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AREA OF STUDY 1 WHAT IS THE ROLE OF NUCLEIC ACIDS AND PROTEINS IN
MAINTAINING LIFE?

2 DNA manipulation
techniques and applications

KEY KNOWLEDGE

In this topic, you will investigate:

DNA manipulation techniques and applications
• the use of enzymes to manipulate DNA, including polymerase to synthesise DNA, ligase to

join DNA and endonucleases to cut DNA
• the function of CRISPR-Cas9 in bacteria and the application of this function in editing an

organism’s genome
• amplification of DNA using polymerase chain reaction and the use of gel electrophoresis in

sorting DNA fragments, including the interpretation of gel runs for DNA profiling
• the use of recombinant plasmids as vectors to transform bacterial cells as demonstrated by

the production of human insulin
• the use of genetically modified and transgenic organisms in agriculture to increase crop

productivity and to provide resistance to disease.

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of learning and assessment. Experiments and
investigations, supported by a practical investigation eLogbook and teacher-led videos,
are included in this topic to provide opportunities to undertake investigations and communicate
findings.
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2.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in your
digital formats, learnON and eBookPLUS, and at www.jacplus.com.au.

2.1.1 Introduction

FIGURE 2.1 The possibilities around DNA manipulation
techniques and applications are exciting and endless.

DNA is fundamental to who we are,
providing a genetic blueprint that makes
us unique. Our DNA is responsible for many
traits, including everything from our eye
colour to the inheritance of genetic disease.
All individuals have mutations, with new
mutations accumulated each generation.
Many of these mutations are silent, lurking
unknown in our genome. However, some
mutations are deleterious, causing a negative
effect on the lives of individuals who possess
them, and even shortening life expectancies
for individuals.

What if we could manipulate our genes?
Scientists who use gene manipulation
technology or ‘genetic engineers’ do this
every day. A genetic engineer requires
tools to cut, join, amplify, copy and separate DNA. This topic will explore techniques to manipulate DNA and
applications of DNA, such as its use in forensics and DNA profiling.
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2.2 The use of enzymes to manipulate DNA

KEY KNOWLEDGE

• The use of enzymes to manipulate DNA, including polymerase to synthesise DNA, ligase to join DNA and
endonucleases to cut DNA

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

Genetic engineers mostly work with genetic material, with a particular focus on DNA. The genetic engineer
requires tools to cut, join, copy and separate DNA. The following section describes the tools and techniques that,
when combined, enable genes to be manipulated in various ways. Table 2.1 shows some of the ‘tools’ used in
gene manipulation, which will be explored in the upcoming subtopics. The same tools can be used regardless of
the source of the genetic material.

TABLE 2.1 Tools for gene manipulation

Action Tool Subtopic

Synthesise DNA Polymerase, DNA synthesisers and reverse
transcriptase

2.2

Join DNA fragments Ligase 2.2

Cut DNA into fragments at specific location Endonucleases (or restriction enzymes) 2.2

Edit DNA CRISPR-Cas9 2.3

Amplify DNA Polymerase chain reaction (PCR) 2.4

Find particular DNA fragments Probes 2.5

Separate DNA fragments by size Gel electrophoresis 2.5

Transform bacterial cells using recombinant DNA Recombinant plasmids 2.6

2.2.1 Polymerase to synthesise DNA

polymerase enzyme involved in
synthesising nucleic acids

DNA polymerase was first identified by Arthur Kornberg in 1956. He identified
the ability of this enzyme to be able to accurately copy a DNA template.

FIGURE 2.2 DNA replication involves two molecules of DNA being produced using the initial DNA strands as a
template.

Original
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Interestingly, the first DNA polymerase to be identified (DNA polymerase I) is not the major enzyme responsible
for replication. Both prokaryotic and eukaryotic cells contain several different DNA polymerases that have
distinct roles in the replication and repair of DNA.

In order for DNA polymerase to synthesise DNA, the double helix needs to be unzipped and made single
stranded. DNA polymerase can then work alongside other enzymes to add free nucleotides to the DNA template
as shown in figures 2.2 and 2.3.

FIGURE 2.3 DNA replication involves numerous enzymes, including DNA polymerase.
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polymerase chain reaction
a technique used to amplify a
segment of DNA

Another special type of polymerase, known as Taq DNA polymerase, is used in a process known as the
polymerase chain reaction, which is explored in subtopic 2.4.

Other methods to synthesise DNA

reverse transcriptase enzyme that
directs the formation of copy DNA
from a messenger RNA template
through reverse transcription

complementary DNA (cDNA)
a strand of DNA that has
complementary bases to the
opposite strand and is usually
produced through reverse
transcription

Sometimes, when only specific genes or small sections of DNA are required to be synthesised, using the mRNA
as a template can be more useful. In order to make a copy of DNA using an mRNA template, mRNA needs to
isolated from the specific cells in which the gene concerned is active. The enzyme reverse transcriptase uses
the mRNA as a template to build a single-stranded DNA with a complementary base sequence. Polymerase then
builds the second strand. This DNA is known as complementary DNA (cDNA).
The reverse transcriptase procedure has been used successfully to make copies of
the human growth hormone gene and also the gene for tissue plasminogen activator
(t-PA), an enzyme that dissolves blood clots and is used in the treatment of
some forms of heart attack. This process is shown in figure 2.4.

Another method to make DNA is through the use of DNA synthesisers to synthesise
DNA from nucleotide building blocks. To use this method, the base sequence of the
required DNA must be known. Instruments called DNA synthesisers can join nucleotide
sub-units in a pre-defined order to produce DNA segments with lengths greater than
100 bases. The chemical synthesis of DNA does not require a template strand nor
does it require the enzyme DNA polymerase.
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FIGURE 2.4 Reverse transcription
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Resourceseses
Resources

Weblink Reverse transcription

2.2.2 Endonucleases to cut DNA

endonucleases enzymes, also
known as restriction enzymes,
that cut at specific sites within
DNA molecules

Restriction enzymes (endonucleases) are often referred to as ‘molecular scissors’. They were discovered and
characterised by molecular biologists Werner Arber, Hamilton Smith and Daniel Nathans in the late 1960s
early 1970s. Endonucleases are found in nature. They derive their name from the genus, species and strain
designations of the bacteria that produce them; for example, EcoRI is produced by Escherichia coli strain RY13,
and BglI is produced by Bacillus globigii (and was the first endonuclease discovered from that species).

Endonucleases cleave DNA at specific recognition sequences known as restriction sites, splitting DNA into
smaller fragments.

Endonucleases make one incision on each of the two complementary strands of DNA. The ability of the
enzymes to cut DNA at precise locations enabled researchers to isolate gene-containing fragments and
recombine them with other molecules of DNA, such as in gene cloning.

The position where a cutting enzyme can snip double-stranded DNA is the recognition sequence of that
restriction enzyme. A restriction site is a particular order of nucleotides (refer to table 2.2). The number of
nucleotide base pairs (bp) in a restriction site varies from four to about eight base
pairs (bp). This length determines how frequently a restriction enzyme is likely
to cut a random sequence of DNA or, in other words, the average distance
between cuts.
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TABLE 2.2 Endonucleases in common use and their recognition sites. The arrowheads indicate the site of the
cut in each strand of the double-stranded DNA molecule. Note that in some resources, italics are not used when
naming the endonuclease.

Enzyme Source Recognition site

AluI Arthrobacter luteus AG∨CT
TC∧GA

BamHI Bacillus amyloliquefaciens H G∨GATC C
C CTAG∧G

BclI Bacillus caldolyticus T∨GATC A
A CTAG∧T

BglII Bacillus globigii A∨GATC T
T CTAG∧A

EcoRI Escherichia coli R factor G∨AATT C
C TTAA∧G

HaeIII Hemophilus aegyptus GG∨CC
CC∧GG

HindIII Hemophilus influenza Rd A∨AGCT T
T TCGA∧A

KpnI Klebsiella pneumoniae G GTAC∨C
C∧CATG G

NotI Norcadia otitidis-caviarum GC∨GGCC GC
CG CCGG∧CG

PstI Providencia stuartii C TGCA∨G
G∧ACGT C

SacI Streptomyces achromogenes GAG∨CTC
CTC∧GAG

TaqI Thermos aquaticus T∨CG A
A GC∧T

TIP: When identifying restriction sites, it is important to ensure you are looking at the correct strand of DNA.
The direction is also important (one strand runs 5′ to 3′ and the other strand runs 3′ to 5′). (For example, if the
restriction site for the top strand is TCGA, it must be in that direction. It will not cut AGCT on the same strand of
DNA).

Blunt and sticky ends
There are two ways in which a DNA strand may be cut:

blunt ends ends of a DNA fragment
with no overhanging bases after
being cut by an endonuclease

ligase an enzyme that catalyses the
joining of two double-stranded DNA
fragments

sticky ends ends of a DNA
fragment with overhanging bases
after being cut by an endonuclease

• Some endonucleases cut the two strands of a DNA molecule at points directly opposite each other to
produce cut ends that are ‘blunt ends’.
• In ‘blunt end’ ligation, the DNA fragments are joined directly together through the use of DNA ligase.

Scientists have less control over the orientation of the resultant insertion.
• Other endonucleases cut one strand at one point but cut the second strand at a

point that is not directly opposite. The overhanging cut ends made by these cutting
enzymes are called ‘sticky ends’. These sticky ends are complementary.
• The DNA ligase enzyme connects the single-stranded DNA together via the

sugar-phosphate backbones. Through careful selection of restriction enzymes
to create the sticky ends, scientists can exercise greater control over the site
of ligation.
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FIGURE 2.5 a. ‘Blunt ends’ are produced when the two DNA strands are produced with no overhang on one or
the other strand. b. ‘Sticky ends’ are produced when each of the strands extend beyond the complementary
region of the strand pair.
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For cutting, a sample of DNA is dissolved and the particular endonuclease is added. Provided recognition sites
are present in the DNA sample, the DNA molecules will be cut into two or more fragments. The lengths of the
fragments depend on the relative positions of the recognition sites (see figure 2.6).

FIGURE 2.6 Each cutting enzyme snips DNA at a particular site. Would a different cutting enzyme be expected to
produce three fragments of the same sizes as those produced by BglII? (Note that kbp = kilobase pairs.)

740 kbp
DNA

380

240

120

BglII BglII

TIP: Remember to consider if DNA is circular or linear when determining the number of fragments that will be
produced.

• If a linear piece of DNA is cut twice, three fragments are produced.
• If a circular piece of DNA is cut twice, only two fragments are produced.

SAMPLE PROBLEM 1 Examining fragments and endonucleases
tlvd-1095

A piece of double-stranded DNA is shown below.

8.4 kbp

A sample of this DNA was treated with the cutting enzyme AluI. The cutting site for this enzyme is
AGCT. It was run on an agarose gel to determine the relative sizes of the resulting DNA fragments,
which are shown in the diagram provided.
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3.9 kbp

2.4 kbp
2.1 kbp

+

–

a. The numbers denote the sizes of the fragments in kbp. What conclusion may be drawn about the
recognition sites in the DNA fragment? (1 mark)

b. A second sample of this DNA was treated with a different cutting enzyme, HindIII. The cutting
site for this enzyme is AAGCTT. The result after electrophoresis revealed two DNA fragments of
sizes 5.4 kbp and 3.0 kbp. What conclusion may be drawn? (1 mark)

THINK WRITE

a. Examine how many bands there are. In this case
there are three bands, so the DNA must have been
cut twice.

It can be concluded that the DNA fragment
contains two recognition sites of AGCT for the AluI
endonuclease (1 mark).

b. Carefully read the question and determine that
in this case, only two fragments were formed;
thus there must only be one cut made by the
endonuclease.

This fragment of DNA contains one recognition site
of AAGCTT for the HindIII endonuclease (1 mark).

Several thousand endonucleases have now been isolated, mainly from bacteria but some from archaea. About
300 endonucleases are available from commercial suppliers. Genetic engineers simply buy a quantity of the
required enzyme in highly purified form from a commercial supplier.

Resourceseses
Resources

eWorkbook Worksheet 2.1 Endonucleases (ewbk-1868)

Video eLesson Understanding restriction enzymes (eles-4132)

Weblinks DNA restriction

Restriction enzyme digest simulation
How do restriction enzymes cut plasmids?

2.2.3 Ligase to join DNA
In gene manipulation, the joining of pieces of DNA is sometimes required. An enzyme known as ligase catalyses
the joining of pieces of double-stranded DNA at their sugar–phosphate backbones.

The bonds that form in this case are strong phosphodiester (covalent) bonds. The joining can produce one
long piece of DNA (see figure 2.7a) or it can produce a circular molecule of DNA if the fragments have
complementary ‘sticky ends’ at both ends (see figure 2.7b).
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Within molecular biology, DNA ligase, can be used to insert genes of interest into plasmid vectors. DNA
ligase is able to be used on different lengths of DNA which have a ‘blunt’ or ‘sticky’ end following the use of
endonucleases.

FIGURE 2.7 Joining DNA fragments with ligase a. The joining can produce one longer piece of DNA. b. The
joining can produce a circular molecule of DNA if the fragments have complementary ‘sticky ends’ at both ends.
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INVESTIGATION 2.1
elog-0017

Modelling restriction enzymes and ligase

Aim

To model the use of different restriction enzymes and how these can be joined using ligase

Resourceseses
Resources

Weblink The role of DNA ligase
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KEY IDEAS
• DNA can be manipulated in various ways, including by being cut into fragments, and DNA fragments can be

sorted and joined.
• Cutting or restriction enzymes (endonucleases) cut DNA into fragments at specific recognition sites.
• Cuts of double-stranded DNA by some restriction enzymes produce ‘sticky’ ends in which there are

overhanging nucleotides, and some produce blunt ends.
• Polymerases are enzymes that allow for the synthesis of nucleic acids such as DNA.
• Ligases are enzymes that allow for DNA fragments to be joined, allowing for the formation of bonds in the

sugar–phosphate backbone.

2.2 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.2 Quick quiz 2.2 Exercise 2.2 Exam questions

2.2 Exercise

1. Describe the role of DNA polymerase in the synthesis of a new DNA strand.
2. Explain the role of DNA ligase in DNA manipulation.
3. In a long DNA sequence, it is reasonable to predict that there would be more cut sites for HaeIII than for

HindIII? Explain why. Use table 2.2 to support your response.
4. Could endonuclease act on human DNA and mouse DNA? Describe the specificity of endonuclease across

different species.
5. Restriction enzymes are extensively used in molecular biology. Using the recognition sites of two of these

enzymes, BamHI and BclI, answer the following questions.
You are given the DNA shown below.

5′ ATTGAGGATCCGTAATGTGTCCTGATCACGCTCCACG 3′

3′ TAACTCCTAGGCATTACACAGGACTAGTGCGAGGTGC 5′

a. If this DNA was cut with BamHI, how many DNA fragments would you expect? The sequence needs to
represent the double-stranded DNA fragments.

b. If the DNA shown above was cut with BclI, how many DNA fragments would you expect? The sequence
needs to represent the double-stranded DNA fragments.

c. You can ligate the smaller restriction fragment produced in part a to the smaller restriction fragment
produced in part b. Write out the sequence of the resulting recombinant fragment.

6. Describe one means by which a scientist can obtain a copy of a gene.
7. One sample (S1) of DNA was cut into fragments with blunt ends.

A second sample (S2) of DNA was cut into fragments with sticky ends.
In both cases, the sizes of the fragments produced were similar.
Scientist A wanted to join the DNA pieces in sample S1. Scientist B wanted to join the DNA pieces in sample
S2. Both scientists carried out their experiments with the DNA in solution under identical conditions.
a. Explain the terms sticky end and blunt end.
b. What enzyme would the scientists use to catalyse the joining?
c. The scientists observed that the pieces of DNA from one sample joined more quickly than those in the other

sample. In which sample would the faster rate of joining be observed? Justify your choice.
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2.2 Exam questions

Question 1 (1 mark)
Source: VCAA 2019 Biology Exam, Section A, Q39

MC The diagram below is a map of a bacterial plasmid showing ORI,
the origin of DNA replication, and selected restriction endonuclease
sites.

One plasmid was mixed with the restriction enzymes EcoRI, BamHI
and HincII.

Which of the following shows the number of restriction sites that have
been cut and the resulting number of DNA fragments produced?

PstI
BamHI

SalI

HincII

HincII

ORIPstI

EcoRI

Number of restriction sites cut Number of DNA fragments produced

A. 3 3
B. 3 4
C. 4 4
D. 4 5

Question 2 (1 mark)
Source: VCAA 2008 Biology Exam 2, Section A, Q20

MC The genome of a small virus is depicted below, showing the positions of cutting sites (P and Q) for two
restriction enzymes.

Q

P

The length of DNA fragments obtained when using these restriction enzymes is shown in the table below.

Cutting site Restriction enzyme used Lengtd of DNA fragments obtained (kB)

Q EcoR1 3, 7

P BamH1 8, 2

If both EcoR1 and BamH1 are used together on this viral DNA, the length of fragments obtained would be
A. 3, 8, 5, 2
B. 7, 2, 1
C. 3, 5, 2
D. 3, 7, 8, 2
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Question 3 (1 mark)
Source: VCAA 2019 Biology Exam, Section A, Q38

MC DNA ligase
A. joins two DNA fragments together by forming phosphodiester bonds between the two fragments.
B. acts as molecular scissors, cutting DNA molecules at specific nucleotide sequences.
C. separates two DNA strands during transcription so that a copy can be made.
D. is an enzyme involved in protein synthesis.

