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Nelson Biology Units 3 & 4 for the Australian Curriculum has been structured fo meet the requirements

of the ACARA Australian Senior Secondary Curriculum - Biology. The text has been written to the A level
Achievement Standard, while also presenting content in easy to understand language. The rationale
and aims of the Australian Curriculum have formed the basis of the approach for all of our authors. We
are proud to have gathered a team of highly experienced subject experts from research, academia and
secondary teaching. They were chosen for their comprehensive knowledge of Biology and best feaching
practice in Biology education at secondary and tertiary levels. They are all dedicated to science
communication and lifelong learning, and together they have produced an outstanding series.

One of the goals of this text is fo help students gain a wide perspective on the breadth and depth
of Biology in both theory and practice. Part of the rationale for the ACARA Australian Senior Secondary
Curriculum - Biology is to expose students fo the wondrous beauty and interconnectivity of life. To
understand the living world around us is the key role of a biologist and is a key goal of this text. It is hoped
that, through the study of living things, students will gain an appreciation of the complexity of life from
the cellular level to the expansive biomes of the world, that they will better understand difficult bioethics
situations and better evaluate the presentation of scientific issues in the media.

Nelson Biology Units 3 & 4 for the Australian Curriculum provides students with the tools and
knowledge to fully prepare for exams and future studies in the area. It will also give them a deeper
understanding of the precious living world around them, whether or not they pursue further studies in the
many fields of Biology.
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Nelson Biology Units 3 & 4 for the Australian Curriculum has been purposely crafted

to enable you, the student, to achieve maximum understanding and success in

this subject. Each page has been carefully considered to provide you with all the
information you need without appearing cluttered or overwhelming. You will find it
easy to navigate through each chapter and see connections between chapters
through the use of linking icons. Practical work has been integrated within the text so
you can see the importance of the inferconnectedness between the conceptual and
practical aspects of Biology.

Each chapter begins with a . This presents the content
descriptions from the Science Understanding strand of the senior Biology Australian
Curriculum that will be covered in the chapter and also gives you the opportunity fo
monitor your own learning. The text has been authored and reviewed by experienced
Biology educators, academics and researchers to ensure up-to-date scientific
accuracy for users.

To improve comprehension, a number of strategies have been applied to the
preparation of our text to improve literacy and understanding. One of these is the use of
shorter sentences and paragraphs. This is coupled with clear and concise explanations
and real-world examples. New terms are bolded as they are infroduced and appear in
an end-of-chapter glossary as well as a consolidated end-of-book glossary.

Throughout the text, important ideas, concepts and theories are summarised
in boxes. This provides repetition and visual enhancement for
improved assimilation of new ideas.

Mathematical relationships are presented in context. Step-by-step instructions
on how to perform mathematical calculations are shown in the
The logic behind each step is explained and approximate marks allocated so ‘rho‘r
you can see that you need to show your full working out. You can then practice
these steps by attempting the related problems presented at the end of the worked
example.

Biology is a science and you need to be given the opportunity to explore and
discover the living world through practical activities. In the fext, the feature
provides the opportunity for short, hands-on fasks to clarify or reinforce a concept.
The activity can be performed either individually or in groups.

The infroduce and reinforce the Science Inquiry Skills strand of the
Australian Curriculum. Experiments contain guided insfruction on the materials,
procedure, collection and analysis of results and discussion. In some cases, open-
ended investigations are presented in the experiments. These allow you the much-
needed Science Inquiry Skills practice that relates to experimental design. You have
the opportunity to design and carry out your own scientific investigation, either
individually or in a group. You are prompted to consider ideas for improvement and
further investigation to illustrate that science is an ongoing and improving process.
Further information on how to conduct a scientific investigation can be found in the
Scientific Investigations chapter on page 391.

