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Learning Objectives

a Define recombinant DNA technology and its core principles.

a Describe the role and mechanism of action of restriction enzymes, ligase, and vectors
in genetic engineering.

Explain the process of isolating desired genes and inserting them into a vector.

Outline the methods for introducing recombinant DNA into host cells (transformation).

Discuss the techniques used to identify transformed cells and cells containing the
recombinant plasmid.

Evaluate the ethical considerations and potential applications of recombinant DNA
technology.




Biotechnology and Genetic Engineering - Recombinant
DNA Technology

1. Introduction to Recombinant DNA Technology

Recombinant DNA technology, often referred to as genetic engineering, involves the manipulation of an
organism's genetic material to introduce new characteristics or modify existing ones. It is a powerful set of
techniques that allows scientists to cut DNA from one organism and insert it into the DNA of another, creating a
‘recombinant' DNA molecule. This technology has revolutionised fields from medicine to agriculture, enabling the
production of vital pharmaceuticals and the development of crops with enhanced traits. Understanding the
fundamental steps is crucial for appreciating its vast applications and implications. (AQA Specification Reference:
3.8.3.1)

Recombinant DNA

A DNA molecule formed by laboratory methods of genetic recombination to bring together genetic material
from multiple sources, creating sequences that would not otherwise be found in the genome.

Genetic Engineering

The deliberate modification of the characteristics of an organism by manipulating its genetic material.

Core Principles

The basic principle of recombinant DNA technology involves several key steps: 1) Isolation of the desired
gene, 2) Insertion of the gene into a vector, 3) Introduction of the vector into a host cell, 4) Identification of
cells that have successfully taken up the recombinant DNA, and 5) Cloning of these cells to produce many
copies of the gene or its product. Each step requires specific enzymes and techniques to ensure accuracy
and efficiency. The ability to transfer genes between unrelated species highlights the universality of the
genetic code.

2. Tools of Recombinant DNA Technology: Enzymes and Vectors

The precise manipulation of DNA relies heavily on a suite of molecular tools, primarily enzymes that can cut and
join DNA, and vectors that act as carriers for the desired genetic material. These tools allow for the targeted
modification of genomes with high specificity. (AQA Specification Reference: 3.8.3.2)




Restriction Enzymes (Restriction Endonucleases)

Restriction enzymes are bacterial enzymes that recognise specific short nucleotide sequences (recognition
sites) within DNA and cut the DNA at or near these sites. These recognition sites are typically palindromic,
meaning they read the same forwards and backwards on opposite strands. The cuts can result in either
'sticky ends' (overhanging single-stranded sequences) or 'blunt ends' (straight cuts with no overhangs).
Sticky ends are particularly useful in genetic engineering because they can readily form hydrogen bonds
with complementary sticky ends from other DNA fragments cut with the same enzyme, facilitating the
joining of different DNA molecules. Over 3000 restriction enzymes have been identified, each with a unique
recognition sequence.

« Recognition Site: A specific sequence of nucleotides (usually 4-8 base pairs long) that a restriction enzyme
recognises and cuts.

« Sticky Ends: Single-stranded overhangs produced by some restriction enzymes, which are complementary to
other DNA fragments cut with the same enzyme. This complementarity allows for annealing (joining) of DNA
fragments.

« Blunt Ends: Straight cuts produced by some restriction enzymes, leaving no overhangs. Joining blunt ends is
less efficient but can be achieved.

DNA Ligase

DNA ligase is an enzyme that catalyses the formation of phosphodiester bonds between adjacent
nucleotides, effectively joining DNA fragments together. After restriction enzymes create sticky ends, DNA
ligase is used to permanently seal the nicks in the sugar-phosphate backbone, forming a continuous
recombinant DNA molecule. This enzyme is crucial for inserting the desired gene into a vector.

Vectors

A vector is a DNA molecule used as a vehicle to artificially carry foreign genetic material into another cell,
where it can be replicated and/or expressed. Plasmids are the most commonly used vectors in bacterial
genetic engineering. Other vectors include bacteriophages and artificial chromosomes (e.g., YACs, BACs)
for larger DNA inserts. Key features of a good vector include: 1) An origin of replication, allowing it to be
copied independently within the host cell, 2) A selectable marker gene, to identify host cells that have taken
up the vector, and 3) One or more unique restriction sites within the marker gene or another gene, where
the foreign DNA can be inserted without disrupting essential vector functions.

e Plasmids: Small, circular, double-stranded DNA molecules found naturally in bacteria, separate from the main
bacterial chromosome. They can replicate independently and often carry genes for antibiotic resistance,
making them ideal vectors.

