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Summary
• Studying proteins


• Protein interactions


• Real-life examples


• Studying DNA


• DNA sequencing


• DNA extraction


• DNA amplification
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Plan

• Studying DNA


• DNA cloning


• Cloned organisms and stem cells


• Practical applications of DNA-based technology
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DNA cloning
• Plasmids are small circular DNA molecules that are present in bacteria and replicate separately from the bacterial 
chromosome


• We can insert DNA into plasmids to produce recombinant DNA


• This is then inserted into bacteria to make copies of the plasmid, to express a protein, etc.
Figure 19.5a 
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DNA cloningFigure 19.5b 
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Preparing plasmids
• Cloning genes using bacteria and plasmids (self-replication circular ds-DNA)
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Cutting DNA
• Restriction nucleases are enzymes that cut DNA at specific sequences


• Purified from bacteria where they serve as foreign DNA defense systems  465

phenomenon. It had been observed that certain bacteria always degraded “for-
eign” DNA that was introduced into them experimentally. A search for the mech-
anism responsible revealed a then unanticipated class of bacterial nucleases that 
cleave DNA at speci!c nucleotide sequences. "e bacterium’s own DNA is pro-
tected from cleavage by methylation of these same sequences, thereby protecting 
a bacterium’s own genome from being overrun by foreign DNA. Because these 
enzymes restrict the transfer of DNA into bacteria, they were called restriction 
nucleases. "e pursuit of this seemingly arcane biological puzzle set o# the devel-
opment of technologies that have forever changed the way cell and molecular 
biologists study living things. 

Di#erent bacterial species produce di#erent restriction nucleases, each cut-
ting at a di#erent, speci!c nucleotide sequence (Figure 8–24). Because these 
target sequences are short—generally four to eight nucleotide pairs—many sites 
of cleavage will occur, purely by chance, in any long DNA molecule. "e reason 
restriction nucleases are so useful in the laboratory is that each enzyme will 
always cut a particular DNA molecule at the same sites. "us for a given sample of 
DNA (which contains many identical molecules), a particular restriction nuclease 
will reliably generate the same set of DNA fragments. 

"e size of the resulting fragments depends on the length of the target 
sequences of the restriction nucleases. As shown in Figure 8–24, the enzyme 
HaeIII cuts at a sequence of four nucleotide pairs; a sequence this long would 
be expected to occur purely by chance approximately once every 256 nucleotide 
pairs (1 in 44). In comparison, a restriction nuclease with a target sequence that 
is eight nucleotides long would be expected to cleave DNA on average once every 
65,536 nucleotide pairs (1 in 48). "is di#erence in sequence selectivity makes it 
possible to cleave a long DNA molecule into the fragment sizes that are most suit-
able for a given application. 

Gel Electrophoresis Separates DNA Molecules of Different Sizes 
"e same types of gel-electrophoresis methods that have proved so useful in the 
analysis of proteins (see Figure 8–13) can be applied to DNA molecules. "e pro-
cedure is actually simpler than for proteins: because each nucleotide in a nucleic 
acid molecule already carries a single negative charge (on the phosphate group), 
there is no need to add the negatively charged detergent SDS that is required to 
make protein molecules move uniformly toward the positive electrode. Larger 
DNA fragments will migrate more slowly because their progress is impeded to a 
greater extent by the gel matrix. Over several hours, the DNA fragments become 
spread out across the gel according to size, forming a ladder of discrete bands, 
each composed of a collection of DNA molecules of identical length (Figure 8–25A 
and B). To separate DNA molecules longer than 500 nucleotide pairs, the gel is 
made of a diluted solution of agarose (a polysaccharide isolated from seaweed). 
For DNA fragments less than 500 nucleotides long, specially designed polyacryl-
amide gels allow the separation of molecules that di#er in length by as little as a 
single nucleotide (see Figure 8–25C). 

ANALYZING AND MANIPULATING DNA
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Figure 8–24 Restriction nucleases cleave 
DNA at specific nucleotide sequences. 
Like the sequence-specific DNA-binding 
proteins we encountered in Chapter 7 (see 
Figure 7–8), restriction enzymes often work 
as dimers, and the DNA sequence they 
recognize and cleave is often symmetrical 
around a central point. Here, both strands 
of the DNA double helix are cut at specific 
points within the target sequence (orange). 
Some enzymes, such as HaeIII, cut straight 
across the double helix and leave two 
blunt-ended DNA molecules; with others, 
such as EcoRI and HindIII, the cuts on each 
strand are staggered. These staggered 
cuts generate “sticky ends”—short, single-
stranded overhangs that help the cut DNA 
molecules join back together through 
complementary base-pairing. This rejoining 
of DNA molecules becomes important 
for DNA cloning, as we discuss below. 
Restriction nucleases are usually obtained 
from bacteria, and their names reflect their 
origins: for example, the enzyme EcoRI 
comes from Escherichia coli. There are 
currently hundreds of different restriction 
enzymes available; they can be ordered 
from companies that commercially produce 
them. 