Use the following information to answer Questions 4 and 5.

Genetic engineers use restriction enzymes to cut DNA into smaller lengths. The recognition sequences of
several restriction enzymes are shown in the table below. The symbol * denotes the restriction site (position of
the cut).

Restriction
enzyme

Recognition sequence
(read in 5’ to 3’ direction)

EcoRI
G* A A T T C

C T T A A *G

HindIII
A* A G C T T

T T C G A *A

AluI A G* C T

T C* G A

HaeIII
G G* C C

C C* G G

Question 4 (1 mark)
Source: VCAA 2013 Biology Section A, Q29

MC Consider a length of double-stranded DNA with the sequence

5’ T T A A G G A A T T C A A 3’
3’ A A T T C C T T A A G T T 5’

Adding EcoRI to a solution containing one copy of this double-stranded DNA produces
A. two fragments of double-stranded DNA, each with a sticky end.
B. four fragments of single-stranded DNA, each with a sticky end.
C. two fragments of double-stranded DNA, each with blunt ends.
D. four fragments of single-stranded DNA, each with blunt ends.

Question 5 (1 mark)
Source: VCAA 2013 Biology Section A, Q30

MC Now consider a different length of double-stranded DNA with the sequence

5’ C T T A A G C T T C C A A A T T A C C G A 3’
3’ G A A T T C G A A G G T T T A A T G G C T 5’

Which enzyme(s) will cut this piece of DNA?
A. EcoRI only
B. HindIII only
C. AluI and HindIII only
D. AluI, HindIII and HaeIII only

More exam questions are available in your learnON title.
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2.3 CRISPR-Cas9
KEY KNOWLEDGE

• The function of CRISPR-Cas9 in bacteria and the application of this function in editing an organism’s genome
Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

2.3.1 The function of CRISPR-Cas9 in bacteria
The first attempts at genetic manipulation in the 1970s involved adding DNA to the plant and animal genomes.

EXTENSION: Early techniques used for genetic manipulation

Early techniques used to add DNA to target cells included:
• the use of so-called ‘gene guns’ in which gold atoms coated with DNA were blasted into cells, a technique

used mainly to insert genes for pesticide or herbicide resistance into plant cells
• the use of modified viruses to act as vectors to carry a functional gene into cells with a defective gene.

Viruses used as vectors include retroviruses and adenoviruses.

These techniques were clearly very limited because there was no control over where any added DNA would be
inserted into the genome of the target cells. Instead, DNA was simply added randomly into the genome. What
would be expected to happen if the added DNA was by chance inserted into a gene that was essential for cell
survival, causing the gene to become non-functional? What would be expected to happen if the added DNA was
by chance inserted into a cancer-suppressing gene so that this gene was disabled?

Another major limitation was that, although these early techniques could carry a functional replacement copy of
a gene into cells with a defective gene, these techniques were not able to mend a defective gene by editing or
disabling it. Editing is a process of correction, such as occurs when an editor of a manuscript corrects a misspelt
word, adds or replaces a word or phrase, or deletes a sentence.

What is CRISPR-Cas9?
FIGURE 2.8 The Cas9 enzymes in complex
with RNA (yellow) and DNA (violet)

CRISPR-Cas9 a tool for
precise and targeted genome
editing that uses specific
RNA sequences to guide an
endonuclease, Cas9, to cut DNA
at the required positions

CRISPR-Cas9 (Cluster regularly interspaced short
palindromic repeats-CRISPR-associated protein 9) was first
identified by a team of scientists in Japan in 1987. The
scientists noticed an unusual genetic sequence composed of
alternative repeating and non-repeating sequences. The
function and importance of these sequences was not identified
until 2007. In 2007, Rodolphe Barrangou and his team
identified that CRISPR-Cas9 was essential in the adaptive
immunity in most bacterial and archaeal organisms in the
defensive mechanism against the invasion of bacteriophage
infection. The addition and removal of the phage’s genomic
sequences led to a diverse phage resistance phenotype of the
bacteria. Within the same study, researchers also noticed near
the CRISPR sites a particular set of CRISPR-associated (Cas)
genes that coded for Cas proteins. Cas proteins are vital in the immunological defences against DNA virus in
prokaryotic organisms. Cas proteins were also identified as being relevant to the CRISPR-mediated immunity
because they repressed the expression of these genes that disrupted CRISPR function.

CRISPR are short repeated segments of DNA, with each repeated segment
being separated by a length of spacer DNA. Cas9 is a specific enyzme
(specifically an endonuclease) that can cut DNA associated with CRISPR.
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genome editing a process by
which changes are made to the
nucleic acid sequence of genes;
also termed gene editing

What was most significant was the recognition that CRISPR-Cas9 technology could be readily adapted to
provide an inexpensive and easy-to-use means of genome editing for use in an endless range of genes from any
organism.

In 2012, Dr Jennifer Doudna and Dr Emmanuelle Charpentier (shown in figure 2.9) expanded on the previous
understanding of CRISPR-Cas9. They were co-inventors of the technology that allowed CRISPR-Cas9 to be
used for programmed and targeted gene-editing.

FIGURE 2.9 Jennifer Doudna (left) and Emmanuelle Charpentier (right)

This tool, borrowed and adapted from the bacterial adaptive immune system, is now being put to use in
editing faulty genes and in silencing genes in plants and animals. Many applications in agriculture are being
explored (which will be further discussed in subtopic 4.8). Research is already underway on the use of
the CRISPR technology as a safe and reliable means of editing the defective alleles responsible for human
diseases, such as cystic fibrosis and sickle-cell anaemia.

How CRISPR is used in the editing of an organism’s genome
The CRISPR gene-editing technique simply requires molecular ‘scissors’ to cut the target DNA and a ‘guide’ to
direct the ‘scissors’ to the site where the cuts in the DNA will be made. The guide RNA is typically denoted by
gRNA or sgRNA, where sg means synthetic guide. SgRNA (also referred to as CrRNA
or CRISPR-RNA) provides the platform to allow the Cas protein to bind. These
sequences are approximately 20 nucleotides in length and are defined as ‘spacers’; these
provide the cellular machinery with a defined genomic target to be modified.

FIGURE 2.10 The steps involved in editing a genome using CRISPR-Cas9

Scientist creates a complex consisting of a short RNA sequence (CrRNA or sgRNA) and CRISPR-associated endonucleases

(Cas protein). The RNA sequence is complementary to the target DNA sequence.

Using the guide RNA, Cas9 identifies the corresponding DNA sequence within the host cell’s genome and cuts both strands

of DNA.

Scientists can insert a new piece of DNA (donor DNA) at the site of the cut. They may also remove or replace sections of DNA,

or add and delete single nucleotides.

The cell detects and repairs the broken strand of DNA. When the DNA is repaired, any changes made are integrated into the

genomic DNA.
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FIGURE 2.11 Biological process in gene targeting using CRISPR-Cas9
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Through the process of CRISPR-Cas9, scientists can add or delete specific nucleotides (by adding template
strands that contain these changes), delete sections of DNA, or introduce a new gene altogether (for example
correcting a disease-causing mutation).

SAMPLE PROBLEM 2 Defining the role of CRISPR
tlvd-1096

a. Define the role of CRISPR-Cas9 in gene editing and comment on the importance of
this process. (2 marks)

b. Outline the two major features of how the process occurs. (2 marks)

THINK WRITE

a. 1. Identify what the question is asking you to do.
You are being specifically asked for two things
— a definition of the role of CRISPR-Cas9 and a
comment on the importance of this.

2. As the question is worth two marks, two
statements important to the process are required.
TIP:
• Identify what the statement is asking before

commencing your answer.
• Each mark awarded equates to one statement.

• CRISPR-Cas9 is a unique technology enabling
scientists and researchers to edit parts of the
genome by removing, adding or altering sections
of the DNA sequence (1 mark).

• The CRISPR-Cas9 system is currently the gold
standard in gene editing, as it is the fastest,
cheapest and most reliable system currently
available (1 mark).
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b. 1. This question is asking you to outline, which
requires a brief statement on each feature.

2. As the question is worth two marks, two
statements important to the process are required.
Each statement should focus on a major feature
of the CRISPR process.

The CRISPR-Cas9 system consists of two key
molecules that introduce a change (mutation) into
the DNA.

• The enzyme Cas9. This acts as a pair of
‘molecular scissors’ that cuts the two strands of
DNA at a specific location in the genome. This
allows for the addition or removal of DNA
within the genome (1 mark).

• The guide RNA (sgRNA). This consists of a small
piece of pre-designed RNA sequence (about 20
bases long) located within the RNA scaffold.
In turn, the scaffold binds to DNA and the pre-
designed sequence ‘guides’ Cas9 at the correct
location within the genome, ensuring the Cas9
enzyme cuts at the correct point in the
genome (1 mark).

2.3.2 Application of CRISPR-Cas9

FIGURE 2.12 Concerns exist around gene editing. Chinese
scientists used the CRISPR technique to confer HIV
resistance on twin girls named ‘Lulu’ and ‘Nana’, who
were born in 2018. Other scientists and ethicists criticised
this use of the technique as unnecessary and irresponsible.

CRISPR-Cas9 technology has extraordinary
potential for widespread use in clinical,
agricultural and research settings, for example:

• for a myriad of research purposes:
• to ‘knock out’ genes, one at a time, in

order to identify their function
• to introduce specific mutations in a

DNA sequence.
• to edit a faulty allele of a gene in a person

with a severe inherited disease
• to snip out the faulty segment of a gene

and replace it with a working copy
• to activate or to repress a gene
• to add a new gene to the genome.
• to advance animal welfare (e.g. hornless

dairy cows)
• to modify crops to increase nutritional

value.

This potential is highlighted by the fact that major pharmaceutical companies have made significant investments
in CRISPR-Cas9 technologies. For example, in October 2015, Vertex Pharmaceuticals paid in excess
of US$100million to use the gene-editing technology of CRISPR Therapeutics. Their intention is to develop
treatments for cystic fibrosis and sickle-cell diseases. More recently, Bayer Pharmaceuticals and CRISPR
Therapeutics set up a joint venture aimed at developing therapies to treat blood disorders, blindness and
congenital heart disease.
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FIGURE 2.13 Future applications of CRISPR
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eWorkbook Worksheet 2.2 Understanding CRISPR (ewbk-1870)

Weblinks Gene editing in humans
CRISPR
Could RNA be the new editing tool?

KEY IDEAS

• CRISPR-Cas9 technology is an efficient, easy-to-use, and inexpensive tool for precise gene editing.
• CRISPR-Cas9 technology can be applied to every eukaryotic species, including humans.
• The key components of CRISPR-Cas9 technology are a guide RNA and an endonuclease enzyme, Cas9.
• Early gene therapy techniques added DNA segments to genomes but at unpredictable locations.
• CRISPR-Cas9 technology enables precise genomic editing.
• CRISPR technology can not only add DNA but can also edit, modify or disable or delete DNA from the

genome.
• Like any new technology with so many potential applications, aspects of the use of CRISPR technology raise

ethical considerations.

TOPIC 2 DNA manipulation techniques and applications 101

PAGE PROOFS



“c02DNAManipulationTechniquesAndApplications_PrintPDF” — 2021/5/9 — 11:04 — page 102 — #18

2.3 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.3 Quick quiz 2.3 Exercise 2.3 Exam questions

2.3 Exercise

1. ‘CRISPR’ is an acronym for what phrase?
2. What is the role of Cas9 in genome editing?
3. In a cell, what happens to a gene that has been cut by a genome editing system?
4. Identify one capability provided by CRISPR-Cas9 technology that was not possible in earlier gene therapy

techniques.
5. Sickle cell anaemia is caused by a mutation in the HBB gene. Describe how gene editing technology could be

used to correct this mutation.
6. Research the use of CRISPR-Cas9 and the gene editing used on ‘Lulu’ and ‘Nana’ (figure 2.12). Use this

information to answer the following questions.
a. Identify and explain two biological considerations in using gene sequencing to identify potential diseases.
b. Identify and explain one advantage of genetic testing specifically for children like ‘Lulu’ and ‘Nana’.
c. Identify and explain the legal considerations countries would need to consider to ensure the privacy of

individuals.
d. Outline how CRISPR could be used to prevent the development of other immunological diseases.

2.3 Exam questions

Question 1 (1 mark)

MC Which of the following is NOT an application of CRISPR-Cas9?

Adding a new gene to a genomeA. Replacing entire chromosomesB.
Deleting a single base from a genomeC. To repress specific genes in a genomeD.

Question 2 (4 marks)

Duchenne Muscular Dystrophy (DMD) is a genetic disorder that affects the protein dystrophin, an important
protein that connects the cytoskeleton to muscle fibres. In DMD, the muscle cells are non-functioning due to
the lack of functional dystrophin, and thus muscles weaken and die. By age 10, most individuals with DMD are
wheelchair-bound.

The most common cause of DMD is a deletion in one or more exons in the gene that codes for dystrophin.

Outline how CRISPR-Cas9 may be used in the future in individuals with DMD.

Question 3 (6 marks)

In 2020, the Nobel Prize in Chemistry was awarded to Jennifer Doudna and Emmanuelle Charpentier. This was
historic as it was the first time that two women were jointly awarded this prize.

Doudna and Charpentier were the first to propose the use of CRISPR-Cas9 for the editing of genomes.
a. As part of their research, Doudna and Charpentier had to comment on the ethical implications of the use of

CRISPR-Cas9. Outline two ethical considerations that relate to this technology. 2 marks
b. Prior to the discoveries by Doudna and Charpentier, gene editing was usually achieved through the

use of gene guns or modified viruses. These technologies cause DNA to randomly integrate into the
target genome. Describe two advantages that CRISPR-Cas9 has over these technologies. 2 marks

The CRISPR-Cas9 system was first discovered in bacteria in 1987. The function of this system was not known
until 2007, when Rodolphe Barrangou and his team identified the system as essential in the adaptive immune
system of bacteria. It was found to mainly act against DNA viruses that can infect and integrate into the bacterial
chromosome.
c. Explain how this system would be used by prokaryotic organisms as a defence against viruses. 2 marks

102 Jacaranda Nature of Biology 2 VCE Units 3 & 4 Sixth Edition

PAGE PROOFS



“c02DNAManipulationTechniquesAndApplications_PrintPDF” — 2021/5/9 — 11:04 — page 103 — #19

Question 4 (1 mark)

MC CRISPR-Cas9 is a technology used to edit genomes. The steps taken to edit the genome using
CRISPR-Cas9 are summarised below. The order of the steps has been mixed up.

S. Scientists insert a new piece of DNA at the site of the cut.
T. A short guide RNA sequence is produced that is complementary to the target DNA sequence and Cas protein.
U. The guide RNA identifies the appropriate location and Cas9 cuts the DNA in the host at that location.
V. The cell detects and repairs the DNA, integrating the new piece of DNA.

The correct order of these steps is:

S, V, T, UA. T, U, S, VB. T, U, V, SC. U, T, S, VD.

Question 5 (9 marks)

Gene editing from CRISPR-Cas9 made news in 2018, where two embryos in China had their genomes edited.
Lulu and Nana were therefore the first babies born whose cells had undergone CRISPR-Cas9 treatment.

In this case, CRISPR-Cas9 was used to provide HIV resistance in Lulu and Nana. A certain gene, CCR5,
produces the protein that sits on the cell surface of immune cells and acts as a receptor. Although this protein
has some uses in the immune system, it is also targeted by HIV to allow it to invade cells.

Some individuals have a variant of this gene known as CCR5∆32, in which 32 base pairs are deleted compared
to the functional gene. This leads to a truncated protein that does not reach the surface of the immune cells,
reducing the chance an individual is infected with HIV. Individuals with two copies of this variant are thought to be
highly resistant to HIV.
a. One technique scientists used was to delete some of the bases from CCR5 to produce the non-

functional CCR5∆32 variant. Draw a clear diagram outlining how the CRISPR-Cas9 system could be
used to do this. 3 marks

b. Suggest two reasons why CRISPR-Cas9 was performed on embryos (with only around 200 cells)
rather than after the twins were born. 2 marks

c. For Lulu and Nana, this editing was not entirely successful. Firstly, not all cells had the altered
CCR5∆32 gene. The use of CRISPR-Cas9 in this case posed many problems, particularly around
future implications of editing the genome and possible misuse of the technology. As a result,
conversations about the regulation of these technologies, particularly in embryos (and germline cells
that may be inherited by future generation) have increased. Identify two possible regulations that may
be important around the use of CRISPR-Cas9. Justify your response. 4 marks

More exam questions are available in your learnON title.

2.4 Amplification of DNA using polymerase
chain reaction
KEY KNOWLEDGE

• Amplification of DNA using polymerase chain reaction
Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission

Polymerase chain reaction (PCR) is a technique used to amplify a segment of DNA accurately and quickly.
Before the development of PCR, the amplification of recombinant DNA fragments was laborious and
time-consuming.

PCR enables scientists to obtain large quantities of a specific DNA sequence from a small initial sample.

This amplification (which can be achieved with as little as one initial cell) is required for various applications,
including molecular biology, forensic analysis, evolutionary biology and medical diagnostics. For example, tiny
bone and tissue fragments on ancient stone tools are a source of DNA. This DNA has been amplified using PCR
to identify the species from which it came.
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PCR was developed in 1983 by Kary B. Mullis, an American biochemist who won the Nobel Prize for
Chemistry in 1993 for his work.

