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The New Biology

Chapter-at-a-Glance

T his sheep, Dolly, was the first animal to be cloned from 

a single adult cell. The lamb you see above beside her 

is her offspring, normal in every respect. From Dolly 

we learn that genes are not lost during development. If a single 

adult cell can be induced to switch the proper combination 

of genes on and off, that one cell can develop into a normal 

adult individual. Embryonic stem cells are like this—poised 

to become any cell of the body as the embryo develops. 

Controversial research suggests it may be possible to replace 

damaged tissues with healthy tissue grown from a patient’s own 

embryonic stem cells. Another approach, when the damaged 

tissue results from a defective gene, is to repair rather than 

replace, using a virus to transfer a healthy gene into those 

tissues that lack it. In this chapter you will explore genomic 

screening, the application of gene technology to medicine and 

agriculture, reproductive cloning, stem cell tissue replacement, 

and gene therapy, all areas in which a revolution is reshaping 

biology.
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Sequencing Entire Genomes
10.1 Genomics

New DNA sequencing technology can be used to determine 
the complete nucleotide sequence of an entire genome.

10.2 The Human Genome
The human genome contains surprisingly few genes—most 
of our DNA is composed of transposons containing no 
transcribed genes.

Genetic Engineering
10.3 A Scientific Revolution

The development of powerful techniques for manipulating 
DNA has allowed biologists to intervene directly in the 
genetic fate of organisms.

10.4 Genetic Engineering and Medicine
Many drugs and vaccines are now produced with gene 
technology.

10.5 Genetic Engineering and Agriculture
Genetically modified (GM) crops are resistant to pests and 
herbicides, but raise important questions about potential 
health and environmental risks.

The Revolution in Cell Technology
10.6 Reproductive Cloning

In 1997, researchers announced the successful cloning of a 
lamb from a breast cell taken from an adult sheep.

10.7 Embryonic Stem Cells
Some cells of early embryos, called embryonic stem 
cells, are capable of forming any tissue of the body, and 
can potentially be used to replace a patient’s damaged or 
lost tissue. However, embryonic stem cell research raises 
significant ethical issues.

10.8 Gene Therapy
It should be possible to cure hereditary disorders by 
replacing damaged genes in particular tissues.

joh52388_10.indd 221joh52388_10.indd   221 12/17/04 12:25:13 PM12/17/04   12:25:13 PM



222 PART THREE THE CONTINUITY OF LIFE

10.1 Genomics

Recent years have seen an explosion of interest in comparing 
the entire DNA content of different organisms, a new field of 
biology called genomics. While initial successes focused on 
organisms with relatively small numbers of genes, research-
ers have recently completed the sequencing of several large 
eukaryotic genomes, including our own.

The full complement of genetic information of an or-
ganism—all of its genes and other DNA—is called its 
genome. The first genome to be sequenced was a very simple 
one: a small bacterial virus called �X174. Frederick Sanger, 
inventor of the first practical ways to sequence DNA, obtained 
the sequence of this 5,375-nucleotide genome in 1977. This 
was followed by the sequencing of dozens of prokaryotic ge-
nomes. The advent of automated DNA sequencing machines 
in recent years has made the DNA sequencing of much larger 
eukaryotic genomes practical (table 10.1).

Sequencing DNA
In sequencing DNA, a DNA fragment of unknown sequence 
is first amplified, so there are thousands of copies of the frag-
ment. The DNA fragments are then mixed with copies of a 
primer, copies of DNA polymerase, a supply of the four nucle-
otide bases, and a supply of four different chain-terminating 
chemical tags that each act as one of the four nucleotide bases 
in DNA synthesis, undergoing complementary base pairing. 
First, heat is applied to denature the double-stranded DNA 
fragments. The solution is then allowed to cool, allowing the 
primer to bind to a single strand of the DNA, and synthesis 
of the complementary strand proceeds. Whenever a chemical 

tag is added instead of a nucleotide base, the synthesis stops. 
Because of the relatively low concentration of the chemical 
tags compared with the nucleotides, a tag that binds to A on 
the DNA fragment, for example, will not necessarily be add-
ed to the first A site. Thus, the mixture will contain a series 
of double-stranded DNA fragments of different lengths, cor-
responding to the different distances the polymerase traveled 
from the primer before a chain-terminating tag was incorpo-
rated (figure 10.1a).

The series of fragments is then separated according to 
size using a technique called gel electrophoresis (see boxed 
feature: DNA Fingerprinting). The fragments become arrayed 
like the rungs of a ladder, each rung one base longer than the 
one below it (figure 10.1b). In automated DNA sequencing, 
fluorescently colored chemical tags are used to label the frag-
ments, one color corresponding to each nucleotide. Computers 
read off the colors on the gel to determine the DNA sequence 
and display this sequence as a series of colored peaks (figure
10.1c, d). What made the attempt to sequence large eukaryotic 
genomes practical was the development in the mid-1990s of 
automated sequencers that perform electrophoresis of DNA 
fragments in capillary tubes instead of the traditional gel 
slabs. These systems can handle about 1,000 samples a day, 
with only 15 minutes of human attention. A research insti-
tute with several hundred such instruments can produce about 
100 Mbp (million base pairs) every day.

10.1 Powerful automated DNA sequencing 
technology has begun to reveal the DNA 
sequences of entire genomes.

Sequencing Entire Genomes

(a) Primer extension reactions (b) Electrophoresis gel (c) Computer scan 
      and analysis

(d) Small section
     of Arabidopsis genome
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Figure 10.1 How to sequence DNA.
(a) A DNA strand is sequenced by adding complementary bases to it. DNA synthesis stops when a chemical tag is inserted instead of a 
nucleotide, resulting in different sizes of DNA fragments. (b) The DNA fragments of varying lengths are separated by gel electrophoresis, 
the smaller fragments migrating farther down the gel. (c) Computers scan the gel, from smallest to largest fragments, and display the DNA 
sequence as a series of colored peaks. (d) Data from an automated DNA-sequencing run show the nucleotide sequence for a small section of the 
Arabidopsis (plant) genome.
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CHAPTER 10 THE NEW BIOLOGY 223

TABLE 10.1 EUKARYOTIC GENOMES

Organism

Estimated
Genome
Size (Mbp)

Number
of Genes
(� 1,000) Nature of Genome

VERTEBRATES

Homo sapiens (human) 3,200 20-25 The first large genome to be sequenced; the number of transcribable 
genes is far less than expected; much of the genome is occupied by 
repeated DNA sequences.

Pan troglodytes (chimpanzee) 2,800 20-25 There are few base substitutions between chimp and human 
genomes, less than 2%, but many small sequences of DNA have been 
lost as the two species diverged, often with significant effects.

Mus musculus (mouse) 2,500 25 Roughly 80% of mouse genes have a functional equivalent in the 
human genome; importantly, large portions of the noncoding DNA 
of mouse and human have been conserved; overall, rodent genomes 
(mouse and rat) appear to be evolving more than 2X as fast as 
primate genomes (humans and chimpanzees).

Gallus gallus (chicken) 1,000 20-23 One-third the size of the human genome; genetic variation among 
domestic chickens seems much higher than in humans.

Fugu rubripes (pufferfish) 365 35 The Fugu genome is only one-ninth the size of the human genome, 
yet it contains ten thousand more genes.

INVERTEBRATES

Caenorhabditis elegans
(nematode)

97 21 The fact that every cell of C. elegans has been identified makes its 
genome a particularly powerful tool in developmental biology.

Drosophila melanogaster
(fruit fly)

137 13 Drosophila telomere regions lack the simple repeated segments that 
are characteristic of most eukaryotic telomeres. About one-third of the 
genome consists of gene-poor centric heterochromatin.

Anopheles gambiae
(mosquito)

278 15 The extent of similarity between Anopheles and Drosophila is 
approximately equal to that between human and pufferfish.

PLANTS

Arabidopsis thaliana
(wall cress)

115 26 A. thaliana was the first plant to have its genome fully sequenced. 
The evolution of its genome involved a whole-genome duplication 
followed by subsequent losses of genes and extensive local gene 
duplications.

Oryza sativa (rice) 430 33-50 The rice genome contains only 13% as much DNA as the human 
genome, but roughly twice as many genes; like the human genome, 
it is rich in repetitive DNA.

PROTISTS

Plasmodium falciparum
(malaria parasite)

23 5 The Plasmodium genome has an unusually high proportion of adenine 
and thymine. Scarcely 5,000 genes contain the bare essentials of the 
eukaryotic cell.

Dictyostelium discoideum
(slime mold)

34 8-11 The genome for Dictyostelium discoideum has not yet been completely 
sequenced but partial sequencing reveals that D. discoideum is more 
closely related to animals than to plants or fungi.

FUNGI

Saccharomyces cerevisiae
(brewer’s yeast)

13 6 S. cerevisiae was the first eukaryotic cell to have its genome fully 
sequenced.
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224 PART THREE THE CONTINUITY OF LIFE

10.2 The Human Genome

On June 26, 2000, geneticists reported that the entire human 
genome had been sequenced. This effort presented no small 
challenge, as the human genome is huge—more than 3 billion 
base pairs. To get an idea of the magnitude of the task, con-
sider that if all 3.2 billion base pairs were written down on the 
pages of this book, the book would be 500,000 pages long and 
it would take you about 60 years, working eight hours a day, 
every day, at five bases a second, to read it all.

Geography of the Genome
The preliminary report of the human genome sequence, pub-
lished in 2001, estimated the number of protein-encoding 
genes to be 30,000. The final report, published in 2004, low-
ered that estimate to 20,000–25,000 protein-encoding genes 
(figure 10.2). This is scarcely more than in nematodes, not 
quite double the number in Drosophila, and but a quarter of 
the number that had been anticipated by scientists counting 
unique messenger RNA (mRNA) molecules.

How can human cells contain four times as many kinds 
of mRNA as there are genes? Recall from chapter 9 that in a 
typical human gene, the sequence of DNA nucleotides that 
specifies a protein is broken into many bits called exons, scat-
tered among much longer segments of nontranslated DNA 
called introns. Imagine this paragraph was a human gene; all 
the occurrences of the letter “e” could be considered exons, 
while the rest would be noncoding introns.

When a cell uses a human gene to make a protein, it 
first manufactures mRNA copies of all the exons (protein-
specifying fragments) of the gene, then splices the exons to-
gether. Now here’s the turn of events researchers had not 
anticipated: the transcripts of human genes are often spliced 
together in different ways, called alternative splicing. As we 
discussed in chapter 9, each exon is actually a module; one 
exon may code for one part of a protein, another for a differ-
ent part of a protein. When the exon transcripts are mixed in 
different ways, very different protein shapes can be built.

With alternative mRNA splicing, it is easy to see how 
25,000 genes can encode four times as many proteins. The 
added complexity of human proteins occurs because the gene 
parts are put together in new ways. Great music is made from 
simple tunes in much the same way.

