

gene. Sequencing the gene revealed 

that it encodes a typical plasma mem-

brane receptor protein, which in some 

way triggers an internal cellular re-

sponse on exposure to Xanthomonas or 

its molecular components. The re-

sponse alters cell structure or biochem-

istry to inhibit growth of the bacterium.

Ronald and her coworkers have in-

troduced the Xa21 gene successfully 

into three varieties of rice that are 

widely grown as crops in Asia and Af-

rica. These genetically engineered 

plants will be fi eld-tested to see if they 

have the yield, taste, and resistance 

needed to make them successful crop 

plants. Ronald has also sent copies of 

the Xa21 gene to investigators in Eu-

rope, Africa, Asia, and other locations 

in the United States, so they can exper-

iment with introducing blight resis-

tance into local varieties. If these ef-

forts are successful, the genetically 

engineered rice plants promise to 

greatly increase the world output of 

this economically vital crop.



purpose: Obtain the sequence of a piece of DNA, such as in gene sequencing or genome 

sequencing. The method is shown here with an automated sequencing system.

Figure 18.18 Research Method

Dideoxy (Sanger) Method 
for Sequencing DNA
protocol:

1.  A dideoxy sequencing reaction has the following 

components: the fragment of DNA to be 

sequenced (denatured to single strands); a DNA 

primer that will bind to the 3� end of the sequence 

to be determined; a mixture of the four deoxyribo-

nucleotide precursors for DNA synthesis; and a 

mixture of the four dideoxyribonucleotides (dd) 

precursors, each labeled with a different 

fl uorescent molecule, and DNA polymerase to 

catalyze the DNA synthesis reaction.

2.  Synthesis of the new DNA strand is in the 

5�→3� direction starting at the 3� end of the 

primer. New synthesis continues until a dideoxy-

ribonucleotide is incorporated into the DNA 

instead of a normal deoxyribonucleotide. For a 

large population of template DNA strands, the 

dideoxy sequencing reaction produces a series of 

new strands, with lengths from one on up. At the 

3� end of each new strand is the labeled dideoxy-

ribonucleotide that terminated the synthesis.

3.  The labeled strands produced by the reaction are 

separated by gel electrophoresis. The principle of 

separation is the same as for agarose gel 

electrophoresis described in Figure 18.9. But here 

it is necessary to discriminate between DNA 

strands that differ in length by one nucleotide, 

which agarose gels cannot do. In this case, 

therefore, a gel made of polyacrylamide is 

prepared in a capillary tube for separating the 

DNA fragments. As the bands of DNA fragments 

move near the bottom of the tube, a laser beam 

shining through the gel excites the fl uorescent 

labels on each DNA fragment. The fl uorescence is 

registered by a detector with the wavelength of 

the fl uorescence indicating which of the four 

dideoxyribonucleotides is at the end of the 

fragment in each case. 

interpreting the results: The data from the laser system are sent to a computer that 

interprets which of the four possible fl uorescent labels is at the end of each DNA strand. The 

results show the colors of the labels as the DNA bands passed the detector. They may be seen 

on the computer screen or in printouts. The sequence of the newly synthesized DNA, which is 

complementary to the template strand, is read from left (5�) to right (3�). (The sequence shown 

here begins after the primer.)
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instead of the —OH normally appearing at this position 
in deoxyribonucleotides. DNA polymerases, the replica-
tion enzymes, recognize the dideoxyribonucleotides and 
place them in the DNA just as they do the normal de-
oxyribonucleotides. However, because a dideoxyribo-
nucleotide has no 3�-OH group available for addition of 
the next base, replication of a nucleotide chain stops 
when one of these nucleotides is added to a growing 
nucleotide chain. (Remember from Section 14.3 that a 
3�-OH group must be present at the growing end of a 
nucleotide chain for the next nucleotide to be added dur-
ing DNA replication.) In a dideoxy sequencing reaction, 
researchers use a mixture of dideoxyribonucleotides and 
normal nucleotides, so that chain termination will occur 
randomly at each position where a particular nucleotide 
appears in the population of DNA molecules being rep-
licated. Each chain-termination event generates a newly 
synthesized DNA strand that ends with the dideoxyribo-
nucleotide; hence, for this particular strand, the base at 
the 3� end is known and, because of base-pairing rules, 
the base on the template strand being sequenced is de-
duced. Once they know the base at the end of each ter-
minated DNA strand, researchers can work out the 
complete sequence of the template DNA strand.

The dideoxy sequencing method can be used with 
any pure piece of DNA, such as a cloned DNA frag-
ment or a fragment amplifi ed by PCR. An unambigu-
ous sequence of about 500 to 750 nucleotides can be 
obtained from each sequencing experiment. 