FIGURE 2.14 The polymerase chain reaction
involves amplifying DNA from a small initial amount.

FIGURE 2.15 Taq polymerase (Thermus aquaticus
polymerase) enzyme bound to DNA

The polymerase chain reaction depends on the enzyme DNA polymerase (as
shown in figure 2.15) to amplify or make multiple copies of a sample of DNA.
The polymerase enzyme comes from a bacterial species (Thermus aquaticus) that
lives in hot springs. Its optimal living conditions are environments around 70 °C.
This enzyme is known as Taq polymerase.

When you are discussing PCR (whether in a SAC or an exam), ensure you
refer specifically to Taq polymerase and not just DNA polymerase.

For PCR to occur, there are many components required. Table 2.3 outlines the
components required for PCR.

TABLE 2.3 Components required for PCR

PCR component Purpose

DNA sample To provide a template to produce copies of in PCR

Primers To bind to the single-stranded DNA and to provide a point in which DNA
synthesis can be initiated and designate the sequence to be copied.

Taq polymerase To make multiple copies of the DNA strand by adding nucleotides

Free nucleotides (dNTPs —
deoxyribonucleotide triphosphate)

To be added by Taq polymerase to produce the new DNA strand

Mix buffer To provide a suitable chemical environment for the activity of Taq
polymerase by maintaining the appropriate pH and providing any
required salts

PCR tube To provide a vessel for the PCR reaction to occur. The tube will contain
the DNA sample, polymerase, primers, nucleotides and buffer.

Taq polymerase an enzyme used
in PCR that adds free nucleotides to
the single stranded DNA in order to
synthesise a new strand

denaturing the first stage in PCR,
in which a double-stranded piece of
DNA is heated and separated into
single-stranded DNA

annealing the second stage in
PCR, in which primers attach to
the single-stranded DNA

extension the third stage in PCR, in
which the Taq polymerase enzyme
synthesises a new strand of DNA by
adding free nucleotides

PCR is a repeating process involving three main steps. These steps are referred to as denaturing, annealing and
extension.
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Steps in PCR

1. Denaturing
• The DNA sample needs to be separated into two separate strands.
• The separation happens by raising the temperature of the PCR mixture, causing the hydrogen bonds

between the complementary DNA strands to break
• This occurs at approximately 94 °C for one minute.

2. Annealing
• Short segments of single-stranded DNA, known as primers (forward and reverse sequences), are added.
• Primers bind to the target DNA sequences (at 3′ ends) and initiate DNA synthesis (polymerisation). These

primers can bind to their complementary sequences on the single-stranded template DNA.
• This occurs at approximately 55 °C for two minutes.

3. Extension
• The polymerase enzyme (Taq polymerase) uses the primers as a starting point and extending the primers,

synthesising the new strands of DNA by adding nucleotides.
• A supply of ‘free’ nucleotides must be available in order for the DNA polymerase to create a new strand of

‘complementary DNA’ to each of the single template strands.
• This occurs at 72 °C for one minute (the optimal temperature for Taq polymerase).

About five minutes is required for each cycle of ‘denature — anneal — extend’. This process is repeated,
doubling the DNA each time.

FIGURE 2.16 The steps involved in PCR. A range of temperatures for the first two steps is acceptable.
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Over time, an exponential growth of the DNA from the two original strands occurs (with the number of DNA
copies doubling each cycle). After around 35 cycles an exponentially number of the exact copies of the target
DNA is produced.

FIGURE 2.17 During PCR, DNA strands are doubled each cycle. How many copies would be present after 35
cycles?
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Resourceseses
Resources

eWorkbook Worksheet 2.3 Polymerase chain reaction (ewbk-1872)

Video eLesson DNA amplification (eles-4164)

Weblink PCR basics

KEY IDEAS

• The polymerase chain reaction (PCR) can amplify incredibly small amounts of DNA.
• The enzyme Taq polymerase is required in order to amplify the DNA sample.
• The three processes involved in PCR are denaturing, annealing and extension.
• During denaturing, the DNA sample is heated, separating it into two strands.
• During annealing, the sample is cooled down and primers bind to the target sequences.
• During extension, Taq polymerase moves along the strands from the primers, adding free nucleotides to

produce new strands.
• The process is repeated, allowing for DNA to double every cycle.
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2.4 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.4 Quick quiz 2.4 Exercise 2.4 Exam questions

2.4 Exercise

1. List two applications of DNA amplification.
2. DNA amplification can be achieved through polymerase chain reaction (PCR) relying on the enzyme

polymerases. Compare DNA polymerases and RNA polymerases.
3. a. List the reagents found in a PCR mixture.

b. Outline the main steps involved in the polymerase chain reaction.
4. What is meant by the phrase ‘denature — anneal — extend’?
5. Explain the purpose of using Taq polymerase for PCR rather than DNA polymerase from E. coli.
6. If you started a PCR cycle with a double-stranded molecule of DNA, how many double-stranded

molecules would there be after 25 PCR cycles?

2.4 Exam questions

Question 1 (1 mark)
Source: VCAA 2020 Biology Exam, Section A, Q29

MC A small sample of DNA was obtained from a fossil. Polymerase chain reaction (PCR) was used to amplify the
amount of DNA obtained from the sample.

Which one of the following is a correct statement regarding the PCR process?
A. DNA polymerase catalyses the pairing of primers with complementary nucleotides.
B. RNA polymerase catalyses the additions of nucleotides to a DNA strand.
C. Annealing and extension of the DNA occur at different temperatures.
D. The number of copies of the DNA is quadrupled in each cycle.

Question 2 (3 marks)
Source: Adapted from VCAA 2019 Biology Exam, Section B, Q8b

The Genomics Health Futures Mission will run a $32 million trial, starting in 2019, to screen over 10 000 couples
who are in early pregnancy or who are planning to have a baby. Using a blood test, individuals will be screened
for 500 severe or deadly recessive gene mutations.

Couples will be told they have a genetic mutation if both individuals in the couple carry the same mutation. The
trial may lead to a population-wide carrier screening program. The researchers will evaluate cost effectiveness,
psychological impact, ethics and barriers to screening. It is anticipated that future tests will be free of charge.

The blood sample from an individual will provide researchers with only a small amount of DNA. Polymerase chain
reaction (PCR) will be used to amplify the DNA.

Describe what happens in each of the three stages of PCR. The stages must be given in the order in which they
occur.

Question 3 (1 mark)
Source: VCAA 2017 Biology Exam, Section A, Q34

MC The process known as polymerase chain reaction (PCR) involves repeated cycles made up of several steps.

During PCR the
A. first step in each cycle is to anneal primers to the DNA at a low temperature.
B. temperature must be lowered to 37 °C before the beginning of each cycle.
C. second step in each cycle is to heat the DNA to a high temperature.
D. final step of each cycle involves the use of DNA polymerase.
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Question 4 (1 mark)
Source: VCAA 2006 Biology Exam 2, Section A, Q11

MC Amplification of DNA in the polymerase chain reaction requires
A. nucleotides of uracil.
B. DNA polymerase.
C. amino acids.
D. ribose sugar.

Question 5 (1 mark)
Source: VCAA 2010 Biology Exam 2, Section B, Q8b

A young man, Ben, wants to find out more about his genetic ancestry. He sends a sample of cells, obtained from
a swab of his mouth, to a laboratory. On receipt of the sample, the laboratory treats the cells to release the DNA
to enable identification of STR markers.

Name the process used to produce many copies of the STR markers.

More exam questions are available in your learnON title.

2.5 The use of gel electrophoresis

KEY KNOWLEDGE

• The use of gel electrophoresis in sorting DNA fragments, including the interpretation of gel runs for DNA
profiling

Source: Adapted from VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission

gel electrophoresis a technique for
sorting a mixture of DNA fragments
(and other molecules with a net
charge) through an electric field
on the basis of different fragment
lengths

DNA fingerprinting technique
for identifying DNA from different
individuals based on variable
numbers of tandem repeats of short
DNA segments near the ends of
chromosomes

DNA sequencing identification of
the order or sequence of bases
along a DNA strand

Being able to sort fragments by size has many vital scientific applications. This can be done using a process
known as gel electrophoresis. Gel electrophoresis has a variety of applications; for example, it is used in DNA
fingerprinting and the detection of genetic variants and proteins involved in health and disease. It is used in
profiling to help solve crimes, determine paternity and identify bodies in events such as natural disasters. It is
also used to aid in the detection of pathogens (disease-causing organisms) that may be present in blood or other
tissues, or in sources such as food. In many instances, nucleic acids or proteins that are
detected and purified with gel electrophoresis are investigated further by means of
DNA sequencing.

Gel electrophoresis is one of several techniques used to separate macromolecules such
as DNA, RNA, or protein on the basis of their size or electric charge (for example,
using the negative phosphate–sugar backbone present in DNA and RNA).

2.5.1 Using gel electrophoresis to sort fragments
Once we have a solution containing DNA that has been cut into a number of predictable
fragments using an endonuclease enzyme, we can use electrophoresis to sort these
DNA fragments out by size.

agarose gel a special type
of porous gel used in gel
electrophoresis, which allows for
DNA to be separated by fragment
size

Electrophoresis is the most effective way of separating DNA fragments of varying
sizes, ranging from 100 bp (base pairs) to 25 kbp (kilobase pairs). Gel electrophoresis
occurs in a specialised material known as agarose gel. Agarose is isolated from the
seaweed genera Gelidium and Gracilaria, and consists of repeated agarobiose (L- and
D-galactose) sub-units.
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The steps in separating fragments by gel electrophoresis

1. The DNA sample with fragments of varying sizes is combined with DNA loading dye.
2. This mixture is placed in a well at one end of a slab of jelly-like supporting material, known as an agarose gel.
3. This agarose gel is immersed in a buffer solution (salt solution).
4. The gel is then exposed to an electric field with the positive (+) pole (anode) at the far end and the negative (−)

pole (cathode) at the starting origin. The DNA is attracted to the positive pole.
5. Smaller fragments move through the agarose gel faster compared to larger fragments.
6. These fragments appear as bands on a gel which can be interpreted in various ways. This usually needs to be

observed under UV light.

FIGURE 2.18 The equipment used for gel electrophoresis and the observations that occur
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How does electrophoresis work?

FIGURE 2.19 A researcher using a
micropipette to load a sample of DNA

The phosphate backbone of the DNA (and RNA) molecule
is negatively charged. Therefore, when placed in an electric
field, DNA fragments will migrate to the positively charged
pole (anode) of the gel.

As DNA has a uniform mass/charge ratio, DNA molecules
are separated by size within an agarose gel in a pattern such
that the distance travelled is proportional to its molecular
weight. The shortest DNA fragments move most quickly,
and the longest fragments move most slowly.

The distance the band travels is also influenced by the
concentration or viscosity of the agarose and the specific
voltage or power used.

The result of electrophoresis is a series of parallel bands of DNA fragments at differing distances down the gel.
Each band can contain millions of DNA molecules of the same size.

FIGURE 2.20 The result of gel electrophoresis where the fragments are separated according
to their sizes

DNA is loaded
into wells

Shorter
fragments
travel further

FIGURE 2.21 Gel stained with ethidium bromide
after completion of electrophoresis

_

+

probe single-stranded segment of
DNA (or RNA) carrying a radioactive
or fluorescent label with a base
sequence complementary to that in
a target strand of DNA

ethidium bromide a dye that binds
to DNA and illuminates under UV
light

Once the gel run is complete, the separated DNA bands
must be made visible either through the use of a dye or
a labelled probe (that binds to a target sequence). One
common dye is ethidium bromide (EtBr), which
illuminates under ultraviolet light; the DNA bound
to EtBr will fluoresce pale pink (see figure 2.21).

A standard ladder of DNA fragments of known sizes
is usually run through the gel at the same time as the
unknown DNA samples. In some cases, this is referred to
as an allele ladder. The sizes of unknown DNA fragments
can be approximated by comparing the positions of their
bands with those of the known standards. Figures 2.21
and 2.22 show a ladder of DNA markers of known sizes
in lane 1, at the left-hand side of the gel.

As well as determining the lengths of fragments, gel electrophoresis can be used for
DNA analysis through DNA fingerprinting. This can be used in forensic investigations
(for example, by comparing the DNA found at a crime scene to that of a suspect); in
examining disease; or in paternity disputes (by examining the DNA of the child in
comparison to the DNA of their parents). This will be further explored in section 2.5.2.
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FIGURE 2.22 Bands are separated by the size of their fragments. The unknown bands can be approximated to be
5000, 3300, 1500 and 600 base pairs long.
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Video eLesson Gel electrophoresis (eles-4133)

SAMPLE PROBLEM 3 Analysing gels
tlvd-1097

Samples of the DNA of the F8C gene, which controls blood clotting, were collected from several
different people, two males (J and T) and one female (K). Defects in this gene can lead to haemophilia.

The F8C gene is located on the X chromosome and has two alleles: the F allele that determines
normal blood clotting and the f allele that determines defective blood clotting (haemophilia). Males,
only having one X chromosome, only require one version of the faulty F8C allele to have haemophilia.
Females need two copies of the faulty allele to havehaemophilia.

Samples were taken from all three individuals and treated with the endonuclease BclI. The result of
BclI treatment is below, with the blue arrows showing the cutting sites for the restriction enzyme.

a.

DNA from F allele

DNA from f allele

1165 bp

879 bp

The DNA samples were then subjected to electrophoresis and the positions of the bands were
identified using a fluorescent probe. The flanking sections outside the cuts (shown with the dotted
lines) were not run.

0.5 kb

Person T Person J Person K

Lane 1 Lane 2 Lane 3 Lane 4

1.0

2.0

3.0

–

+

b.
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a. How many fragments would result from BclI digestion of the F allele? (1 mark)
b. How many fragments would be produced by BclI treatment of the f allele? What are

their expected sizes? (2 marks)
c. Which male will have haemophilia? Provide evidence for your response. (2 marks)
d. What alleles does the female individual (Person K) have? (1 mark)

THINK WRITE

a. Examine the DNA — there are two points at the
end that were cut. There are no cuts in the middle
of the 1165 bp piece.

There would be one fragment produced of 1165 bp
(1 mark).

b. Examine the DNA — there are two points at the
end that were cut to form the fragment shown.
There is one cut in the middle of the piece of DNA.

There would be two fragments produced (1 mark).
One would be 879 bp and the other would be
286 bp (1165 – 879 = 286) (1 mark).

c. Ensure you read the question carefully. It is
specifically asking about the males: J and T.
To be affected, an individual needs the f allele,
which, as answered in part b, has two fragments.

Person T will have haemophilia (1 mark).
Due to the presence of two bands at 879 bp and 286
bp, he must have the f allele and thus must have the
disease (1 mark).

d. Examine Person K on the gel. She has three bands
at around 1165 bp, 879 bp and 286 bp.

Person K has both the f and F alleles, as she has the
1165 bp band from the F allele and the 879 bp and
286 bp fragments from the f allele (1 mark).

2.5.2 Why do we conduct DNA profiling?

FIGURE 2.23 Headlines signalling the power of
DNA in identification

DNA frees death-row

inmates, brings others

to justice

                 
           (April 2005) 

Latin America

turns to DNA

tests to solve

war crimes

(December 2005) 

Woman ordered
to repay child
support to man:
child not his
 (October 2011) 

DNA evidence closescase 40 years aftermurder
(October 2014)  

DNA testing identifies long

term missing child

(November 2003)

DNA profiling technique for
identifying DNA from different
individuals based on variable
regions known as short tandem
repeats (STRs) or microsatellites

Individuals can be identified through a technique known as
DNA profiling. The amount of DNA needed for DNA
profiling is very small, because DNA can be amplified
through the polymerase chain reaction (PCR) (refer to
subtopic 2.4). A person’s DNA profile is constant,
regardless of the type of cell used to prepare the profile.
A DNA profile prepared from a person’s white blood cells
is identical to that prepared from the same person’s skin
cells or other somatic cells.

Identification using DNA is a powerful tool that can be
applied in many situations, including:

• forensic investigations
• Can the DNA found at a crime scene be matched to

a person on the national DNA database?
• Is this blood spot from the victim or from the

possible assailant?
• In a sexual assault case, is this semen from a

previously convicted perpetrator?
• mass disasters, such as passenger aircraft crashes, the

9/11 terrorist attacks and the Boxing Day tsunami
• Can the various remains that have been recovered be matched to a particular

person known to have been at the site of the disaster?
• identification of human remains

• Are these remains those of a particular missing person?
• Who was the unknown child, tagged as body number 4, recovered after the

sinking of the RMS Titanic in 1912?
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CASE STUDY: DNA profiling in forensic investigations

FIGURE 2.24 Senior biologist Kamen Eckhoff holds
up a t-shirt worn by the travelling companion of a
victim

Because DNA molecules are only slowly degraded,
DNA profiling can be carried out on biological
samples from crime scenes from years ago. This
profiling has led to many ‘cold cases’ worldwide
being solved, such as the murder of a 22-year-old
female bank clerk by Gerald Hyland in 1980.

DNA profiling has not just been used to convict
those who are guilty, but in many cases has been
used to exonerate innocent individuals and pardon
them of any wrongdoing.

To access more information on various case studies
and complete an analysis task relating to these,
please download the worksheet.

Resourceseses
Resources

eWorkbook Worksheet 2.4 Case study analysis: DNA profiling in forensic investigations (ewbk-1875)

CASE STUDY: DNA profiling in identifying remains

FIGURE 2.25 This cemetery in France
is the last resting place of some
Australian soldiers killed in Fromelles.