In addition to the fragmenting of genes by the scatter-
ing of exons throughout the genome, there is another inter-
esting “organizational” aspect of the genome. Genes are not 
distributed evenly over the genome. The small chromosome 
number 19 is packed densely with genes, transcription fac-
tors, and other functional elements. The much larger chromo-
some numbers 4 and 8, by contrast, have few genes. On most 
chromosomes, vast stretches of seemingly barren DNA fill the 
chromosomes between scattered clusters rich in genes.

DNA That Codes for Proteins
Four different classes of protein-encoding genes are found in 
the human genome, differing largely in gene copy number.

Single-copy genes. Many eukaryotic genes exist as single 
copies at a particular location on a chromosome. 
Mutations in these genes produce recessive Mendelian 
inheritance. Silent copies inactivated by mutation, 
called pseudogenes, are at least as common as protein-
encoding genes.

Segmental duplications. Human chromosomes contain 
many segmental duplications, whole blocks of genes 
that have been copied over from one chromosome to 
another. Blocks of similar genes in the same order are 
found throughout the genome. Chromosome 19 seems 
to have been the biggest borrower, with blocks of genes 
shared with 16 other chromosomes.

Multigene families. Many genes exist as parts of 
multigene families, groups of related but distinctly 
different genes that often occur together in a cluster. 
Multigene families contain from three to several 
dozen genes. Although they differ from each other, 
the genes of a multigene family are clearly related in 
their sequences, making it likely that they arose from a 
single ancestral sequence.

Tandem clusters. A second class of repeated genes 
consists of DNA sequences that are repeated many 
thousands of times, one copy following another in 
tandem array. By transcribing all of the copies in these 
tandem clusters simultaneously, a cell can rapidly 
obtain large amounts of the product they encode. 
For example, the genes encoding rRNA are typically 
present in clusters of several hundred copies.

Figure 10.2 The human genome has an 
unexpectedly small number of protein-encoding 
genes.
The number of genes appears to be lower than expected in all 
higher eukaryotic organisms. The human genome has some 20,000–
25,000 genes. This is the same as other mammals, and similar to the 
plant Arabidopsis and nematode worms.
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CHAPTER 10 THE NEW BIOLOGY 225

Noncoding DNA
One of the most notable characteristics of the human genome 
is the startling amount of noncoding DNA it possesses. Only 
1% to 1.5% of the human genome is coding DNA, devoted to 
genes encoding proteins. Each of your cells has about 6 feet 
of DNA stuffed into it, but of that, less than 1 inch is devoted 
to genes! Nearly 99% of the DNA in your cells seems to have 
little or nothing to do with the instructions that make you you. 
True genes are scattered about the human genome in clumps 
among the much larger amount of noncoding DNA, like iso-
lated hamlets in a desert (table 10.2).

There are four major types of noncoding human DNA:

Noncoding DNA within genes. As we discussed on page 
224, a human gene is made up of numerous fragments 
of protein-encoding information (exons) embedded 
within a much larger matrix of noncoding DNA 
(introns). Together, introns make up about 24% of the 
human genome, and exons about 1.5%.

Structural DNA. Some regions of the chromosomes 
remain highly condensed, tightly coiled, and 
untranscribed throughout the cell cycle. Called 
constitutive heterochromatin, these portions—about 
20% of the DNA—tend to be localized around 
the centromere, or located near the ends of the 
chromosome.

Repeated sequences. Scattered about chromosomes are 
simple sequence repeats (SSRs). An SSR is a two- or 
three-nucleotide sequence like CA or CGG, repeated 
like a broken record thousands and thousands of times. 
SSRs make up about 3% of the human genome. An 
additional 7% is devoted to other sorts of duplicated 
sequences. Repetitive sequences with excess C and G 
tend to be found in the neighborhood of genes, while 
A- and T-rich repeats dominate the nongene deserts. 
The light bands on chromosome karyotypes now have 
an explanation—they are regions rich in GC and genes 
(see figure 8.24). Dark bands signal neighborhoods rich 
in AT and thin on genes. Chromosome 19, dense with 
genes, has few dark bands. Roughly 25% of the human 
genome has no genes at all.

Transposable elements. Fully 45% of the human genome 
consists of mobile bits of DNA called transposable 
elements. Discovered by Barbara McClintock in 1950 
(she won the Nobel Prize for her discovery in 1983), 
transposable elements are bits of DNA that are able to 
jump from one location on a chromosome to another—
tiny molecular versions of Mexican jumping beans.

Human chromosomes contain five sorts of transpos-
able elements. Fully 20% of the genome consists of long in-
terspersed elements (LINEs). An ancient and very successful 
element, LINEs are about 6 kb (6,000 DNA bases) long, and 
contain all the equipment needed for transposition, including 
genes for a DNA-loop-nicking enzyme and a reverse tran-
scriptase.

Nested within the genome’s LINEs are over half a mil-
lion copies of a parasitic element called Alu, composing 10% 
of the human genome. Alu is only about 300 bases long, and 
has no transposition machinery of its own; like a flea on a 
dog, Alu moves with the LINE it resides within. Just as a flea
sometimes jumps to a different dog, so Alu sometimes uses 
the enzymes of its LINE to move to a new chromosome loca-
tion. Often jumping right into genes, Alu transpositions cause 
many harmful mutations.

Three other types of transposable elements are also pres-
ent in the human genome. Eight percent of the genome is de-
voted to long terminal repeats (LTRs), also called “retrotrans-
posons.” Three percent is devoted to DNA transposons, which 
copy themselves as DNA rather than RNA. And, some 4% is 
devoted to dead transposons, elements that have lost the sig-
nals for replication and so can no longer jump.

10.2 The entire 3.2-billion-base-pair human 
genome has been sequenced. Gene sequences 
vary greatly in copy number, some occurring 
many thousands of times, others only once. 
Only about 1% of the human genome is devoted 
to protein-encoding genes. Much of the rest is 
composed of transposable elements.

TABLE 10.2 TYPES OF DNA SEQUENCES FOUND IN THE HUMAN GENOME

Class Frequency Description

Protein-encoding genes 1%-1.5% Translated exons, within some 25,000 genes scattered about the chromosomes

Introns 24% Noncoding DNA comprising the great majority of most genes

Structural DNA 20% Constitutive heterochromatin, localized near centromeres and telomeres

Repeated sequences 3% Simple sequence repeats (SSRs) of a few nucleotides repeated millions of times

Duplicated sequences 7% Duplicated sequences, other than the SSRs

Transposable elements 45% 20% long interspersed elements (LINEs), active transposons
15% other transposable elements, including long terminal repeats (LTRs)
10% the parasite sequence (Alu), present in half a million copies
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226 PART THREE THE CONTINUITY OF LIFE

10.3 A Scientific Revolution

In recent years the ability to manipulate genes and move them 
from one organism to another has led to great advances in 
medicine and agriculture. Moving genes from one organism 
to another is often called genetic engineering. Many of the 
gene transfers have placed eukaryotic genes into bacteria, 
converting the bacteria into tiny factories that produce prodi-
gious amounts of the protein encoded by the eukaryotic gene. 

Other gene transfers have moved genes from one animal or 
plant to another.

Genetic engineering is having a major impact on medi-
cine and agriculture (figure 10.3). Most of the insulin used to 
treat diabetes is now obtained from bacteria that contain a hu-
man insulin gene. In late 1990, the first transfers of genes from 
one human to another were carried out in attempts to correct 
the effects of defective genes in a rare genetic disorder called 
severe combined immune defi ciency syndrome. In addition, 

Genetic Engineering

Figure 10.3 Examples of genetic engineering.

Producing insulin. The common bacteria Escherichia coli (E. coli)
can be genetically engineered to contain the gene that codes for 
the protein insulin. The bacteria are turned into insulin-producing 
factories and can produce large quantities of insulin for diabetic 
patients. In the image above, insulin-producing sites inside 
genetically-altered E. coli cells are orange.

Curing disease. One of two young girls who were the first
humans “cured” of a hereditary disorder by transferring into their 
bodies healthy versions of the gene they lacked. The transfer was 
successfully carried out in 1990, and the girls remain healthy.

Increasing yields. The genetically engineered salmon on the 
right have shortened production cycles and are heavier than the 
nontransgenic salmon on the left.

Pest-proofing plants. The genetically engineered cotton plants 
on the right have a gene that inhibits feeding by weevils; the cotton 
plants on the left lack this gene, and produce far fewer cotton bolls.
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CHAPTER 10 THE NEW BIOLOGY 227

cultivated plants and animals can be genetically 
engineered to resist pests, grow bigger, or grow 
faster.

Restriction Enzymes
The first stage in any genetic engineering experi-
ment is to chop up the “source” DNA to get a copy 
of the gene you wish to transfer. This first stage 
is the key to successful transfer of the gene, and 
learning how to do it is what has led to the genetic 
revolution. The trick is in how the DNA molecules 
are cut. The cutting must be done in such a way 
that the resulting DNA fragments have “sticky 
ends” that can later be inserted into another mol-
ecule of DNA.

This special form of molecular surgery is 
carried out by restriction enzymes, also called 
restriction endonucleases, which are special en-
zymes that bind to specific short sequences (typi-
cally four to six nucleotides long) on the DNA 
(figure 10.4a). These sequences are very unusual 
in that they are symmetrical—the two strands of 
the DNA duplex have the same nucleotide se-
quence, running in opposite directions! One of 
these sequences, for example, is GAATTC. Try 
writing down the sequence of the opposite strand: 
it is CTTAAG—the same sequence, written back-
ward. This sequence is recognized by the restric-
tion enzyme EcoRI.

What makes the DNA fragments “sticky” is 
that most restriction enzymes do not make their in-
cision in the center of the sequence; rather, the cut 
is made to one side. In the sequence written above, 
for example, the cut is made after the first nucleo-
tide, G/AATTC. This produces a break, with short, 
single strands of DNA dangling from each end. 
Because the two single-stranded ends are comple-
mentary in sequence, they could pair up and heal 
the break, with the aid of a sealing enzyme—or
they could pair with any other DNA fragment cut 
by the same enzyme, because all would have the 
same single-stranded sticky ends (figure 10.4b)!
Any gene in any organism cut by the enzyme that 
attacks GAATTC sequences can be joined to any 
other with the aid of a sealing enzyme called a li-
gase, which reforms the bonds between the sugars 
and phosphates of DNA (figure 10.4c).

Restriction enzymes, bacterial enzymes that make cuts 
in double-stranded DNA, were discovered in the late 1960s 
by Werner Arber and Hamilton Smith (who were awarded the 
Nobel Prize for Medicine). Arber had observed that bacterial 
viruses could infect some cells but not others. Bacteria that 
exhibited this “host restriction” were found to contain en-
zymes that could cleave foreign DNA (their own DNA being 
protected from the enzyme action by chemical modifications
of the DNA). Any viruses that attempt to infect bacterial cells 
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DNA
duplex

Sticky ends (complementary
single-stranded DNA tails)

Restriction sites

Recombinant DNA molecule

     Restriction enzyme cleaves
the DNA.

     DNA from another source
cut with the same restriction
enzyme is added.

     DNA ligase
joins the strands.