Sticky ends

Sticky ends

Blunt ends
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Visualizing DNA
• Gel electrophoresis separates DNA fragment by size


• As for proteins, but each nucleotide already carries a negative charge on the phosphate group


• Agarose gel


• Use of an intercalating agent that binds DNA and fluoresces under UV

466 Chapter 8:  Analyzing Cells, Molecules, and Systems

A variation of agarose-gel electrophoresis, called pulsed-!eld gel electrophore-
sis, makes it possible to separate extremely long DNA molecules, even those found 
in whole chromosomes. Ordinary gel electrophoresis fails to separate very large 
DNA molecules because the steady electric !eld stretches them out so that they 
travel end-!rst through the gel in snakelike con!gurations at a rate that is inde-
pendent of their length. In pulsed-!eld gel electrophoresis, by contrast, the direc-
tion of the electric !eld changes periodically, which forces the molecules to re- 
orient before continuing to move snakelike through the gel. "is re-orientation 
takes much more time for larger molecules, so that longer molecules move more 
slowly than shorter ones. As a consequence, entire bacterial or yeast chromo-
somes separate into discrete bands in pulsed-!eld gels and so can be sorted and 
identi!ed on the basis of their size (Figure 8–25D). Although a typical mammalian 
chromosome of 108 nucleotide pairs is still too long to be sorted even in this way, 
large segments of these chromosomes are readily separated and identi!ed if the 
chromosomal DNA is !rst cut with a restriction nuclease selected to recognize 
sequences that occur only rarely.

"e DNA bands on agarose or polyacrylamide gels are invisible unless the 
DNA is labeled or stained in some way. A particularly sensitive method of staining 
DNA is to soak the gel in the dye ethidium bromide, which #uoresces under ultra-
violet light when it is bound to DNA (see Figure 8–25B and D). Even more sensitive 
detection methods incorporate a radioisotope or chemical marker into the DNA 
molecules before electrophoresis, as we next describe. 
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Figure 8–25 DNA molecules can 
be separated by size using gel 
electrophoresis. (A) Schematic illustration 
comparing the results of cutting the same DNA 
molecule (in this case, the genome of a virus 
that infects wasps) with two different restriction 
nucleases, EcoRI (middle) and HindIII (right). 
The fragments are then separated by gel 
electrophoresis using a gel matrix of agarose. 
Because larger fragments migrate more slowly 
than smaller ones, the lowermost bands on 
the gel contain the smallest DNA fragments. 
The sizes of the fragments can be estimated 
by comparing them to a set of DNA fragments 
of known sizes (left). (B) Photograph of an 
actual agarose gel showing DNA “bands” that 
have been stained with ethidium bromide. 
(C) A polyacrylamide gel with small pores 
was used to separate short DNA molecules 
that differ by only a single nucleotide. Shown 
here are the results of a dideoxy sequencing 
reaction, explained later in this chapter. From 
left to right, the bands in the four lanes were 
produced by adding G, A, T, and C chain-
terminating nucleotides (see Panel 8–1). The 
DNA molecules were labeled with 32P, and the 
image shown was produced by laying a piece 
of photographic film over the gel and allowing 
the 32P to expose the film, producing the dark 
bands observed when the film was developed. 
(D) The technique of pulsed-field agarose-gel 
electrophoresis was used to separate the 16 
different chromosomes of the yeast species 
Saccharomyces cerevisiae, which range in 
size from 220,000 to 2.5 million nucleotide 
pairs. The DNA was stained as in (B). DNA 
molecules as large as 107 nucleotide pairs can 
be separated in this way. (B, from U. Albrecht 
et al., J. Gen. Virol. 75:3353-3363, 1994; 
C, courtesy of Leander Lauffer and Peter 
Walter; D, from D. Vollrath and R.W. Davis, 
Nucleic Acids Res. 15:7865–7876, 1987. With 
permission from Oxford University Press.)