DNA samples are not just used to solve crimes; they are also used
to identify human remains. This may include remains from natural
disasters or wars, or from ancient burial sites. These samples can
be used to produce DNA profiles, such as with the identification of
the lost soldiers of the battle of Fromelles.

To access more information on various case studies, please
download the digital document.

Resourceseses
Resources

Digital document Case study: DNA profiling in identifying
remains (doc-36161)

Resourceseses
Resources

Weblinks Solving a 28-year-old cold case

Police cracking cold cases
The Fromelles Project

TOPIC 2 DNA manipulation techniques and applications 113

PAGE PROOFS



“c02DNAManipulationTechniquesAndApplications_PrintPDF” — 2021/5/9 — 11:04 — page 114 — #30

2.5.3 Which DNA is used for identification?
Depending on the purpose and circumstances of the identification, the DNA used comes from either the
chromosomes (nuclear DNA) or from mitochondria (mtDNA). Some important differences between nuclear
DNA and mtDNA include:
1. mtDNA is almost exclusively inherited via the maternal line — that is, it is matrilineal; nuclear DNA is

inherited from both parents. (New research is refining this idea about the inheritance of mtDNA.)
2. mtDNA does not undergo recombination and any changes in mtDNA must arise by mutation; nuclear DNA

undergoes recombination, meaning that it is shuffled around in each generation by crossing over during
meiosis.

3. mtDNA in each somatic cell is present in high numbers of copies; nuclear DNA is only present within the
single nucleus. For this reason, mtDNA is the DNA that can be recovered from ancient specimens, such as
bones and teeth.

FIGURE 2.26 Nuclear versus mitochondrial DNA

Mitochondrial

DNA

Nuclear

DNA

In both nuclear DNA and mtDNA, however, their use in identification depends on the existence of segments of
DNA that vary greatly between individuals. Such regions of DNA are termed hypervariable.

hypervariable regions regions in
DNA that are highly polymorphic

Hypervariable regions of DNA that are currently used for identification are:

short tandem repeats (STRs)
chromosomal sites where many
copies of a short DNA sequence
are joined end-to-end; the number
of repeats is variable between
unrelated people

• short tandem repeats (STRs) in the nuclear DNA, also known as microsatellites. A large number of
STRs are present on different human chromosomes. On its own, DNA from STRs can identify one person
uniquely (apart from identical siblings). DNA samples from relatives are not required. So, when there is a
need to match a DNA sample from a crime scene to just one particular person, STRs are used.

• hypervariable regions (HVRs) in the noncoding region of mtDNA. It should be noted that mtDNA
identification is less precise because individuals from the same maternal line have almost identical mtDNA
profiles. mtDNA is used, for example, when nuclear DNA cannot be recovered or when nuclear DNA is
degraded because of age.

During the late 1980s and early 1990s, new and highly sensitive methods of visualising
DNA were developed that used fluorescent labelling of DNA. This, alongside the use
of STRs, allowed DNA profiling to be come the technique of choice for identification
today.

These developments, combinedwith the use of the polymerase chain reaction (PCR)
to amplifyDNA, produced the powerful technique of DNAprofiling that has applications
in somany areas, including forensics andmedicine.
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What is an STR?
STRs are found within chromosomes (usually in the non-coding introns) where sequences of just two to seven
base pairs are repeated over and over. These regions are very common and hundreds are scattered throughout the
human chromosomes. STRs are termed ‘short’ because the repeat sequences are only two to five base pairs long,
and ‘tandem’ because the repeats occur one after the other (see figure 2.27).

However, the number of repeats of an STR marker can vary between people and each variation is a distinct
allele. The number of repeats of a 4-base pair sequence of one STR marker on the number-5 chromosome ranges
from 7 to 15. In most cases, the alleles at an STR locus on a human chromosome are named according to the
number of repeats and so are identified as allele 7, allele 8 and so on.

FIGURE 2.27 Diagrammatic representation of an STR showing one allele with 5 repeats of a 4-base sequence and
the other allele with 7 repeats on homologous chromosomes.

1

5 repeats of CATT

Homologous

chromosomes

7 repeats of CATT

CATT

STR

STR

CATT

Flanking

region

2 3 4 5

1 2 3 4 5 6 7

At each STR locus, an individual is either homozygous or heterozygous and so can have a maximum of just
two different alleles. These alleles are inherited in a Mendelian fashion, and are co-dominant; that is, where two
different alleles of the same STR marker are present, both can be detected.

BACKGROUND KNOWLEDGE: Reviewing alleles

An allele is a variant form of a gene. Homozygous means you have two identical copies of an allele (one on
each chromosome). Heterozygous means you have two different alleles. Figure 2.27 shows a person who is
heterozygous (5/7) at one particular STR locus and has one allele with 5 repeats and the other allele with 7
repeats.

STRs in paternity testing

In DNA paternity tests, the markers used are STRs, short pieces of DNA that occur in highly differential repeat
patterns among individuals. Each individual’s DNA contains two copies of these markers — one copy inherited
from the father and one from the mother. Within a population, the markers at each person’s DNA location could
differ in length and sometimes sequence, depending on the markers inherited from the parents.
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FIGURE 2.28 Individuals can have large variations in STRs across various sites.

Individual 1

STR site

Maternal chromosome 3 Paternal chromosome 3 Markers

STR D3
9,11

Maternal chromosome 7 Paternal chromosome 7

STR D7
5,6

Individual 2

STR site Maternal chromosome 3 Paternal chromosome 3 Markers

STR D3
16,17

Maternal chromosome 7 Paternal chromosome 7

STR D7
11,5

5 repeats

5 repeats

9 repeats 11 repeats

16 repeats 17 repeats

11 repeats

6 repeats

SAMPLE PROBLEM 4 Analysing STRs
tlvd-1098

The STR profiles of a mother, father and three children were examined across 4 STR loci. The results
for the number of repeats at each marker is shown below.

STR locus Mother Father Child 1 Child 2 Child 3

D3 14, 18 16, 17 14, 17 17, 18 14, 16

D8 10, 15 12, 13 13, 15 10, 13 10, 15

D21 28, 30 31, 32 28, 31 28, 32 30, 30

D7  8, 10  7, 13 7, 8 10, 13  7, 10

a. Identify which parent each marker came from for Child 1, 2 and 3 at STR locus D3. (3 marks)
b. What conclusion can you draw about Child 3? Provide evidence for your response. (2 marks)

THINK WRITE

a. Examine each child individually at D3.

1. Child 1 has the STRs 14 and 17. Child 1 received the 14 repeat allele from the mother
and the 17 repeat allele from the father (1 mark).

2. Child 2 has the STRs 18 and 17. Child 2 received the 18 repeat allele from the mother
and the 17 repeat allele from the father (1 mark).

3. Child 3 has the STRs 14 and 16. Child 3 received the 14 repeat allele from the mother
and the 16 repeat allele from the father (1 mark).
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b. Examine each STR locus for Child 3.
D3 was examined in part a.
At D8, they have 10 and 15 repeats. The
suspected father has neither of those, even
though you must get an STR from each parent.
At D21, they have 30 and 30 repeats so must
have inherited one of these from their father.
The suspected father does not have this.
Note: As you have determined that the father
is not the biological father of Child 3, you
only need to provide evidence that shows this.
Therefore, you do not need to refer to D7, as
it does not provide evidence to support your
response.

The father is not the biological father of Child 3 (1 mark).

Evidence to support this is as follows:
• At D8, the father does not have either 10 or 15 repeat

alleles
• At D21, the father does not have the 30 repeat allele

that the child has.
• As some of the STRs do not come from the suspected

father, another individual must be the biological
father of Child 3 (1 mark).

STRs in crime scenes

In other cases, such as crime scenes, DNA identified through STRs may be a full or partial match. A full match
suggests a high likelihood that the DNA belongs to that individual. Partial matches imply that the DNA belongs
to a close relative. This is shown in figure 2.29.

FIGURE 2.29 Matches between an individual’s STRs and those at a crime scene may be a. a full match or
b. a partial match.

15 18 11 13 22 22 14 17 17 19 16 1811 12 9 16.28 32.26 9 X Y

a.

b.

Individual’s DNA profile: 15 18

Crime DNA profile:

Individual’s DNA profile:

Crime DNA profile:

11 13 22 22 14 17 17 19 16 1811 12 9 16.28 32.26 9 X Y

15 18 11 13 22 22 14 17 17 19 16 1811 12 9 16.28 32.26 9 X Y

15 11 13 14 17 19 16 1812 9 16.28 32.26 9 X Y

Resourceseses
Resources

eWorkbook Worksheet 2.5 DNA profiling in Australia (ewbk-1976)
Worksheet 2.6 Analysing STR profiles (ewbk-1978)

2.5.4 Interpretation of gel runs for DNA profiling
The combination of marker sizes found in each person makes up his or her unique genetic profile. When
determining the relationship between two individuals, their genetic profiles are compared to see if they share
the same inheritance patterns at a statistically conclusive rate (refer to figure 2.30a).

These profiles are often produced using STRs. Within a population there are usually several different versions
of the DNA at an STR locus with different repeat lengths. Each STR generated is essential in order to generate
match probabilities. If only one STR was analysed, many people would have the same alleles only by chance.
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It is therefore necessary to analyse a number of different STR loci to ensure that the chance of two unrelated
people having matching DNA profiles is very small. The STRs used in Australia are explored in the worksheet
DNA profiling in Australia.

Steps involved in generating and analysing a DNA gel
Example: Paternity case

Step 1: To identify an unknown child, firstly identify the DNA bands (size and location) from the mothers that
appears in the child’s DNA profile.

Step 2: Match the remaining bands with one of the unknown samples from the different male possibilities. As
50 percent of the DNA inherited in the child will come from the mother and 50 percent of the DNA will come
from the father, the remaining bands should match with the unknown father’s sample. Colours can be used to
match the child’s remaining bands to the correct father’s band.

An example of this is shown in figure 2.30.

Note: A similar technique can be used in forensic cases by using the victim’s blood and the possible suspects to
match an unknown sample found at a crime scene. This can be used to obtain partial or complete matches.

FIGURE 2.30 Paternity testing (comparing DNA of offspring against potential fathers) a. Initial gel b. Analysis of
the gel showing the source of each band in the child’s gel

a. Initial gel

Mother Possible

father 1

Possible

father 2

Possible

father 3

Child

b. Analysis

Mother Possible

father 1

Possible

father 2

Possible

father 3

Child

INVESTIGATION 2.2
elog-0019

Using gel electrophoresis for DNA profiling

Aim

To undertake PCR and gel electrophoresis to produce a specific banding pattern and conduct DNA profiling
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SAMPLE PROBLEM 5 Analysing DNA profiles from a crime scene
tlvd-1099

DNA was collected from a robbery from a splatter of blood on the window, which had been smashed
during the intrusion. The DNA profiles of eight suspects are shown below.

A
Crime

scene
B C D E F G H

a. Using the DNA profiles shown, who was the likely perpetrator of the crime? (1 mark)
b. Does this provide evidence that the individual with the DNA match was the only person involved in

the crime? Justify your response. (2 marks)

THINK WRITE

a. Examine the gels for the DNA that matches the
crime scene.

Suspect H likely committed the crime (1 mark).

b. Consider the evidence; is it the only evidence from
the crime scene?

While the results provide evidence that the individual
was present at the scene of the crime, it does not
prove he was the only individual present (1 mark).

As this is a two mark question, ensure you justify
your response.

Only one sample of DNA was collected from the
crime scene. There may be DNA at other points,
or the other individuals may have been completely
covered to reduce the risk of DNA evidence
being found (1 mark).

Resourceseses
Resources

eWorkbook Worksheet 2.7 DNA profiling and gel electrophoresis (ewbk-1980)
Worksheet 2.8 DNA profiling in animals (ewbk-1982)

Digital document Issues in DNA profiling (doc-36162)

Interactivity DNA profiling (Family Ties) (int-0669)
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KEY IDEAS

• Electrophoresis sorts DNA fragments according to their lengths, measured in base pairs.
• During electrophoresis, negatively charged DNA moved towards the positive terminal in the gel

electrophoresis. Smaller fragments are able to diffuse through the gel faster.
• DNA profiling has played a role in criminal convictions and paternity testing.
• Often, STRs are used in DNA profiling, as there is a much higher level of variation between individuals.

2.5 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.5 Quick quiz 2.5 Exercise 2.5 Exam questions

2.5 Exercise

1. MC Identify which of the following DNA will migrate faster. The condition is the molecular weight of the
following is equal.
A. Supercoiled circular DNA
B. Nicked circular DNA (open circular)
C. Single stranded DNA
D. Double stranded DNA

2. a. Which macromolecules can be separated using electrophoresis?
b. State two applications of gel electrophoresis.

3. Explain why in electrophoresis, shorter fragments of DNA will move further from the well than larger segments
of DNA.

4. Explain the specific feature of DNA primarily responsible for movement of DNA molecules in an electrical
field?

5. Explain how fluorescent dye, such as ethidium bromode, is used for visualising DNA. How does ethidium
bromide bind to DNA?

6. A student performed a gel electrophoresis experiment, and the results are shown in the diagram. The student
used a circular plasmid that had been separately digested with three different restriction enzymes (lanes 2, 3
and 4). The uncut sample is in lane 1 and the DNA ladder is in lane 5. In some of the lanes, the student made
mistakes with the DNA they loaded.

DNA
ladder

16.9 kb

10.2 kb
7.6 kb

4.3 kb

3.1 kb
2.9 kb

Uncut
plasmid

1 2 3 4 5

a. Calculate the size of the uncut plasmid.
b. In lane 2, how many recognition sites for the enzyme were in the plasmid? Justify your response.
c. Explain the DNA fragment in lane 4.
d. Suggest an explanation for the results in lane 3.
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7. A gel was run that contained five different linear DNA samples and a lane with samples of known size.
These DNA samples were exposed to the endonuclease BglII. The results are shown in the diagram.

3000 bp

1500 bp

1 2 3 4 5

500 bp

a. Identify the lane that contains:
i. the shortest fragments of DNA
ii. DNA fragments that include one restriction site for BglII and were treated with that restriction enzyme
iii. DNA fragments with an approximate size of 1500 bps
iv. DNA fragments with a size in excess of 3000 bps.

b. If this same DNA that was treated with BglII had instead been treated with HindIII, would the pattern of
bands obtained in electrophoresis have been the same? Explain.

c. A different sample of DNA was treated with a particular restriction enzyme that produced three fragments of
sizes 400, 750 and 2500 bps. Consider that this DNA mixture was loaded into lane 5 of the gel shown in the
figure above. Draw the expected pattern on completion of electrophoresis of this DNA in lane 5.

8. A piece of double-stranded DNA is shown below.

8.4 kbp

A sample of this DNA was treated with the endonuclease AluI. The cutting site
for this enzyme is AGCT.
a. After this treatment, the sample was subjected to electrophoresis. The result

is shown in the figure. The numbers denote the sizes of the fragments in kbp.
What conclusion may be drawn?

b. A second sample of this DNA was treated with a different endonuclease,
HindIII. The cutting site for this enzyme is AAGCTT. The result after
electrophoresis revealed two DNA fragments of sizes 5.4 kbp and 3.0 kbp.
What conclusion may be drawn?

c. A third sample of this DNA was treated with yet another endonuclease, NotI.
The result after electrophoresis revealed one fragment of 8.4 kbp. What
conclusion may be drawn?

3.9 kbp

2.4 kbp
2.1 kbp

+

–

9. Consider the following information: Daniel Fitzgerald was convicted of a murder after DNA evidence linked him
to a didgeridoo found at a crime scene. There was no other evidence linking this man to the crime.
a. If you had been a member of the jury involved in this case, would you have agreed with the verdict? Give a

reason for your decision.
b. If you were one of the High Court judges hearing this appeal, would you uphold the appeal against the

conviction or reject the appeal?
c. The High Court judges ruled that the recovery of the appellant’s DNA from the didgeridoo did not raise

any inference about the time when or circumstances in which the DNA was deposited there. Suggest two
possible ways in which Fitzgerald’s DNA might have been transferred to the didgeridoo.
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2.5 Exam questions

Question 1 (1 mark)
Source: VCAA 2015 Biology Exam, Section A, Q28

MC A ribosome contains two distinct sub-units: a large sub-unit and a small sub-unit. Ribosomes from
prokaryotic and eukaryotic cells were isolated and subjected to gel electrophoresis. The results are shown below.

Which one of the following can be correctly concluded from the gel electrophoresis results?

eukaryotic

cytosol

eukaryotic

mitochondria

prokaryotic

cytosol

loading
wells

direction
of travel

sources of
ribosomes

A. Eukaryote cytosolic and mitochondrial ribosomes translate the same types of protein.
B. Eukaryote mitochondria contain the ribosomal sub-units of the smallest size.
C. Prokaryote ribosomal sub-units have opposing charges to each other.
D. Eukaryote cytosolic ribosomal sub-units travel at the greatest speeds.

Use the following information to answer Questions 2 and 3.

Four samples of DNA were loaded into four different wells in lanes W, X, Y and Z. A standard ladder was loaded
into the well in lane S. The results of gel electrophoresis are shown below.

length of DNA
base pairs

(bp)

500

350

200

50

loading wells
S W X Y Z

Question 2 (1 mark)
Source: VCAA 2018 Biology Exam, Section A, Q30

MC Which lane represents a sample that was loaded with DNA fragments of four different lengths: 100 bp, 150
bp, 200 bp and 300 bp?