Structural Genomics Determines 
the Complete DNA Sequence of Genomes

Genome analysis consists of two main areas: structural 
genomics and functional genomics. Structural genomics 
is the actual sequencing of genomes and the analysis 
of the nucleotide sequences to locate genes and other 
functionally important sequences within the genome. 
Functional genomics is the study of the functions of 
genes and of other parts of the genome. In the case of 
genes, this includes developing an understanding 
of the regulation of their expression, the proteins they 
encode, and the role played by the proteins in the or-
ganism’s metabolic processes. 

The most widely used method for sequencing a ge-
nome is the whole-genome shotgun method (Figure 18.19). 
In this method, the entire genome is broken into thou-
sands to millions of random, overlapping fragments, 
and each fragment is cloned and sequenced. The ge-
nome sequence then is assembled by computer on the 
basis of the sequence overlaps between fragments. 

The fi rst genome sequence reported, that of the 
bacterium Haemophilus infl uenzae, was determined us-
ing the whole-genome shotgun method by J. Craig 
Venter and his associates at Celera Genomics (the de-
velopers of the method). Originally it was thought that 

Figure 18.19 Research Method

Whole-Genome Shotgun Sequencing
purpose: Obtain the complete sequence of the genome of an organism. 

protocol:

Assembled
sequence

DNA sequence of genomic DNA 
fragment (actual sequence is 
several hundred base pairs)

Plasmid cloning
vector

Genomic DNA
fragment

and so on

DNA fragments

Genomic DNA

4.  Enter the DNA sequences of the fragments into a computer, and use the computer 

to assemble overlapping sequences into the continuous sequences of each chromo-

some of the organism. This technique is analogous to taking 10 copies of a book that 

have been torn randomly into smaller sets of a few pages each and, by matching 

overlapping pages of the leaflets, assembling a complete copy of the book with the 

pages in the correct order.

interpreting the results: The method generates the complete sequence of the 

genome of an organism.

1.  Isolate genomic DNA, and break it 

into random, overlapping fragments.

2.  Clone each DNA fragment (here a 

plasmid cloning vector is used)

3.  Sequence the genomic DNA fragment 

in each clone.
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the much larger genomes of eukaryotes would be too 
diffi  cult to sequence using this method. But improve-
ments in sequencing technologies and in the computer 
algorithms used to identify overlapping sequences 
have made it easier to assemble the segment sequences 
into the sequence of a whole genome. Whole genome 
shotgun sequencing is now the method of choice for 
sequencing essentially any genome.

Functional Genomics Focuses 
on the Functions of Genes 
and Other Parts of the Genome

The genomes of a large number of viruses and more 
than 180 organisms have been sequenced, and those 
of more species are continually being added to the to-
tal. Among those already sequenced are the cytomega-
lovirus, bacteria including E. coli, various archaean 
species, and eukaryotes including the brewer’s yeast 
Saccharomyces cerevisiae, the protozoan Plasmodium 
falciparium (the malarial parasite), the roundworm 
Caenorhabditis elegans, the plants Arabidopsis thaliana 
and rice, the fruit fl y Drosophila melanogaster, the 
chicken, the mouse, the rat, the dog, the chimpanzee, 
and human.

Analysis of Genome Sequences. The complete genome 
sequence for an organism is basically a very long string 
of letters, which means little without further analysis. 
Discovering the functions of genes and other parts of 
the genome is one important goal of this analysis. Most 
research is focused on the genes because they control 
the functions of cells and, therefore, of organisms. 
Functional genomics relies on laboratory experiments 
by molecular biologists and sophisticated computer 
analyses by researchers in the rapidly growing fi eld of 
bioinformatics, which fuses biology with mathematics 
and computer science. Bioinformatics is used, for ex-
ample, to fi nd genes within a genomic sequence, align 
sequences in databases to determine the degree of 
matching, predict the structure and function of gene 
products, and postulate evolutionary relationships for 
sequences.

Protein-coding genes are of particular interest in 
genome analysis. Once a genome sequence is deter-
mined, researchers use computer algorithms to 
search both strands of the sequence for these genes. 
They identify possible protein-coding genes by search-
ing for open reading frames (ORFs), that is, a start 
codon (ATG, at the DNA level) in frame (separated by 
a multiple of three nucleotides) with one of the stop 
codons (TAG, TAA, or TGA at the DNA level). This 
process is easy for prokaryotic genomes, because the 
genes have no introns. In eukaryotic protein-coding 
genes, which typically have introns, more sophisti-
cated algorithms are used to try to identify the junc-
tions between exons and introns in scanning for open 
reading frames.