Figure 19.7 
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Preparing plasmids
• Cloning genes using bacteria and plasmids (self-replication circular ds-DNA)468 Chapter 8:  Analyzing Cells, Molecules, and Systems

is used because this isolation is usually accomplished by making many identical 
copies of only the DNA of interest. We note that elsewhere in the book, cloning, 
particularly when used in the context of developmental biology, can also refer 
to the generation of many genetically identical cells starting from a single cell or 
even to the generation of genetically identical organisms (see, for example, Figure 
7–2). In all cases, cloning refers to the act of making many identical copies, and 
in this section, we use the term to refer to methods designed to generate many 
identical copies of a de!ned segment of nucleic acid.

DNA cloning can be accomplished in several ways. One of the simplest 
involves inserting a particular fragment of DNA into the puri!ed DNA genome of 
a self-replicating genetic element—usually a plasmid. "e plasmid vectors most 
widely used for gene cloning are small, circular molecules of double-stranded 
DNA derived from plasmids that occur naturally in bacterial cells. "ey generally 
account for only a minor fraction of the total host bacterial cell DNA, but owing 
to their small size, they can easily be separated from the much larger chromo-
somal DNA molecules, which precipitate as a pellet upon centrifugation. For use 
as cloning vectors, the puri!ed plasmid DNA circles are !rst cut with a restric-
tion nuclease to create linear DNA molecules. "e DNA to be cloned is added to 
the cut plasmid and then covalently joined using the enzyme DNA ligase (Figure 
8–27 and Figure 8–28). As discussed in Chapter 5, this enzyme is used by the cell 
to stitch together the Okazaki fragments produced during DNA replication. "e 
recombinant DNA circle is introduced back into bacterial cells that have been 
made transiently permeable to DNA. As the cells grow and divide, doubling in 
number every 30 minutes, the recombinant plasmids also replicate to produce an 

Figure 8–27 The insertion of a DNA 
fragment into a bacterial plasmid with 
the enzyme DNA ligase. The plasmid is 
cut open with a restriction nuclease (in this 
case, one that produces staggered ends) 
and is mixed with the DNA fragment to be 
cloned (which has been prepared with the 
same restriction nuclease). DNA ligase and 
ATP are added. The staggered ends base-
pair, and DNA ligase seals the nicks in the 
DNA backbone, producing a complete 
recombinant DNA molecule. In the 
accompanying micrographs, the inserted 
DNA is colored red. (Micrographs courtesy 
of Huntington Potter and David Dressler.)
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Figure 8–28 DNA ligase can join  
together any two DNA fragments in  
vitro to produce recombinant DNA  
molecules. ATP provides the energy  
necessary to reseal the sugar-phosphate  
backbone of DNA (see Figure 5–12).  
(A) DNA ligase can readily join two  
DNA fragments produced by the same 
restriction nuclease, in this case EcoRI. 
Note that the staggered ends produced 
by this enzyme enable the ends of the two 
fragments to base-pair correctly with each 
other, greatly facilitating their rejoining.  
(B) DNA ligase can also be used to 
join DNA fragments produced by 
different restriction nucleases—for 
example, EcoRI and HaeIII. In this 
case, before the fragments undergo 
ligation, DNA polymerase plus a mixture 
of deoxyribonucleoside triphosphates 
(dNTPs) are used to fill in the staggered cut 
produced by EcoRI. Each DNA fragment 
shown in the figure is oriented so that its 5ʹ 
ends are at the left end of the upper strand 
and the right end of the lower strand, as 
indicated. 
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Preparing plasmids
• Preparing the plasmid using restriction enzymes

468 Chapter 8:  Analyzing Cells, Molecules, and Systems

is used because this isolation is usually accomplished by making many identical 
copies of only the DNA of interest. We note that elsewhere in the book, cloning, 
particularly when used in the context of developmental biology, can also refer 
to the generation of many genetically identical cells starting from a single cell or 
even to the generation of genetically identical organisms (see, for example, Figure 
7–2). In all cases, cloning refers to the act of making many identical copies, and 
in this section, we use the term to refer to methods designed to generate many 
identical copies of a de!ned segment of nucleic acid.