WA. XB. YC. ZD.

Question 3 (1 mark)
Source: VCAA 2018 Biology Exam, Section A, Q31

MC Which lane contains the band that is closest to the negative electrode?

WA. XB. YC. ZD.
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Question 4 (1 mark)
Source: VCAA 2013 Biology Section A, Q28

MC During a fight between a number of people, one was seriously injured. Blood samples were taken from the
victim, the crime scene and four suspects.

DNA was extracted from white blood cells in each of the blood samples and electrophoresis of the samples was
carried out.

The results are shown in the following diagram.

victim

crime
scene

samples
suspect

1
suspect

2
suspect

3
suspect

4

The person most likely to have been at the crime scene is suspect

1.A. 2.B. 3.C. 4.D.

Question 5 (2 marks)
Source: VCAA 2010 Biology Exam 2, Section B, Q8c

Each of the STR markers produced is labelled with a dye and subjected to gel electrophoresis. Five of Ben’s
STR markers were compared with three family groups who have the same surname as him. The following gels
resulted.

Ben family X family Y family Z

Explain which family is Ben’s most recent common ancestor.

More exam questions are available in your learnON title.
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2.6 Recombinant plasmids

KEY KNOWLEDGE

• The use of recombinant plasmids as vectors to transform bacterial cells as demonstrated by the production
of human insulin

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

plasmid a small circular piece of
double-stranded DNA that is able
to reproduce independently and
may be taken up by cells (usually
bacteria) in addition to chromosomal
DNA

A plasmid is a small, circular, double-stranded DNA molecule, separate from the cell’s chromosomal DNA
(refer to figure 2.31). Plasmids naturally exist in bacterial cells. Genes often carried in plasmids provide the
bacterium with genetic advantages, such as antibiotic resistance. Plasmids have a wide range of lengths, from
roughly one thousand DNA base pairs to hundreds of thousands of base pairs. Bacteria are able to carry multiple
plasmids.

origin of replication (ORI) a DNA
base sequence in a plasmid in which
DNA replication begins

All plasmids are self-replicating because they contain an origin of replication (ORI), that is, a specific DNA
base sequence where DNA replication of a plasmid begins. As a result, plasmids can replicate independently of
the main bacterial chromosome.

recombinant plasmids plasmids
that carry foreign DNA

In addition to naturally occurring plasmids, plasmids can also be constructed so that they include certain features
in addition to an origin of replication. Plasmids can have foreign DNA inserted in them to become recombinant
plasmids. These plasmids have several features, including those listed in table 2.4.

FIGURE 2.31 Plasmids may be found within bacteria alongside their main chromosome.

Plasmid Main

chromosome

TABLE 2.4 Features found in a recombinant plasmid

Plasmid features Function
Origin of replication (ORI) Section of DNA sequence which is recognised by a cell’s DNA replication

proteins, allowing initiation of new DNA synthesis.

Antibiotic resistance gene The marker gene is often a gene governing antibiotic resistance, with the
particular form of the gene being the allele for resistance to an antibiotic, such
as ampicillin (AmpR). Bacteria containing the plasmid with the marker can be
selected from among other bacteria by exposure to the antibiotic.

Multiple cloning site (MCS)
(or polylinker region)

A DNA region within a plasmid that contains multiple unique endonuclease cut
sites. Plasmids are very useful as they allow foreign DNA to be easily inserted.
This enables the plasmid to act as a vector to insert DNA into another cell —
for example, to create a transgenic organism or for use in gene therapy.

Promoter region Promoters are found upstream of their target genes. The sequence of the
promoter region controls the binding of the RNA polymerase; therefore,
promoters play a large role in determining where and when your gene of
interest will be expressed.

Selectable marker The antibiotic resistance gene allows for selection in bacteria. However, many
plasmids also have selectable markers for use in other cell types; for example,
green fluorescent protein (GFP) makes cells glow green under UV light.

Screening marker A screening marker allows for the confirmation that a plasmid is actually
recombinant. An example of this is with the lacZ screening marker, which is
explored in the case study box in section 2.6.2.
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vector an agent or vehicle used
to transfer pathogens or genes
between cells and organisms

Figure 2.32 shows two of many plasmids that can be used as vectors to transport
foreign DNA into bacterial cells to transform them. These are termed vectors as
they are used as vehicles to transfer genetic material into other cells.

selectable marker genes
carried by plasmids for certain
traits, often for antibiotic
resistance

Both plasmids have the required origin of replication (ORI) and also have a
selectable marker (AmpR) for the antibiotic ampicillin. In addition, the pUC19
plasmid has a second marker (TetR) for a second antibiotic, tetracycline.

FIGURE 2.32 a. Plasmid pBR322 with many cloning sites present throughout the plasmid (the numbers represent
the distance clockwise from the origin in base pairs). b. Plasmid pUC19 has a cluster of many restriction enzyme
recognition sites in the sector of the plasmid labelled as polylinker (or multiple cloning site).

amp

amp

tet
lacZα

ori

ori

3000

2295

NdeI

Polylinker
396–454

2000

500

1000

1500

2000

2500
0

1000

651

375
1850 294359

4000

3607

PstI

pBR322
4361 bp

pUC19
2686 bp

a. b.

BamI

SalI

EcoRI EcoRV

HindIII

2.6.1 Making recombinant plasmids
Recombinant plasmids are plasmids that carry foreign DNA.

Making recombinant plasmids

1. The DNA of the plasmid is cut using a specific cutting enzyme (endonuclease) in order to create sticky ends.
This changes the plasmid from circular to linear.

2. The foreign DNA fragments are prepared using the same endonuclease so that the foreign DNA has sticky
ends complementary to the cut plasmid. Often, the process of reverse transcription is used to create these
foreign fragments (refer to section 2.2.1) to ensure that non-coding introns are not included.

3. The foreign DNA fragments and the plasmids are mixed, and, in some cases, their ‘sticky ends’ pair by using
weak hydrogen bonds. A recombinant plasmid has been created. (Other pairings will also occur, such as cut
plasmids resealing themselves so that they are not recombinant plasmids).

4. The joining enzyme, ligase, is added and this makes the joins permanent through covalent bonding.
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Figure 2.33 shows the process by which recombinant plasmids are formed.

FIGURE 2.33 The steps in the formation of a recombinant plasmid

GAATTC
CTTAAG

GAATTC
CTTAAG

AATTC
G

G
CTTAA

Recognition sites

Recognition sitePlasmid

vector

Antibiotic
resistance
gene

Origin of
replication

Foreign DNA

DNA fragment
containing gene
of interest

Mix vector and DNA
fragment

Ligation

Recombinant
vector carrying
gene of interest

Restriction
enzymatic
digestion Gene of interest

CTTAAG

GAATTC

G

G

CTTAA

AA
TTC

CTTAAG

GAATTC

C
TTA

A
G

G
A

A
TTC

2.6.2 Getting plasmids into bacterial cells

bacterial transformation process
in which bacterial cells take up
segments of foreign DNA that
become part of their genetic
make-up

Once recombinant plasmids have been created, the challenge is to transfer them
into bacterial cells. This process is known as bacterial transformation. It is
important that the bacterium selected is appropriate. The bacterium needs to be able
to reproduce quickly and be harmless to individuals working with it. A harmless
strain of E. coli is commonly used for this purpose. However, yeast cells and other
eukaryotic cells can be used as host cells when glycoproteins are being produced.
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In general, the success rate for the transfer of recombinant plasmids into bacterial cells is low, but the success
rate can be increased through various techniques:

electroporation a technique
that uses brief exposure of host
cells to an electric field to enable
the entry of segments of foreign
DNA into the cells

heat shock a technique to
transform bacteria in which
cells are suspended in a ice
cold solution and then moved
into a warm solution to increase
plasma membrane fluidity

• One technique is termed electroporation. Cells are briefly placed in an
electric field that shocks them and appears to create holes in their plasma
membranes, allowing the plasmid entry.

• Another method is heat shock. The bacterial cells are suspended in an ice-
cold salt solution and then transferred to 42 °C for less than one minute. This
treatment appears to increase the fluidity of the plasma membranes of the
bacterial cells and increases the chance of uptake of plasmids.

An example of the heat-shock treatment is shown in figure 2.34. The starting culture
of bacterial cells is sensitive to the antibiotic tetracycline, and is denoted TetS.

Steps in heat shock

1. The bacterial culture is placed in an ice bath and chilled.
2. Recombinant plasmids with the tetracycline resistance allele TetR are added to the bacterial culture and

chilled.
3. The bacteria and plasmid mix are placed in hot water at 42 °C for 50 seconds, producing a heat shock. This is

the stage when the plasma membranes of the bacterial cells are altered, increasing the chance of uptake of
plasmids by the cells.

4. The mix is returned to an ice bath for two minutes.
5. The bacteria are plated on an agar plate containing the antibiotic tetracycline and incubated

at 37 °C overnight. Bacteria that have not taken up the plasmids are killed by the tetracycline. Bacterial cells
that have taken up the plasmids will be selected as they will survive and replicate.

FIGURE 2.34 Stages in the uptake of plasmids by bacterial calls, resulting in their transformation
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The importance of recombinant plasmids is that the foreign DNA they incorporate can come from any source:
it may be a human gene, a plant gene, a jellyfish gene, a yeast gene and so on. The importance of transformed
bacteria is that they express the foreign gene in their phenotype. We will see in section 2.6.3 how these
transformed bacteria can be factories to produce the protein products of these foreign genes, such as human
insulin.

Using selectable and screening markers

Transforming bacteria using recombinant plasmids is not a perfect process. Sometimes the gene is not
incorporated in the plasmid or the plasmid is not taken up by the bacteria. There are many techniques that
allow us to quickly screen bacteria to ensure that it has taken up the recombinant plasmid.

Checking that the plasmid has the gene

One common technique to ensure that the gene of interest that has been inserted is using a screening marker
such as lacZ. LacZ codes for an enzyme known as 𝛽-galactosidase (beta-galactosidase), which converts a
colourless substrate (X-gal) to a blue product.

The plasmid below (pUC18) contains the gene lacZ. If the gene of interest is incorporated into the plasmid at
the BamHI recognition site, the enzyme that makes the blue product is lost because the DNA of this segment is
disrupted. If the gene of interest is not present, the enzyme is produced and the blue colour can be produced.

FIGURE 2.35 A plasmid pUC18 with both selectable and screening markers
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FIGURE 2.36 An agar plate with bacterial
colonies

Therefore, when the bacteria are grown on an agar plate
containing X-gal, those containing the gene of interest appear
white and can be used for further replication, as observed in
figure 2.36. Those that are blue do not contain the gene of
interest, so are discarded.

Checking that the bacteria contains the plasmid

Transforming bacteria with heat shock or electroporation is not
always successful. One easy way to examine this is through
the use of a plasmid with an antibiotic resistance gene. Often a
plasmid with resistance to multiple antibiotics is used to reduce
the chance of a bacteria having natural resistance.

Usually, under a specific antibiotic, bacteria without a plasmid
conferring resistance will not survive. By ensuring that the
plasmid has an antibiotic resistance gene within it, it is easy to
select bacteria with the plasmids. A common example of this
is with ampicillin. Bacteria that have not taken up the plasmid
with AmpR will not grow on an agar plate with ampicillin present.
However, those bacteria that have taken up the plasmid will.
This is a quick and easy way to check that the bacteria being
selected have taken up the plasmid.
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SAMPLE PROBLEM 6 Describing bacterial transformation
tlvd-1100

A plasmid with genes for ampicillin and tetracycline resistance was inserted into a bacterium. Within
the plasmid, a foreign gene, known as green fluorescent protein (GFP), was inserted into the plasmid
to make it recombinant.
a. Outline the process to insert the foreign gene into the plasmid. (2 marks)
b. Identify two ways in which the plasmid is taken up by the bacterium. (1 mark)
After transformation, the bacteria were plated upon the three following plates.

1. Nutrient agar
2. Nutrient agar + ampicillin
3. Nutrient agar + ampicillin + tetracyline

The bacteria were allowed to grow, and the plates were explored under UV light to see if they
fluoresced green.
c. Which plate would you expect to have the greatest amount of bacterial growth? (1 mark)
d. Why might Plate 2 have had more growth than Plate 3? (2 marks)
e. Some bacteria on Plate 3 were able to grow but did not fluoresce green. Explain the reasons for this

observation. (2 marks)

THINK WRITE

a. Carefully read what the question is asking
you to do.

As there are two marks for this question
you should outline two points: the use of
endonucleases and the use of ligase.

• Both ends of the gene and the plasmid are cut with the
same endonuclease to produce sticky ends (1 mark).

• These sticky ends are joined using the ligase
enzyme (1 mark).

b. This is a one-part question and you just
need to identify the processes.

The plasmid can be taken up using either heat shock or
electroporation (1 mark).

c. Consider the three plates: one plate has
no antibiotics, so this would grow both
resistant and sensitive bacteria.

Plate 1 would have the most growth, as bacteria with and
without the plasmid would be able to grow (1 mark).

d. As the question is worth two marks, you
need to make two clear points. One way to
do this is to:
• outline why there might be less growth

on plate 3
• outline why there might be more growth

on plate 2
TIP If you choose, you may write your two
key points as bullets. This is accepted by
VCAA in exams.

• The only bacteria likely to grow on Plate 3 were those
that took up the plasmid, as this provided them resistance
to both antibiotics. This resistance to both antibiotics is
unlikely to be common in other bacteria (1 mark).

• There is a chance that some bacteria were resistant to the
ampicillin beforehand without the recombinant plasmid.
Therefore, they would be able to grow on Plate 2,
alongside any bacteria that had taken up the plasmid. It is
more likely that a bacteria is already resistant to only
one antibiotic and not two; therefore, more bacteria
could grow on Plate 2 compared to Plate 3 (1 mark).

e. Refer back to the question, which requires
you to explain your response.
Consider reasons bacteria can grow on
Plate 3 (presence of the plasmid with
antibiotic resistances) and what would
be required to fluoresce (presence of the
gene). Use this to explain why bacteria
may not fluoresce green.

• In order to fluoresce, the GFP gene needs to have been
incorporated into the plasmid. There is a chance this
didn’t occur, and the plasmid just religated (1 mark).

• This plasmid may have been taken up by a bacterium.
Therefore, bacteria may have been able to grow as they
had the resistance to ampicillin and tetracycline, but could
not glow as the GFP gene was not present (1 mark).
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INVESTIGATION 2.3
elog-0021

Transformation using the pGlo plasmid

Aim

To transform E. coli using a plasmid containing the pGlo gene

Resourceseses
Resources

Video eLesson Gene cloning (eles-4134)

Weblink Transforming bacteria

2.6.3 Producing human insulin

insulin a hormone that allows for
glucose to enter cells, reducing
blood glucose levels

One of the most common uses of recombinant proteins is through the synthesis of human insulin, a life-saving
hormone used in the treatment of diabetes. The mass production of insulin for therapeutic use first began in
1923, saving millions of lives.

Producing recombinant insulin
To understand the process of recombinant insulin, it is important to review some related key ideas.

TABLE 2.5 Important concepts related to recombination

Gene cloning The process by which a gene of interest is located and cloned (copied) to produce
multiple copies

Recombinant DNA DNA that is formed by combining DNA from different sources, often from different
kinds of organisms

Recombinant proteins Proteins that are expressed by recombinant DNA present in an organism. A protein
obtained by introducing recombinant DNA into a host (such as a bacterial cell or
yeast cell) produces the gene product. A cloned gene encodes the amino acid
sequence of such a protein.

In the 1980s, a major breakthrough occurred when the American drug company Eli Lilly used gene cloning and
expression of the copied genes to produce recombinant human insulin, known as Humulin® (see figure 2.37a).
In late October 1982, the Food and Drug Administration (FDA) of the United States
approved Humulin® for human use, and it has now replaced the insulin prepared
from non-human sources, such as from the pancreatic tissue of cows and pigs.

FIGURE 2.37 a. Humulin® or recombinant insulin produced by gene cloning b. An insulin pen
that can be conveniently carried and used to administer insulin

a. b.
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Today, if the beta cells of the human pancreas fail to produce insulin, recombinant human insulin can substitute
for the missing hormone. Following the development of Humulin®, other recombinant insulins have been
developed with slightly different properties, including rapid-acting forms (e.g. generic name: Insulin lispro) and
long-acting forms (e.g. generic name: Insulin glargine). Insulin is now supplied in vials, as pumps and as pens
(see figure 2.37b).

FIGURE 2.38 Time course of action of various forms of recombinant insulin on blood glucose levels
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Advantages of producing proteins through expression of cloned genes as compared to extraction from other
biological sources include:

• high levels of purity
• reliability of supply
• reduced chance of side effects such as allergy (compared to pig or cow derived insulin)
• consistency of quality between batches.

Steps involved in producing recombinant insulin
pre-proinsulin an inactive
precursor molecule of insulin
that includes a signal peptide

proinsulin a modified form of
pre-proinsulin and the precursor
to insulin, in which the signal
peptide has been removed and
disulfide bridges have formed
between chains

Insulin is a protein consisting of two separate chains of amino acids, amino acid
chain A above an amino acid chain B. Before becoming an active insulin protein,
insulin is first produced as pre-proinsulin. This is one single long protein chain
with the A and B chains not yet separated. The pre-proinsulin chain evolves into
proinsulin, and finally the proinsulin is modified to become the active protein
insulin. At each step, the protein needs specific enzymes to produce the next form
of insulin. One way to overcome this is by producing chain A and B separately.