« Origin of Replication (ori): A specific DNA sequence that initiates replication of the plasmid within the host cell.

* Selectable Marker Gene: A gene (e.g., for antibiotic resistance or an enzyme like B-galactosidase) that allows
for the identification of cells that have successfully taken up the vector.

3. The Process of Gene Insertion

The core of recombinant DNA technology involves the precise cutting and joining of DNA fragments. This section
details the steps required to isolate a gene of interest and insert it into a suitable vector. (AQA Specification
Reference: 3.8.3.3)




Isolation of the Desired Gene

There are several methods to obtain the gene of interest:

1. Restriction Enzyme Digestion: If the gene's location is known and flanked by suitable restriction sites,
genomic DNA can be cut with specific restriction enzymes to excise the gene.

2. Reverse Transcriptase: For genes encoding proteins, mRNA can be isolated from cells actively
expressing the gene. Reverse transcriptase then uses this mMRNA as a template to synthesise a
complementary DNA (cDNA) strand. This cDNA lacks introns, which is advantageous for expression in
prokaryotic hosts that cannot splice introns.

3. Gene Machine (DNA Synthesiser): If the amino acid sequence of the protein is known, and thus the DNA
sequence, the gene can be artificially synthesised nucleotide by nucleotide using an automated gene
machine. This is particularly useful for short genes or for optimising codon usage for expression in a
specific host.

Preparation of the Vector

The chosen vector (e.g., a plasmid) is cut open using the same restriction enzyme that was used to isolate
the desired gene. This ensures that the sticky ends of the vector are complementary to the sticky ends of
the gene, allowing them to anneal. If blunt ends are used, the process is less efficient but still possible.

Ligation: Joining the Gene into the Vector

The isolated gene and the cut vector are mixed together. The complementary sticky ends base-pair
(anneal) through hydrogen bonds. DNA ligase is then added to form phosphodiester bonds, permanently
joining the gene into the vector's DNA backbone. This creates the recombinant plasmid (or recombinant
DNA molecule). It's important to note that not all plasmids will take up the gene; some may re-ligate without
an insert, and some genes may ligate in the wrong orientation.

4. Introducing Recombinant DNA into Host Cells (Transformation)

Once the recombinant DNA molecule is constructed, it needs to be introduced into a host cell where it can be
replicated and expressed. This process is known as transformation in bacteria. (AQA Specification Reference:
3.8.3.4)

Bacterial Transformation

Bacterial cells are typically not naturally permeable to large DNA molecules like plasmids. To make them
‘competent’ (able to take up foreign DNA), they are treated with specific methods:
1. Heat Shock: Bacterial cells are incubated in a cold calcium chloride (CaCIZ) solution, which makes their

cell membranes more permeable. They are then briefly exposed to a high temperature (e.g., 42 °C for
30-90 seconds) followed by a return to cold. This rapid temperature change creates pores in the cell
membrane, allowing the recombinant plasmid to enter.

2. Electroporation: A brief pulse of high-voltage electricity is applied to a suspension of bacterial cells and
recombinant DNA. This creates temporary pores in the cell membrane, through which the DNA can enter.
Electroporation is generally more efficient than heat shock.

» Competent Cells: Bacterial cells that have been treated to increase their permeability to DNA, making them
capable of taking up foreign genetic material.




* Transformation: The process by which a host cell takes up foreign DNA from its environment.

Other Methods of Gene Transfer

While transformation is common for bacteria, other methods exist for different host cells:

1. Transfection: Introducing DNA into eukaryotic cells, often using chemical methods (e.g., calcium
phosphate, liposomes) or physical methods (e.g., electroporation, microinjection).

2. Viral Vectors: Viruses (e.g., adenoviruses, retroviruses) can be engineered to carry foreign genes into
host cells. They naturally infect cells and deliver their genetic material, making them efficient gene delivery
systems.

3. Microinjection: Directly injecting DNA into the nucleus of a cell using a fine glass needle. This is often
used for larger eukaryotic cells or for creating transgenic animals.

