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The Sequence of Life9.2

In 1977, a new era in genetic engineering was
launched by English biochemist Frederick Sanger
(shown in Figure 9.9) and his colleagues. Sanger
and his team worked out the complete nucleotide
sequence in the DNA of the virus known as phage
θX174, the unique shape of which is illustrated in
Figure 9.10. This breakthrough enabled researchers
to compare the exact sequence of the 5386 nucleotide
bases in the virus with the polypeptide products 
of the virus’s nine genes. As they studied the 
DNA sequence, the researchers made some new
discoveries about the organization of genetic
material. For example, from the fact that one of the
genes of this virus is located entirely within the
coding sequence of another, longer gene, they
learned that genes can overlap. On a broader level,
the work of Sanger and his colleagues opened the
door to genome sequencing as a way to better
understand the genetics of living cells.

The work of Sanger’s team relied on three
important developments. The first was the discovery

of a way to break a strand of DNA at specific sites
along its nucleotide sequence. The second was the
development of a process for copying or amplifying
DNA, which made it possible to prepare large
samples of identical DNA fragments for analysis.
The third development was the improvement of
methods for sorting and analyzing DNA molecules.
Although the techniques involved have been refined
dramatically in the years since Sanger’s discovery,
these processes remain the basis of much of our
genetic technology today. You will learn more
about these processes in the following pages.

Restriction Endonucleases
In order to defend themselves against infection 
by foreign DNA, most prokaryotic organisms
manufacture a family of enzymes known as
restriction endonucleases. Restriction endonucleases
recognize a specific short sequence of nucleotides
(the target sequence) on a strand of DNA and cut the
strand at a particular point within that sequence.
This point is known as a restriction site. Restriction
sites occur by chance in one or more locations in
almost any fragment of DNA.

EXPECTAT IONS

Describe the functions of the cell components used in genetic engineering.

Explain how eukaryotic DNA can be cloned within a bacterial cell.

Describe the process and technique used to sequence DNA, and the major
findings that have arisen from the Human Genome Project.

Figure 9.10 The genome of the virus known as phage
θX174 was the first entire DNA molecule to be sequenced.
This simplified illustration depicts the unique shape of
phage θX174.

Figure 9.9 Frederick Sanger is one of only four people 
who have twice been awarded the Nobel prize in chemistry.
He won the award in 1958 for his work on identifying the
structure of proteins, and again in 1980 for his development
of a technique for sequencing DNA.
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Figure 9.11 illustrates the results of a typical
restriction endonuclease reaction. Many different
endonucleases have been isolated, each recognizing
a different sequence. Two key characteristics have
made them useful to genetic researchers.

Specificity The cuts made by an endonuclease
are specific and predictable — that is, the same
enzyme will cut a particular strand of DNA 
(such as a plasmid or chromosome) the same way
each time, producing an identical set of smaller
pieces. These smaller pieces are called restriction
fragments.

Staggered cuts Most restriction endonucleases
produce a staggered cut that leaves a few unpaired
nucleotides remaining on a single strand at each
end of the restriction fragment. These short
sequences, often referred to as sticky ends, can
then form base pairs with other short strands
having a complementary sequence. For example,
they can form a base pair with another restriction
fragment produced by the action of the same
enzyme on a different strand of DNA. DNA ligase
can then seal the gap in each strand in the new
DNA molecule. In this way, researchers can
produce recombinant DNA by joining DNA 
from two different sources.

Not all endonucleases produce sticky ends.
Sticky ends can make binding and recombination
easier, but they can also limit the uses to which
endonucleases can be put. For some purposes,
researchers use endonucleases that cleave the DNA
molecule in a way that produces a blunt cut.

DNA Amplification
The process of generating a large sample of a target
DNA sequence from a single gene or DNA fragment
is called DNA amplification. Two different methods,
as discussed below, are used by researchers.

Cloning Using a Bacterial Vector

Cloning using a bacterial vector relies on the action
of restriction endonucleases. When a target sample
of DNA is treated with an endonuclease, it is broken
into a specific pattern of restriction fragments
based on the location of the nucleotide sequences
recognized by the enzyme. These fragments are
then spliced (via their complementary sticky ends)
into bacterial plasmids that have been cleaved by
the same endonuclease. The result is a molecule of
recombinant DNA.