Each open reading frame found by computer anal-
ysis of a genome can be “translated” by computer to 
give the amino acid sequence of the protein it could 
encode. Researchers may then be able to assign a func-
tion to the open reading frame by performing a se-
quence similarity search, a computer-based comparison 
of a DNA or amino acid sequence with databases of 
sequences of known genes or proteins. That is, if an 
open reading frame or its protein product resemble 
those of a previously sequenced gene, the two genes 
are related in an evolutionary sense and are likely to 
have similar functions.

Many new features of genetic organization have 
been discovered, or previous conclusions reinforced, 
through the fi ndings of genome sequencing. One of 
the more surprising discoveries is that the eukaryotic 
genomes sequenced to date contain large numbers of 
previously unknown genes, many more than scientists 
expected to fi nd. In Caenorhabditis, for example, 12,000 
of the 19,000 genes are of unknown function. Identify-
ing these genes and their functions is one of the major 
challenges of contemporary molecular genetics. 

Another revelation is the degree to which diff erent 
organisms, some of them widely separated in evolu-
tionary origins, contain similar genes. For example, 
even though the yeast Saccharomyces is a fungus sepa-
rated from our species by millions of years of evolution-
ary history, about 2300 of its approximately 6000 genes 
are related to those of mammals, including many genes 
that control progress through the cell cycle. The simi-
larities are so close that the yeast and human versions 
of many genes can be interchanged with little or no ef-
fect on cell functions in either organism.

The sequences also confi rm that eukaryotic ge-
nomes contain large numbers of noncoding sequences, 
most of them in the form of repeated sequences of 
various lengths and numbers. Most of these sequences, 
which make up from about 25% to 50% of the total ge-
nomic DNA in diff erent eukaryotic species, have no 
determined function at this point in time.

Features of the Human Genome Sequence. The human 
genome sequence consists of 3.2 billion base pairs. Un-
til the genome was sequenced, researchers expected 
that human cells might contain as many as 100,000 
diff erent protein-coding genes. The best current esti-
mate is 20,000 to 25,000 protein-coding genes. How-
ever, although the number of protein-coding genes is 
unexpectedly small, the total number of diff erent pro-
teins produced in humans is much greater and proba-
bly approaches the 100,000 fi gure originally proposed 
for genes. The additional proteins arise through such 
processes as alternative splicing during mRNA process-
ing (see Section 15.3) and diff erences in protein pro-
cessing (discussed further in the following).

All the protein-coding sequences occupy less 
than 2% of the human genome. Introns—the noncod-
ing spacers in genes—occupy another 24% of the ge-
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nome. The rest of the DNA, almost three-quarters of 
the genome, occupies the spaces between genes. 
Some of this intergenic DNA is functional and in-
cludes regulatory sequences such as promoters and 
enhancers, but much of it, more than 50% of the total 
genome, consists of repeated sequences that have no 
known function.

Completing the human genome sequence is only 
the beginning of human genomics. The next steps are 
to determine the functions of the unknown genes and 
of the sequence elements in intergenic regions. This 
data mining, as it is called, may answer fundamental 
questions about genome organization and the mecha-
nisms controlling genes in development and cell dif-
ferentiation. Genes related to human health and dis-
ease, including cancer, are of particular interest. The 
analysis of these disease-related genes may suggest 
methods to predict individual susceptibility to diseases 
and may possibly lead to means for their diagnosis and 
treatment. 

On an even larger scale, the human genome is 
being compared with the genomes of other species to 
determine the molecular basis of diff erences in anat-
omy, physiology, and developmental patterns between 
species. Ultimately, species comparisons may reveal 
the mutational changes underlying the evolution of 
our species and many others. This area of genomics is 
known as comparative genomics. 

There are bioethics issues concerning the human 
genome. To address those issues, the U.S. Department 
of Energy and the NIH have funded studies of the ethi-
cal, legal, and social issues surrounding the availability 
of genetic information from human genome research. 
Among the questions being looked at: Who should 
have access to personal genetic information, and how 
should it be used? To what extent should genetic infor-
mation be private and confi dential? How will genetic 
tests be evaluated and regulated? How can people be 
informed suffi  ciently about the genetic information 
from genomic analysis so that they can make informed 
personal medical choices? Does a set of genes predis-
pose a person’s behavior, and can the person control 
that behavior?

Studying Diff erential Gene Activity in Entire Genomes 

with DNA Microarrays. As a part of genome research, 
investigators are interested in comparing which genes 
are active in diff erent cell types of humans and other 
organisms, and tracking the changes in total gene ac-
tivity in the same cell types as development progresses. 
In some cases, the researcher wants to know whether 
or not particular genes are being expressed, and in 
other cases how the level of expression varies in diff er-
ent circumstances. This research has been revolution-
ized by a technique using DNA microarrays. The mi-
croarrays are also called DNA chips for short because 
the techniques used to “print” the arrays resemble 
those used to lay out electronic circuits on a computer 

chip. The surface of a DNA chip is divided into a mi-
croscopic grid of about 60,000 spaces. On each space 
of the grid, a computerized system deposits a micro-
scopic spot containing about 10,000,000 copies of a 
DNA probe about 20 nucleotides long.