The table occurs within the experiment boxes. The table
highlights the risks of the experiment and provides suggestions on how to minimise
these risks - they are not to be considered comprehensive. Teachers are expected
to amend this table in the case of substitutions or in the case of any additional risks.
This may mean obtaining and following Material and Safety Data Sheets (MSDS) for
certain chemicals. All teachers are required to follow the safety guidelines of their
specific school and associated government legislation when students are in their
care.

Important
concept

WORKED
EXAMPLE

ACTIVITY
EXPERIMENT

Risk assessment ']



In this age of rapid scientific change and constant access to information, it is

Scientific literacy important that you are able to understand and evaluate the information presented
in the media. The box presents a scientific text or media piece that
encourages you to use evidence to evaluate the claims and conclusions presented.

Case study You can exercise your own reasoning and knowledge fo construct a valid scientific
PRI O argument.
The box provides you with the opportunity to see how science is
applied using an up-to-date and real-world example in context.
Margin note Full understanding of a concept is often constructed from many pieces of

information. Due to the sequential nature of a book, this information cannot always
be presented together as it is best placed in other chapters. Links between concepts
l__,_, ON SET| that occur on other pages and chapters are indicated using the

Regular opportunities to recall new terms and review recent concepts are
provided as short throughout each chapter.

The end of chapter review provides:

+ a summary of the important concepts presented within the chaypter. This will be a
valuable tool when you are revising for tests and exams

+ a glossary of all the new terms introduced within the chapter
+ end-of-chapter questions that review understanding of concepts from the chapter.

Questions are ordered from lower to higher order thinking skills and also include
reflection questions.

NelsonNet is your protected portal to the premium digital resources for Nelson
textbooks, located at www.nelsonnet.com.au. Once your registration is complete
you will have access to a helpful suite of digital resources for each chapter to further
enhance and reinforce learning.

Each chapter will be supplemented with the following digital resources.

+ A prior knowledge activity sheet fo revise content that has been covered in previous
units or chapters and is considered essential to understanding the next chapter

+ Activity sheets to review concepts and to practice applying understanding to new
examples

+ A revision sheet to further reinforce key ideas and assist studying

+ A review quiz containing 20 auto-correcting multiple-choice questions to review
understanding

+ Links to websites that contain extra information. These are hotspotted within the
ebook and they can also be accessed at http://bac3and4.nelsonnet.com.au.

Please note that complimentary access to NelsonNet and the NelsonNetBook
is only available to teachers who use the accompanying student textbook as a
core educational resource in their classroom. Contact your sales representative for
information about access codes and conditions.

@nelsonnet



Unit 3 | Unit 4
Chapter
3/4[5]6]7]8]9]10]M

Identify, research and construct
questions for investigation;
propose hypotheses; and
predict possible outcomes
(ACSBLO61) and (ACSBL096)

Design investigations, including
the procedure/s to be followed,
the materials required, and the
type and amount of primary
and/or secondary data to

be collected; conduct risk
assessments; and consider
research ethics, including
animal ethics (ACSBL062)

and the rights of living
organisms (ACSBL097)

Conduct investigations,
including the use of
probabilities to predict
inheritance patterns, real or
virtual gel electrophoresis,
and population simulations to
predict population changes,
safely, competently and
methodically for the collection
of valid and reliable data
(ACSBL063)

Conduct investigations,
including using models of
homeostasis and disease
fransmission, safely,
competently and methodically
for valid and reliable collection
of data (ACSBL098)

Represent data in meaningful
and useful ways, including
the use of mean, median,
range and probability;
organise and analyse data to
identify frends, patterns and
relationships; discuss the ways
in which measurement error,
instfrumental accuracy, the
natfure of the procedure and
the sample size may influence
uncertainty and limitafions in
data; and select, synthesise
and use evidence to make and
justify conclusions (ACSBL064)
and (ACSBL099)

Science Inquiry Skills
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Unl’r 4

Chapter

7

8

9

10

11

Science Inquiry Skills

Interpret a range of scientific
and media texts, and evaluate
models, processes, claims and
conclusions by considering

the quality of available
evidence, including inferpreting
confidence intervals in
secondary data; and use
reasoning fo construct scientific
arguments (ACSBLO65) and
(ACSBL100)