Figure 10.4 How restriction enzymes produce DNA fragments 
with sticky ends.
The restriction enzyme EcoRI always cleaves the sequence GAATTC between G 
and A. Because the same sequence occurs on both strands, both are cut. However, 
the two sequences run in opposite directions on the two strands. As a result, 
single-stranded tails are produced that are complementary to each other, or “sticky.”

fail, because the bacterial restriction enzymes degrade the vi-
ral DNA (refer back to figure 9.2 to see how a bacterial virus 
infects a cell). Since their discovery, hundreds of different 
restriction enzymes have been identified, recognizing a wide 
variety of four- to six-nucleotide DNA sequences called re-
striction sites. Each kind of enzyme attacks only one sequence 
and always cuts at the same place. By trying one enzyme after 
another, biologists can almost always find an enzyme that cuts 
out the gene they seek, attacking a restriction site present by 
chance on both ends of the gene but not within it. Restriction 
enzymes are the basic tools of genetic engineering.
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228 PART THREE THE CONTINUITY OF LIFE

Cleaving DNA.  Enzymes cut the source DNA at specific
sites, cleaving the two strands short distances apart.

Producing recombinant DNA.  A circular plasmid cut with the
same enzyme is combined with the fragments of source DNA.

Cloning.  A variety of recombinant plasmids are produced,
some containing the gene of interest (red), others containing
other fragments from the source DNA (blue), and still others
containing no fragment. The plasmids are mixed with the 
bacterial cells. Some cells take up plasmids (clones 1–3) and 
some do not (clone 4). Each cell reproduces and forms a clone
of bacterial cells, each clone containing one type of plasmid.
All of the cells constitute a clone library.

Screening.  First, bacterial cells that did not take up the plasmid
are screened out using an antibiotic for which the plasmid
contains a resistance gene. Then those plasmid-containing 
cells that possess recombinant DNA are identified. Last, 
those cells containing the gene of interest are found using 
a probe sequence complementary to that gene.

Plasmid

Cleaved
plasmid

Fragments

+

Bacterial cells

Recombinant DNA
and nonrecombinant
plasmids

Clone 1

Clone 2

Clone 3 Clone 4

+

Eliminate
cells without
plasmid.

(Treat with
antibiotic.)

Eliminate
cells without
recombinant
DNA.

Find gene 
of interest.

Yes No

Grow many 
identical cells.

Site Site

Enzyme

Gene of
interest

Source
DNA

+ +

Fragments
Recombinant
DNA

1 2

3 4

Stages of a Genetic Engineering Experiment

Figure 10.5 How a genetic engineering experiment works.

The Four Stages of a Genetic Engineering 
Experiment
To transfer a gene from one organism to another, a restriction 
enzyme first cuts out the gene of interest from the DNA within 
which it occurs (the source DNA), and also cuts a molecule of 
DNA that is used to carry the gene into a cell (the vector DNA).

All gene transfers share four distinct stages (figure 10.5):

1. Cleaving DNA—cutting the source and vector DNA.
2. Producing recombinant DNA—placing the DNA 

fragments into vectors, such as bacterial plasmids or 
viruses, that transfer the DNA into the target cells.

3. Cloning—infecting target cells with DNA-bearing 
vectors and allowing infected cells to reproduce.

4 Screening—selecting the particular infected cells that 
have received the gene of interest.

10.3 Restriction enzymes bind to specific short 
sequences of DNA and cut the DNA molecule 
there. This produces fragments with “sticky ends” 
that can be inserted into other DNA molecules.
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DNA fingerprinting is a process using probes 
to examine DNA samples that have been 
cut by restriction endonucleases. Because an 

endonuclease’s recognition sequence is likely to occur 
many times within the source DNA, cleavage will produce 
a number of fragments of different sizes. For DNA 
fingerprinting, and a variety of other techniques used in 
genetic analyses, the fragments can be separated from 
each other according to their size by electrophoresis.
In this procedure, solutions containing the fragments 
produced by restriction enzymes are loaded onto one 
side of a gel, and an electric current is applied. The DNA 
fragments will migrate different distances through the 
gel. As described in chapter 7, DNA is negatively charged 
because of the phosphate groups and thus moves toward 
the positively charged anode end of the gel. The distance 
a fragment moves relates to its size, larger fragments 
moving slower and thus traveling shorter distances during 
the period of time the current is applied. This produces 
a pattern of bands that can be visualized in a variety of 
ways.

DNA from different individuals rarely has exactly 
the same array of restriction sites and distances between 
sites, so the restriction fragment patterns for different 
individuals will be different. By cutting a DNA sample 
with a particular restriction endonuclease, separating 
the fragments according to length on an electrophoretic 
gel, and then using a radioactive probe to identify the 
fragments on the gel, one can obtain a pattern of bands 
often unique for each region of DNA analyzed. These 
“DNA fingerprints” are used in forensic analysis during 
criminal investigations.

The image here shows the DNA fingerprints a 
prosecuting attorney presented in a rape trial in 1987. 
This trial was the first time DNA evidence was used in 
a court of law. The lane with many bars represents a 
standardized control. Usually six to eight probes are used 
to identify the source of a DNA sample. The probes are 
unique DNA sequences found in noncoding regions of 
human DNA that vary much more frequently from one 
individual to the next than do coding regions of the DNA. 
The chances of any two individuals, other than identical 
twins, having the same restriction pattern for these 
noncoding sequences varies from 1 in 800,000 to 1 in 1 
billion, depending on the number of probes used. 

The results of two probes are shown here. A vaginal 
swab was taken from the rape victim within hours of 
her attack; from it, semen was collected, and the semen 
DNA  analyzed for its restriction endonuclease patterns. 
Compare the restriction endonuclease patterns of the 
semen with that of the suspect, Tommie Lee Andrews. 

You can see that the suspect’s two patterns match that 
of the rapist (and are not at all like those of the victim). 
Although a DNA fingerprint doesn’t prove with 100% 
certainty that the semen came from the suspect, it is at 
least as reliable as traditional fingerprinting when several 
probes are used. On November 6, 1987, the jury returned 
a verdict of guilty. Andrews became the first person in the 
United States to be convicted of a crime based on DNA 
evidence.

Since the Andrews verdict, DNA fingerprinting has 
been admitted as evidence in more than 2,000 court 
cases. While some probes contain DNA sequences shared 
by many people, others are quite rare. Using several 
probes, identity can be clearly established or ruled out.

Just as fingerprinting revolutionized forensic 
evidence in the early 1900s, so DNA fingerprinting is 
revolutionizing it today. A hair, a minute speck of blood, a 
drop of semen, all can serve as sources of DNA to convict 
or clear a suspect. As the man who analyzed Andrews’ 
DNA says: “It’s like leaving your name, address, and 
social security number at the scene of the crime. It’s that 
precise.” Of course, laboratory analyses of DNA samples 
must be carried out properly—sloppy procedures could 
lead to a wrongful conviction. After widely publicized 
instances of questionable lab procedures, national 
standards have been developed.

While the method of DNA fingerprinting described 
here has proven a valuable tool, increasingly it is being 
replaced by new more powerful methods of screening 
short segments of DNA.

DNA Fingerprinting

Science in Action
Victim

Rapist's semen

Suspect's blood
Probe 1

Victim
Rapist's semen

Suspect's blood

Probe 2

Two DNA profiles that led to conviction.
The two DNA probes seen here were used to characterize DNA 
isolated from the victim, the semen left by the rapist, and the 
suspect. The dark channels are multiband controls. There is a clear 
match between the suspect’s DNA and the DNA of the rapist’s 
semen, as indicated by the red boxes.
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230 PART THREE THE CONTINUITY OF LIFE

Product Effects and Uses

Anticoagulants Involved in dissolving blood clots; used to treat heart 
attack patients

Colony-stimulating
factors

Stimulate white blood cell production; used to treat 
infections and immune system deficiencies

Erythropoietin Stimulates red blood cell production; used to treat 
anemia in individuals with kidney disorders

Factor VIII Promotes blood clotting; used to treat hemophilia

Growth factors Stimulate differentiation and growth of various cell 
types; used to aid wound healing

Human growth 
hormone

Used to treat dwarfism

Insulin Involved in controlling blood sugar levels; used in 
treating diabetes

Interferons Disrupt the reproduction of viruses; used to treat some 
cancers

Interleukins Activate and stimulate white blood cells; used to treat 
wounds, HIV infections, cancer, immune deficiencies

TABLE 10.3 GENETICALLY ENGINEERED DRUGS

10.4 Genetic Engineering and Medicine

Much of the excitement about genetic engineering has fo-
cused on its potential to improve medicine—to aid in curing 
and preventing illness. Major advances have been made in the 
production of proteins used to treat illness, in the creation of 
new vaccines to combat infections, and in the replacement of 
defective genes, or gene therapy, which will be discussed later 
in this chapter.

Making “Magic Bullets”
Many genetic defects occur because our bodies fail to make 
critical proteins. Diabetes is such an illness. The body is un-
able to control levels of sugar in the blood because a critical 
protein, insulin, cannot be made. These failures can be over-
come if the body can be supplied with the protein it lacks. 
The donated protein is in a very real sense a “magic bullet” to 
combat the body’s inability to regulate itself.

Until recently, the principal problem with using regula-
tory proteins as drugs was in manufacturing the protein. Pro-
teins that regulate the body’s functions are typically present in 
the body in very low amounts, and this makes them difficult
and expensive to obtain in quantity. With genetic engineering 
techniques, the problem of obtaining large amounts of rare 
proteins has been largely overcome. The genes encoding the 
medically important proteins are now introduced into bacteria 
(table 10.3). Because the host bacteria can be grown cheaply, 
large amounts of the desired protein can be easily isolated. 
In 1982, the U.S. Food and Drug Administration ap-
proved the use of human insulin produced from ge-
netically engineered bacteria, the first commercial 
product of genetic engineering.

Today hundreds of pharmaceutical com-
panies around the world are busy producing 
other medically important proteins using 
these genetic engineering techniques. These 
products include growth hormone (figure
10.6), anticoagulants (proteins involved in 
dissolving blood clots), which are effective 
in treating heart attack patients, and factor 
VIII, a protein that promotes blood clotting. 
A deficiency in factor VIII leads to hemophil-
ia, an inherited disorder discussed in chapter 
8, which is characterized by prolonged bleed-
ing. For a long time, hemophiliacs received 
blood factor VIII that had been isolated from 
donated blood. Unfortunately, some of the 
donated blood had been infected with viruses 
such as HIV and hepatitis B, which were then 
unknowingly transmitted to those people who 
received blood transfusions. Today the use of 
genetically engineered factor VIII eliminates 
the risks associated with blood products ob-
tained from other individuals.