Studies of gene activity using DNA microarrays 
involves comparing gene expression under a defi ned 
experimental condition with expression under a refer-
ence (control) condition. For instance, DNA microar-
rays can be used to answer basic biological questions, 
such as: How does gene expression change when a cell 
goes from a resting state (reference condition) to a di-
viding state (experimental condition); that is, how is 
gene expression diff erent in diff erent stages of develop-
ment? DNA microarrays can also be used to address 
many questions of medical signifi cance, such as: How 
are genes diff erentially expressed in normal cells and 
cells of various cancers? In these experiments, investi-
gators might focus on which genes are active and inac-
tive under the two conditions, or on how the levels of 
expression of genes change under the two conditions.

Figure 18.20 shows how a DNA microarray is used 
to compare gene expression in normal cells and in can-
cer cells in humans. mRNAs are isolated from each cell 
type, and cDNAs are made from them, incorporating 
diff erent fl uorescent labels: green for one, red for the 
other. The two cDNAs are mixed and added to the DNA 
chip, where they hybridize with any complementary 
probes. A laser locates and quantifi es the green and red 
fl uorescence, enabling a researcher to see which genes 
are expressed in the cells and, for those that are ex-
pressed, to quantify diff erences in gene expression 
between the two cell types (see Interpreting the Results 
in Figure 18.20). The results can help researchers un-
derstand how the cancer develops and progresses.

DNA microarrays are also used to screen individu-
als for particular mutations. To detect mutations, the 
probes spotted onto the chip include probes for the 
normal sequence of the genes of interest along with 
probes for sequences of all known mutations. A fl uo-
rescent spot at a site on the chip printed with a probe 
for a given mutation immediately shows the presence 
of the mutation in the individual. Such a test is cur-
rently used to screen patients for whether they carry 
any one of a number of mutations of the breast cancer 
1 (BRCA1) gene known to be associated with the pos-
sible development of breast cancer.

Studying the Array of Expressed Proteins 
Is the Next Level of Genomic Analysis

Genome research also includes analysis of the proteins 
encoded by a genome, for proteins are largely respon-
sible for cell function and, therefore, for all the func-
tions of an organism. The term proteome has been 
coined to refer to the complete set of proteins that can 
be expressed by an organism’s genome. A cellular pro-
teome is a subset of those proteins, the collection of 



purpose: DNA microarrays can be used in various experiments, including comparing the levels 

of gene expression in two different tissues, as illustrated here. The power of the technique is that 

the entire set of genes in a genome can be analyzed simultaneously.

Figure 18.20 Research Method

DNA Microarray Analysis 
of Gene Expression Levels

interpreting the results: The colored spots on the microarray indicate where the labeled 

cDNAs have bound to the gene probes attached to the chip and, therefore, which genes were active 

in normal and/or cancer cells. Moreover, we can quantify the gene expression in the two cell types 

by the color detected. A purely green spot indicates the gene was active in the normal cell, but not 

in the cancer cell. A purely red spot indicates the gene was active in the cancer cell, but not in the 

normal cell. A yellow spot indicates the gene was equally active in the two cell types, and other col-

ors tell us the relative levels of gene expression in the two cell types. For this particular experiment, 

we would be able to see how many genes have altered expression in the cancer cells, and exactly 

how their expression was changed. 

protocol: Normal cells (reference)

Colored spots are 
where labeled cDNAs 
have hybridized

Each spot has a 
different probe

mRNA

cDNA

Cancer cells (experimental)

Gene expressed in 
cancer cells only

Gene expressed
in normal
cells only

Gene expressed
in both cell types

1.  Isolate mRNAs from a control cell type (here, normal cells) 

and an experimental cell type (here, cancer cells). 

2.  Prepare cDNA libraries from each mRNA sample. For the 

normal cell (control) library use nucleotides with a green 

fluorescent label, and for the cancer cell (experimental) library 

use nucleotides with a red fluorescent label.

3.  Denature the cDNAs to single strands, mix them, and pump 

them across the surface of a DNA microarray containing a 

set of single-stranded probes representing every protein-

coding gene in the human genome. The probes are spotted 

on the surface, with each spot containing a probe for a 

different gene. Allow the labeled cDNAs to hybridize with the 

gene probes on the surface of the chip, and then wash excess 

cDNAs off.

4.  Locate and quantify the fluorescence of the labels on the 

hybridized cDNAs with a laser detection system. 

Actual DNA microarray result
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proteins found in a particular cell type under a particu-
lar set of environmental conditions. 