DNA cloning can be accomplished in several ways. One of the simplest 
involves inserting a particular fragment of DNA into the puri!ed DNA genome of 
a self-replicating genetic element—usually a plasmid. "e plasmid vectors most 
widely used for gene cloning are small, circular molecules of double-stranded 
DNA derived from plasmids that occur naturally in bacterial cells. "ey generally 
account for only a minor fraction of the total host bacterial cell DNA, but owing 
to their small size, they can easily be separated from the much larger chromo-
somal DNA molecules, which precipitate as a pellet upon centrifugation. For use 
as cloning vectors, the puri!ed plasmid DNA circles are !rst cut with a restric-
tion nuclease to create linear DNA molecules. "e DNA to be cloned is added to 
the cut plasmid and then covalently joined using the enzyme DNA ligase (Figure 
8–27 and Figure 8–28). As discussed in Chapter 5, this enzyme is used by the cell 
to stitch together the Okazaki fragments produced during DNA replication. "e 
recombinant DNA circle is introduced back into bacterial cells that have been 
made transiently permeable to DNA. As the cells grow and divide, doubling in 
number every 30 minutes, the recombinant plasmids also replicate to produce an 

Figure 8–27 The insertion of a DNA 
fragment into a bacterial plasmid with 
the enzyme DNA ligase. The plasmid is 
cut open with a restriction nuclease (in this 
case, one that produces staggered ends) 
and is mixed with the DNA fragment to be 
cloned (which has been prepared with the 
same restriction nuclease). DNA ligase and 
ATP are added. The staggered ends base-
pair, and DNA ligase seals the nicks in the 
DNA backbone, producing a complete 
recombinant DNA molecule. In the 
accompanying micrographs, the inserted 
DNA is colored red. (Micrographs courtesy 
of Huntington Potter and David Dressler.)
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Figure 8–28 DNA ligase can join  
together any two DNA fragments in  
vitro to produce recombinant DNA  
molecules. ATP provides the energy  
necessary to reseal the sugar-phosphate  
backbone of DNA (see Figure 5–12).  
(A) DNA ligase can readily join two  
DNA fragments produced by the same 
restriction nuclease, in this case EcoRI. 
Note that the staggered ends produced 
by this enzyme enable the ends of the two 
fragments to base-pair correctly with each 
other, greatly facilitating their rejoining.  
(B) DNA ligase can also be used to 
join DNA fragments produced by 
different restriction nucleases—for 
example, EcoRI and HaeIII. In this 
case, before the fragments undergo 
ligation, DNA polymerase plus a mixture 
of deoxyribonucleoside triphosphates 
(dNTPs) are used to fill in the staggered cut 
produced by EcoRI. Each DNA fragment 
shown in the figure is oriented so that its 5ʹ 
ends are at the left end of the upper strand 
and the right end of the lower strand, as 
indicated. 
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Preparing plasmids
• Preparing the plasmid using restriction enzymes

Figure 19.6 
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Preparing plasmids
• Preparing the plasmid using Gibson assembly



13

Preparing plasmids

• In cloning, the plasmid is called a cloning vector


• It can carry foreign DNA into a host cell and replicate there
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Transforming plasmids into bacteria
• using electroporation
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• using heat shock

Transforming plasmids into bacteria
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Growing the transformed bacteria
• Growing the bacterial culture containing the plasmid of interest

  469

enormous number of copies of DNA circles containing the foreign DNA (Figure 
8–29). Once the cells are lysed and the plasmid DNA isolated, the cloned DNA 
fragment can be readily recovered by cutting it out of the plasmid DNA with the 
same restriction nuclease that was used to insert it, and then separating it from 
the plasmid DNA by gel electrophoresis. Together, these steps allow the ampli!-
cation and puri!cation of any segment of DNA from the genome of any organism. 

A particularly useful plasmid vector is based on the naturally occurring F 
plasmid of E. coli. Unlike smaller bacterial plasmids, the F plasmid—and its engi-
neered derivative, the bacterial arti!cial chromosome (BAC)—is present in only 
one or two copies per E. coli cell. "e fact that BACs are kept in such low numbers 
means that they can stably maintain very long DNA sequences, up to 1 million 
nucleotide pairs in length. With only a few BACs present per bacterium, it is less 
likely that the cloned DNA fragments will become scrambled by recombination 
with sequences carried on other copies of the plasmid. Because of their stability, 
ability to accept large DNA inserts, and ease of handling, BACs are now the pre-
ferred vector for handling large fragments of foreign DNA. As we will see below, 
BACs were instrumental in determining the complete nucleotide sequence of the 
human genome. 

An Entire Genome Can Be Represented in a DNA Library
Often it is useful to break up a genome into much smaller fragments and clone 
every fragment, separately, using a plasmid vector. "is approach is useful 
because it allows scientists to work with easily managed, discrete pieces of a 
genome instead of whole, unwieldy chromosomes. 