Figure 10.6 Genetically engineered human growth hormone.
These two mice are genetically identical, but the large one has one extra gene: the gene 
encoding human growth hormone. The gene was added to the mouse’s genome by genetic 
engineers and is now a stable part of the mouse’s genetic endowment.
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Piggyback Vaccines
Another area of potential significance involves the use of ge-
netic engineering to produce subunit vaccines against viruses 
such as those that cause herpes and hepatitis. Genes encoding 
part of the protein-polysaccharide coat of the herpes simplex 
virus or hepatitis B virus are spliced into a fragment of the vac-
cinia (cowpox) virus genome (figure 10.7). The vaccinia virus, 
which British physician Edward Jenner used more than 200 
years ago in his pioneering vaccinations against smallpox, is 
now used as a vector to carry the herpes or hepatitis viral coat 
gene into cultured mammalian cells. These cells produce many 
copies of the recombinant virus, which has the outside coat of 
a herpes or hepatitis virus. When this recombinant virus is in-
jected into a mouse or rabbit, the immune system of the infect-
ed animal produces antibodies directed against the coat of the 
recombinant virus. It therefore develops an immunity to herpes 
or hepatitis virus. Vaccines produced in this way, also known 
as piggyback vaccines, are harmless because the vaccinia vi-
rus is benign and only a small fragment of the DNA from the 
disease-causing virus is introduced via the recombinant virus.

The great attraction of this approach is that it does not 
depend upon the nature of the viral disease. In the future, 

similar recombinant viruses may be injected into humans to 
confer resistance to a wide variety of viral diseases.

In 1995, the first clinical trials began of a novel new 
kind of DNA vaccine, one that depends not on antibodies 
but rather on the second arm of the body’s immune defense, 
the so-called cellular immune response, in which blood cells 
known as cytotoxic T cells attack infected cells. The infected 
cells are attacked and destroyed when they stick fragments 
of foreign proteins onto their outer surfaces that the T cells 
detect (the discovery by Peter Doherty and Rolf Zinkernagel 
that infected cells do so led to their receiving the Nobel Prize 
in Physiology or Medicine in 1996). The first DNA vaccines 
spliced an influenza virus gene encoding an internal nucleo-
protein into a plasmid, which was then injected into mice. The 
mice developed strong cellular immune responses to influenza.
New and controversial, the approach offers great promise.

10.4 Genetic engineering has facilitated the 
production of medically important proteins and
led to novel vaccines.

5

Human immune
response

Harmless vaccinia
(cowpox) virus

     Harmless engineered virus
(the vaccine) with surface like
herpes simplex is injected into
the human body.

6
Antibodies directed

against herpes simplex
viral coat are made and
bind to herpes simplex
viruses that enter the
body.

Herpes simplex virus

    DNA is extracted.
1

    Herpes simplex
DNA is cleaved.

2

Gene specifying
herpes simplex
surface protein

     Vaccinia DNA is
extracted and cleaved.

3

     Fragment containing
surface gene combines
with cleaved vaccinia DNA.

4

Antibodies

Figure 10.7 Constructing a subunit, or piggyback, vaccine for the herpes simplex virus.
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different kinds of bacteria, ones that colonize the roots of crop 
plants. Any insect eating such roots consume the bacteria and 
so are lethally attacked by the enzyme.

Herbicide Resistance
A major advance has been the creation of crop plants that are 
resistant to the herbicide glyphosate, a powerful biodegradable 
herbicide that kills most actively growing plants. Glyphosate 
is used in orchards and agricultural fields to control weeds. 
Growing plants need to make a lot of protein, and glypho-
sate stops them from making protein by destroying an enzyme 
necessary for the manufacture of so-called aromatic amino 
acids (that is, amino acids that contain a ring structure like 
phenylalanine—see figure 3.19). Humans are unaffected by 
glyphosate because we don’t make aromatic amino acids—we 
obtain them from plants we eat! To make crop plants resistant 
to this powerful plant killer, genetic engineers screened thou-
sands of organisms until they found a species of bacteria that 
could make aromatic amino acids in the presence of glypho-
sate. They then isolated the gene encoding the resistant en-
zyme and, using plasmids or DNA particle guns (figure 10.8), 
successfully introduced the gene into plants (figure 10.9).

Agriculture is being revolutionized by glyphosate-
resistant crops for two reasons. First, it lowers the cost of pro-
ducing a crop, because a crop resistant to glyphosate does not 
need to be weeded. Second, the creation of glyphosate-tolerant 
crops is of major benefit to the environment. Glyphosate is 
quickly broken down in the environment, which makes its use a 
great improvement over long-lasting chemical herbicides. Per-
haps even more important, not having to plow to remove weeds 
reduces the loss of fertile topsoil to erosion, one of the greatest 
environmental challenges facing our country today.

Figure 10.8 Shooting genes into cells.
This DNA particle gun fires tungsten pellets coated with DNA into 
plant cells such as the ones on the culture plate this experimenter is 
holding.

Figure 10.9 Genetically engineered herbicide 
resistance.
All four of these petunia plants were exposed to equal doses of an 
herbicide. The two on top were genetically engineered to be resistant 
to glyphosate, the active ingredient in the herbicide, whereas the 
two dead ones on the bottom were not.

10.5 Genetic Engineering and 
Agriculture

One of the greatest impacts of genetic engineering on so-
ciety has been the successful manipulation of the genes of 
crop plants to make them more resistant to disease caused 
by insects, to make them resistant to herbicides (chemicals 
that kill plants), to improve their nutritional balance and pro-
tein content, and to make them hardier, able to resist stress 
caused by frost, drought, and other factors.

Pest Resistance
An important effort of genetic engineers in agriculture has 
involved making crops resistant to insect pests without spray-
ing with pesticides, a great saving to the environment. Con-
sider cotton. Its fibers are a major source of raw material for 
clothing throughout the world, yet the plant itself can hardly 
survive in a field because many insects attack it. Over 40% 
of the chemical insecticides used today are employed to kill 
insects that eat cotton plants. The world’s environment would 
greatly benefit if these thousands of tons of insecticide were 
not needed. Biologists are now in the process of producing 
cotton plants that are resistant to attack by insects.

One successful approach uses a kind of soil bacterium 
Bacillus thuringienses (Bt) that produces a protein that is 
toxic when eaten by crop pests, such as larvae (caterpillars) 
of butterflies and other insects. When the gene producing the 
Bt protein is inserted into the chromosomes of tomatoes, the 
plants begin to manufacture Bt protein, which makes them 
highly toxic to tomato hornworms (one of the most serious 
pests of commercial tomato crops) but the Bt protein is not 
harmful to humans.

Many important plant pests also attack roots. To combat 
these pests, genetic engineers are introducing the Bt gene into 
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More Nutritious Crops
In the last 10 years the cultivation of genetically modified crops 
of corn, cotton, soybeans, and other plants (GM) has become 
commonplace in the United States. In 2003, 84% of soybeans 
in the United States were planted with seeds genetically modi-
fied to be herbicide resistant. The result has been that less till-
age was needed and as a consequence soil erosion was greatly 
lessened. Pest-resistant GM corn in 2003 comprised 38% of all 
corn planted in the United States, and pest-resistant GM cotton 
comprised 81% of all cotton. In both cases, the change greatly 
lessens the amount of chemical pesticide used in raising the 
crops. These benefits of soil preservation and chemical pesti-
cide reduction, while significant, have been largely bestowed 
upon farmers, making their cultivation of crops cheaper and 
more efficient.

Like the first act of a play, these developments have 
mainly set the stage for the real action, which is only now be-
ginning to happen. The real promise of plant genetic engineer-
ing is to produce genetically modified plants with desirable 
traits that directly benefit the consumer.

One recent advance, nutritionally improved “golden” 
rice, gives us a hint of what is to come. In developing coun-
tries, large numbers of people live on simple diets that are 
poor sources of vitamins and minerals (what botanists call 
“micronutrients”). Worldwide, the two major micronutrient 
deficiencies are iron, which affects 1.4 billion women, 24% 
of the world population, and vitamin A, affecting 40 million 
children, 7% of the world population. The deficiencies are es-
pecially severe in developing countries where the major staple 
food is rice. In recent research, Swiss bioengineer Ingo Po-
trykus and his team at the Institute of Plant Sciences, Zurich, 
have gone a long way toward solving this problem. Supported 
by the Rockefeller Foundation and with results to be made 
free to developing countries, the work is a model of what plant 
genetic engineering can achieve.

To solve the problem of dietary iron deficiency among 
rice eaters, Potrykus first asked why rice is such a poor source 
of dietary iron. The problem, and the answer, proved to have 
three parts:

1. Too little iron. The proteins of rice endosperm 
have unusually low amounts of iron. To solve this 
problem, a ferritin gene was transferred into rice 
from beans (figure 10.10). Ferritin is a protein with 
an extraordinarily high iron content, and so greatly 
increased the iron content of the rice.

2. Inhibition of iron absorption by the intestine. Rice
contains an unusually high concentration of a chemical 
called phytate, which inhibits iron reabsorption in the 
intestine—it stops your body from taking up the iron 
in the rice. To solve this problem, a gene encoding an 
enzyme that destroys phytate was transferred into rice 
from a fungus.

3. Too little sulfur for effi cient iron absorption. The
human body requires sulfur for the uptake of iron, 
and rice has very little of it. To solve this problem, a 
gene encoding a sulfur-rich metallothionin protein was 
transferred into rice from wild rice.

To solve the problem of vitamin A deficiency, the same 
approach was taken. First, the problem was identified. It turns 
out rice only goes partway toward making beta-carotene (pro-
vitamin A); there are no enzymes in rice to catalyze the last 
four steps. To solve the problem, genes encoding these four 
enzymes were added to rice from a flower, the daffodil.

The development of transgenic rice is only the first step 
in the battle to combat dietary deficiencies. The added nutri-
tional value only makes up for half a person’s requirements, 
and many years will be required to breed the genes into lines 
adapted to local conditions, but it is a promising start, repre-
sentative of the very real promise of genetic engineering.

Daffodil

Ferritin gene is
transferred into
rice from beans.

Phytase gene is
transferred into
rice from a fungus.

Metallothionin gene
is transferred into
rice from wild rice.

Enzymes for beta-carotene
synthesis are transferred
into rice from daffodils.

Fe Pt SRice
chromosome

A1 A2 A3 A4

Ferritin protein
increases iron
content of rice.

Phytate, which 
inhibits iron reabsorption,
is destroyed by the 
phytase enzyme.

Metallothionin protein
supplies extra sulfur 
to increase iron uptake.

Beta-carotene, a 
precursor to vitamin A,
is synthesized.

Beans Aspergillus fungus Wild rice

Figure 10.10 Transgenic 
“golden” rice.
Developed by Swiss bioengineer 
Ingo Potrykus, transgenic 
rice offers the promise of 
improving the diets of people 
in rice-consuming developing 
countries, where iron and 
vitamin A deficiencies are a 
serious problem.
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How Do We Measure the Potential Risks of 
Genetically Modified Crops?
The advantages afforded by genetic engineering are revolu-
tionizing our lives. But what are the disadvantages, the poten-
tial costs and dangers, of genetic engineering? Many people, 
including influential activists and members of the scientific
community, have expressed concern that genetic engineers 
are “playing God” by tampering with genetic material. Could 
genetically engineered products administered to plants or ani-
mals turn out to be dangerous for consumers after several gen-
erations? What kind of unforeseen impact on the ecosystem 
might “improved” crops have? Is it ethical to create “geneti-
cally superior” organisms, including humans?