Select, construct and use
appropriate representations,
including models of DNA
replication, tfranscription and
franslation, Punnett squares
and probability models of
expression of a specific gene
in a population, and including
diagrams and flow charts, to
communicate conceptual
understanding, solve problems
and make predictions
(ACSBLO66) and (ACSBL101)

Communicate to specific
audiences and for specific
purposes using appropriate
language, nomenclature,
genres and modes, including
scientific reports (ACSBL067)
and (ACSBL102)

Science as a Human Endeavour

ICT and other technologies
have dramatically increased
the size, accuracy and
geographic and temporal
scope of data setfs with which
scientists work (ACSBL0O68) and
(ACSBL103)

Models and theories are
contested and refined or
replaced when new evidence
challenges them, or when

a new model or theory has
greater explanatory power
(ACSBL0O69) and (ACSBL104)

The acceptance of scientific
knowledge can be influenced
by the social, economic and
cultural context in which it is
considered (ACSBLO70) and
(ACSBL105)

People can use scientific
knowledge to inform the
monitoring, assessment and
evaluation of risk (ACSBLO71)
and (ACSBL106)

9780170243254



Science can be limited in its
ability to provide definitive
answers to public debate; there
may be insufficient reliable
data available, or interpretation
of the data may be open

to question (ACSBL072) and
(ACSBL107)

Intfernational collaboration is
often required when investing in
large-scale science projects or
addressing issues for the Asia-
Pacific region (ACSBLO73) and
(ACSBL108)

Scientific knowledge can be
used to develop and evaluate
projected economic, social
and environmental impacts
and to design action for
sustainability (ACSBLO74) and
(ACSBL109)

Science as a Human Endeavour
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UNIT 3

HEREDITY AND
CONTINUITY OF LIFE




By the end of this chapter you will have covered the following material.

Science Understanding

+ Confinuity of life requires the replication of unbound circular DNA in the cytosol of
genetic material and its tfransfer o the next prokaryotes and in the mitochondria and
generation through processes including chloroplasts of eukaryotic cells (ACSBLIT6)
binary fission, mitosis, meiosis and fertilisation - The structural properties of the DNA
(ACSBLOTS) molecule, including nucleotide

+ DNA is a helical double-stranded composition and pairing and the weak
molecule that occurs bound to proteins bonds between strands of DNA, allow
in chromosomes in the nucleus, and as for replication (ACSBLOTT)

Shutterstock.com/nobeastsofierce




Figure 1.1 »
Similarities can be seen
between closely related
individuals.

Chapter 4 describes
Mendel's experiments
and the concepts of
Mendelian genetics.

At a family gathering, we can be struck by how much we resemble some of our relatives but not
others. Over the centuries, many people have been intrigued by the inheritance of particular
features. Selective breeding of crops, plants, pets and domesticated animals has made use of this
ability of living things to transfer particular characteristics through successive generations.

It is only since the secrets of DINA (deoxyribonucleic acid) were unlocked that we have
been able to explain this at a cellular and molecular level. We now understand how DNA is
transmitted between generations, how genes are controlled and how differences in genes can
cause changes in the way organisms develop and behave. This knowledge has allowed us to
manipulate genes, raising new ethical issues and opening up whole new fields of research into
the social and ethical consequences of this technology. New technologies have also enabled us
to accurately examine the interrelationships between species and account for changes that have
occurred to species over time.

Heredity is the study of inheritance. The principles of heredity and patterns of inheritance
were first established by an Austrian monk, Gregor Mendel (1822-84), in the 19th century.
Classical genetics deals with studying the mechanisms and patterns of inheritance through
the transmission of coded chemical instructions from one generation to the next. Early studies
focused on individual genes or groups of genes that directed the development of particular
traits of an organism. Later research showed that proteins are the products of genes and
that the inheritance of particular gene variants caused an individual to contain a specific
combination of proteins. Additional research has shown that genes may code for more than one
kind of protein and that genes interact in their expression, that is, in their activities.