"is strategy involves cleaving genomic DNA into small pieces using a restric-
tion nuclease (or, in some cases, by mechanically shearing the DNA) and ligat-
ing the entire collection of DNA fragments into plasmid vectors, using conditions 
that favor the insertion of a single DNA fragment into each plasmid molecule. 
"ese recombinant plasmids are then introduced into E. coli at a concentration 
that ensures that no more than one plasmid molecule is taken up by each bac-
terium. "e collection of cloned plasmid molecules is known as a DNA library. 
Because the DNA fragments were derived directly from the chromosomal DNA of 
the organism of interest, the resulting collection—called a genomic library—will 
represent the entire genome of that organism (Figure 8–30), spread out over tens 
of thousands of individual bacterial colonies. 

An alternative strategy, one that enriches for protein-coding genes, is to 
begin the cloning process by selecting only those DNA sequences that are tran-
scribed into mRNA and thus correspond to protein-encoding genes. "is is done 
by extracting the mRNA from cells and then making a DNA copy of each mRNA 

ANALYZING AND MANIPULATING DNA

Figure 8–29 A DNA fragment can be 
replicated inside a bacterial cell. To 
clone a particular fragment of DNA, it is first 
inserted into a plasmid vector, as shown 
in Figure 8–27. The resulting recombinant 
plasmid DNA is then introduced into a 
bacterium, where it is replicated many 
millions of times as the bacterium 
multiplies. For simplicity, the genome of the 
bacterial cell is not shown. 
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Figure 8–30 Human genomic libraries containing DNA fragments 
that represent the whole human genome can be constructed using 
restriction nucleases and DNA ligase. Such a genomic library consists 
of a set of bacteria, each carrying a different fragment of human DNA. For 
simplicity, only the colored DNA fragments are shown in the library; in reality, 
all of the different gray fragments will also be represented.

• Purify the plasmid


• Express a protein of interest


• Overexpress a protein for 
purification


•…



17

Cloning in bacteria
Research Method: Cloning Genes in Bacterial Plasmids 
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Cloning in bacteria
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Protein overexpression
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DNA libraries

• A genomic library is a collection of bacteria 
each carrying a plasmid with one DNA fragment 
coming from an entire genome


• The library aims at covering the whole 
genome


• A bacterial artificial chromosome (BAC) is a 
large plasmid that can carry large DNA inserts
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DNA libraries

• A cDNA library is made by cloning DNA 
made in vitro by reverse transcription of all the 
mRNA produced in the cell


• It represents only one part of the genome, 
the part being transcribed

Making cDNA from 
eukaryotic genes 
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DNA libraries

• Libraries can be screened to identify clones 
carrying a gene of interest using nucleic acid 
probes


• This based on nucleic acid hybridization

• A probe can be synthesized that is 
complementary to the gene of interest 

• For example, if the desired gene is 

 
 

     – Then we would synthesize this probe   

5′ 3′ ⋅⋅⋅ CTCAT CACCGGC⋅⋅⋅ 

5′ 3′ G A G T A G T G G C C G 

Sequence in the gene of interest

Probe

• A probe can be synthesized that is 
complementary to the gene of interest 

• For example, if the desired gene is 

 
 

     – Then we would synthesize this probe   

5′ 3′ ⋅⋅⋅ CTCAT CACCGGC⋅⋅⋅ 

5′ 3′ G A G T A G T G G C C G 
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DNA libraries
Research Method: Detecting a Specific DNA Sequence by 
Hybridization with a Nucleic Acid Probe 

Radioactively 
labeled probe 
molecules Gene of  

interest 
Probe 
DNA 

Single- 
stranded 
DNA from 
cell 

Film 

Location of 
DNA with the 
complementary 
sequence 

Nylon 
membrane 

Nylon membrane 

Multiwell plates 
holding library 
clones 

TECHNIQUE 5′ 

5′ 3′ 

3′ 

GAGTAGTGGCCG 
⋅⋅⋅ CTCATCACCGGC⋅⋅⋅ 

Denature the DNA, 
the resulting 
ssDNA to the 

membrane 
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Southern Blotting
Research Method: Southern Blotting of DNA Fragments 

DNA + restriction enzyme 

3 2 1 

4 

TECHNIQUE 

I Normal 
β-globin 
allele 

II Sickle-cell 
allele 

III Heterozygote 

Restriction 
fragments Nitrocellulose 

membrane (blot) 