The first recombinant DNA was created in 1973
by the American team of Stanley Cohen and
Herbert Boyer. They used the process illustrated in
Figure 9.12 to splice a gene from a toad into a
bacterial plasmid.

The recombinant plasmid can then be returned
to a bacterial cell. As the cell multiplies, it
replicates the plasmids containing the foreign
DNA. In this way, millions of copies of the DNA
fragment can be produced. The plasmid here serves
as a cloning vector, the term used to describe a
molecule that replicates foreign DNA within a cell.

This cloning method is still in use today as a
means of amplifying larger DNA sequences. For
short fragments of up to about 1000 base pairs,
however, a second and much faster method has
since been developed.
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Figure 9.11 Typical restriction endonuclease reactions result in sticky ends.

Most endonucleases recognize DNA sequences that
have the same sequence of nucleotides running in
opposite directions along the complementary strands.
Pictured here is the restriction site of the endonuclease
known as EcoR1.

A

EcoR1 cleaves DNA in a specific way, producing the
sticky ends shown here. The unpaired nucleotide bases
along each staggered cut can then form hydrogen bonds
with a complementary sequence of bases. DNA ligase can
then seal the recombinant DNA.

B

Different bacteria produce different endonucleases. The
nucleotides within the target sequences of each bacterium
are chemically modified such that the bacterium’s own
endonucleases cannot bind to them. Here, asterisks show
which bases are modified in the bacterium that produces
the EcoR1 endonucleases.

C
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Polymerase Chain Reaction

The polymerase chain reaction (PCR) is an almost
entirely automated method of replicating DNA that
allows researchers to target and amplify a very
specific sequence within a DNA sample. It was
developed by American researcher Kary Mullis in
1986 and earned him the Nobel prize.

The PCR process relies on the action of DNA
polymerase, the enzyme responsible for replicating
DNA. Remember that DNA polymerase cannot
synthesize a new strand of DNA; rather, it can 
only attach nucleotides to an existing primer. 
This means that researchers must first prepare two
primer sequences. These primers are each made up
of about 20 nucleotides. The primer nucleotides
have a sequence that is complementary to the 3′
end of each strand of the sample DNA molecule on
either side of the DNA target sequence.

Once the primers are ready, the process
(illustrated in Figure 9.13) begins. First, the sample
DNA fragment is placed in a solution along with
nucleotides and primers. The solution is heated to
break the hydrogen bonds between base pairs,
which causes the DNA double helix to open. Next,
the solution is cooled. Heat-resistant DNA
polymerase is then added. The DNA polymerase
now starts adding nucleotides, in the 5′ to 3′
direction, to the daughter DNA strands. In just over

Figure 9.13 The polymerase chain reaction process is 
now almost entirely automated.
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The result is a bacterial plasmid
that contains an amphibian gene.

D

Figure 9.12 Using the bacterial vector cloning process, Stanley Cohen and 
Herbert Boyer developed a bacterial plasmid containing recombinant DNA.
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a minute, both DNA strands are replicated, resulting
in two copies of the original target sequence. The
cycle then repeats itself. Because the process uses 
a special heat-resistant form of DNA polymerase, 
it is not necessary to add new enzymes after each
heating stage. Each cycle doubles the amount of
target DNA in the sample, so the polymerase chain
reaction can quickly generate billions of copies of 
a DNA sequence for analysis.

Sorting DNA Fragments
The third breakthrough that made Sanger’s work
possible was the development of a process called
gel electrophoresis. Gel electrophoresis is used to
separate molecules according to their mass and
electrical charge. This process enables fragments of
DNA to be separated so they can be analyzed.

In this process, which is illustrated in Figure 9.14,
a solution containing DNA fragments is applied at
one end of a gel. The gel is then subjected to an
electric current, which causes the ends of the gel 
to become polarized. Being acidic, DNA has a
negative charge. Therefore, the fragments tend to
move toward the gel’s positive end, with the smaller
fragments moving more quickly. After a period of
time, the fragments separate into a pattern of bands.
This pattern is called a DNA fingerprint. One of the
developments that made Sanger’s work possible in
1977 was the refinement of electrophoresis to the
point that DNA fragments could be separated if
they differed in length by even a single nucleotide.