Structural properties
of DNA

What do we have in common with mice, plants, flies and bacteria? At first glance, not a lot. But
all living things inherit DNA from their parents. DNA is the common genetic material for all
organisms and carries the information coded in genes.

Genes are stretches of DNA, with one gene being one ‘unit’ of genetic information, which
can be read and switched on or off independently of other genes. When a gene is switched on,
the cellular machinery will ‘read” the gene and produce, for example, a specific protein. The gene
is then said to be ‘expressed’.
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DNA is the same in all organisms, but the small differences in the way the DNA molecules
are put together, the DNA sequence, make individual genes different and species distinct from
one another.

Because DNA is the same genetic material in all organisms, it must have appeared early in the
evolution of species and remained essentially the same as new species evolved. This tells us that
the ways that DNA carries genetic information, and the way that this information can be read to
build organisms, must be a successful biological strategy. As we learn more about the structure
and functions of DNA, and as scientists have learned to use DNA-based technologies, it has
become clear that this special molecule is capable of holding very complex information.

DNA is the common genetic material for all organisms and carries the information
coded in genes.

Even though biologists knew since the time of Mendel that organisms inherit their physical
characteristics from their parents, it has only been within the last 70 years that the mechanism
of inheritance has been explained. Amazing discoveries have been made in recent years and are
continuing to be made about the structure and function of genes.

The story of discovery is more than just the details of DNA structure and function. It reveals
how scientists work and how scientific discoveries can be made. It shows scientists sharing what
they understand and what they don’t understand. Even when an experiment fails to produce the
anticipated results, it may reveal interesting information that other scientists can use to answer
their questions. Unexpected results may be clues used to put together the pieces of another

scientific jigsaw puzzle.

In 1928, a British army medical officer, Frederick Griffich, was trying to develop a vaccine
against the strain of bacteria that causes pneumonia, Streprococcus pneumoniae. He isolated two
different strains of bacteria: the harmless R strain had a rough surface and the disease-causing
S strain had a smooth surface.

A model of the DNA
molecule



Griffith injected laboratory mice with both strains and found that those injected with the
R strain remained healthy and that the bacterial cells in their blood died, while those mice
injected with the S strain died and their blood contained living bacterial cells.

When S strain bacterial cells were killed by exposure to high temperature and injected into
mice, the mice remained healthy with no living bacterial cells found in their blood. However,
when heatkilled S strain bacterial cells were combined with living R strain cells and injected
into mice, death occurred and both live S and R strain cells were found in their blood. This is
summarised in Figure 1.3.

Figure 1.3 » 1 Mice injected with live
Summary of the cells of harmless strain (R)
results from Griffith’s
experiments with a
harmless (R) strain and
a disease-causing (S)
strain of S. pneumoniae

2 Mice injected with live
cells of killer strain (S)

Mice live Mice die

No live R cells in blood Live S cells in blood
3 Mice injected with live 4 Mice injected with live
heat-killed S cells

R cells + heat-killed S cells

Mice live 3 Mice die
No live S cells in blood Live S cells and R cells in blood

How can these observations be explained? The simplest idea is that high temperatures did not
affect the hereditary material in the S strain bacterial cells and so this material was transferred
to the living R cells, transforming them so they became deadly. This was supported by the
observation that, many generations later, the transformed R strain bacterial cells were still killing
laboratory mice.

Intrigued by Griffith’s experiments, Oswald Avery of the Rockefeller Institute in New York
carried out further experiments on S. prneumoniae bacteria and, in 1944, concluded that the
hereditary material was made up of nucleic acids, possibly DNA. However, his ideas were not
fully accepted until the early 1950s, when other scientists confirmed his conclusions.