The study of the proteome is the fi eld of proteomics. 
The number of possible proteins encoded by the ge-
nome is larger than the number of protein-coding 
genes in the genome, at least in eukaryotes. In eukary-
otes, alternative splicing of gene transcripts and varia-
tion in protein processing means that expression of a 
gene may yield more than one protein product. There-
fore, proteomics is a more challenging area of research 
than is genomics.

The two major immediate goals of proteomics are 
to determine (1) the number and structure of proteins 
in the proteome and (2) the functional interactions be-
tween the proteins. The interactions are particularly 
important because they help us understand how pro-
teins work together to determine the phenotype of the 

cell. For instance, if a particular set of interacting pro-
teins characterized a lung tumor cell, then drugs could 
be developed that specifi cally target the interactions.

What are the tools of proteomics? For many years 
it has been possible to separate and identify proteins by 
gel electrophoresis (using polyacrylamide to make the 
gels, the same material used for separating DNA frag-
ments in DNA sequencing) or mass spectrometry. 
However, to study an entire cellular proteome, many 
more proteins must be analyzed simultaneously than 
is possible with either of those techniques. A big step 
in that direction is the development of protein 
microarrays (protein chips), which are similar in con-
cept to DNA microarrays. For example, one type of pro-
tein microarray involves binding antibodies prepared 
against diff erent proteins to diff erent locations on the 
protein chip. An antibody for a foreign substance such 

Unanswered Questions

Can pharmaceuticals be customized to the individual?

One exciting avenue of investigation arising from genomics research 

is pharmacogenomics. The word is a combination of “pharmacology” 

and “genomics” and means the study of how the genome of an indi-

vidual affects the body’s responses. 

Currently, pharmaceuticals are dispensed under the assumption 

that all humans are basically the same. Of course, the dose may be ad-

justed to the weight or age of the individual. However, not everyone is 

the same, as we know from the fact that every drug provokes an allergic 

reaction in some people. Indeed, a variety of factors affect a person’s 

response to medicines, including the genome (the expression of the 

particular array of genes in tissues targeted by the pharmaceutical), 

diet, health, age, and the environment. 

The goal is for the pharmaceutical to be as effective as it can be, with 

the best available drug therapy given to a patient right from the begin-

ning. Pharmacogenomics offers the promise of customizing drugs by 

adapting to them to key cellular proteomes of the patient. Conceptually 

drugs could be chemically matched to the proteins, enzymes, and RNA 

molecules that are associated with diseases. Such drugs therefore 

would be much more targeted to specifi c diseases than present-day 

drugs are, the result being that the therapeutic benefi ts will be maxi-

mized while side effects will be minimized. And drug dosages will be 

tailored to an individual’s genetic makeup (as manifested in the pro-

teome) so as to take into account how and at what rate a person me-

tabolizes a drug.

There are very few examples of pharmacogenomics in action in the 

clinic at the moment. Many research groups are currently working at 

the lab bench to develop applications.

Can gene expression at the genomic level 

be used to identify specifi c cancers? 

DNA microarrays can be used to analyze the differences in gene expres-

sion between two cell or tissue types (see Figure 18.20). In 1999, Eric 

Lander’s research group at Whitehead Institute, MIT, was the fi rst to 

show that gene expression arrays can distinguish between two types of 

cancer. The cancers, acute myeloid leukemia (AML) and acute lympho-

blastic leukemia (ALL), are very similar in clinical symptoms, but be-

cause the treatments are different the diagnosis must be precise. Before 

Lander’s discovery, the cancers could be distinguished only through a 

series of expensive tests that took precious time. Lander used DNA 

microarray analysis based on 6800 human genes and accurately distin-

guished the two types.

DNA microarray analysis has now been developed to identify a 

number of different types of cancers based on gene expression pro-

fi les. Undoubtedly many more cancers will be added to the list as time 

goes on. 

Can genome-wide approaches produce tools to combat pathogens?

Animals are susceptible to attack by a wide range of pathogenic agents, 

including virulent bacteria and viruses. Humans are vaccinated against 

some of the important viral pathogens, an action that has saved millions 

of lives. Still, we are invaded. In healthy individuals, the immune system 

is activated to combat the invasion. Immunocompromised individuals, 

however, have weakened immune systems; they risk serious illness or 

death from infection with pathogens that healthy individuals combat 

easily. Pathogens are also highly relevant to our lives in another way: ag-

ricultural animals and plants are vital for maintaining our food supply, 

yet they also may be or may become susceptible to pathogen invasion.