FIGURE 2.39 Primary structure of human insulin showing chain A and chain B
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Producing the two insulin chains separately

Step 1: One method used to manufacture insulin is to produce the two insulin chains separately. As the amino
acid sequence is known for each of these chains, this can be used to determine the DNA sequence that will lead
to the production of insulin.

Step 2: The DNA is often produced using reverse transcription. The mature mRNA strands that code for
the insulin chains are used as a template. Mature mRNA is used as it no longer contains non-coding introns.
With the aid of the reverse transcriptase enzyme, the DNA segments (or the genes) coding for insulin can be
produced. Alternatively, DNA synthesisers may also be used.

Step 3: The insulin gene and plasmid are cut with an endonuclease (usually BamHI), forming sticky ends. The
two DNA molecules are then inserted into plasmids using ligase (usually in different plasmids).

Step 4: The plasmids are then inserted into the bacterium E. coli. The plasmid contains the selectable marker the
lacZ gene. LacZ encodes for 𝛽-galactosidase (the use of selectable markers was covered in section 2.6.2).

Step 5: The recombinant plasmids are then mixed with the bacterial cells. Plasmids enter the bacteria in a
process called transformation (using either heat shock or electroporation). The bacteria culture is incubated,
allowing for the replication of bacteria and plasmids. (See figure 2.40.)

Step 6: Bacteria are spread over culture plates containing ampicillin and X-gal. Bacteria with the recombinant
plasmid are able to grow in the presence of ampicillin, and as they can’t express 𝛽-galactosidase, they will be
colourless or white in the presence of X-gal. Bacteria are also often plated on control plates (either with no
ampicillin or with ampicillin only) at the same time.

FIGURE 2.40 Growing cultures with the insulin gene
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FIGURE 2.41 Purifying a sample using
affinity chromatography

Step 7: The bacteria with the recombinant plasmid undergo a
fermentation process. The millions of bacteria replicate roughly
every 20 minutes, expressing the insulin gene.

Step 8: Cells are then lysed using lysosomes, where the the
expressed protein is able to be extracted. The protein is then
treated with cyanogen bromide, separating the insulin chains
from other proteins that were also translated.

Step 9: The purified samples can be tested to ensure none of
the bacteria’s E. coli proteins are mixed in with the insulin.
This is done by using a marker protein to detect the E. coli
DNA. Scientists are then able to determine whether the
purification process successfully removed the E. coli.

Step 10: The two chains are then mixed together and re-joined
by forming disulfide bonds (or bridges).

Step 11: At the end of the manufacturing process, ingredients
are also added to intermediate and long-acting insulin to
produce the desired duration type of insulin.

Part of this process is summarised in figure 2.43.

FIGURE 2.42 Stainless steel fermentation vats in which mass culturing of recombinant E. coli bacterial cells takes
place and where those cells express the insulin gene
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FIGURE 2.43 Flow diagram outlining the steps involved in the manufacture of recombinant insulin
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Producing proinsulin

The steps described previously showed one method of insulin production in which the two chains of insulin are
produced and combined.

There are other ways insulin may be produced. For example, rather than producing the two separate insulin
chains, proinsulin may instead be produced. To do this, the purified sequence coding for proinsulin is inserted
into the E. coli bacterium. The bacteria go through the fermentation process (through mass culturing) where they
reproduce and produce proinsulin. An enzyme is then used to modify the proinsulin sequence, resulting in the
purified insulin molecule.

INVESTIGATION 2.4
elog-0023

Modelling the production of recombinant insulin

Aim

To model the process in which recombinant plasmids are used to create human insulin

EXTENSION: Other useful recombinant proteins

There are various useful recombinant plasmids that can be used to produce other proteins that have therapeutic
uses.

TABLE 2.6 Examples of recombinant proteins

Example of rec protein Host cell tye Use of rec protein

Humulin® (rec insulin) E. coli bacteria or yeast cells Used in treatment of type 1 diabetes

Humatrope® (rec human
growth hormone)

E. coli bacteria or yeast cells Used in treatment of growth
deficiency in children

Puregon® (rec human
follicle-stimulating hormone)

Hamster ovary cells Promotes ovulation and is used in the
treatment of infertility

Recombinate® (rec factor 8) Hamster ovary cells Blood clotting factor used to control
bleeding episodes in haemophilia

Erythropoietin (rec hEPO) Hamster ovary cells Used in treatment of severe anaemia

Interferons (recIF) E. coli bacteria Used as an anti-viral treatment

Resourceseses
Resources

eWorkbook Worksheet 2.9 Recombinant plasmids and cloning genes (ewbk-1986)

Digital document Case study: The history of insulin (doc-36163)

Weblink The history of cloning insulin

KEY IDEAS
• To make a recombinant plasmid, genes and plasmids need to be cut with endonucleases and ligated together

using ligase.
• This plasmid can be taken up by bacterium using heat shock or electroporation.
• To test for bacteria containing the recombinant plasmid, selectable and screening markers are used.
• Insulin can be incorporated into a recombinant plasmid. This allows the bacteria to take this up, replicate and

express insulin, which can be purified and used for humans.
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2.6 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.6 Quick quiz 2.6 Exercise 2.6 Exam questions

2.6 Exercise

1. MC What is a plasmid?
A. A linear section of DNA that contains the gene of interest
B. A small circular piece of DNA that is self-replicating
C. A bacterium that has contains an inserted gene
D. A specific sequence of bases that is cut by a restriction enzyme

2. Explain why the same recognition sites must be present on the ends of the gene of interest and at a known
site in the selected plasmid.

3. Bacterial colonies with cells containing a recombinant plasmid do not appear blue when plated on agar
containing X-gal. Explain, with reference to the lacZ gene, why this is the case.

4. Identify two procedures that can increase the chance of uptake of plasmids by bacteria.
5. Explain why insulin was called ‘a miracle drug’ when it first became available.
6. Provide a brief description of how bacteria can be used to produce human insulin.
7. Suppose that you are required to produce a recombinant protein. Some of the steps that you will perform are

identified as follows, but they are not in the correct order:
Copy recombinant DNA, identify relevant gene, screen transformed cells, transfer recombinant DNA into host
cells, construct recombinant DNA vector.
a. List these steps in the appropriate order.
b. For each step, briefly describe its outcome.

2.6 Exam questions

Use the following information to answer Questions 1 and 2.

A bacterial plasmid was modified by inserting a gene for an enzyme that provides resistance to the antibiotic
ampicillin. A nutrient solution containing cells of the bacterium Escherichia coli was obtained. E. coli is naturally
sensitive to the antibiotic ampicillin. The solution was divided into two equal volumes. The bacteria in one half
of the solution were left untreated. Plasmids were added to the other half of the solution and the bacteria were
treated to increase their chance of taking up the plasmids.

The next day, the bacterial cells were spread on agar plates as follows:
• Plate 1 — Untreated bacterial cells on nutrient agar
• Plate 2 — Untreated bacterial cells on nutrient agar with ampicillin
• Plate 3 — Treated bacterial cells on nutrient agar with ampicillin
• Plate 4 — Treated bacterial cells on nutrient agar

The plates were incubated overnight.

Question 1 (1 mark)
Source: VCAA 2020 Biology Exam, Section A, Q30

MC In order to collect only bacterial cells that had taken up the plasmid successfully, a sample should be taken
from

Plate 1.A. Plate 2.B.
Plate 3.C. Plate 4.D.

Question 2 (1 mark)
Source: VCAA 2020 Biology Exam, Section A, Q31

MC The process in which the bacterial cell takes up the plasmid is called

translation.A. transcription.B.
translocation.C. transformation.D.
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Question 3 (1 mark)
Source: VCAA 2020 Biology Exam, Section A, Q32

MC Target DNA is to be inserted into a plasmid.

For a recombinant plasmid to be produced
A. the plasmid sections and the target DNA must have blunt ends.
B. the target DNA must come from the same species as the bacteria.
C. the plasmid and the target DNA must be cut by a polymerase.
D. DNA ligase is used to rejoin the sugar–phosphate sections of the plasmid and the target DNA.

Question 4 (4 marks)
Source: VCAA 2020 Biology Exam, Section B, Q6

Gene cloning has allowed the pharmaceutical industry to manufacture large quantities of proteins at a low cost.
These proteins are produced by bacteria and are used to treat certain health conditions.

In the past, before the development of DNA technology, proteins for treating certain health conditions could be
obtained only from animals, such as cattle and pigs, or from human corpses.
a. State two advantages of using gene cloning to manufacture pharmaceutical proteins rather than sourcing the

proteins from animals or human corpses. 2 marks
b. Outline one ethical issue associated with the use of gene cloning in the manufacture of a pharmaceutical

product. 2 marks

Question 5 (6 marks)
Source: VCAA 2006 Biology Exam 2, Section B, Q4

a. Describe the appearance of a bacterial plasmid. 1 mark

A bacterial plasmid was modified in the laboratory so that it contained a gene for an enzyme which provided
resistance to the antibiotic tetracycline.

Bacterial cells, which in their natural environment were sensitive to the antibiotic tetracycline, were mixed with the
modified plasmid. The bacterial cells were treated so that they could take up the plasmid.

b. What is the name of the process in which a bacterial cell takes up a plasmid and expresses the genes of the
plasmid? 1 mark

The outcome of an experiment is shown below.

 ?

A

bacterial cells only,

spread on agar

B

bacterial cells only,

spread on agar

with tetracycline

C

bacterial cells exposed to

the plasmid, spread on

agar with tetracycline

c. With respect to the growth of bacteria the results of plates A and C are shown. On plate A there is a
continuous growth of bacteria over the surface of the agar. On plate C the colonies are distinguishable from
each other.
i. What result would you expect on plate B with respect to the growth of the bacteria? 1 mark
ii. Explain your answer to cii. 1 mark

d. Explain why there is a difference in the way the bacteria have grown on plates A and C. 2 marks

More exam questions are available in your learnON title.
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2.7 The use of genetically modified and
transgenic organisms

KEY KNOWLEDGE

• The use of genetically modified and transgenic organisms in agriculture to increase crop productivity and to
provide resistance to disease.

Source: VCE Biology Study Design (2022–2026) extracts © VCAA; reproduced by permission.

2.7.1 Distinction between genetically modified and
transgenic organisms

genetically modified organisms
(GMOs) organisms whose genomes
are altered through the use of
genetic engineering technology

Genetically modified organisms (GMOs) are those organisms whose genomes have been altered using genetic
engineering technology. GMOs have novel combinations of genes that do not occur in natural populations of
the species concerned but are created through the means of genetic engineering. The genetic alteration achieved
through genetic engineering may involve:

• the addition of a gene or a segment of DNA
• the silencing of a gene so that its function is lost.

For an organism to be identified as a GMO, any gene or DNA segment that is
added through genetic engineering should be heritable; that is, it should be able
to be passed on to the next generation.

transgenic organisms organisms
that carry in their genomes one or
more genes artificially introduced
from another species

Transgenic organisms comprise a subgroup of GMOs that includes those
GMOs in which the alteration to the genome involves the genetic material from
a different species. So, it follows that all transgenic organisms are GMOs, but not
all GMOs are transgenic.

Genetically modified organisms are those whose genomes have been altered. Transgenic organisms are specific
types of genetically modified organisms that contain genes from other species.

FIGURE 2.44 GloFish (Tetra): a transgenic
genetically modified fish

The question to ask in order to identify a transgenic organism
is: ‘Does the gene that is added to the genome come from the
same species or does it come from a different species?’

If the gene is from the same species, the organism is termed a
GMO. If the gene comes from a different species, the recipient
organism is described as being a transgenic organism and, at
the same time, a GMO.

For example, GloFish that have incorporated genes from a sea
anemone into their genomes are transgenic as well as GMOs.
An organism whose genome has not been subjected to change
by genetic engineering is termed a non-GMO.

2.7.2 Applications in agriculture
Foreign genes that confer resistance to insect pests and viruses, and that confer tolerance to various herbicides,
have been engineered into major food crops with high market value. Currently, examples of genetic modified
crops include pest-resistant maize, cotton, potato and rice, virus-resistant squash and papaya, and herbicide-
tolerant cotton, maize, soybean and canola. In addition, some crops, such as corn and cotton, have been
engineered to carry the combined (‘stacked’) traits of insect resistance and herbicide tolerance.
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TABLE 2.7 Examples of intended purposes of genetic manipulation of plant crops

Transgenic trait Crops

Insect (pest) resistance Cotton, corn, potato, tomato

Herbicide tolerance Canola, cotton, corn, rice, flax, sugar beet

Virus resistance Papaya, squash, potato

Delayed ripening Tomato

Tolerance to environmental stress:
• drought tolerance
• flood tolerance
• salt tolerance

Rice
Rice
Rice, wheat, barley, tomato

Altered oil composition Canola, soybean

Enhanced nutritional value Rice, wheat

Improved post-harvest shelf life Mango, papaya, tomato, pineapple

GM crops worldwide
Worldwide in 1996, an initial area of 1.7million hectares was planted with genetically modified (GM) crops.
This had increased by 2018 to nearly 190million hectares, with the main GM crops under commercial
cultivation being herbicide-tolerant and insect-resistant cotton, canola, corn and soybean. This number has
continued to increase, closing in on 200 million hectares globally in 2020.

In total, about 30 countries have GM crops under cultivation. However, in 2015 just 10 of these countries
accounted for 98 per cent of the total GM area under cultivation. Countries with the largest areas under
cultivation with GM crops are shown in figure 2.45. The United States has the largest area, followed by Brazil
and Argentina. The group identified as ‘Others’ includes Australia and eight European Union nations, including
Sweden and Germany (who mostly plant GM potatoes engineered to have altered starch content). In 2020, USA,
Brazil and Argentina still lead the way with the cultivation of GM crops.

FIGURE 2.45 Pie chart showing the worldwide areas of cultivation of GM crops in 2015. These trends are still
seen today.

Note: Total area of GM crops in 2015 was 181.5 million hectares.

China, Paraguay,

South Africa,

Pakistan, Uruguay

15.0

Others

3.7

USA

73.1

Brazil

42.2

Argentina

24.3

India

11.6

Canada

11.6

Source: ISAAA 2015
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FIGURE 2.46 GM crops as a percentage of total area under GM
cultivation. Just four crops dominate worldwide. Plantings of all other
GM crops constitute just 1 per cent.

Soybean

51%

Canola 5% Other 1%

Corn

30%

Cotton

13%

Source: CBAN, 2016

As well as the largest area of GM
plantings, the United States has the
widest range of GM crops, either
in commercial plantings or under
development. The commercial
plantings of approved GM food crops
in the USA include soybean, corn,
cotton, apple, canola, chicory, flax
and linseed, melon, papaya, potato,
rice, squash, sugar beet, tomato and
tobacco.

Worldwide, however, the majority of
GM crops under cultivation include
four main crops: soybean (51 per
cent), maize (corn) (30 per cent),
cotton (13 per cent) and canola (5 per
cent). All other GM crops constitute
just 1 per cent of the total GM
plantings (see figure 2.46). This trend
continues in 2020.

GMOs in Australia
In Australia, two genetically engineered crops grown on a large scale are cotton (Gossypium hirsutum) and
canola (Brassica napus).

GM cotton

The fruit of the cotton plant is a structure called the cotton boll (see figure 2.47a). Inside each boll is the lint that
forms the cotton fibres that are spun into the cotton fabrics of clothing, towels, furniture covers and the like. The
cotton boll also contains a number of seeds, which are a source of cottonseed oil.

GM canola

In spring, crops of canola form vivid displays of bright yellow flowers (see figure 2.47b) that are a valuable
source of oilseed. Herbicide-tolerant genetically modified canola is grown across approximately half a million
hectares in New South Wales, Victoria and Western Australia. Around 20 per cent of all canola grown in
Australia is genetically modified.

FIGURE 2.47 Cotton and canola are the two approved GM plants that can be grown commercially in Australia.
a. Crop of cotton plants, with fruits ready for harvesting in autumn. b. Canola plants (Brassica napus) in flower.
Canola seeds are a source of canola oil, which is used in many processed food products.
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The regulation of genetically modified organisms in Australia

The Australian Government’s Office of the Gene Technology Regulator (OGTR) is responsible for regulating
all GMOs in Australia, ensuring genetic modification is done safely and ethically. However, it is up to state
governments on how to govern this.

As of 2019, both Tasmania and South Australia banned GMOs. In 2019, this ban in Tasmania was extended to
at least the year 2029. In 2020, the South Australian government changed the laws around the ban of GMOs,
leading to the lifting of restrictions — particularly around GM crops. However, local councils were given the
power to decide if they want their region to remain GM free.

INVESTIGATION 2.5
elog-0025

Investigating genetically modified and non-genetically modified foods

Aim

To compare genetically modified and non-genetically modified foods

2.7.3 Increased productivity and resistance to disease
Most existing genetically modified crops have been developed to improve yield through the introduction
of resistance to plant diseases or increased tolerance of herbicides. There are two collections of genetically
modified crops that are widely grown around the world and in Australia.

Group 1: Herbicide-resistant crops
• These crops were first altered so that they were not affected by the herbicide glyphosate (active ingredient

in the commercially purchased herbicide Roundup), allowing farmers to eliminate weeds without harming
their crops.