Watson and Crick’s model of DNA

In 1953, James Watson and Francis Crick, working in Cambridge, England, suggested a possible
structure for DNA (Figure 1.4). As with many other important scientific discoveries, their
model was not created alone. They based their model on the crucial contributions, discoveries
and ideas of scientists before them.

6 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



Science Photo Library/A Barrington Brown

Alamy/Pictorial Press Ltd

a) Watson and Crick come up with a structure for DNA; b) Crick’s doodle of a helix

Maurice Wilkins began using optical spectroscopy to study DNA in the late 1940s. In
1950, he and Ray Gosling obtained the first clear crystalline X-ray diffraction patterns from
DNA fibres. Their colleague Alec Stokes suggested that the patterns indicated that DNA was
helical in structure.

In 1952, Rosalind Franklin (Figure 1.5), working alongside Maurice Wilkins in his
laboratory in England, obtained some clear X-ray diffraction images of DNA (Figure 1.6). This
had not been easy because of the complexity and size of DNA and its reluctance to crystallise.

Rosalind Franklin, an expert X-ray An X-ray diffraction photograph of DNA. The DNA molecule was too small to
crystallographer, worked on the structure of ~ see physically using conventional methods, so X-rays were used. The image
DNA in the early 1950s. Her work was pivotal  produced an accurate three-dimensional shape.

in enabling Watson and Crick to propose

their hypothesis for the structure of DNA.

Alamy/Photo Researchers

Getty Images/Omikron



Some years earlier, an American chemist, Erwin Chargaff, used a technique called
chromatography to work out the ratios of nucleotide subunits containing four types of
nitrogenous bases: adenine (A), cytosine (C), guanine (G) and thymine (T) (see page 10 and
Figure 1.7 for further information). His results are shown in Table 1.1.

Table 1.1 Chargaff’s original data on the base nucleotides in DNA from several sources

DNA composition (approx. %)
Source A (& G T
Yeast 32 17 18 33
Avian tubercle bacilli 16 34 36 14
Ox thymus 30 18 24 28
Ox spleen 30 18 24 29
Human sperm 30 19 19 32

Using these results and other accumulated evidence, Watson and Crick suggested that DNA
consisted of the now familiar two chains twisted around each other to form a double helix
ladder, cross-linked by the four types of nucleotides.

This was the beginning of a further seven years of work for Maurice Wilkins and his
colleagues to check and verify Crick and Watson’s hypothetical model. It was for this and his
original X-ray diffraction studies that Wilkins was awarded the Nobel Prize for Physiology or
Medicine with Crick and Watson in 1962.

The discovery of the structure of DNA was a turning point in studies of inheritance.

EXPERIMENT 1.1

EXTRACTION OF DNA FROM FRUIT

In order to examine the inheritance of genetic traits, it is usually necessary to extract DNA from cells.
Aim
To extract DNA from fruit
Materials
« source of DNA: 1cm? of each of banana, kiwifruit and strawberry
mortar and pestle
funnel
250mL beaker
* glass stirring rod
teaspoon
fine mesh strainer, or filter paper
warm saline solution (6g salt dissolved in 200mL water)
dishwashing detergent
meat tfenderiser
ethanol (ice cold) in a squeeze bottle
hooked Pasteur pipette or paperclip

What are the risks in doing this investigation? How can you manage these risks o stay safe?
Ethanol is highly lammable. Keep ethanol away from naked flames or ignition
sources.
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In your write-up, add any more risks you can think of, as well as ways to manage them.

Procedure

1 Place your DNA source into a mortar. Add enough saline solution to cover the fruit - about 40mL. Using
the pestle, grind the fruit material and the salt solution for 20 seconds. Add more saline if the mixture is
too paste-like. (Note: The physical grinding separates the cells from each other and increases the confact
surface area.)

Use the beaker, funnel and filter paper to filter the ground mixture and collect the liquid. This removes the
cell debris, but the cell nuclei should still pass through.