Biodefense proteomics is an area of research with the goal of using 

genome-wide approaches to produce tools to combat pathogens. It is 

anticipated that the research will discover targets for the next genera-

tion of vaccines, therapeutics, and diagnostics. The proteomics ap-

proaches being used include characterizing the proteomes of patho-

gens (for example, for the pathogen itself if it is cellular, or for an 

infected cell if the pathogen is viral); to determine the mechanisms of 

microbial pathogenesis; and to develop an understanding of animal 

immune responses and nonimmune mediate responses that are trig-

gered by microbial pathogens.

Peter J. Russell
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as a protein is generated by the immune system of an 
animal that has been injected with that substance. The 
antibody is isolated from the blood of that animal and 
can be used to bind specifi cally to the protein in experi-
ments. Proteins are isolated from cells and labeled, and 
then pumped over the surface of the protein microar-
ray. Each labeled protein binds to the antibody for that 
protein. After washing off  excess proteins, the protein 
microarray is analyzed much as for DNA microarrays 
to determine where the proteins bound and to quantify 
that binding. With this technique, a researcher can 
quantify proteins in diff erent cell types and diff erent 
tissues. Researchers can also compare proteins under 
diff erent conditions, such as during diff erentiation, or 
with and without a particular disease condition, or with 
and without a particular drug treatment. In the future, 
we can expect protein arrays to become routine for 
studying cellular proteomes.

Systems Biology Is the Study 
of the Interactions between All 
the Components of an Organism

Traditional biology research focuses on identifying and 
studying the functions of individual genes, proteins, 
and cells. Although such research has provided an 
enormous body of knowledge—this textbook being an 
example—it provides only a limited insight into how a 
whole organism functions at the cellular and molecu-
lar levels. For instance, studying separately the indi-
vidual components of a bicycle does not tell you what 
the whole bicycle is or what it does. 

Systems biology is an area of biology that seeks to 
overcome the limitations of traditional biology ap-
proaches by studying the organism as a whole to un-
ravel the integrated and interacting network of genes, 
proteins, and biochemical reactions responsible for 

life. That is, systems biologists work from the premise 
that those interactions are responsible for an organ-
ism’s form and function. Present-day research in sys-
tems biology has been stimulated by the development 
of techniques for genomic and proteomic analysis and 
by the data from those analyses.

Systems biologists use genomics and proteomics 
techniques, such as those discussed in this section 
along with information from other sources. They typi-
cally obtain very complex data and use sophisticated 
quantitative analysis to generate models for the inter-
actions within an organism. 

Systems biologists study organisms of many kinds. 
Some focus on humans and have the ambitious goal of 
transforming the practice of medicine. The vision is to 
defi ne the interactions between all the components that 
aff ect the health of an individual human. It may then be 
possible to predict more accurately than is currently pos-
sible whether a person will develop particular diseases 
and to personalize treatments for those diseases.

Unquestionably DNA technologies and genomics 
research have resulted in remarkable achievements so 
far, probably touching every person on the planet di-
rectly or indirectly. They, and proteomics research, also 
have enormous potential to lead to major advances and 
achievements in the future.

Study Break

1. How are possible protein-coding genes identi-
fi ed in a genome sequence of a bacterium? Of a 
mammal?

2. How would you determine how a steroid hor-
mone aff ects gene expression in human tissue 
culture cells?

Review

tary DNA) library is the entire collection of cloned cDNAs made 
from the mRNAs isolated from a cell. A cDNA library contains 
only sequences from the genes that are active in the cell when 
the mRNAs are isolated. 

• PCR amplifi es a specifi c target sequence in DNA, such as a 
gene, defi ned by a pair of primers. PCR increases DNA quanti-
ties by successive cycles of denaturing the template DNA, an-
nealing the primers, and extending the primers in a DNA syn-
thesis reaction catalyzed by DNA polymerase; with each cycle, 
the amount of DNA doubles (Figure 18.6).

Animation: Base pairing of DNA fragments

Animation: Formation of recombinant DNA

Animation: Restriction enzymes

Animation: How to make cDNA

Animation: Use of a radioactive probe

 Go to  at www.thomsonedu.com/login to access quizzing, 
animations, exercises, articles, and personalized homework help.

18.1 DNA Cloning
• Producing multiple copies of genes by cloning is a common 

fi rst step for studying the structure and function of genes or 
for manipulating genes. Cloning involves cutting genomic 
DNA and a cloning vector with the same restriction enzyme, 
joining the fragments to produce recombinant plasmids, and 
introducing those plasmids into a living cell such as a bacte-
rium, where replication of the plasmid takes place (Figures 
18.2–18.4).

• A clone containing a gene of interest may be identifi ed among a 
population of clones by using DNA hybridization with a labeled 
nucleic acid probe (Figure 18.5).