While the promise of genetic engineering is very much 
in evidence, this same genetic engineering has been the cause 
of considerable controversy and protest. The intense feelings 
generated by this dispute point to the need to understand how 
we measure the risks associated with the genetic engineering 
of plants. Two sets of risks need to be considered. The first
stems from eating genetically modified foods, the other con-
cerns potential ecological effects.

Is Eating Genetically Modified Food Dangerous? Bioen-
gineers modify crops in two quite different ways. One class 
of gene modification makes the crop easier to grow; a second 
class of modification is intended to improve the food itself. 
Many consumers worry that either sort of genetically modified
(GM) food may have been rendered somehow dangerous.

The introduction of glyphosate-resistant soybeans is an 
example of the first class of modification, producing a GM ver-
sion that is easier to grow. Is the soybean that results nutrition-
ally different? No. The gene that confers glyphosate resistance 
in soybeans does so by protecting the plant’s ability to manu-
facture aromatic amino acids. In unprotected weeds, by con-
trast, glyphosate blocks this manufacturing process, killing the 
weed. As discussed earlier in this section, humans don’t make 
any aromatic amino acids, so glyphosate doesn’t hurt us.

The real issue, of course, is whether the gene modifi -
cation that renders crop plants glyphosate resistant involves 

introducing novel proteins with potentially dangerous conse-
quences. Thus in early GM crops like Flavr-Savr tomatoes, 
one of the issues raised was that the “selectable marker” (used 
in screening to ensure that the desired genes had been cor-
rectly introduced into the GM tomatoes) were still present in 
the modified plants, with unknown future consequences.

While new procedures eliminate this possibility in to-
day’s GM crops, a second issue raises a valid concern: Could 
introduced proteins like the enzyme making crops glypho-
sate tolerant become allergens, causing a potentially fatal 
immune reaction in some people? Because the potential dan-
ger of allergic reactions is quite real, every time a protein-en-
coding gene is introduced into a GM crop it is necessary to 
carry out extensive tests of the introduced protein’s potential 
as an allergen.

Glyphosate-resistant corn has a single added protein, the 
enzyme EPSP synthetase, which catalyzes the first reaction in 
aromatic amino acid biosynthesis. How does this added en-
zyme make the plants tolerant to glyphosate? The introduced 
protein sequence, a version of the EPSP synthetase gene, is 
nearly identical to the “wild type” EPSP synthetase in conven-
tional corn; the only difference is two amino acids out of 444 in 
the protein sequence. The change alters the EPSP synthetase’s 
shape a little, so that glyphosate no longer can inhibit it.

The key safety question for consumers is whether the 
change in the EPSP synthetase is capable of inducing an al-
lergic response in humans that consume corn containing it. 
The EPSP synthetase in glyphosate-resistant corn has passed 
extensive and stringent allergenicity tests, and so glyphosate-
resistant corn is approved for human consumption by the En-
vironmental Protection Agency (EPA).

This same issue arises each time a gene is added to a 
crop plant. The addition of the Bt gene to corn offers an il-
luminating example of the need for careful attention to this 
issue. The Cry1A gene isolated from the soil bacterium Ba-
cillus thuringiensis creates a Bt protein that binds to specific
receptors in the midgut of lepidopteran insects like the Euro-
pean corn borer, but is harmless to humans, wildlife, worms, 
and beneficial insects that can help control other pests. Thor-

CALVIN AND HOBBES © 1995 Watterson. Dist. by Universal Press Syndicate. Reprinted with permission. All rights reserved.
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oughly tested for allergenicity, corn with this Bt protein is ap-
proved by the EPA for human consumption.

No GM crop currently being produced in the United 
States (see table 10.2) contains a protein that acts as an aller-
gen to humans. On this score, then, the risk of bioengineering 
to the food supply seems to be slight, so long as adequate test-
ing of new varieties continues.

Are GM Crops Harmful to the Environment? Those con-
cerned about the widespread use of GM crops raise three le-
gitimate concerns that merit careful evaluation:

1. Harm to Other Organisms. The first concern is the 
possibility of unintentional harm to other organisms. 
This issue is seen most clearly in the case of crops like 
Bt corn. Results from a small laboratory experiment 
suggested that pollen from Bt corn could harm larvae 
from the Monarch butterfly, which is, like the corn 
borer, a lepidopteran insect. While this preliminary 
report received considerable publicity, subsequent 
studies suggest little possibility of harm. Monarch 
butterflies lay their eggs on milkweed, not corn, and 
field management ensures that there is little if any 
milkweed growing in or near cornfields. In field tests 
few Monarch larvae are found there. Additionally, field
tests confirm that corn sheds its pollen at a different time 
than when the Monarch larval stage occurs. Finally, 
the amount of Bt pollen necessary to kill a Monarch 
caterpillar is far more than is encountered in field tests.

Farmers focus on the fact that GM cornfields
do not need to be sprayed with chemical pesticides 
to control the corn borer. An estimated $9 billion 
in damage is caused annually by the application of 
pesticides in the United States, and billions of insects 
and other animals, including an estimated 67 million 
birds, are killed each year.

In a serious attempt to learn if GM crops are a 
danger to other organisms, the British government 
undertook a comprehensive three-year “farm-scale 
evaluation” of the effects of GM-herbicide-resistant 
beet, corn, and oilseed crops on biodiversity (in this 
instance, numbers of kinds of insects). In the study, 
60 fields each of beets, corn, and rape (oilseed) were 
split between conventional varieties and genetically 
modified herbicide-tolerant strains. In a report released 
in 2003, the results “reveal significant differences in 
the effect on biodiversity when managing genetically 
herbicide-resistant crops as compared to conventional 
varieties.” The report showed that weeds are important 
sources of food and shelter for insects; because GM 
crops get rid of weeds more effectively, they have a 
greater impact on insect populations.

2. Resistance. All insecticides used in agriculture share 
the problem that pests eventually evolve resistance to 
them, in much the same way that bacterial populations 
evolve resistance to antibiotics. Use of the insecticide 
creates a selective pressure favoring mutations that 
make the pest resistant to it. This is true of chemical 
pesticides, and also of insecticides produced by Bt corn.

Will pests eventually become resistant to the Bt 
toxin, just as many have become resistant to the high 
levels of chemical pesticide we sprayed on crops? This 
is certainly a possibility, as a few species of insects have 
developed resistance to Bt when it was sprayed directly 
on crops in years past. However, despite the widespread 
use of Bt crops like corn, soybeans, and cotton since 
1996, there are as of yet no cases of insects developing 
resistance to Bt plants in the field. Still, because of this 
possibility farmers are required to plant at least 20% 
non-Bt crops alongside Bt crops in refugia to support 
insect populations that are not under selection pressure 
and so slow development of resistance. It is very impor-
tant that this requirement be met. If ignored, Bt-resistant 
insect pests may appear in future fields.

3. Gene Flow. How about the possibility that introduced 
genes will pass from GM crops to their wild or weedy 
relatives? This sort of gene flow happens naturally all 
the time, and so this is a legitimate question. For the first
round of major GM crops, there is usually no potential 
relative around to receive the modified gene from the 
GM crop. There are no wild relatives of soybeans in 
Europe, for example. Thus there can be no gene escape 
from GM soybeans in Europe, any more than genes can 
flow from you to your pet dog or cat. For secondary 
crops only now being gene modified, the risks are more 
tangible. In 2004, Environmental Protection Agency 
(EPA) scientists planted eight fields in central Oregon 
(400 acres in all) with genetically modified creeping 
bentgrass (Agrostis stolonifera). Bentgrass is widely 
planted on golf course greens because it can be closely 
mowed. But normal bentgrass is particularly susceptible 
to weeds, and so requires extensive chemical spraying. 
The GM form of creeping bentgrass being tested by 
the EPA had been made resistant to the herbicide 
glyphosate, which would eliminate the need for most 
of the spraying. Tracking the spread of GM pollen from 
these eight fields, the EPA scientists collected seeds 
from potted “sentinel” bentgrass plants and from natural 
grasses, grew them to seedling stage, and examined the 
DNA of the seedling plants for the glyphosate-resistance 
gene. The gene was found in the potted bentgrass plants 
up to 13 miles away, and in the wild relative grasses 
nearly nine miles away from the fields! Might the spread 
of the glyphosate-resistance gene to surrounding grasses 
create hard-to-kill “superweeds,” or would it be easy 
to use other weedkillers to control any newly-resistant 
plants? However one interprets its findings, this study 
offers the strongest evidence yet that it will be difficult 
to control GM secondary crops from interbreeding with 
surrounding relatives to create new hybrids.

10.5 Genetic engineering affords great 
opportunities for progress in food production, 
although many are concerned about possible 
risks. On balance, the risks appear slight, and the 
potential benefits substantial.
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One of the most active and exciting areas of biology involves 
recently developed approaches to manipulating animal cells. 
In this section, you will encounter three areas where landmark 
progress is being made in cell technology: reproductive clon-
ing of farm animals, stem cell research, and gene therapy. Ad-
vances in cell technology hold the promise of literally revolu-
tionizing our lives.

10.6 Reproductive Cloning

The idea of cloning animals was first suggested in 1938 by 
German embryologist Hans Spemann (called the “father of 
modern embryology”), who proposed what he called a “fan-
tastical experiment”: Remove the nucleus from an egg cell 
and put in its place a nucleus from another cell.

Early attempts to clone animals in this way failed, until 
researchers in Scotland suggested a novel idea: Maybe the egg 
and the donated nucleus needed to be at the same stage in the 
cell cycle. This proved to be a key insight. In 1994 researchers 
succeeded in cloning farm animals from advanced embryos 
by first starving the cells, so that they paused at the beginning 
of the cell cycle. Two starved cells are thus synchronized at 
the same point in the cell cycle.

Wilmut’s Lamb
Reproductive biologist Ian Wilmut then attempted the key 
breakthrough, the experiment that had eluded researchers 
since Spemann proposed it 59 years before: He set out to 

transfer the nucleus from an adult differentiated cell into an 
enucleated egg, and to allow the resulting embryo to grow and 
develop in a surrogate mother, hopefully producing a healthy 
animal.

Wilmut removed mammary cells from the udder of a 
six-year-old sheep (figure 10.11). In preparation for cloning, 
Wilmut’s team reduced for five days the concentration of nutri-
ents on which the sheep mammary cells were growing. In paral-
lel preparation, eggs obtained from a ewe were enucleated, the 
nucleus of each egg carefully removed with a micropipette.

Mammary cells and egg cells were then surgically 
combined in January of 1996, the mammary cells being in-
serted inside the covering around the egg cell. Wilmut then 
applied a brief electrical shock. A neat trick, this causes the 
plasma membranes surrounding the two cells to become 
leaky, so that the contents of the mammary cell pass into the 
egg cell. The shock also jump-starts the cell cycle, initiating 
cell division.

After six days, in 30 of 277 tries, the dividing embryo 
reached the hollow-ball “blastula” stage, and 29 of these were 
transplanted into surrogate mother sheep. Approximately five
months later, on July 5, 1997, one sheep gave birth to a lamb. 
This lamb, “Dolly,” was the first successful clone generated 
from a differentiated animal cell.