Add 1 teaspoon of detergent to the filtrate. Stir gently to mix thoroughly (about 20 seconds). Try to avoid
creating foam. (Note: The detergent breaks down the oily cell membranes and proteins to get info the cell.)

Add a pinch of meat tenderiser to the solution in the beaker. (Note: This breaks down the nuclear
membrane and the proteins binding the DNA strands fo release the DNA.)

Add the ice-cold ethanol by running a stream carefully down the side of the beaker until you have roughly
equal amounts of fruit solution and ethanol. Water is denser than alcohol, so the alcohol will rest above it.
Wait 5-10 minutes. (Notfe: The DNA, which is not soluble in alcohol, will come out of solution at the interface
of the two mixtures after a few minutes.)

6 Lift the DNA carefully out of the beaker using a hooked Pasteur pipette or paperclip.
7 Place a sample of DNA on fo a microscope slide and view under low and high power.

N

w

Fy

(3]

Results 8
1 Describe what you saw under low and high power on the microscope ;
slide. : DNA EXTRACTION
2 Draw a series of annotated diagrams to illustrate how each step of the DNA is extracted from
procedure affected the fruit cells to release the DNA. i human cells for a variety
Discussion i of reasons. With a pure

i sample of DNA you can
i test a newborn for a
i genetic disease, analyse

1 Explain if you would expect the DNA fo look any different if you extracted it
from a sample of human cells instead of from fruit.

2 The molecules of DNA, once exfracted, can be manipulated by scientists forensic evidence or
to provide them with a basis for their study. Suggest how the extracted DNA study a gene involved
from fruit cells could be used. in cancer. Try this virtual
Conclusion Iahborckz‘rory ;:r)o p%rforcrn G’r
n r
Outline how successful you were in extracting the fruit DNA. Summarise what c[;NeAefrosxghu(r]nonec?ellcéc
you discovered about the appearance of DNA. :

QUESTION SET 1.1

Remembering
1 List the scientists who contributed to the discovery of the structure of DNA.
2 Describe Watson and Crick’s model of DNA.

Understanding

3 Explain how Frederick Griffith’s observations with S. pneumoniae contributed to Oswald Avery’s conclusion
that hereditary material was made up of nucleic acids.

4 Distinguish between heredity and genetics.
Analysing

5 Use Chargaff's original data on the ratio of nucleotide subunits shown in Table 1.1 to draw conclusions
about the base composition of DNA.
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DNA: THE
DOUBLE HELIX
GAME

Your job is fo make
exact copies of a
double-stranded
DNA molecule by
correctly matching
base pairs fo each
strand and determine
fo which organism
the DNA belongs.

Figure 1.7

a) The DNA helix is

a double-stranded
molecule. b) The

two strands are held
together by hydrogen
bonding between
complementary
nitrogenous bases.

c) As well as nifrogenous
bases, nucleotides have
a sugar phosphate
backbone linked by
phosphodiester bonds.
d) DNA contains
deoxyribose sugars and
RNA contains ribose
sugars.

Phosphodiester bond
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C DNA contains the

information for life

Commonly represented by the letters DNA (deoxyribonucleic acid) and RNA (ribonucleic
acid), nucleic acids are large macromolecules. A molecule of DNA is composed of two long
strands of subunits called nucleotides, wound around each other to form a double helix. RNA is
usually composed of a single chain of nucleotides and thus forms a single strand. DNA encodes
the inheritable information while RNA has functions such as in protein synthesis.

A nucleotide has three distinct chemical components:

1 afive-carbon sugar (ribose in RNA and
deoxyribose in DNA)

2 anegatively charged phosphate group

3 an organic nitrogen-containing compound

called a base (Figure 1.7).