4. Gene Gun (Biolistics): DNA is coated onto microscopic gold or tungsten particles and 'shot' into plant or
animal cells using a high-pressure burst of gas. This method can penetrate cell walls.

5. Identifying Transformed Cells and Recombinant Plasmids

After transformation, only a small percentage of host cells will have successfully taken up the recombinant
plasmid. It is crucial to identify these cells and, more specifically, those that contain a plasmid with the desired
gene insert. This selection process typically involves selectable marker genes. (AQA Specification Reference:
3.8.3.5)

Antibiotic Resistance Markers

Many plasmids carry genes that confer resistance to specific antibiotics (e.g., ampicillin, tetracycline).

1. Selection of Transformed Cells: Host cells are grown on an agar medium containing the antibiotic. Only
cells that have taken up the plasmid (and thus the antibiotic resistance gene) will survive and grow, forming
colonies. Non-transformed cells will die.

2. Identification of Recombinant Plasmids (Insertional Inactivation): If the desired gene is inserted into a
restriction site located within the antibiotic resistance gene on the plasmid, it will disrupt that gene, making
the cell sensitive to that specific antibiotic. For example, a plasmid might have two resistance genes: one
for ampicillin and one for tetracycline. If the foreign gene is inserted into the tetracycline resistance gene,
transformed cells will be resistant to ampicillin but sensitive to tetracycline. This requires replica plating to
compare growth on different antibiotic media.




Reporter Genes (e.g., LacZ Gene)

The lacZ gene encodes the enzyme [(3-galactosidase, which can break down a substrate called X-gal,
producing a blue colour.

1. Plasmid Design: A plasmid is engineered with the lacZ gene containing a unique restriction site within it.
2. Insertion: If the foreign gene is successfully inserted into this restriction site, it disrupts the lacZ gene
(insertional inactivation).

3. Selection and Screening: Transformed cells are grown on agar containing X-gal and an antibiotic (to
select for transformed cells).

- Cells that took up the plasmid but without the insert (i.e., intact lacZ gene) will produce B-galactosidase,
break down X-gal, and form blue colonies.

- Cells that took up the plasmid with the insert (i.e., disrupted lacZ gene) will not produce B-galactosidase,
and will form white colonies.

- Non-transformed cells will die due to the antibiotic.

 Selectable Marker: A gene whose presence allows for the identification and selection of cells containing the
vector.

e Reporter Gene: A gene whose expression can be easily monitored, often used to indicate the presence or
absence of an inserted foreign gene.

« Insertional Inactivation: The disruption of a gene's function by the insertion of foreign DNA, used as a
screening method.

Further Confirmation: DNA Probes and PCR

After initial screening, further confirmation is often needed.

1. DNA Probes: A short, single-stranded DNA or RNA sequence, complementary to a specific target gene,
is labelled (e.g., with a fluorescent tag). It is used to hybridise with the DNA from potential recombinant
colonies. If the probe binds, it indicates the presence of the target gene.

2. Polymerase Chain Reaction (PCR): PCR can be used to amplify the inserted gene directly from bacterial
colonies, confirming its presence and size. Specific primers designed for the inserted gene or flanking
regions of the plasmid can be used.

6. Applications and Ethical Considerations of Recombinant DNA
Technology

Recombinant DNA technology has a wide array of applications across various sectors, bringing significant
benefits but also raising important ethical and safety concerns. (AQA Specification Reference: 3.8.3.6)




Applications

The ability to manipulate genes has led to breakthroughs in medicine, agriculture, and industry.

1. Medical Applications:

- Production of Therapeutic Proteins: Human insulin, growth hormone, clotting factors (e.g., Factor VIII for
haemophilia), and vaccines (e.g., Hepatitis B vaccine) are now routinely produced in genetically
engineered bacteria or yeast.

- Gene Therapy: Introducing functional genes into patients to replace faulty ones, offering potential cures
for genetic diseases like cystic fibrosis or severe combined immunodeficiency (SCID).

- Diagnostic Tools: Developing DNA probes for detecting genetic diseases, infectious agents, or cancer
markers.

2. Agricultural Applications:

- Genetically Modified (GM) Crops: Developing crops with enhanced traits such as herbicide resistance
(e.g., 'Roundup Ready' crops), insect resistance (e.g., Bt corn), increased nutritional value (e.g., 'Golden
Rice' with vitamin A), or improved shelf life.