Heavy 
weight 

Gel 

Sponge 

Alkaline 
solution Paper 

towels 

II I III 

II I III II I III 

Preparation of 
restriction fragments 

Gel electrophoresis DNA transfer (blotting) 

Radioactively labeled 
probe for β-globin 
gene 

Nitrocellulose blot 

Probe base-pairs 
with fragments 

Fragment from  
sickle-cell 
 β-globin allele 

Fragment from  
normal β- globin  
allele 

Film 
over 
blot 

Hybridization with labeled probe Probe detection 5 
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Expressing eukaryotic genes

• After cloning a gene, its protein product can be produced in large amounts


• They can be expressed in bacteria or eukaryotic cells


• What are the difficulties when expressing a eukaryotic protein in bacterial cells?


• Differences in promoters -> use of expression vectors with strong promoters


• Presence of introns -> use of cDNA


• Protein glycosylation
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Eukaryotic cloning systems

• Eukaryotic genes may not be expressed properly in bacteria (introns, post-translational modifications, …)


• Researchers have then to use eukaryotic cells, like yeasts 


• In some cases, yeasts do not have proteins required to modify a mammalian protein properly, in which case insect 

cells or cultured mammalian cells are used


• Recombinant DNA is introduced by electroporation or by injection (with microscopically thin needles)


• Once inside the cell, DNA is incorporated by natural recombination
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Plan

• Studying DNA


• DNA cloning


• Cloned organisms and stem cells


• Practical applications of DNA-based technology
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Use of cloned organisms and stem cells

• Here cloning refers to the production of organisms genetically identical to the “parent” that donated the single 

cell


• A stem cell is not specialized and can reproduce itself indefinitely or differentiate into specialized cells under 

certain conditions
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Cloning plants

• In plants, cells can de-differenciate and give rise to all cell types


• A cell that can give rise to a complete new organism is called totipotent


• Plant cloning is extensively used in agriculture
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Cloning plantsFigure 19.15 

Cross 
section of 
carrot root 

2-mg 
fragments 

Fragments were 
cultured in nu- 
trient medium; 
stirring caused 
single cells to 
shear off into 
the liquid. 

Single cells 
free in 
suspension 
began to 
divide. 

Embryonic 
plant developed 
from a cultured 
single cell. 

Plantlet was 
cultured on 
agar medium. 
Later it was 
planted in soil. 

Adult 
plant 
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Cloning animals: nuclear transplantation

• The nucleus of an unfertilized egg is replaced 

with the nucleus of differentiated cell


• In frog embryos, this can support the normal 

development of the egg (depending on how 

old the donor nucleus is)

Frog embryo Frog egg cell Frog tadpole 

UV 

Less differ- 
entiated cell 

Donor 
nucleus 
trans- 
planted 

Enucleated 
egg cell 

Fully differ- 
entiated 
(intestinal) cell 

Donor 
nucleus 
trans- 
planted Egg with donor nucleus 

activated to begin 
development 

Most develop 
into tadpoles. 

Most stop developing 
before tadpole stage. 

EXPERIMENT 

RESULTS 

Figure 19.16 
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Cloning animals: mammals

• Cloning of Dolly, a lamb cloned from an 

adult sheep


• Premature death and arthritis - potential 

incomplete reprogramming of the original 

transplanted nucleus


• Since then, many mammals were 

succesfully cloned (many exhibiting 

defects, epigenetics)
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Engineering animals: transgenic organisms
496 Chapter 8:  Analyzing Cells, Molecules, and Systems

!e ability to prepare transgenic mice lacking a known normal gene has been 
a major advance, and the technique has been used to determine the functions of 
many mouse genes (Figure 8–54). If the gene functions in early development, a 
knockout mouse will usually die before it reaches adulthood. !ese lethal defects 
can be carefully analyzed to help determine the function of the missing gene. 
As described in Chapter 5, an especially useful type of transgenic animal takes 
advantage of a site-speci"c recombination system to excise—and thus disable—
the target gene in a particular place or at a particular time (see Figure 5–66). In this 
case, the target gene in embryonic stem (ES) cells is replaced by a fully functional 
version of the gene that is #anked by a pair of the short DNA sequences, called lox 
sites, that are recognized by the Cre recombinase protein. !e transgenic mice that 
result are phenotypically normal. !ey are then mated with transgenic mice that 
express the Cre recombinase gene under the control of an inducible promoter. In 