Wilmut’s successful cloning of a fully differentiat-
ed sheep cell is a milestone event in cell technology. Even 
though his procedure proved inefficient (only 1 of 277 tri-
als succeeded), it established the point beyond all doubt that 
cloning of adult animal cells, known as reproductive clon-
ing, can be done.

The Revolution in Cell Technology

Figure 10.11 Wilmut’s animal cloning experiment.
Wilmut combined a mammary cell and an egg cell (with its nucleus removed) to successfully clone a sheep.

Nucleus containing
source DNA

Mammary cell is extracted
and grown in nutrient-
deficient solution that arrests
the cell cycle.

Nucleus is removed
from egg cell with a 
micropipette.

Egg cell is extracted.

Mammary cell is inserted 
inside covering of egg cell.

Electric shock opens cell
membranes and triggers
cell division.

Preparation Cell fusion Cell division
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Problems with Reproductive Cloning
Since Dolly’s birth in 1997, scientists have successfully cloned 
sheep, mice, cattle, goats, and pigs. Only a small percentage 
of the transplanted embryos survive to term, however, most 
dying late in pregnancy. Those that survive to be born usu-
ally die soon thereafter. Many become oversized, a condition 
known as “large offspring syndrome.”

The few cloned offspring that reach childhood face an 
uncertain future, as their development into adults tends to go 
unexpectedly haywire. Almost none survive to live a normal 
life span. Even Dolly died prematurely in 2002, having lived 
only half a normal sheep life span.

The Importance of Genomic Imprinting
What is going wrong? It turns out that as mammalian eggs and 
sperm mature, their DNA is conditioned by the parent female 
or male, a process called reprogramming. Chemical changes 
are made to the DNA that alter when particular genes are ex-
pressed without changing DNA sequences. In the years since 
Dolly, scientists have learned a lot about reprogramming. 
It appears to occur by a process called genomic imprinting.
While the details are complex, the basic mechanism of ge-
nomic imprinting is simple.

Like a book, a gene can have no impact unless it is read. 
Genomic imprinting works by blocking the cell’s ability to 
read certain genes. A gene is locked in the off position by 
chemically altering some of its cytosine DNA nucleotides. 
Because this involves adding a —CH

3
group (a methyl group), 

the process is called methylation. After a gene has been meth-
ylated, the polymerase protein that is supposed to “read” the 
gene can no longer recognize it. The gene has been shut off.

Genomic imprinting can also lock genes in the on po-
sition, permanently activating them. This process also uses 
methylation; in this case, however, it is not the gene that is 

blocked. Rather, a regulatory DNA sequence that normally 
would have prevented the gene from being read is blocked.

Why Cloning Often Fails
Normal animal development depends upon precise genomic 
imprinting. This chemical reprogramming of the DNA, which 
takes place in adult reproductive tissue, takes months for 
sperm and years for eggs.

During cloning, by contrast, the reprogramming of the 
donor DNA must occur within a few minutes. After the donor 
nucleus has been added to an enucleated egg, the reconstituted 
egg begins to divide within minutes, starting the process of 
making a new individual.

Cloning fails because there is simply not enough time in 
those few minutes to get the reprogramming job done properly. 
Thus, researchers find that in large offspring syndrome sheep, 
many genes have failed to become properly methylated.

Human reproductive cloning will not be practical until 
scientists figure out how to reprogram a donor nucleus, as oc-
curs to DNA of sperm or eggs in our bodies. This reprogram-
ming may be as simple as finding a way to postpone the onset 
of cell division after adding a donor nucleus to the enucleated 
egg, or may prove to be a much more complex process. The 
point is, we don’t have a clue today as to how to do it. In light 
of this undeniable ignorance, any attempt to clone a human is 
simply throwing stones in the dark, hoping to hit a target you 
cannot see.

10.6 While recent experiments have 
demonstrated the possibility of cloning animals 
from adult tissue, the cloning of farm animals 
often fails, for lack of proper gene conditioning.

Embryo

Embryo is implanted
into surrogate mother.

Embryo begins to
develop in vitro.

After a five-month
pregnancy, a lamb
genetically identical
to the sheep from
which the mammary
cell was extracted is
born.

Development Implantation Birth of clone Growth to adulthood
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10.7 Embryonic Stem Cells

In 1981, mouse stem cells were first discovered to be 
pluripotent—to have the ability to form any body tissue, and 
even an adult animal—launching the era of stem cell research. 
After many years of failed attempts, human embryonic stem 
cells were isolated by James Thomson of the University of 
Wisconsin in 1998.

Embryonic Stem Cells Are Pluripotent
What is an embryonic stem cell, and why is it pluripotent? 
To answer this question, we need to consider for a moment 
where an embryo comes from. At the dawn of a human life, 
a sperm fertilizes an egg to create a single cell destined to 
become a child. As development commences, that cell begins 
to divide, producing after five or six days a small ball of a few 
hundred cells called a blastocyst. Described in more detail in 
chapter 25, a blastocyst consists of a protective outer layer 
of cells destined to form the placenta, enclosing an inner cell 
mass of embryonic stem cells. Each embryonic stem cell is 
capable by itself of developing into a healthy individual. In 
cattle breeding, for example, these cells are frequently sepa-
rated by the breeder and used to produce multiple clones of 
valuable offspring.

As development proceeds, some of these embryonic 
stem cells become committed to forming neural tissues, and 
after this decision is taken, cannot ever produce any other 
kind of cell. They are then called nerve stem cells. Others be-
come specialized to produce blood cells, others to produce 

muscle tissue, and still others to form the other tissues of the 
body. Each major tissue is formed from its own kind of tissue-
specific adult stem cell. Because an adult stem cell forms 
only that one kind of tissue, it is not pluripotent.

Using Embryonic Stem Cells to Repair 
Damaged Tissues
Because they can develop into any tissue, embryonic stem 
cells offer the exciting possibility of restoring damaged tis-
sues (figure 10.12). Experiments have already been tried suc-
cessfully in mice. Heart muscle cells grown from mouse em-
bryonic stem cells have been successfully integrated with the 
heart tissue of a living mouse. In other experiments, damaged 
spinal neurons have been partially repaired, suggesting a path 
to treating spinal injuries. DOPA-producing neurons of mouse 
brains, whose progressive loss is responsible for Parkinson’s 
disease, have been successfully replaced with embryonic stem 
cells, as have the islet cells of the pancreas whose loss leads to 
juvenile diabetes, also called “type I” diabetes.

Because the course of development is broadly similar 
in all mammals, these experiments in mice suggest an ex-
citing possibility, that embryonic stem cell therapy may al-
low the successful treatment of damaged or lost tissues in 
humans. Individuals with a severed spinal cord might have 
the injury repaired with embryonic stem cells that replace the 
damaged neurons. The damaged heart muscle cells of heart 
attack victims might be replaced with embryonic stem cells 
that form new heart muscle at the site of damage. Juvenile 
diabetes might be cured with new insulin-producing islet cells, 
Parkinson’s disease with new DOPA-producing neurons.

Egg

Sperm Blastocyst

Embryo

Embryonic stem-cell
culture

Inner cell
mass

Once sperm cell and egg
cell have joined, cell cleavage
produces a blastocyst. The
inner cell mass of the
blastocyst develops into the 
human embryo.

Biologists have cultured
embryonic stem cells from
both the inner cell mass and
embryonic germ cells, which
escape early differentiation.

Figure 10.12 Using embryonic stem cells to restore damaged tissue.
Embryonic stem cells can develop into any body tissue. Methods for growing the tissue and using it to repair damaged tissue in adults, such as 
the brain cells of multiple sclerosis patients, heart muscle, and spinal nerves, are being developed.
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Finding a Source for Human 
Embryonic Stem Cells
This research, however, is quite controversial. Human embry-
onic stem cells (figure 10.13) are typically isolated from dis-
carded embryos of reproductive clinics, where in vitro fertiliza-
tion procedures typically produce many more human embryos 
than can be successfully implanted in the prospective mother’s 
womb. However, harvesting embryonic stem cells from these 
discarded embryos entails disruption and destruction of the 
embryos, raising serious ethical issues among some citizens 
who regard life as starting at fertilization, and these embryos as 
living individuals (see boxed feature later in this chapter).

New experimental results hint at a way around the 
ethical maze presented by the use of stem cells derived from 
embryos. Go back for a moment to our explanation of how 
a vertebrate develops. What happens to the embryonic stem 
cells? They start to take different developmental paths. For 
example, some become destined to form nerve tissue while 
others will go on to form muscle tissue. After this decision 
is taken, these cells will only give rise to cells of its specific
tissue type. Each major tissue type in the body develops from 
a different tissue-specific stem cell. Now here’s the key point: 
As development proceeds, these tissue-specific stem cells 
persist—even in adults. So why not use these adult stem cells, 
rather than embryonic stem cells?

The approach seems very straightforward and should 
apply to humans. Indeed, blood stem cells are already rou-
tinely used in humans to replenish the bone marrow of cancer 
patients after marrow-destroying therapy. The problem with 
extending the approach to other kinds of tissue-specific stem 

For use in therapy, the
embryonic stem cells are
genetically engineered to match
the patient's immune system:
the stem cells' self-recognition
genes are replaced with the
patient's self-recognition genes.

The tissue cells are injected into
the patient where needed. Once
in place, the tissue cells
respond to local chemical
signals, adding to or replacing
damaged cells.

The stem cells are grown to
produce whatever type of tissue
is needed by the patient.

Patient's self-recognition genes

Tissue cells

Embryonic
stem cell

Patient

Figure 10.13 Human embryonic stem cells (20�).
Stem cells removed from a six-day blastocyst can be established 
in culture and then maintained indefinitely. This mass is a colony 
of undifferentiated human embryonic stem cells surrounded by 
fibroblasts (elongated cells) that serve as a “feeder layer.”

cells is that it has not always been possible to find the kind of 
tissue-specific stem cell needed.

Therapeutic Cloning
The revolution in cell technology has been led by advances in 
stem cell research. By surgically transplanting embryonic stem 
cells, scientists can now routinely perform the remarkable feat 
of repairing disabled body tissues in mice. The basic strategy 
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for repairing damaged tissues is to surgically transfer embryon-
ic stem cells to the damaged area, where the stem cells can form 
healthy replacement cells. Thus, embryonic stem cells trans-
ferred into the pancreas of a diabetic mouse that lacks the islet 
cells needed to produce insulin have been induced to become 
insulin-secreting islet cells. The new cells produce only about 
2% as much insulin as normal islet cells do, so there is still plen-
ty to learn, but the take-home message is clear: Transplanted 
embryonic stem cells offer a path to cure type I diabetes.

The Problem Posed by Immune Rejection
While exciting, these therapeutic uses of embryonic stem cells 
to cure type I diabetes, Parkinson’s disease, damaged heart 
muscle, and injured nerve tissue were all achieved in experi-
ments carried out using strains of mice without functioning 
immune systems. Why is this important? Because had these 
mice possessed fully functional immune systems, they almost 
certainly would have rejected the implanted stem cells as for-
eign. Humans with normal immune systems might well re-
fuse to accept transplanted stem cells simply because they are 
from another individual. For such stem cell therapy to work 
in humans, this problem needs to be addressed and solved. 
The need to solve this problem has been the primary impetus 
behind the push to develop therapeutic cloning.