- Transgenic Animals: Creating animals with desired traits, such as increased growth rate or disease
resistance, though this is less common for food production due to ethical concerns.

3. Industrial Applications:

- Enzyme Production: Producing industrial enzymes (e.g., for detergents, food processing) more efficiently.
- Bioremediation: Engineering microorganisms to break down pollutants or toxic waste.

- Biofuels: Developing microorganisms that can produce biofuels more effectively.




Ethical Considerations and Safety Issues

The power of genetic engineering necessitates careful consideration of its ethical implications and potential
risks.

1. Safety Concerns:

- Spread of Modified Genes: The possibility of genetically modified organisms (GMOSs) interbreeding with
wild populations, leading to the transfer of engineered genes (e.g., herbicide resistance) to weeds, creating
'superweeds'.

- Allergenicity: New proteins produced in GM crops could potentially trigger allergic reactions in some
individuals.

- Antibiotic Resistance Transfer: If antibiotic resistance genes are used as selectable markers in GM crops,
there is a theoretical risk of these genes transferring to pathogenic bacteria, contributing to antibiotic
resistance in human pathogens.

- Ecological Impact: Potential disruption of ecosystems, e.g., effects of Bt toxins on non-target insects.

2. Ethical Concerns:

- Playing God: Philosophical objections to humans manipulating the fundamental building blocks of life.

- Animal Welfare: Concerns about the welfare of genetically modified animals, particularly if modifications
cause suffering.

- Human Gene Therapy: Ethical dilemmas surrounding germline gene therapy (modifying genes in
gametes or early embryos, which would be heritable) versus somatic gene therapy (modifying genes in
body cells, which is not heritable). Concerns about 'designer babies' and genetic discrimination.

- Patenting Life: Ethical debates over the patenting of genetically modified organisms or genes, potentially
limiting access and research.

- Socio-economic Issues: Concerns about corporate control over food supply, impact on small farmers, and
access to expensive gene therapies.

» Germline Gene Therapy: Modifying genes in reproductive cells (sperm, egg) or early embryos, meaning the
changes would be inherited by future generations. Currently not permitted in humans due to ethical concerns.

e Somatic Gene Therapy: Modifying genes in non-reproductive body cells. Changes are not inherited.




Worked Examples

Calculating DNA Fragment Lengths

Problem:

A linear DNA molecule of 10,000 base pairs (bp) is cut with a restriction enzyme that has two recognition
sites on the molecule. The sites are located at 2000 bp and 7000 bp from one end. How many DNA
fragments will be produced, and what will be their lengths?

Solution:

Step 1: Identify the number of recognition sites and the type of DNA molecule (linear). For a linear molecule
with 'n' recognition sites, 'n+1' fragments will be produced.

Step 2: Calculate the number of fragments. Number of sites = 2, so number of fragments =2 + 1 = 3.

Step 3: Determine the lengths of the fragments. The first cut is at 2000 bp, so the first fragment is 2000 bp
long. The second cut is at 7000 bp. The distance between the two cuts is 7000 bp - 2000 bp = 5000 bp, so
the second fragment is 5000 bp long. The remaining part of the DNA molecule after the second cut is
10000 bp - 7000 bp = 3000 bp, so the third fragment is 3000 bp long.

Step 4: State the final answer. Three fragments will be produced with lengths of 2000 bp, 5000 bp, and
3000 bp.

Interpreting Blue-White Screening Results

Problem:

A plasmid vector contains an ampicillin resistance gene and a lacZ gene with a multiple cloning site within
it. A foreign gene is ligated into the multiple cloning site. Competent E. coli cells are transformed with the
ligation mixture and plated on agar containing ampicillin and X-gal. Describe the expected appearance of
colonies for:

a) Cells that did not take up any plasmid.

b) Cells that took up the plasmid but without the foreign gene insert.

c) Cells that took up the recombinant plasmid (with the foreign gene insert).