TRANSGENIC MOUSE
WITH ONE COPY OF

TARGET GENE REPLACED
BY ALTERED GENE

IN GERM LINE

SOMATIC CELLS OF 
OFFSPRING TESTED FOR 
PRESENCE OF ALTERED 
GENE, AND SELECTED
MICE BRED TO TEST FOR
GENE IN GERM-LINE CELLS

BIRTH

female mouse

MATE AND HARVEST
EARLY EMBRYOS

HYBRID EARLY EMBRYO 
PARTLY FORMED FROM 
ES CELLS

INTRODUCE HYBRID 
EARLY EMBRYO INTO 
PSEUDOPREGNANT
MOUSE

isolated
early embryo

ES cells growing
in culture

(A) (B)

altered version
of target gene
constructed by

genetic
engineering

INTRODUCE A DNA
FRAGMENT CONTAINING
ALTERED GENE INTO
MANY CELLS

TEST FOR THE RARE
COLONY IN WHICH
THE DNA FRAGMENT
HAS REPLACED ONE
COPY OF THE
NORMAL GENE

LET EACH CELL
PROLIFERATE TO 
FORM A COLONY

ES cells with one copy of target
gene replaced by mutant gene

INJECT
ES CELLS

INTO
EARLY EMBRYO

MBoC6 m8.65/8.54

Figure 8–53 Summary of the procedures 
used for making gene replacements 
in mice. In the first step (A), an altered 
version of the gene is introduced into 
cultured ES (embryonic stem) cells. These 
cells are described in detail in Chapter 
22. Only a few ES cells will have their 
corresponding normal genes replaced by 
the altered gene through a homologous 
recombination event. These cells can be 
identified by PCR and cultured to produce 
many descendants, each of which carries 
an altered gene in place of one of its two 
normal corresponding genes. In the next 
step of the procedure (B), these altered ES 
cells are injected into a very early mouse 
embryo; the cells are incorporated into the 
growing embryo, and a mouse produced 
by such an embryo will contain some 
somatic cells (indicated by orange) that 
carry the altered gene. Some of these mice 
will also contain germ-line cells that contain 
the altered gene; when bred with a normal 
mouse, some of the progeny of these mice 
will contain one copy of the altered gene in 
all of their cells. 
     The mice with the transgene in their 
germ line are then bred to produce 
both a male and a female animal, each 
heterozygous for the gene replacement 
(that is, they have one normal and one 
mutant copy of the gene). When these two 
mice are mated (not shown), one-fourth of 
their progeny will be homozygous for the 
altered gene. 

• Transgenic organisms are organisms that have been 
genetically engineered


• A transgene is a foreign gene that has been added

Often inserts at random;

Needs lots of screening
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Engineering animals: the CRE-Lox system
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‣ Cas9 and guide RNA are expressed in culture cells


‣ They associate and mediate double-strand break of the 
chosen DNA region


‣ This is repaired by non-homologous end joining leading to 
errors and often a gene deletion phenotype


‣ An altered target gene can be provided to be added by 
homologous recombination


‣ Can also be added to turn genes on and off by fusing Cas9 
with transcription regulators

Engineering animals: the CRISPR system



36

‣ easy to design guide RNAs


‣ numerous genes can be controlled simultaneously 
(one Cas9, different guide RNAs)


‣ can virtually be adapted to all organisms

Engineering animals: the CRISPR system
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Stem cells (ES)

• Stem cells are unspecialized, reproduce themselves 

indefinitely and differentiate into specialized cells upon specific 

signals


• Stem cells from early embryos are called embryonic stem 

cells (ES) and can differentiate into all cell types


• In adult bodies, stem cells replace non-reproducing 

specialized cells


• ES are pluripotent, they can differenciate in many cell types


• The aim is to supply cell for the repair of diseased organs

Figure 19.19 

Stem cell 

Cell division 

Stem cell and Precursor cell 

Fat cells or Bone 
cells 

or White 
blood cells 
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Stem cells (ES)

• Stem cells are unspecialized, reproduce themselves 

indefinitely and differentiate into specialized cells upon specific 

signals


• Stem cells from early embryos are called embryonic stem 

cells (ES) and can differentiate into all cell types


• In adult bodies, stem cells replace non-reproducing 

specialized cells


• ES are pluripotent, they can differentiate in many cell types


• The aim is to supply cell for the repair of diseased organs

Figure 19.20 

Cultured 
stem cells 

Different 
culture 
conditions 

Different 
types of 
differentiated 
cells 

Embryonic 
stem cells 

Adult 
stem cells 

Cells generating 
all embryonic 
cell types 

Cells generating 
some cell types 

Liver 
cells 

Nerve 
cells 

Blood 
cells 
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Stem cells (iPS)

• Induced pluripotent stem cells (iPS) are differentiated cells 

that are reprogrammed to act as ES


• Retroviruses are used to induce extra copies of 4 master 

regulators to produce iPS


• They can be used as models to study certain diseases

Figure 19.21 Stem cell Precursor cell Experiment 

Skin 
fibroblast 
cell 

Four “stem cell” master regulator 
genes were introduced, using 
the retroviral cloning vector. 