Analyzing DNA
The three processes described above — the use of
restriction enzymes, DNA amplification, and gel
electrophoresis — can be used in a number of ways
to help researchers analyze and compare DNA
samples. For example, investigators at a crime
scene might find a single hair attached to a hair
follicle. The DNA from this hair follicle can be
amplified using DNA cloning or PCR to produce
billions of copies of the sample DNA molecules.
When a sample of the DNA is then cut with a
restriction enzyme and run on a gel, the pattern of
bands can be compared with the DNA fingerprint
of the suspect. Since no two people (other than
identical twins) have the same DNA pattern, a DNA
fingerprint match is very strong evidence that the
suspect was present at the crime scene.

In the same way, DNA fingerprint evidence can
be used to solve disputes over parentage. Because a
child’s DNA is inherited equally from both parents,
the child’s DNA fingerprint will show some
matches with the DNA fingerprint of each parent.
As shown in Figure 9.15, a comparison of the DNA
fingerprints of different people can help researchers
identify the relationships among them.

Your Electronic Learning Partner has an animation on
restriction endonucleases and an interactive exploration on
DNA electrophoresis gel results.

ELECTRONIC LEARNING PARTNER

Figure 9.14 During gel electrophoresis, DNA
fragments are added to a polarized gel at its
negative end. Because the fragments carry a
negative charge, they migrate toward the gel’s
positive end and separate into bands
according to their mass. The resulting DNA
fingerprint is an important tool in DNA analysis.
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Figure 9.15 This DNA fingerprint evidence shows the
results of DNA analysis performed on a man, a woman, 
and two children. Based on this evidence, what can you
conclude about the relationship between the children and
each of the two adults?

Sequencing DNA
The same processes used to prepare DNA from
different samples for comparison and analysis also
play a role in determining the nucleotide sequence
of a single DNA fragment. The process used to
sequence DNA is known as chain termination
sequencing. It relies on a modified form of the
polymerase chain reaction.

Chain Termination Sequencing

Along with the nucleotides and polymerase used in
the standard PCR process, the medium prepared for
the chain termination reaction contains variants of
each of the four DNA nucleotides that are known
as dideoxynucleotides. As shown in Figure 9.16,
these dideoxynucleotides resemble regular DNA
nucleotides, but lack the 3′ hydroxyl group. Once a
dideoxynucleotide has been added to an elongating
DNA strand, DNA polymerase cannot add any
more nucleotides. The replication process thus
ceases, and the resulting DNA fragment breaks off.

Figure 9.16 Unlike the normal adenine nucleotide, the
dideoxyadenine or dd-A variant lacks the 3′ hydroxyl group,
which DNA polymerase needs to add another nucleotide.

The replication medium contains only a small
quantity of the dideoxynucleotide variants of each
of the four DNA nucleotides. As the polymerase
chain reaction proceeds, there is a high probability
that the polymerase enzyme will add a regular
nucleotide to the growing chain and that the

replication process will continue. But occasionally
(using the case of adenine as an example) the
polymerase will bind a dd-A to the chain instead,
and the reaction will terminate. In a suspension
that contains billions of elongating fragments, the
end result is a series of fragments ending with a
dd-A nucleotide — this is shown in Figure 9.18 
on the following page. Together, these fragments
represent all the possible A nucleotide locations on
the elongating strand. The locations of C, G, and T
nucleotides are identified in a similar way.

As shown in Figure 9.17, each of the four
dideoxynucleotide variants can also be tagged 
with a different marker (for example, a dye that
fluoresces a particular colour under ultraviolet
light) to make the different nucleotides easily
identifiable. As the fragments separate by length
and mass during gel electrophoresis, the markers
indicate which nucleotide ends each fragment. The
gel can then be read from bottom to top to identify
the nucleotide sequence. This step usually involves
the use of an automated DNA sequencer, which
speeds up the reading process.

Figure 9.17 Fluorescent dyes are used to make different
nucleotides easily identifiable.