• A genomic library is a collection of clones that contains a copy 
of every DNA sequence in the genome. A cDNA (complemen-
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Animation: Polymerase chain reaction (PCR)

Animation: Automated DNA sequencing

18.2 Applications of DNA Technologies
• Recombinant DNA and PCR techniques are used in DNA mo-

lecular testing for human genetic disease mutations. One ap-
proach exploits restriction site diff erences between normal and 
mutant alleles of a gene that create restriction fragment length 
polymorphisms (RFLPs) detectable by DNA hybridization with a 
labeled nucleic acid probe (Figures 18.8 and 18.9).

• Human DNA fi ngerprints are produced from a number of loci 
in the genome characterized by tandemly repeated sequences 
that vary in number in all individuals (except identical twins). To 
produce a fi ngerprint, the PCR is used to amplify the region of 
genomic DNA for each locus, and the lengths of the PCR prod-
ucts indicate the alleles an individual has for the repeated se-
quences at each locus. DNA fi ngerprints are widely used to es-
tablish paternity, ancestry, or criminal guilt (Figure 18.10).

• Genetic engineering is the introduction of new genes or genetic 
information to alter the genetic makeup of humans, other ani-
mals, plants, and microorganisms such as bacteria and yeast. 
Genetic engineering primarily aims to correct hereditary de-
fects, improve domestic animals and crop plants, and provide 
proteins for medicine, research, and other applications. (Figures 
18.11, 18.12, and 18.15).

• Genetic engineering has enormous potential for research and 
applications in medicine, agriculture, and industry. Potential 
risks include unintended damage to living organisms or the 
environment.

Animation: DNA fi ngerprinting

Animation: Gene transfer using a Ti plasmid

Animation: Transferring genes into plants

18.3 Genome Analysis 
• Genome analysis consists of two main areas: structural genom-

ics, the sequencing of genomes and the identifi cation of the 
genes the sequences contain, and functional genomics, the 
study of the function of genes and other parts of the genome.

• Sequencing a genome involves a replication reaction with a 
DNA template, a DNA primer, the four normal deoxyribonucle-
otides, and a mixture of four dideoxyribonucleotides, each la-
beled with a diff erent fl uorescent tag, and DNA polymerase. 
Replication stops at any place in the sequence in which a dide-
oxyribonucleotide is substituted for the normal deoxyribonucle-
otide. The lengths of the terminated DNA chains and the label 
on them indicate the overall sequence of the DNA chain being 
sequenced (Figure 18.18).

• The whole-genome shotgun method of sequencing a genome 
involves breaking up the entire genome into random, overlap-
ping fragments, cloning each fragment, determining the se-
quence of the fragment in each clone, and using computer algo-
rithms to assemble overlapping sequences into the sequence of 
the complete genome (Figure 18.19).

• Once a gene is sequenced, the sequence of the protein en-
coded in a prokaryotic gene can be deduced by reading the 
coding portion of the gene three nucleotides at a time, start-
ing at the AUG codon that indicates the beginning of a coding 
sequence. 

• Complete genome sequences have been obtained for many vi-
ruses, a large number of prokaryotes, and many eukaryotes, in-
cluding the human. The sequences have revealed that all eu-
karyotes share related gene sequences, and they have also 
revealed a signifi cant proportion of genes whose functions are 
not presently known. 

• Having the complete genome of an organism makes it possible 
to study the expression of all of the genes in the genome simul-
taneously, including comparing gene expression in two diff erent 
cell types. The DNA microarray (or DNA chip) is typically used 
for the comparison; this technique can provide information 
about which genes are active in the two cell types as well as rela-
tive levels of expression of those genes (Figure 18.20).

• Proteomics is the study of the complete set of proteins in an or-
ganism or in a particular cell type. Protein numbers, protein 
structure, and protein interactions are all topics of proteomics.

• Systems biology combines data derived from genomics, pro-
teomics, and other sources of information. Using sophisti-
cated quantitative analysis, it seeks to model the total array 
of interactions responsible for an organism’s form and 
function.

Questions
c. RNA.
d. Taq polymerase.
e. the four nucleoside triphosphates.

 4. Restriction fragment length polymorphisms:
a. are produced by reaction with restriction endonucleases 

and are detected by Southern blot analysis. 
b. are of the same length for mutant and normal �-globin 

alleles.
c. determine the sequence of bases in a DNA fragment.
d. have in their middle short fragments of DNA that are 

palindromic.
e. are used as vectors.

 5. DNA fi ngerprinting:
a. compares one stretch of the same DNA between two or 

more people.
b. measures diff erent lengths of DNA from many repeating 

noncoding regions for comparison between two or more 
people. 

c. requires the largest DNA lengths to run the greatest dis-
tance on a gel.

d. requires amplifi cation after the gels are run.
e. can easily diff erentiate DNA between identical twins.