Induced pluripotent 
stem (iPS) cell 

Oct3/4 Sox2 

c-Myc 
Klf4 
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Stem cells (iPS)

• Induced pluripotent stem cells (iPS) are differentiated cells 

that are reprogrammed to act as ES


• Retroviruses are used to induce extra copies of 4 master 

regulators to produce iPS


• They can be used as models to study certain diseases

Remove skin cells 
from patient. 2 

1 

3 

4 

Reprogram skin cells 
so the cells become 
induced pluripotent 
stem (iPS) cells. 

Patient with 
damaged heart 
tissue or other 
disease 

Return cells to 
patient, where 
they can repair 
damaged tissue. 

Treat iPS cells so 
that they differentiate 
into a specific 
cell type. 

Impact: The Impact of Induced 
Pluripotent Stem (iPS) Cells on 
Regenerative Medicine 
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Plan

• Studying DNA


• DNA cloning


• Cloned organisms and stem cells


• Practical applications of DNA-based technology
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Practical applications of DNA-based technology

• Medical application 


• identify genes/mutations involved in genetic 

diseases which are target for treatment or 

prevention


• diagnostic by PCR for disease-causing mutation


• gene therapy, i.e. repairing a “bad” gene - technical 

and ethical questions

Figure 19.22 Cloned gene 

2 

1 

3 

4 

Retrovirus 
capsid 

Bone 
marrow 
cell from 
patient 

Viral RNA 

Bone 
marrow 

Insert RNA version of normal allele 
into retrovirus. 

Let retrovirus infect bone marrow cells 
that have been removed from the 
patient and cultured. 

Viral DNA carrying the normal 
allele inserts into chromosome. 

Inject engineered 
cells into patient. 
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• Pharmacy


• transgenic animals as pharmaceutical factories, producing large amounts of rare substances 

➡ Goat produces anti-thrombin in their milk, which helps patients with genetic disease lacking this enzyme and that have 
blood clots in their vessels

Figure 19.23 

Practical applications of DNA-based technology
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• Forensic science


• Each individual has a unique DNA sequence (=genetic profile) that can be obtained from body tissues or fluids


• DNA testing can identify individuals with a high degree of certainty


• As of 2013, more than 300 innocent people have been released from prison as a result of old DNA analysis

Practical applications of DNA-based technology
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Figure 19.24 This photo shows 
Washington just before 
his release in 2001, 
after 17 years in prison. 

(a) 

(b) These and other STR data exonerated Washington 
and led Tinsley to plead guilty to the murder. 

Semen on victim 

Earl Washington 

Kenneth Tinsley 

17,19 

16,18 

17,19 

13,16 

14,15 

13,16 

12,12 

11,12 

12,12 

Source of 
sample 

STR 
marker 1 

STR 
marker 2 

STR 
marker 3 

Practical applications of DNA-based technology
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• Environmental science


• Genetic engineering to modify the metabolism of micro-organisms (degradation of toxic waste, mineral 

extraction, …)

Practical applications of DNA-based technology
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• Agriculture


• Improve productivity and food quality


• Herbicide resistance, resistance to pests, 

resistance to salinity, improved nutritional 

value, …

Plant with new trait 

RESULTS 

TECHNIQUE 

Ti 
plasmid 

Site where 
restriction 
enzyme cuts 

DNA with 
the gene 
of interest 

Recombinant 
Ti plasmid 

T DNA 

Agrobacterium tumefaciens 

Research Method: 
Using the Ti 

Plasmid to Produce 
Transgenic Plants 

Practical applications of DNA-based technology
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 Potential benefits must be weighed against potential hazards of creating harmful products or procedures

Practical applications of DNA-based technology
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Summary

• Studying DNA


• DNA cloning


• Cloned organisms and stem cells


• Practical applications of DNA-based technology



Have a nice day! 
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