The chain termination reaction can be used to
sequence DNA samples of up to about one thousand
base pairs in a single reaction. But even the small
genome of a virus contains many thousands of
nucleotides, and the genome of a mammal is
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billions of nucleotides long. Because of this, for
many years the main barrier to sequencing the DNA
of eukaryotic organisms was the sheer size of the
genomes involved. It was not until the late 1990s
that advances in technology and computing software
finally made it possible to sample and analyze
enormous amounts of DNA relatively quickly. As a

result, the sequencing of a large genome now
involves the following three basic steps.

Genome mapping The entire genome is first
randomly broken into smaller pieces of about 
100 000 to 300 000 base pairs. These sections of
DNA are then cloned in a bacterial vector called 
a bacterial artificial chromosome or BAC. By
repeating this cycle several times, researchers
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Figure 9.18 The chain termination reaction used in DNA sequencing

The DNA fragment to be sequenced is denatured to
produce a single-stranded nucleotide chain. A short
primer binds to the 3′ end to provide the starting
point for the elongation of a new DNA strand.

A Four separate suspensions are prepared, each
containing the primed single-stranded nucleotide chain,
DNA polymerase, nucleotides, and a low concentration
of one of the dideoxynucleotide variants.

B

As the polymerase 
chain reaction proceeds 
in the suspension 
containing dd-A, 
nucleotide sequences 
of varying lengths are 
synthesized until a dd-A 
nucleotide is incorporated and the 
chain terminates. The end result is a series 
of fragments, each ending in a dd-A nucleotide.
Corresponding results are achieved with each
of the other three nucleotide suspensions.

C

The fragments from each
suspension are subjected to gel
electrophoresis. Different-coloured
dyes or radioactive markers allow
researchers to see the pattern
made by the fragments. The gels
can then be read from bottom to
top to obtain the nucleotide
sequence of the new DNA strand.
This strand is complementary to
the original DNA fragment.

D
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obtain a series of overlapping BACs. These BACs
are then run through gel electrophoresis to
determine their individual DNA fingerprints. 
By studying the pattern of these fingerprints,
researchers can determine the original order of 
the BACs within the genome.

Sequencing DNA Once the original order of the
BACs has been mapped, each BAC is broken by
restriction endonucleases into much smaller
fragments that can be sequenced using the chain
termination reaction. This sequencing step is
sometimes referred to as BAC-to-BAC sequencing.

Analyzing the results The pattern among the
resulting overlapping DNA sequences is used to
determine the order of the fragments within each
BAC. This procedure uses a number of different
computer programs that can analyze DNA sequences.
One of the biggest challenges is to distinguish true
overlaps from the apparent overlaps that result
from the many repetitive DNA sequences found 
in eukaryotic DNA.

Whole Genome Shotgun Sequencing

A second method of sequencing large genomes was
developed in 1996 by American researcher Craig
Venter. Called whole genome shotgun sequencing,
this method skips the genome mapping stage
entirely. Instead, it breaks the entire genome into
random fragments of first about 2000 and then about
1000 base pairs. (Having fragments of different
lengths helps make the nucleotide sequence
assembly that follows more accurate.) These
fragments, which number in the millions, are then
sequenced and analyzed, after which nucleotide
sequences corresponding to chromosomes are
assembled. All of this is done with the aid of
powerful computers and sophisticated software
programs. Whole genome shotgun sequencing is
faster than BAC-to-BAC sequencing, but can be 
less accurate. Both methods have contributed to 
the results of several genome sequencing projects.

The Human Genome Project
A complete draft of the human genome was first
published in February 2001, making it the first
mammalian genome to be sequenced. This
landmark achievement, announced around the
world at press conferences like the one shown in
Figure 9.19, was the culmination of the work of
thousands of researchers from laboratories around
the world in a joint effort known as the Human
Genome Project.

The Human Genome Project (HGP) determined
the sequence of the three billion base pairs that
make up the human genome. Among the project’s
immediate findings was the discovery that the DNA
of all humans (Homo sapiens) is more than 99.9%
identical. Put another way, this means that all the
differences among individuals across humanity
result from variations in fewer than one in 
1000 nucleotides in each individual’s genome.

Figure 9.19 In February 2001, lead Human Genome Project
researchers announced the release of the first draft of the
complete human genome.