• Glyphosate-resistant crops can increase crop efficiency while eliminating weeds.
• An example of a herbicide resistant variety of canola being grown in Australia is Roundup Ready® canola,

developed by Monsanto, was approved for commercial production in Australia in 2003. The gox gene, from
the bacterial species Ochrobactrum anthropi, was engineered into canola plants using Agrobacterium as
a vector. The gox gene encodes an enzyme that breaks down glyphosate, the active ingredient of
Roundup® herbicide, into a harmless product. Spraying canola crops with this herbicide kills weeds and
other plants that lack the gox gene, but leaves GM canola plants unaffected.

Group 2: Natural pesticides and insecticides
• These crops are altered to produce their own natural pesticides.
• Protect the crops against insect infestation, as the pesticide is located within the plant and therefore needs

to be ingested by the insects to have an effect.
• The use of natural pesticides is environmentally friendly as it eliminates the use of sprays that could be

harmful and toxic to other organisms.
• Many insecticides, such as endosulfan and broad-spectrum organophosphates, are highly toxic to people,

pets, livestock on farms, wildlife, and they kill beneficial insects as well as their major target pests.

Examples of natural pesticide crops of cotton being grown in Australia include the following:
• In 1996, Ingard® cotton became the first genetically modified field crop to be grown in Australia. These

cotton plants were genetically engineered to include the cry1Ac gene from the bacterial species Bacillus
thuringiensis. The cry1Ac gene encodes a protein, known as Bt, that acts as an insecticide. Bt insecticides
are highly effective against the leaf-feeding larvae (caterpillars) of the cotton bollworm (Helicoverpa
armigera), which are major pests of cotton crops (see figure 2.48).
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• In 2003, Bollgard II® cotton was developed by CSIRO
in collaboration with the US-based multinational
company Monsanto, and was released for commercial
use. A second gene, the cry2Ab gene, that encodes
a toxin that acts against different insect pests was
engineered into Bollgard II cotton plants.

• In recent years, Bollgard II was replaced with Bollgard
3®. Currently Bollgard 3 is the main Bt cotton grown
into Australia, containing both the the cry1Ac and
cry2Ab genes, as well as a third gene, vip3A, which
produces an insecticide.

Increasing crop productivity
As well as being modified to introduce resistance, many
crops have been modified to increase productivity. Examples
of such modifications include improved photosynthetic
efficiency, greater crop yields and faster growth rates. This
includes the use of CRISPR-Cas9 technologies to modify
plant genomes. This will be further explored in subtopic 4.8.

FIGURE 2.48 Larva of Helicoverpa
armigera, known as the bollworm,
eating a cotton boll. H. armigera and
other Helicoverpa species are the most serious
insect pests of cotton and are also pests of
other crops, including corn. (Courtesy of Judith
Kinnear.)

CASE STUDY: Genetically modified Golden Rice

FIGURE 2.49 Standard rice (left) and Golden Rice
(at right)

The World Health Organization (WHO) has
identified vitamin A deficiency as one of the
major causes of preventable blindness in
children. Vitamin A deficiency also increases the
risk of disease and death from infections,
particularly in the poorest segments of
populations in low- and middle-income
countries. Vitamin A deficiency is the lack of
an adequate intake of vitamin A in the diet. The
direct sources of vitamin A in the human diet
are animal products, such as egg yolk, butter,
cream, cod liver oil and liver. However, plants,
such as carrots, leafy green vegetables, sweet
potatoes and cantaloupes, are also the source
of beta-carotene, which, in the human body, is
converted to vitamin A.

The normal role of the carotenoids is that of
accessory photosynthetic pigments found in
the leaves of green plants. Rice plants produce
beta-carotene in their photosynthetic leaf cells, but the genes concerned are not active in the cells of rice seeds
(grains). This means that a serve of rice does not provide any vitamin A precursor to the person eating it.

Golden Rice 2 is a strain of rice (Oryza sativa) that has been genetically modified to produce beta-carotene, a
precursor of vitamin A, in the endosperm of the rice grain. Golden Rice is so named because it has a distinctive
golden colour that is due to the presence of high levels of beta-carotene. Eating a serve of Golden Rice 2
provides beta-carotene, which can be converted to vitamin A. The development of Golden Rice does not involve
any multinational companies; it has been developed as a public-good project.

The genome of the Golden Rice variety has been genetically engineered by the insertion into the rice genome of
two additional genes in the pathway for the biosynthesis of carotene and the addition of a promoter sequence
that keeps this pathway active in the cells of the rice endosperm.
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The two genes added are:
1. the PSY gene from daffodils (Narcissus pseudonarcissus), which encodes the enzyme phytoene synthase
2. the CRTI gene from the soil bacterium Pantoea ananatis, which encodes the enzyme phytoene desaturase;

this enzyme catalyses multiple steps in the synthesis of carotenoids up to lycopene.

To access more information on additional case studies of genetically modified plants, please download the digital
document.

Resourceseses
Resources

Digital document Case study: Other examples of genetically modified plants (doc-35872)

CASE STUDY: Genetically modified animals

FIGURE 2.50 Salmon may be genetically modified to
reach a larger size faster.

It is not only plants that are able to be genetically
modified. Animals may also be genetically modified.
In subtopic 2.3, we explored some uses of gene
editing through CRISPR-Cas9. Various techniques
may be used to modify genes in animals such as
mice, salmon, cattle and hamsters.

To access more information on various case studies
and complete an analysis task relating to these,
please download the worksheet.

Resourceseses
Resources

eWorkbook Worksheet 2.10 Case study analysis: Genetically modified animals (ewbk-1878)

Resourceseses
Resources

eWorkbook Worksheet 2.11 Manipulating genes in organisms (ewbk-1988)

Weblinks Natural fluorescence in fish

OGTR website
Regulation of genetically modified crops in Australia
Database of GM approvals worldwide

KEY IDEAS
• Gene manipulation may be carried out for a variety of purposes.
• GM plants containing particular genes that are silenced have been produced using antisense mRNA and RNA

interference techniques.
• GM animals have been produced through the insertion of DNA constructs carrying a structural gene of

interest and relevant promoter genes.
• Issues, such as social, ecological, and legal ones, have arisen in relation to various aspects of genetic

engineering.
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2.7 Activities
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.7 Quick quiz 2.7 Exercise 2.7 Exam questions

2.7 Exercise

1. Describe the difference between genetically modified and transgenic organisms. Provide an example of each
of these.

2. In Australia could you purchase a GloFish from your local pet store? Explain.
3. Would Australia be considered one of the top ten countries in terms of area of GM crops under cultivation?

Justify your response.
4. What are genetically modified foods? Explain the two common genetic modifications found to increase yields

and protect from disease.

2.7 Exam questions

Question 1 (1 mark)
Source: VCAA 2019 Biology Exam, Section A, Q36

MC Certain yeast (Saccharomyces cerevisiae) can be modified and made to express a human gene, resulting in
the production of insulin.

S. cerevisiae can most accurately be described as a
A. transgenic organism.
B. yeast–human hybrid.
C. genetically mutated organism.
D. laboratory-produced organism.

Question 2 (1 mark)
Source: VCAA 2017 Biology Exam, Section A, Q40

MC Plant viruses are a major problem for farmers growing crops. A particular plant virus can infect many
different plant species.

Scientists are trialling a spray treatment on tobacco crops. The treatment does not alter the DNA of the tobacco
plants.

During this treatment, tobacco plants are sprayed with clay nanoparticles containing double-stranded RNA
(dsRNA). The dsRNA released from each of the clay nanoparticles enters the plant cells. Inside each cell the
dsRNA silences a gene from the virus by causing viral RNA to break down.

In this technique the
A. dsRNA would have a nucleotide sequence complementary to a section of DNA nucleotides in the tobacco

plants.
B. dsRNA would silence a gene from the virus by initiating changes that prevent translation of the viral gene.
C. spray treatment would be effective only on tobacco plants and not on other plant species.
D. sprayed tobacco plants would be regarded as transgenic organisms.

Question 3 (2 marks)

Scientists achieved some success in transferring a specific jellyfish gene into fertilised mouse eggs.

The gene concerned controls production of a fluorescent protein. After the mouse eggs developed into baby
mice, those mice carrying the gene were readily identified because they showed a green fluorescence when
placed in ultraviolet (UV) light.
a. Explain whether or not the production of these fluorescent mice is an example of genetic

transformation. 1 mark
b. Suggest a possible reason for the scientists’ choice of this particular gene for their experiment. 1 mark
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Question 4 (8 marks)
Source: Adapted from VCAA 2018 Biology Exam, Section B, Q10

Should we grow GM crops?

by Mary Nguyen

More than 25 years after genetically modified (GM) food first appeared, growing GM crops remains a hotly debated topic.

Some people argue that GM crops are the only way to feed the growing world population and to minimise environmental harm.

Other people express different views.

Bt cotton is a type of cotton that contains two genes from a soil bacterium, Bacillus thuringiensis, enabling it to produce

insect-resistant proteins. Australian farmers of Bt cotton use only 15% of the quantity of the insecticide that was once needed

to protect their cotton crops*. However, Bt cotton is not as resistant to the main insect pest of cotton crops, Helicoverpa, as it has

been in the past*.

In Australia, Bt cotton is picked by machine, but in India, it is picked by hand. Workers in India have developed skin allergies,

which have been attributed to Bt cotton proteins. Traditionally, farmers have saved money by keeping seed from one year’s crop

to plant the following year. However, it is illegal for farmers to keep Bt cotton seeds because these seeds have been declared

the legal property of the company Monsanto. Every year, cotton farmers must buy more seeds from Monsanto.

Unlike Monsanto, the company that produces the GM food crop Golden Rice allows farmers to replant the rice they harvested

the previous year. By inserting a gene from the bacteria Erwinia uredovora and another from a daffodil,

Narcissus pseudonarcissus, into white rice, scientists produced Golden Rice – a rice variety containing higher levels of

vitamin A†. People who eat Golden Rice avoid vitamin A deficiency. Trials conducted in several countries have shown that

Golden Rice is safe to eat‡.   

References: *CSIRO, ‘Cotton pest management’, case study, <www.csiro.au>; †JA Paine et al.,

‘Improving the nutritional value of Golden Rice through increased pro-vitamin A content’,

Nature Biotechnology , 23, 27 March 2005, pp. 482–487; ‡A Coghlan,

‘Golden Rice gets approval in the US’, NewScientist, magazine issue 3180, 2 June 2018

a. Bt cotton and Golden Rice are genetically modified organisms but are they also transgenic organisms?
Support your response with evidence from the article above. 3 marks

b. How can planting a Bt cotton crop lead to an increase in crop yield? 1 mark
c. Using information from the article, describe one social and one biological implication relevant to the use of Bt

cotton and one social and one biological implication relevant to the use Golden Rice. The same implication
should not be used twice. 4 marks

Question 5 (1 mark)
Source: Adapted from VCAA 2020 Biology Exam, Section A, Q37

MC Rice (Oryza sativa) is a staple food for billions of people worldwide, particularly in Asia. Although rice
supplies energy, it is low in micronutrients, such as iron and zinc. Australian scientists created a strain of
biofortified rice that has been trialled in the Philippines and has been recently introduced to Bangladesh.

The biofortified rice was created when two particular genes were inserted into normal rice. The biofortified rice
plants responded as if they were iron deficient by permanently ‘switching on’ another gene to take up iron and
zinc from the soil. Details of the two inserted genes are given in the table below.

Inserted gene Protein function Source of gene

rice nicotianamine synthase
(OsNAS2)

assists iron uptake by roots of rice plants rice plants

soybean ferritin (Sfer-Hl) binds and stores large amounts of iron soybean plants

Which one of the following is the best description for this strain of biofortified rice?
A. genetically screened
B. genetically modified and transgenic
C. genetically transformed by gene silencing
D. genetically engineered by adding iron and zinc

More exam questions are available in your learnON title.
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2.8 Review
2.8.1 Topic summary

Denature

Taq polymerase

Sticky end

Blunt end

Anneal

Extend

DNA profiling

Electroporation

Heat shock

Increase crop

productivity

Provide disease

resistance

Transgenic

Recombinant

plasmids

CRISPR-Cas9

Gel electrophoresis

Polymerase chain

reaction

Ligase

Polymerase

Endonucleases

(restriction enzymes)
Cut DNA

Synthesise DNA

Join DNA

Amplify DNA

Sort DNA

DNA manipulation

and applications

Editing DNA

Insert foreign DNA

Genetic modification

Transformed bacteria

Resourceseses
Resources

eWorkbook Worksheet 2.12 Reflection — Topic 2 (ewbk-4534)

Practical investigation eLogbook Practical investigation eLogbook — Topic 2 (elog-0015)

Digital documents Key terms glossary — Topic 2 (doc-34414)
Key ideas summary — Topic 2 (doc-34417)

Exam question booklet Exam question booklet — Topic 2 (eqb-0013)
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2.8 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question, go to
your learnON title at www.jacplus.com.au. A downloadable solutions file is also available in the resources tab.

2.8 Exercise 1: Review questions
1. A solution contains many copies of a piece of linear DNA with three cutting sites for a particular restriction

enzyme. This solution of DNA is treated with the restriction enzyme under controlled conditions.
a. What is the expected result of this treatment?
b. Is this change in DNA an example of a chemical or a physical change?

2. The action of the endonuclease PstI is as follows:

CTGCAG→ CTGCA G

GACGTC G ACGTC

a. What kinds of ends does this enzyme produce?
Copies of one long fragment of DNA were treated with PstI and three smaller fragments were produced:

• fragment 1 2.3 kbp
• fragment 2 8.1 kbp
• fragment 3 4.4 kbp

b. How long was the original DNA fragment?
c. How many recognition sites for this enzyme were present?
d. If the three fragments were subjected to electrophoresis, draw the expected outcome.

3. A young woman from a family with a history of haemophilia (an X-linked genetic disorder) had a test that
revealed that she was a carrier of the haemophilia c allele. This woman later became pregnant and found out
that her fetus was male. She wished to know if her fetus would be affected by haemophilia.
a. Carefully explain if and how an answer might be given to her.
One DNA test for haemophilia involves the use of the restriction enzyme BclI.
b. For this test, could BclI be replaced with another restriction enzyme, such as SacI? Explain your decision.

4. CRISPR-Cas9 technology allows for gene editing. An issue that is the subject of debate is: Should gene
editing be allowed on human cells, such as eggs, sperm and embryos, whose DNA can pass to future
generations? Or, should gene editing be restricted to somatic cells where that DNA is not passed to the next
generation? Construct arguments that supports and refutes the influence of social, economic, legal and ethical
factors relevant to CRISPR-Cas9 in editing the human genome.

5. E. coli cells carrying the foreign gene for human growth hormone are to be grown in mass culture in
50 000 litre fermenting tanks over 2 days. The recombinant plasmid present in these E. coli cells is pUC18.
a. Person A suggested that 0.5 gram of these bacteria would be sufficient to start this mass culture, but person

B said ‘No way! You will need lots more’. Indicate with which person you agree and give a reason for
your choice.

b. Outline a procedure by which the E. coli bacteria with recombinant plasmids might be separated from
bacteria not possessing recombinant plasmids.

c. The culture fluid in which the E. coli bacteria cells will grow provides the water, glucose, salts and nitrates
required for their growth, but it will also support the growth of many other kinds of bacteria. Identify a
possible measure that could be taken to prevent the growth of contaminating microbes.

6. What is the essential difference between the members of the following pairs?
a. A transgenic organism and a genetically modified organism
b. Insect resistance and herbicide tolerance

7. a. What is the role of DNA polymerase in the polymerase chain reaction (PCR)?
b. Outline the steps involved in the PCR process.
c. What purpose does heating the DNA strand during the first step of the PCR process serve?
d. What are the advantages of using PCR?
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8. Detection and amplification of DNA has become much more
sensitive, so that DNA can now be isolated from just a small
number of cells, estimated at 5 to 20 cells. This fact has given
rise to the concept of ‘touch DNA’, that is DNA that may be
recovered from skin cells left behind on any object that a person
has touched or handled.
a. Suggest why the technician in this figure is gloved and

masked.
b. Suggest three other possible sources of touch DNA at a crime

scene.
The DNA profile from touch DNA found on a door handle at a
crime scene was found to match that of the next-door neighbour
of the victim.
c. Would this evidence alone justify the immediate arrest of that neighbour for the crime concerned? Explain

your answer.

9. Consider the following observations and give an explanation to account for each.
a. Inserting a foreign gene into the genome of an organism may unintentionally cause unexpected harmful

effects.
b. Individuals who were allergic to Brazil nuts suffered an allergic reaction when they ate GM soybeans into

which a Brazil nut gene had been incorporated.
c. GM crops are more extensively tested than non-GM varieties before release, both for their environmental

effects and as foods.
d. DNA constructs used to genetically engineer an organism would be expected to include the gene encoding

the protein of interest, a promoter and a terminator.

2.8 Exercise 2: Exam questions

Resourceseses
Resources

Teacher-led videos Teacher-led videos for every exam question

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCAA 2017 Biology Exam, Section A, Q38

The diagram below represents a DNA molecule and the position of the recognition sites for the restriction enzymes
BamHI, EcoRI, HaeIII and SalI.

BamHI EcoRI HaeIII EcoRI SalI EcoRI BamHI SalI

DNA

molecule

148 Jacaranda Nature of Biology 2 VCE Units 3 & 4 Sixth Edition

PAGE PROOFS



Also shown is a diagram of an electrophoresis gel in which the lanes R, S, T and U show the separation of DNA
segments resulting from digestion of the molecule with one of the restriction enzymes.