Using Cloning to Achieve Immune 
Acceptance
Early in 2001, a research team at the Rockefeller University 
reported a way around this potentially serious problem. Their 
solution? They isolated skin cells, then using the same proce-
dure that created Dolly, they created a 120-cell embryo from 
them. The embryo was then destroyed, its embryonic stem 
cells harvested for transfer to injured tissue (figure 10.14).

Figure 10.14 Embryonic stem cells growing in tissue 
culture.
Embryonic stem cells derived from early human embryos will 
grow indefinitely in tissue culture. When transplanted, they can 
sometimes be induced to form new cells of the adult tissue into 
which they have been placed. This suggests exciting therapeutic 
uses.

Early embryo
Diabetic
patient

Human
egg cell

Nucleus of
skin cell

Enucleated
egg cell

Cell cleavage occurs
as the embryo begins 
to develop in vitro.

The skin cell nucleus
is inserted into the
enucleated human
egg cell.

The nucleus from a
skin cell of a diabetic
patient is removed.

The nucleus is
removed from a 
human egg cell.

Figure 10.15 How human embryos might be used for therapeutic cloning.
Therapeutic cloning differs from reproductive cloning in that after the initial similar stages, the embryo is destroyed and its embryonic stem 
cells are extracted, grown in culture, and added to a tissue of the individual who provided the nucleus . In reproductive cloning, by contrast, 
the embryo is preserved to be implanted and grown to term in a surrogate mother. It is this latter procedure that was done in cloning Dolly, 
the sheep. Human cells were first cloned in November 2001, in a failed attempt to obtain stem cells for therapeutic cloning procedures such as 
outlined in this figure.
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Using this procedure, which they called therapeutic
cloning, or more technically, somatic cell nuclear transfer, the
researchers succeeded in making cells from the tail of an im-
munologically normal mouse convert into the DOPA-producing 
cells of the brain that are lost in Parkinson’s disease.

Therapeutic cloning successfully addresses the key 
problem that must be solved before embryonic stem cells can 
be used to repair damaged human tissues, which is immune 
acceptance. Because stem cells are cloned from the body’s 
own tissues in therapeutic cloning, they pass the immune 
system’s “self” identity check, and the body readily accepts 
them. The basic approach of therapeutic cloning is outlined 
in figure 10.15.

Therapeutic Cloning Is Controversial
It is important to draw a clear distinction between therapeu-
tic cloning and reproductive cloning. In therapeutic cloning, 
the cloned embryo is destroyed to obtain embryonic stem 
cells—whereas in reproductive cloning, the embryo devel-
ops into an adult individual (figure 10.15). The possibility of 
therapeutic cloning is controversial, because some fear that a 
cloned embryo might be brought to term by inserting it into a 
human uterus. Actually, without first solving the gene imprint-
ing problem, this would be impossible. In the only reported at-
tempt, in 2001, the human clone embryos did not even survive 
long enough to make stem cells.

In 2003, researchers succeeded in converting mouse 
embryonic stem cells into what appeared to be oocytes, egg 

cells like those produced in the ovary. Unexpectedly, some of 
these eggs turned out to be able to develop parthenogeneti-
cally (that is, without being fertilized by sperm) into blasto-
cyst embryos.

Use of stem cell–derived eggs might make therapeutic 
cloning ethically more acceptable to those who object to it for 
several reasons. First, it would provide a plentiful source of 
human eggs, which are now obtained from patients through 
an uncomfortable procedure requiring strong drugs and sur-
gery. Second, the eggs could be genetically altered so as to 
be inviable in the womb, but still useful for therapeutic clon-
ing, relieving the fear that the stem cell–derived egg might 
somehow be used to make a baby. Third, because the embryo 
used for therapeutic cloning is produced without fertilization, 
the approach has some theologians reconsidering their ideas 
about the nature of life as something that starts at conception 
with the union of egg and sperm. There is little doubt that the 
controversy over human therapeutic cloning will continue.

10.7 Human embryonic stem cells offer the 
possibility of replacing damaged or lost human 
tissues, although the procedures are controversial. 
Therapeutic cloning involves initiating blastocyst 
development from a patient’s tissue using 
nuclear transplant procedures, then using these 
embryonic stem cells to replace the patient’s 
damaged or lost tissue.

Therapeutic Cloning

Reproductive Cloning

Diabetic
patient

Healthy pancreatic
islet cells

Blastocyst

Stem cells

The embryo
reaches the 
blastocyst stage.

The blastocyst is kept intact 
and is implanted into the
uterus of a surrogate mother. The resulting baby is a

clone of the diabetic patient.

The healthy tissue
is injected or
transplanted into 
the patient.

The stem cells are developed
into healthy pancreatic islet
cells needed by the patient.

Embryonic stem cells
are extracted and
grown in culture.
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Ovulation

Ovary

Egg
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Fallopian tube
First cleavage
(30 hours) Uterus
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(6 days)
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of embryonic 
stem cells

Heartbeat
(4 weeks)

FERTILIZATION

IMPLANTATION
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“QUICKENING”
(movement)
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The story of when human life begins has a checkered 
past. Centuries before people knew of sperm and eggs, 

Aristotle argued that the fusion creating a new person 
did not exist until “quickening,” the first noticeable 
movements in a woman’s womb. He reckoned quickening 
occurred 40 days into pregnancy (18 to 20 weeks is the 
actual time). The 40-day rule was picked up by Jewish and 
Muslim religions. In 1591, Pope Gregory XIV supported 
this view of delayed animation and ensoulment. The 
Catholic Church did not reach its current conclusion that 
life begins at fertilization until 1896, when Pope Pius IX 
condemned abortion at any age after the moment of 
conception. Many Jewish theologians now argue that life 
begins seven days into pregnancy, with implantation of 
the embryo. Gene transcription starts even later (well after 
stem cells are harvested), and many scientists feel human 
individuality cannot be said to begin until then, when the 
embryo starts to actually use its genes. The U.S. Supreme 
Court takes the position that human life begins much 
later, when the fetus becomes capable of independent life 
if separated from the mother—roughly the third trimester.

When Does Human 
Life Begin?

WA Closer Look

Four widely held views about when human life 
begins.
(1) At fertilization; (2) at implantation; (3) at quickening; (4) when 
independent survival is possible.
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10.8 Gene Therapy

The third major advance in cell technology involves introduc-
ing “healthy” genes into cells that lack them. For decades sci-
entists have sought to cure often-fatal genetic disorders like 
cystic fibrosis, muscular dystrophy, and multiple sclerosis by 
replacing the defective gene with a functional one.

Early Success
That such gene transfer therapy can work was first demon-
strated in 1990. Two girls were cured of a rare blood disorder 
due to a defective gene for the enzyme adenosine deaminase. 
Scientists isolated working copies of this gene and intro-
duced them into bone marrow cells taken from the girls. The 
gene-modified bone marrow cells were allowed to proliferate, 
then were injected back into the girls. The girls recovered and 
stayed healthy. For the first time, a genetic disorder was cured 
by gene therapy.

The Rush to Cure Cystic Fibrosis
Like hounds to a hot scent, researchers set out to apply the 
new approach to one of the big killers, cystic fibrosis. The de-
fective gene, labeled cf, had been isolated in 1989. Five years 
later, in 1994, researchers successfully transferred a healthy 
cf gene into a mouse with a defective one—they in effect had 
cured cystic fibrosis in a mouse. They achieved this remark-
able result by adding the cf gene to a virus that infected the 
lungs of the mouse, carrying the gene with it “piggyback” into 
the lung cells. The virus chosen as the “vector” was adeno-
virus, a virus that causes colds and is very infective of lung 
cells. To avoid any complications, the lab mice used in the 
experiment had their immune systems disabled.

Very encouraged by these well-publicized preliminary 
trials with mice, several labs set out in 1995 to attempt to cure 
cystic fibrosis by transferring healthy copies of the cf gene into 
human patients. Confident of success, researchers added the 
human cf gene to adenovirus then squirted the gene-bearing 
virus into the lungs of cystic fibrosis patients. For eight weeks 
the gene therapy did seem successful, but then disaster struck. 
The gene-modified cells in the patients’ lungs came under at-
tack by the patients’ own immune systems. The “healthy” cf
genes were lost and with them any chance of a cure.

Problems with the Vector
Other attempts at gene therapy met with similar results, eight 
weeks of hope followed by failure. In retrospect, although it 
was not obvious then, the problem with these early attempts 
seems predictable. Adenovirus causes colds. Do you know 
anyone who has never had a cold? Due to previous colds, all 
of us have antibodies directed against adenovirus. We were in-
troducing therapeutic genes in a vector our bodies are primed 
to destroy.

In 1995, the newly appointed head of the National In-
stitutes of Health (the NIH), Nobel Prize winner Harold Var-
mus, held a comprehensive review of human gene therapy 
trials. Three problems became evident in the review: (1) The 
adenovirus vector being used in most trials elicits a strong 
immune response, leading to rejection of the added gene. 
(2) Adenovirus infection can, in rare instances, produce a very 
severe immune reaction, enough to kill. If many patients are 
treated, such instances can be expected to occur. (3) When the 
adenovirus infects a cell, it inserts its DNA into the human 
chromosome. Unfortunately, it does so at a random location. 
This means that the insertion events will cause mutations—by 
jumping into the middle of a gene, the virus inactivates that 
gene. Because the spot where adenovirus inserts is random, 
some of the mutations that result can be expected to cause 
cancer, certainly an unacceptable consequence.

Faced with these findings, Varmus called a halt to all 
further human clinical trials of gene therapy. “Go back to 
work in the laboratory,” he told researchers, “until you get a 
vector that works.”

More Promising Vectors
Within a few years, researchers had a much more promising 
vector. This new gene carrier is a tiny parvovirus called ade-
no-associated virus (AAV). It has only two genes and needs 
adenovirus to replicate. To create a vector for gene transfer, 
researchers remove both of the AAV genes. The shell that re-
mains is still quite infective and can carry human genes into 
patients. More important, AAV enters human DNA far less 
frequently than adenovirus; thus, it is less likely to produce 
cancer-causing mutations. In addition, AAV does not elicit 
a strong immune response—cells infected with AAV are not 
eliminated by a patient’s immune system. Finally, AAV never 
elicits a dangerously strong immune response, so it is safe to 
administer AAV to patients.

Success with the AAV Vector
In 1999, AAV successfully cured anemia in rhesus monkeys. 
In monkeys, humans, and other mammals, red blood cell pro-
duction is stimulated by a protein called erythropoietin (EPO). 
People with anemia (that is, low red blood cell counts), like 
dialysis patients, get regular injections of EPO. Using AAV to 
carry a souped-up EPO gene into the monkeys, scientists were 
able to greatly elevate their red blood cell counts, curing the 
monkeys of anemia—and they stayed cured.