Self-Test Questions
 1. Using cDNA is associated with which of the following?

a. Introns can be identifi ed and sequenced by this 
method.

b. It measures both active and inactive DNA.
c. Promoter regions can be identifi ed by this method.
d. One can identify start and stop regions by this method.
e. One can identify active mRNA and make a complemen-

tary DNA sequence to the mRNA.
 2. Restriction endonucleases, ligases, plasmids, viral or yeast 

vectors, electrophoretic gels, and a bacterial gene resistant to 
an antibiotic are all required for: 
a. dideoxyribonucleotide analysis.
b. PCR.
c. DNA cloning.
d. DNA fi ngerprinting. 
e. DNA sequencing.

 3. The PCR technique is distinguished from other processes 
discussed in this chapter by the use of: 
a. primers.
b. DNA.
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 6. Dolly, a sheep, was an example of reproductive (germ line) 
cloning. Required to perform this process was: 
a. implantation of uterine cells from one strain into the 

mammary gland of another.
b. the fusion of the mammary cell from one strain with an 

enucleated egg of another strain.
c. the fusion of an egg from one strain with the egg of a dif-

ferent strain.
d. the fusion of an embryonic diploid cell with an adult 

haploid cell.
e. the fusion of two nucleated mammary cells from two dif-

ferent strains.
 7. All of the following are true for somatic cell gene therapy except:

a. White blood cells can be used. 
b. Somatic cells are cultured, and the desired DNA is intro-

duced into them.
c. Cells with the introduced DNA are returned to the body.
d. The technique is still very experimental.
e. The inserted genes are passed on to the off spring.

 8. The sequence of the human genome:
a. was obtained by sequencing overlapping DNA 

fragments. 
b. revealed far more genes than expected.
c. revealed 3 trillion base pairs.
d. used techniques not applicable to mapping other species.
e. revealed 250,000 protein-coding genes.

 9. Sanger’s DNA sequencing technique: 
a. uses dideoxyribonucleotides to make new full-length 

strands of DNA. 
b. is based on cellular transcription.
c. requires an RNA template, RNA primer, RNA poly-

merase, reverse transcriptase, and the dideoxyribonucle-
otides, ddATP, ddUTP, ddCTP, and ddGTP.

d. places the RNA template to be sequenced on a gel and 
then adds the other ingredients from (c). 

e. is based on DNA replication.
 10. A microarray could be used to: 

a. sequence DNA from several chromosomes in one 
individual.

b. synthesize multiple copies of DNA from several sources.
c. propagate human germ-line cells for cloning.
d. compare coding DNA from a patient’s normal lung cells 

with coding DNA from his cancerous lung cells. 
e. determine proteins that are expressed under certain en-

vironmental conditions.

Questions for Discussion
1. Do you think that genetic engineering is worth the risk? Who 

do you think should decide whether genetic engineering ex-

periments and projects should be carried out: scientists, 
judges, politicians?

2. Do you think that human germ-line cells should be modifi ed 
by genetic engineering to cure birth defects? To increase intel-
ligence or beauty?

3. Write a paragraph supporting genetic engineering, and one ar-
guing against it. Which argument carries more weight, in your 
opinion?

4. What should juries know to interpret DNA evidence? Why 
might juries sometimes ignore DNA evidence?

5. A forensic scientist obtained a small DNA sample from a 
crime scene. In order to examine the sample, he increased its 
quantity by the polymerase chain reaction. He estimated that 
there were 50,000 copies of the DNA in his original sample. 
Derive a simple formula and calculate the number of copies he 
will have after 15 cycles of the PCR.

6. A market puts out a bin of tomatoes that have outstanding 
color, fl avor, and texture. A sign posted above them identifi es 
them as genetically engineered produce. Most shoppers pick 
unmodifi ed tomatoes in an adjacent bin, even though they are 
pale, mealy, and nearly tasteless. Which tomatoes would you 
pick? Why?

Experimental Analysis
Suppose a biotechnology company has developed a GMO, a trans-
genic plant that expresses Bt toxin. The company sells its seeds to a 
farmer under the condition that the farmer may plant the seed, but 
not collect seed from the plants that grow and use it to produce 
crops in the subsequent season. The seeds are expensive, and the 
farmer buys seeds from the company only once. How could the 
company show experimentally that the farmer has violated the 
agreement and is using seeds collected from the fi rst crop to grow 
the next crop?

Evolution Link
Search for the words “comparative genomics” on the Internet to an-
swer this question: How can complete genome sequences provide 
more accurate information about the evolution of species than se-
quences of one or a few genes?

How Would You Vote?
Nutritional labeling is required on all packaged food in the United 
States, but genetically modifi ed food products may be sold without 
labeling. Should food distributors be required to label all products 
made from genetically modifi ed plants or livestock? Go to www
.thomsonedu.com/login to investigate both sides of the issue and 
then vote.