S T UR
electrophoresis gel

Which of the following shows the correct match between the lane and the restriction enzyme used to digest the
DNA molecule?

R S T U
A. Sa1I EcoRI HaeIII BamHI
B. EcoRI BamHI HaeIII Sa1I
C. EcoRI BamHI Sa1I HaeIII
D. HaeIII Sa1I BamHI EcoRI

Question 2

Source: VCAA 2018 Biology Exam, Section A, Q28

The diagram below represents a method of DNA manipulation.

The method represented is

double-stranded
DNA

primer

denaturing
stage

94–95 °C

annealing
stage

50–56 °C

extending
stage
72 °C

Source: Genome Research Limited, in Your Genome, <www.yourgenome.org>
gel electrophoresis.A. DNA transformation.B.
bacterial transformation.C. polymerase chain reaction.D.
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Question 3

Source: VCAA 2014 Biology Exam, Section A, Q25

Plasmids of bacteria are used to transfer selected genes from one species to another.

The process can be represented as follows.

bacterial plasmid cut→ foreign gene and plasmid mixed→ plasmid with inserted foreign gene

Enzymes are used to facilitate several of these steps.

Which one of the following shows the enzymes required for the first and last steps of process?

Cuts plasmid Insert genes

A. restriction enzyme DNA ligase

B. restriction enzyme DNA polymerase

C. DNA ligase DNA polymerase

D. DNA polymerase DNA ligase

Question 4

Source: VCAA 2018 Biology Exam, Section A, Q34

Genetic testing can be used to test for the allele for Huntington’s disease (HD). The onset of HD predominantly
occurs in adulthood.

Eight individual family members were tested for the HD allele. The diagram below shows the electrophoresis gel
results of a test for the presence of the allele. Individuals 4 and 8 have been diagnosed with the disease.

1 2 3 4 5 6 7 8

loading wells for

individuals 1–8

Which other individual is likely to suffer from HD now or in the future?

A. 1

B. 2

C. 5

D. 6

150 Jacaranda Nature of Biology 2 VCE Units 3 & 4 Sixth Edition

“c02DNAManipulationTechniquesAndApplications_PrintPDF” — 2021/5/9 — 11:04 — page 150 — #66

PAGE PROOFS



“c02DNAManipulationTechniquesAndApplications_PrintPDF” — 2021/5/9 — 11:04 — page 151 — #67

Use the following information to answer Questions 5 and 6.

Question 5

Source: VCAA 2013 Biology Section A, Q34

Bacteria can be transformed with an artificial insulin gene and cultured to make insulin in commercial quantities.
The steps taken to produce genetically engineered insulin are summarised below. The order of the steps has been
mixed up.

P

Add

recombinant

plasmids to

bacteria and

heat to enhance

uptake of

plasmids

Q

Devise

nucleotide

sequence by

working

backwards

from amino acid

sequence

R

Isolate

insulin from

human cells

and determine

its amino acid

sequence

S

Culture

transformed

bacteria;

harvest and 

purify the

insulin

T

Insert

artificial gene

into cut

plasmids

U

Identify

successfully

transformed

bacteria

V

Make artificial

gene by adding

bases in 

sequence in gene

synthesiser

The correct sequence of steps when producing the insulin is

A. V, P, T, S, U, R, Q.

B. V, T, P, U, S, Q, R.

C. R, Q, V, T, P, U, S.

D. R, V, Q, T, P, S, U.

Question 6

Source: VCAA 2013 Biology Section A, Q35

The tool used for joining the artificial gene to plasmid DNA at step T is

A. a primer.

B. DNA ligase.

C. DNA polymerase.

D. gel electrophoresis.

Question 7

Which of the following is correct regarding gel electrophoresis?

A. DNA moves towards the negative end as it is positively charged.

B. Smaller fragments of DNA move faster down the gel compared to larger fragments.

C. Fragments can be easily observed without the use of a dye.

D. No more than five samples can be run per gel.
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Question 8

Source: VCAA 2017 Biology Exam, Section A, Q39

DNA profiling, using short tandem repeats (STR) within a person’s DNA, helps to determine the genetic
relationship between individuals.

DNA profiles based on four STRs for five individuals are shown below. The results of a gender identifier are also
shown.

STR Individual 1 Individual 2 Individual 3 Individual 4 Individual 5
CSF1PO 7,14 7,11 8,13 7,14 7,14

TPOX 6,10 10,12 6,9 10,12 10,10

D21S11 27,30 29,32 27,27 29,30 27,28

D8S1179 9,11 12,13 17,17 11,12 9,11

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5
Gender identifier male female female male male

Which one of the following conclusions can be made using the information given?

A. Individual 4 is the father of Individual 5.

B. Individual 3 is the mother of Individual 4.

C. Individual 5 could be the child of Individual 1 and Individual 3.

D. The parents of Individual 4 could be Individual 1 and Individual 2.

Question 9

The recognition sites of various endonucleases are shown below.

Enzyme Source Recognition site

BamHI Bacillus amyloliquefaciens H G∨GATC C
C CTAG∧G

BglII Bacillus globigii A∨GATC T
T CTAG∧A

HaeIII Hemophilus aegyptus GG∨CC
CC∧GG

TaqI Thermus aquaticus T∨CG A
A GC∧T

The following double-stranded sequence of DNA contains flanking regions as well as a desired gene. The desired
gene is shown in bold.

G G C C T C G A A C G A G A T C T C A C A G G C C G G A T C C G G T T C G A T T
C C G G A G C T T G C T C T A G A G T G T C C G G C C T A G G C C A A G C T A A

Which restriction enzyme would be the best choice to use to cut out the gene to be incorporated into a
recombinant plasmid?

A. HaeIII

B. BglII

C. BamHI

D. TaqI
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Question 10

Which of the following would NOT be true for bacterial transformation?

A. Antibiotic sensitivity genes are included in the plasmid to differentiate between bacteria that have taken up the
plasmid and those that have not.

B. Bacteria may be subject to heat shock therapy to introduce the plasmid into the bacterial cells.

C. The ligase enzyme must be used to allow for the gene of interest and the plasmid to bond.

D. Bacterial plasmids are cut with the same restriction enzyme as used for the gene of interest.

Section B — Short answer questions

Question 11 (7 marks)

Source: Adapted from VCAA 2017 Biology Exam, Section B, Q9

Scientists use recombinant bacterial plasmids as vectors to transform bacteria for a range of purposes in research
and biotechnology.

a. What is meant by the term ‘vector’ in the context given? 1 mark

A particular bacterial plasmid contains recognition sites for
the restriction enzymes EcoRI, HindIII and BamHI, along
with two antibiotic-resistant genes, ampicillin resistance
(amp) and tetracycline resistance (tcl), and an origin of
replication (ORI).

The diagram shows the positions of these recognition sites
and antibiotic-resistant genes as well as the position of the
origin of replication within this plasmid.

One purpose of using recombinant bacterial plasmids is to
produce bacteria capable of synthesising human protein.

EcoRI
HindIII

BamHI

amp tcl

ORI

b. The restriction enzyme BamHI was used to help insert a gene coding for a human protein into this plasmid.

i. Describe how restriction enzymes such as BamHI are used to help insert a gene coding for a
human protein into this plasmid. 2 marks

ii. Draw and label a diagram to show the position of the human gene in this plasmid when BamHI
is used. Include the position of the recognition sites for the restriction enzymes EcoRI, HindIII
and BamHI on the plasmid. 1 mark

c. After the scientists had carried out the steps required to make plasmids with the inserted human gene, these
plasmids were mixed with a culture of bacteria. This mixture was treated so that these plasmids would move
into the bacterial cells. Not all bacteria took up these plasmids.

Explain how scientists use antibiotics to identify which of the bacterial cells have been successfully
transformed with plasmids carrying the human gene. 3 marks
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Question 12 (9 marks)

Source: VCAA 2007 Biology Exam 2, Section B, Q2

Victoria Police forensic scientists conduct DNA profiling using samples taken from crime scenes. Traces of DNA of
less than 1 nanogram can be amplified and then profiled.

a. Name the process which is used to amplify the DNA. 1 mark

Below is a diagram showing part of this process.

primer

stage 1

stage 2

b. What must be done between stages 1 and 2 to separate the strands of the DNA molecule? 1 mark

c. Complete and label the diagram at stage 2. 2 marks

Small pieces of DNA of differing length can be compared to determine whether or not a sample could have come
from a particular person. In a case, samples of DNA from the victim and the crime scene were compared with
samples from two suspects.

The DNA samples were treated with restriction enzymes, amplified and run through gel electrophoresis. The
results for one gene locus are shown in the diagram below.

victim suspect 1 sample

from scene

suspect 2 standards

of one gene locus

+

–

A

E

D

F

C

B

d. Draw an arrow on the right-hand side of the diagram to indicate the direction of movement of the DNA
fragments. 1 mark

e. What do the standards consist of, and what is their purpose? 2 marks

f. From these results, give a conclusion which could be drawn about the sample taken from the
crime scene. 1 mark

g. What further action would you recommend to the forensic scientists investigating this case? 1 mark
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Question 13 (11 marks)

Source: VCAA 2020 Biology Exam, Section B, Q11

A student wanted to investigate the effect of two different endonucleases (restriction enzymes) on a linear DNA
fragment.

The student used three tubes containing a buffered solution of linear DNA fragments, each fragment being 9500
base pairs in length.

Two different endonucleases were available: BamHI and HindIII.

The student followed the steps below.

Step 1 – 2 μL of BamHI was added to the sample in Tube 1.

Step 2 – 2 μL of HindIII was added to the sample in Tube 2.

Step 3 – 2 μL of HindIII and 2 μL of BamHI were added to the sample in Tube 3.

Step 4 – All three tubes were incubated for one hour at a constant temperature of 37 ºC.

Step 5 – A 1% agarose gel was placed into an electrophoresis chamber and the gel was covered with buffer

   solution.

Step 6 – 40 μL of a DNA ladder with fragments of known sizes was added to the first well of the 1% agarose gel.

   The known sizes of the fragments were 10 000 bp, 8000 bp, 6000 bp, 5000 bp, 4000 bp, 3000 bp,

   2000 bp, 1500 bp, 1000 bp, 500 bp and 250 bp.

Step 7 – 40 μL of the contents of each of the tubes was loaded into three separate wells of the1% agarose gel.

Step 8 – An electric current of 100 V was run through the gel for 45 minutes.

After 45 minutes the student obtained the results shown below.

DNA

ladder

Tube 1

BamHI

Tube 2

HindIII

Tube 3

BamHI

HindIII

Direction of movement

of DNA fragments

Source: results based on 1 kb DNA ladder from TEquipment,
<www.tequipment.net>
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a. Analyse the results of the experiment performed by the student. 5 marks

The student repeated the experiment the next day and obtained the following results.

DNA

ladder

Tube 1

BamHI

Tube 2

HindIII

Tube 3

BamHI

HindIII

Direction of movement

of DNA fragments

a. Identify one difference between the new results and the previous results, and suggest a possible
reason for this difference. 2 marks

b. State two factors that will have an impact on the rate of movement of the DNA fragments through
the agarose gel. 2 marks

c. Outline two safety guidelines that should have been followed by the student. 2 marks

Question 14 (8 marks)

a. Describe the function of endonucleases in producing a recombinant plasmid. 1 mark

b. The restriction enzyme BamHI cuts DNA between the two Gs when it encounters the base sequence.

G G A T C C
C C T A G G

Mark the recognition sites on the segment of DNA when the restriction enzyme BamHI is used. 2 marks

T A C G G A T C C T A G G G C A T A G C T C A G G A T C C C G T C A A T G G G G A T C C C
A T G C C T A G G A T C C C G T A T C G A G T C C T A G G G C A G T T A C C C C T A G G G

c. Outline the role bacteria play in producing recombinant human insulin. 2 marks

d. Antigens are proteins that can trigger an immune response. Vaccines contain these proteins in order for the
human body to provide immunity from such pathogens, such as bacteria that harbour harmful antigens.
Describe how bacteria could benefit humans in terms of antigen production. 3 marks
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Question 15 (10 marks)

Genetically modified organisms are commonly seen in society, in both agriculture and animal industries.

a. Define the term genetically modified organisms (GMO). 1 mark

b. List four advantages farmers would desire in GMO plants. 2 marks

c. Explain why the Bacillus thuringiensis (Bt) gene is added to corn genomes. 2 marks

d. What are the core issues of concern for human health? 2 marks

e. Describe the processes used to place a new gene into a corn plant. 3 marks

2.8 Exercise 3: Biochallenge

Resourceseses
Resources

eWorkbook Biochallenge — Topic 2 (ewbk-8083)

Solutions Solutions — Topic 2 (sol-0658)

Past VCAA examinations
Sit past VCAA examinations and receive immediate feedback, marking guides and examiner’s report notes.
Access Course Content and select ‘Past VCAA examinations’ to sit the examinations online or offline.

Test maker
Create unique tests and exams from our extensive range of questions, including past VCAA questions.
Access the assignments section in learnON to begin creating and assigning assessments to students.
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Online Resources Resources

Below is a full list of rich resources available online for this topic. These resources are designed to bring ideas to life,
to promote deep and lasting learning and to support the different learning needs of each individual.

eWorkbook

2.1 eWorkbook — Topic 2 (ewbk-1881) ⃞
2.2 Worksheet 2.1 Endonucleases (ewbk-1868) ⃞
2.3 Worksheet 2.2 Understanding CRISPR (ewbk-1870) ⃞
2.4 Worksheet 2.3 Polymerase chain reaction (ewbk-1872) ⃞
2.5 Worksheet 2.4 Case study analysis: DNA profiling in

forensic investigations (ewbk-1875) ⃞
Worksheet 2.5 DNA profiling in Australia (ewbk-1976) ⃞
Worksheet 2.6 Analysing STR profiles (ewbk-1978) ⃞
Worksheet 2.7 DNA profiling and gel electrophoresis
(ewbk-1980) ⃞
Worksheet 2.8 DNA profiling in animals (ewbk-1982) ⃞

2.6 Worksheet 2.9 Recombinant plasmids and cloning
genes (ewbk-1986) ⃞

2.7 Worksheet 2.10 Case study analysis: Genetically
modified animals (ewbk-1878) ⃞
Worksheet 2.11 Manipulating genes in organisms
(ewbk-1988) ⃞

2.8 Worksheet 2.12 Reflection — Topic 2 (ewbk-4534) ⃞
Biochallenge — Topic 2 (ewbk-8083) ⃞

Solutions

2.8 Solutions — Topic 2 (sol-0658) ⃞

Practical investigation eLogbook

2.1 Practical investigation eLogbook — Topic 2 (elog-0015) ⃞
2.2 Investigation 2.1 Modelling restriction enzymes and

ligase (elog-0017) ⃞
2.5 Investigation 2.2 Using gel electrophoresis for DNA

profiling (elog-0019) ⃞
2.6 Investigation 2.3 Transformation using the pGlo

plasmid (elog-0021) ⃞
Investigation 2.4 Modelling the production of
recombinant insulin (elog-0023) ⃞

2.7 Investigation 2.5 Investigating genetically modified and
non-genetically modified foods (elog-0025) ⃞

Digital documents

2.1 Key science skills — VCE Biology Units 1–4
(doc-34326) ⃞
Key terms glossary — Topic 2 (doc-34414) ⃞
Key ideas summary — Topic 2 (doc-34417) ⃞

2.5 Case study: DNA profiling in identifying remains
(doc-36161) ⃞
Issues in DNA profiling (doc-36162) ⃞

2.6 Case study: The history of insulin (doc-36163) ⃞
2.7 Case study: Other examples of genetically modified plants

(doc-35872) ⃞

Teacher-led videos

Exam questions — Topic 2

2.2 Sample problem 1 Examining fragments and
endonucleases (tlvd-1095) ⃞

2.3 Sample problem 2 Defining the role of CRISPR
(tlvd-1096) ⃞

2.5 Sample problem 3 Analysing gels (tlvd-1097) ⃞
Sample problem 4 Analysing STRs (tlvd-1098) ⃞
Sample problem 5 Analysing DNA profiles from a crime
scene (tlvd-1099) ⃞

2.6 Sample problem 6 Describing bacterial transformation
(tlvd-1100) ⃞

Video eLessons

2.2 Understanding restriction enzymes (eles-4132) ⃞
2.4 DNA amplification (eles-4164) ⃞
2.5 Gel electrophoresis (eles-4133) ⃞
2.6 Gene cloning (eles-4134) ⃞

Interactivities

2.5 DNA profiling (int-0669) ⃞

Weblinks

2.2 Reverse transcription ⃞
DNA restriction ⃞
Restriction enzyme digest simulation ⃞
How do restriction enzymes cut plasmids? ⃞
The role of DNA ligase ⃞

2.3 Gene editing in humans ⃞
CRISPR ⃞
Could RNA be the new editing tool?

2.4 PCR basics ⃞
2.5 Solving a 28-year-old cold case ⃞

Police cracking cold cases ⃞
The Fromelles Project ⃞

2.6 Transforming bacteria ⃞
The history of cloning insulin ⃞

2.7 Natural fluorescence in fish ⃞
OGTR website ⃞
Regulation of genetically modified crops in Australia ⃞
Database of GM approvals worldwide ⃞

Exam question booklet

2.1 Exam question booklet — Topic 2 (eqb-0013) ⃞

Teacher resources

There are many resources available exclusively for
teachers online.

To access these online resources, log on to www.jacplus.com.au
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