Solution:

a) Cells that did not take up any plasmid: These cells will not have the ampicillin resistance gene, so they
will be killed by the ampicillin in the agar. Therefore, no colonies will grow.

b) Cells that took up the plasmid but without the foreign gene insert: These cells have the ampicillin
resistance gene (so they survive) and an intact lacZ gene. The intact lacZ gene produces B-galactosidase,
which breaks down X-gal to produce a blue product. Therefore, these colonies will be blue.

c) Cells that took up the recombinant plasmid (with the foreign gene insert): These cells have the ampicillin
resistance gene (so they survive). However, the foreign gene has been inserted into the lacZ gene,
disrupting its function (insertional inactivation). No functional -galactosidase is produced, so X-gal is not
broken down to produce a blue product. Therefore, these colonies will be white.

Common Mistake

Confusing restriction enzymes with DNA ligase: Restriction enzymes cut DNA, ligase joins DNA.




Common Mistake

Forgetting that the same restriction enzyme must be used to cut both the gene and the vector to ensure
complementary sticky ends.

Common Mistake

Not explaining the role of the origin of replication in a plasmid vector.

Common Mistake

Incorrectly describing the outcome of blue-white screening (e.g., saying white colonies are non-
recombinant). Remember: blue = plasmid only, white = recombinant plasmid.

Common Mistake

Failing to link ethical concerns to specific biological mechanisms or potential consequences (e.g., just
saying 'playing God' without further scientific context).

Exam Tips

¢ Exam Tip

Always specify the type of enzyme (e.g., 'restriction endonuclease' or 'DNA ligase') and its precise function.
Don't just say 'enzyme’.

¢ Exam Tip

When describing sticky ends, explain why they are useful: '‘complementary base pairing' and ‘hydrogen
bonds' are key terms.

¢ Exam Tip

For selection and screening, clearly distinguish between identifying transformed cells (e.g., antibiotic
resistance) and identifying cells with the recombinant plasmid (e.g., insertional inactivation of a reporter
gene).

¢ Exam Tip

Be prepared to explain the advantages and disadvantages of different methods for obtaining the gene of
interest (e.g., reverse transcriptase for cDNA vs. restriction enzymes for genomic DNA).

¢ Exam Tip

When discussing ethical issues, provide specific examples (e.g., ‘designer babies' for human gene therapy,
'superweeds' for GM crops) and balance potential benefits with risks.




Comparison of Methods for Obtaining a Gene of Interest

Method Description Advantages Disadvantages
Restriction Cutting genomic DNA ) . . . Requires suitable restriction sites;
. . Relatively simple if recognition . .
Enzyme with specific ) introns present (problematic for
. . . sites are known. . .
Digestion restriction enzymes. prokaryotic expression).
. Produces intron-free DNA Requires mRNA isolation; less
Reverse Using mRNA as a .
) (suitable for prokaryotes); can stable than DNA; only genes

Transcriptase template to . . . .

. isolate genes from highly expressed in the source tissue can
(cDNA) synthesise cDNA. ) )

expressed tissues. be isolated.
) Atrtificially Can create genes with optimised ) .
Gene Machine . i Expensive; limited to shorter gene
synthesising DNA codon usage; no introns; useful .
(DNA . . sequences; requires knowledge of
. nucleotide by for short genes or specific
Synthesiser) ) L the exact DNA sequence.
nucleotide. modifications.
Summary

Recombinant DNA technology involves manipulating genetic material to create novel DNA sequences,
typically by inserting a desired gene into a vector. Key tools include restriction enzymes, which cut DNA at
specific recognition sites, often creating complementary 'sticky ends', and DNA ligase, which joins DNA
fragments by forming phosphodiester bonds. Plasmids are common vectors, possessing an origin of
replication and selectable marker genes. The process involves isolating the gene (e.g., via restriction
enzymes, reverse transcriptase for cDNA, or gene synthesis), cutting a vector with the same restriction
enzyme, and ligating the gene into the vector to form a recombinant plasmid. This recombinant DNA is then
introduced into host cells (transformation, often using heat shock or electroporation). Transformed cells are
identified using selectable markers, such as antibiotic resistance genes. Cells containing the recombinant
plasmid are further identified using reporter genes (e.g., lacZ for blue-white screening) or DNA probes.
Applications are vast, ranging from producing therapeutic proteins like insulin and vaccines, to creating
genetically modified crops with enhanced traits, and gene therapy. However, the technology raises
significant ethical concerns regarding safety (e.g., spread of modified genes, allergenicity), animal welfare,
and human gene manipulation (e.g., germline therapy, 'designer babies’).
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