A similar experiment using AAV cured dogs of a he-
reditary disorder leading to retinal degeneration and blind-
ness. These dogs had a defective gene that produced a mutant 
form of a protein associated with the retina of the eye, and 
were blind. Injection of AAV bearing the needed gene into the 
fluid-filled compartment behind the retina restored their sight 
(figure 10.16).
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Human clinical trials are under way again. In 2000, sci-
entists performed the first gene therapy experiment for mus-
cular dystrophy, injecting genes into a 35-year-old South Da-
kota man. He is an early traveler on what is likely to become 
a well-traveled therapeutic highway. Trials are also under 
way for cystic fibrosis, rheumatoid arthritis, hemophilia, and 
a wide variety of cancers. The way seems open, and the pos-
sibility of progress is tantalizingly close.

10.8 In principle, it should be possible to 
cure hereditary disorders like cystic fibrosis by 
transferring a healthy gene into the cells of 
affected tissues. Early attempts using adenovirus 
vectors were not often successful. New virus vectors 
like AAV avoid the problems of earlier vectors and 
offer promise of gene transfer therapy cures.
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Figure 10.16 Using gene therapy to cure a retinal degenerative disease in dogs.
Recently, researchers were able to use genes from healthy dogs to restore vision in dogs blinded by an inherited retinal degenerative disease. 
This disease also occurs in human infants and is caused by a defective gene that leads to early vision loss, degeneration of the retinas, and 
blindness. In the gene therapy experiments, genes from dogs without the disease were inserted into 3-month-old dogs that were known to carry 
the defective gene and that had been blind since birth. Six weeks after the treatment, the dogs’ eyes were producing the normal form of the 
gene’s protein product, and by three months, tests showed that the dogs’ vision was restored.

Exploring Current Issues

Additional Resources

Go to your campus library or look online to find the following articles, 
which further develop some of the concepts found in this chapter.

Coghlan, A. and N. Jones (2003). Landmark report aims to lay 
Frankenfood scares to rest. New Scientist, 179(2405), 6.

Henig, R. M. (2003). Pandora’s baby. Scientifi c American, 288(6), 62.
U.S. Department of Energy Human Genome Program. (2003). 

Genomics and its impact on science and society: the human 
genome project and beyond. Retrieved from: www.ornl.gov/
sci/techresources/Human_Genome/publicat/primer2001/index.
shtml.

U.S. Department of Energy Office of Science (2004). Cloning fact 
sheet. Retrieved from: www.ornl.gov/sci/techresources/Human_
Genome/elsi/cloning.shtml.

Biology and Society Lecture: The Human Genome

The sequencing of the human genome was announced on June 26, 2000. 
There were two quite unexpected results: There aren’t as many genes as 
previously thought—only about the same number of genes contained in 
a mouse—and practically half of the entire genome is occupied by trans-
posable elements.

Biology and Society Lecture: Cloning and Stem Cells

On July 5, 1996, the first mammal, a sheep dubbed Dolly, was cloned 
from an adult fully-differentiated cell. When the problem of properly 
“programming” DNA is solved, cloning offers a powerful opportunity to 
cure disorders and conditions involving lost tissue for which there is now 
no effective therapy.

Find these lectures, delivered by the author to his class at Washing-
ton University, online at www.mhhe.com/essentialstlw.com/exp10.
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Sequencing Entire Genomes
10.1 Genomics

• The genetic information 
of an organism, its 
genes and other DNA, is 
called its genome. The 
sequencing and study of 
genomes is a new area of 
biology called genomics.

• The sequencing of entire 
genomes, a once long and tedious process, has been made faster 
and easier with automated systems (figure 10.1).

10.2 The Human Genome

• The human genome contains about 25,000 genes, not much 
more than other organisms (table 10.1 and figure 10.2) and far 
less than what was expected due to alternative splicing of exons.

• Genes are organized in different ways in the genome, with 
nearly 99% of the human genome containing noncoding 
segments (table 10.2).

Genetic Engineering
10.3 A Scientific Revolution

• Genetic engineering is the process of moving genes from one 
organism to another. It is having a major impact on medicine 
and agriculture (figure 10.3).

• Restriction enzymes are a special kind of enzyme that cuts DNA 
at specific sequences. When two different molecules of DNA are 
cut with the same restriction enzyme, sticky ends form, allowing 
the segments of different DNAs to be joined (figure 10.4).
Cleaving DNA is the first of four stages of a genetic engineering 
experiment. The other three stages are: Producing recombinant 
DNA, cloning the DNA in a host cell, and screening the clones 
for the gene of interest (figure 10.5).

10.4 Genetic Engineering and Medicine

• Genetic engineering has 
been used in many medical 
applications. The first application 
was the production of medically 
important proteins used to treat 
illnesses (table 10.3). Genes 
encoding the proteins are inserted 
into bacteria that become small 
protein-producing factories.

• Vaccines are developed using genetic engineering. A gene that 
encodes a viral protein is put into the DNA of a harmless vector 
that expresses the protein. The vector is injected into the body 
where it directs the production of the viral protein. The body 
mounts an immune response against the viral protein. This 

protects the person from an infection by that virus in the future 
(figure 10.7).

10.5 Genetic Engineering and Agriculture

• Genetic engineering has been used in manipulating crop plants 
to make them more cost-effective to grow or more nutritious 
(figures 10.8–10.10).

• However, GM plants are a source of controversy because of 
potential dangers that may result from the genetic manipulation 
of crop plants.

The Revolution in Cell Technology
10.6 Reproductive Cloning

• Ian Wilmut succeeded in cloning a sheep 
by synchronizing the cell cycles of both 
the nucleus donor and host cells (figure 
10.11).

• Other animals have been cloned but 
problems and complications usually 
arise, causing premature death. The 
problem with successful cloning appears to be caused by the 
lack of modifications that need to be made to the DNA, which 
turns genes “on” or “off”, a process called genomic imprinting.

10.7 Stem Cells

• Embyronic stem cells are pluripotent cells, present in the early 
embryo, that are able to divide and develop into any cell in 
the body or develop into an entire individual. Because of their 
pluripotent nature, these cells could be used to replace lost or 
damaged tissues (figure 10.12). However, this procedure has 
problems because of immunological rejection and ethical issues 
concerning the destruction of human embryos.

• Therapeutic cloning is the process whereby a cell from an 
individual who has lost tissue function due to disease or accident 
is cloned, producing an embryo. Embyronic stem cells are 
harvested from the cloned embryo and injected into the same 
individual. The embryonic stem cells regrow the lost tissue 
without eliciting an immune response (figure 10.15). However, 
this procedure is also controversial.

10.8 Gene Therapy

• Using gene therapy, a patient with a genetic disorder is cured by 
replacing a defective gene with a “healthy” gene. In theory, this 
should work—but early attempts to cure cystic fibrosis failed 
because of immunological reactions to the adenovirus vector 
used to carry the healthy gene into the patient.

• The goal of researchers is to identify a vector that avoids the 
problems encountered with the adenovirus. Promising results in 
experiments using a parvovirus called adeno-associated virus 
(AAV) has scientists hopeful that this vector will eliminate the 
problems seen with adenovirus (figure 10.16).

Summary
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Nucleus containing
source DNA

Mammary cell is extracted
and grown in nutrient-
deficient solution that arrests
the cell cycle.

Nucleus is removed
from egg cell with a 
micropipette.

Egg cell is extracted.

Mammary cell is inserted 
inside covering of egg cell.

Electric shock opens cell
membranes and triggers
cell division.

Preparation Cell fusion Cell division

Self-Test

1. The total amount of DNA in an organism, including all of its 
genes and other DNA, is its
a. heredity. c. genome.
b. genetics. d. genomics.

2. A possible reason why humans have such a small number of 
genes as opposed to what was anticipated by scientists is that
a. humans don’t need more than 25,000 genes to function.
b.   the exons used to make a specific mRNA can be rearranged 

to form genes for new proteins.
c.  the sample size used to determine the human genome was not 

big enough, so the number of genes estimated could be low.
d.  the estimate will increase as scientists find out what so-called 

“junk DNA” actually does.
3. A protein that can cut DNA at specific DNA base sequences is 

called a
a. DNase. c. restriction enzyme.
b. DNA ligase. d. DNA polymerase.

4. The four steps of a genetic engineering experiment are (in order)
a.  cleaving DNA, cloning, producing recombinant DNA, and 

screening.
b.  cleaving DNA, producing recombinant DNA, cloning, and 

screening.
c.  producing recombinant DNA, cleaving DNA, screening, and 

cloning.
d.  screening, producing recombinant DNA, cloning, and 

cleaving DNA.
5. Using drugs produced by genetically engineered bacteria allows

a.  the drug to be produced in far larger amounts than in the past.
b.  humans to permanently correct the effects of a missing gene 

from their own systems.
c.  humans to eliminate the chances of infection from blood 

transfusions.
d. All of these answers are correct.

6. Some of the advantages to using genetically modified organisms 
in agriculture include
a. increased yield.
b. unchanged nutritive value.
c. the ease of transferring the gene to other organisms.
d. possibility of allergic reactions.

7. Which of the following is not a concern about the use of 
genetically modified crops?
a. possible danger to humans after consumption
b. insecticide resistance developing in pest species
c. gene flow into natural relatives of GM crops
d. harm to the crop itself from mutations

8. Genomic imprinting seems to involve
a.  protein signals that block transcription of a gene from its DNA.
b. proteins that cause deformation of RNA polymerase.
c. methylation of RNA polymerase.
d. methylation of DNA.

9. One of the main biological problems with replacing damaged 
tissue through the use of embryonic stem cells is
a. immunological rejection of the tissue by the patient.
b. that stem cells may not target appropriate tissue.
c.  the time needed to grow sufficient amounts of tissue from 

stem cells.
d.  that genetic mutations of chosen stem cells may cause future 

problems
10. In gene therapy, healthy genes are placed into cells with defective 

genes by using
a. bacteria.
b. micropipettes (needles).
c. viruses.
d.  Currently, cells are not modified genetically. Instead, healthy 

tissue is grown and transplanted into the patient.

Visual Understanding

1. Figure 10.2 What can you 
say about the number of genes 
an organism contains and the 
complexity of an organism?

2. Figure 10.11 Your friend Charlie wants to know why scientists 
can’t just take the egg cell, with its own nucleus intact, and shock 
it to begin cell division? How do you answer him?

Challenge Questions

Sequencing Entire Genomes Your friend Marisa asks you why it is 
so difficult to sequence a genome; it seems as if it should simply 
be a matter of reading the DNA. What do you tell her?

Gene Engineering Many of the initial genetically engineered drugs 
have to do with the blood. What might be the reasons for this?

The Revolution in Cell Technology Why is it that we know the basics 
of how to clone, yet we cannot successfully clone our pets?

Online Learning Center

Visit the Online Learning Center for this chapter at www.mhhe.com/essentialstlw/ch10 for quizzes, animations, interactive learning exercises, and other 
study tools. At the site you will also find extended answers to the end-of-chapter questions.
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Embryo

Embryo is implanted
into surrogate mother.

Embryo begins to
develop in vitro.

After a five-month
pregnancy, a lamb
genetically identical
to the sheep from
which the mammary
cell was extracted is
born.
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