Over the long term, the information from the
sequencing of the human genome will provide
geneticists with a better understanding of the
relationship between the molecular structure of
human genes and the biological mechanisms of
gene function. Among other things, human genome
sequencing will allow researchers to pinpoint
specific nucleotide sequences that are involved in
gene expression. Some of the potential benefits of
these discoveries include better ways to assess an
individual’s risk of developing a disease, better
ways to prevent disorders, and the development of
new drugs and other treatments that are precisely
tailored to an individual’s personal genetic make-up.

In addition, comparing the human genome with
the genomes of other species offers opportunities to
learn more about the processes of development in
living organisms. Such studies provide a significant
foundation for further research.
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Pre-lab Questions

What properties of DNA allow it to be analyzed using
gel electrophoresis?

What variables might affect the movement of DNA
fragments through a gel? Does this investigation
control for these variables?

Problem

How can you use gel electrophoresis to compare two
different samples of DNA?

Prediction

Predict what you will see if the DNA sample you load
and run contains

many copies of entire DNA molecules,

many copies of DNA molecules broken into random
fragments, or

many copies of DNA molecules broken by a restriction
endonuclease.

Explain your reasoning in each case.

CAUTION: Active gel electrophoresis equipment
generates enough electrical charge to cause
serious harm. Always turn off the power and
unplug the electrophoresis chamber before
touching the gel box. Handle the micropipette
with care. Some dyes used to stain DNA can
pose serious health hazards if mishandled. Wear
gloves and safety glasses at all times, and
handle the dyes with care. Even non-toxic dyes
will stain skin and clothing. If contact occurs,

rinse the area thoroughly with water and inform
your teacher. Wash your hands thoroughly after
completing this lab, and dispose of the materials
as instructed by your teacher.

Materials

prepared agarose gel slab prepared DNA sample
electrophoresis equipment micropipette
electrophoresis buffer solution prepared dye solution

Procedure

1. Place the prepared gel slab into the electrophoresis
chamber. The loading wells should be on the same
side as the negative electrode.

2. Gently pour in the prepared buffer solution. The
solution should cover the gel to a depth of about 
2 mm.

Gel Electrophoresis
Gel electrophoresis is one of the most widely used means of analyzing DNA
samples. Applications such as DNA sequencing and DNA fingerprinting rely on gel
electrophoresis. In this activity, you will load and run a DNA sample and analyze
the results. Alternatively, your teacher may wish to demonstrate this process to
your class or ask you to conduct the activity using mock equipment and supplies.

At the same time, techniques such as DNA
fingerprinting and DNA sequencing raise a number
of legal and ethical concerns. For example, should
a company that has worked out the sequence of a
gene associated with a particular disease be allowed
to prevent other companies from using this
information to develop genetic screening treatments?
Should an insurance agency be allowed to deny life
insurance coverage to an individual who carries a

gene that is linked to heart disease? In short, who
should have access to an individual’s genetic
information, and for what purposes? These are just
some of the questions that society must resolve as
genetic technologies increasingly become a part of
daily life.

In addition to their implications for, and potential
applications in, human health and medicine, the
genome sequencing techniques discussed in this
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3. Mix the DNA sample with the dye as directed by
your teacher. (Note: Rinse the micropipette clean
between samples.)

4. Use the micropipette to gently place about 0.1 mL
of each DNA sample into a different well. As you
load your samples, keep the tip of the micropipette
below the surface of the buffer but above the gel.
One of your thumbs should be on the dispensing
button, while the thumb and forefinger of your other
hand steadies the other end of the micropipette just
above the replaceable tip. Be very careful not to
touch the agarose gel with the micropipette (if you
puncture the gel, the sample will drain out). It is a
good idea to practise your micropipetting technique
using water before loading your samples.

5. Close the electrophoresis chamber. Make sure 
the power is off; then connect the cables from the
power supply to the electrodes. Once the cables 
are connected, turn on the power.

6. Leave the power on for about 45 min, or until your
teacher tells you to turn it off. Turn off the electricity
and disconnect the power cables. Remove the gel
slab and analyze your results. You may wish to
place your slab on an overhead projector to see the
bands more clearly.

Post-lab Questions

1. Draw a diagram showing your results. What do
these results tell you about each of the DNA
samples?

2. Compare your results with those of other members
of your class. What differences do you see? How
can you explain these differences?

Conclude and Apply

3. Gel electrophoresis can be used to analyze proteins
as well as DNA. If you were using this technique to
study samples of histone proteins, what would you
do differently? Explain your reasoning. (To review the
function of histone proteins in genetic material, see
Chapter 7, section 7.2.)

4. The buffer solution contains sodium bicarbonate,
boric acid, and salts dissolved in water. Why is this
buffer solution necessary for the proper functioning
of the gel?

Exploring Further

5. Use your library or the Internet to conduct research
into a criminal trial in which genetic fingerprinting
evidence was used. Write a report that describes
how restriction endonucleases, polymerase chain
reactions, and gel electrophoresis were used to
compare DNA samples. Be sure to explain how the
results were used in the trial, and what effect they
had on the outcome of the case.

6. Use the Internet to research new discoveries that
have arisen out of the Human Genome Project.
Prepare a report that describes two recent findings
about the structure of the human genome. Include a
time line and concept map that show how these
discoveries build on scientific research over the past
50 years. What do you think are some of the most
important implications of these new discoveries?

buffer
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tip of
micropipette

 in well
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section are now being applied to the study of the
genomes of other living organisms. As you will
discover in the sections that follow, these techniques
are finding new applications in agriculture,
industry, and environmental protection. You will
also learn how researchers are using genetic
engineering technology to develop new kinds of
organisms, and consider what these new organisms
might mean for society.

As you prepare for the Biology Course Challenge, think
about how you could use each of the tools discussed in 
this section to analyze a sample of DNA. For example, how
would you determine whether or not a certain individual
carried the gene associated with porphyria?

COURSE CHALLENGE
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S E C T I O N  R E V I E W

1. Compare and contrast cloning using a bacterial
vector and polymerase chain reaction as methods of
amplifying samples of DNA. When would you choose
the cloning method as opposed to PCR?

2. Explain how the addition of dideoxynucleotides
to a replication medium stops DNA replication at
specific points along the growing daughter DNA
strand.

3. To develop the first recombinant plasmid,
Cohen and Boyer needed which of the following?
Explain your reasoning.

(a) a single restriction endonuclease, amphibian DNA
with a single restriction site for this endonuclease,
and plasmid DNA with at least two restriction
sites for this endonuclease

(b) a single restriction endonuclease, amphibian 
DNA with at least two restriction sites for this
endonuclease, and plasmid DNA with a single
restriction site for this endonuclease

(c) two different restriction endonucleases plus
amphibian DNA and plasmid DNA, each having
one restriction site for each endonuclease

(d) amphibian DNA and plasmid DNA with
complementary restriction sites

(e) a restriction endonuclease from the same
bacterial species that produced the plasmid DNA,
plus amphibian DNA and plasmid DNA each
having one restriction site for this endonuclease

4. At a party, you tell a new acquaintance that you
intend to become a molecular geneticist and study
the structure of viral genomes. He says, “Don’t you
think it would be more useful to study human DNA?”
Considering the breakthrough work of Frederick
Sanger and his team, how would you respond?

5. Why is the enzyme DNA ligase necessary to
produce recombinant DNA? Is this enzyme required
for the polymerase chain reaction? Explain.

6. DNA fingerprinting can be done using a very
small amount of DNA because

(a) new methods of gel electrophoresis are very
sensitive.

(b) the polymerase chain reaction allows researchers
to amplify samples of DNA.

(c) even a very small amount of DNA is likely to
contain some restriction sites.

(d) no two people have the same set of restriction
sites on their DNA.

(e) new DNA sequencing technologies make it
possible to map a short section of DNA onto a
larger chromosome.

7. Develop a flowchart that illustrates how a
bacterial artificial chromosome is used in DNA
sequencing.

8. This illustration shows the electrophoretic gel
pattern that resulted from a chain termination
sequencing process. What is the nucleotide
sequence of the original DNA sample?

9. Consider the kinds of arguments that a defence
lawyer could advance to prevent DNA evidence from
being used in court. Suppose that you are a forensic
scientist called to testify in the case. Detail some of
the points you would expect to use in your rebuttal,
and why the jury would be wise to consider them.

10. In small groups, investigate the benefits and
risks to the citizens of a nation of having the DNA
fingerprints of all its permanent residents and visitors
on file. Recall that DNA fingerprinting has in recent
years been used to exonerate several people
previously convicted of crimes.
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