There are four kinds of nitrogenous (nitrogen-

containing) bases in DNA:
* adenine (A)

*  thymine (T)

* guanine (G)

*  cytosine (C).

b
Hydrogen bonds

’

end

base

| P | Phosphate

Nucleotide

s

Ao
A

v
COR
oo
oA

T —
e
-

d Sugar

Deoxyribose (DNA)

HO — CH, OH
5
a 1
H Ho
3 2
OH 'H

OR
Ribose (RNA)

HO — CH, OH
H H
OH OH

Nucleotide
base

CHO

CH,OH

OH
CH,OH

In each nucleotide strand, the sugar molecule of one nucleotide binds to the phosphate group
of the next nucleotide, leaving the nitrogenous base sticking out from each sugar and opposite
the nitrogenous base of the second strand. Hydrogen bonds between the opposing pairs of
nitrogenous bases hold the double helix together, much like the rungs of a twisted ladder or a
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spiral staircase. The bonding of the nitrogenous bases does not happen by chance: A bonds with
T and C bonds with G, giving rise to the base-pairing rule (Figure 1.7).

The difference between the deoxyribose sugar of DNA and the ribose sugar of RNA is that
deoxyribose has one less oxygen atom. The nitrogenous base thymine is also replaced by the base
uracil (U) in RNA.

The two strands of a DNA double helix link by hydrogen bonds between
complementary bases: A and T link with two hydrogen bonds, G and C link with
three hydrogen bonds.

DNA is the master code that determines the very nature of cells and therefore of all life. Due to the
manner in which it replicates, DNA is said to be a semi-conservative molecule that passes on this

information from one generation of cells to the next and from one generation of organisms to the next.

DNA replication begins with the enzyme DINA helicase unzipping the long molecule or
helix of double-stranded DNA by breaking the weak hydrogen bonds between the nucleotides
and thus exposing the nucleotide bases. This separation of the parental DNA strands happens
along a small section at a time. The hydrogen bonds that hold the two strands of the DNA
molecule are weak and the enzyme is easily able to separate them.

The junction between the unwound single strands of DNA and the intact double helix is
called the replication fork. The replication fork moves along the parental DNA strand so
that there is a continuous unwinding of the parental strands (Figure 1.8). Within the nucleus,
stockpiles of free nucleotides attach to the exposed bases according to the base-pairing rule
(Figure 1.9) with the help of the enzyme DNA polymerase. Another enzyme, DNA ligase,
seals the new short stretches of nucleotides into a continuous strand that rewinds. Nucleotides
link together in what is called a 5" to 3" direction to form long molecules.

The outcome of DNA replication is two double-helix DNA molecules, each consisting of
one parental strand and one new strand. Thus, one of the two strands is conserved, or retained,
from one generation to the next, while the other strand is new. Hence, this process is referred
to as semi-conservative replication.

DNA replicates by a semi-conservative mechanism where one of the strands in the
newly formed molecule is new and the other is the original strand.

XN |
XK / NYTAN A Wittt o

\ / Parental DNA

Replicated DNAs

Replication fork
A Figure 1.8 Parental
Movement of the replication fork along parental stand
DNA causes unwinding of DNA strands and
rewinding of newly replicated strands.

» Figure 1.9

Replication of DNA. The two strands of the
double helix separate and free nucleotides
align themselves in relation o each of the two
strands. The specific relationship between A
and T and between C and G ensures that the
sequence of bases in the daughter DNA is
exactly the same as in the parent DNA.
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deftail in Chapter 2.
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ACTIVITY 1.1

SIMULATION OF DNA REPLICATION

An essential property of DNA is that it should be able to replicate accurately. An attractive feature of the
Watson and Crick model of DNA is that it enables us to imagine the two chains separating from each
other rather like undoing a zip.

Aim

To simulate DNA replication

You will need

+ 18 plastic clothes pegs of four different colours

+ two 40cm lengths of string

What to do

Each of the peg colours represents a nucleotide base. The string represents the phosphate and
deoxyribose sugar backbone. Before proceeding, assign a peg colour fo a partficular nucleotide base.
Copy Table 1.2 and enter the colours for reference.

1 On one length of string thread up to nine coloured pegs, in any order of colour, through the holes at
the end of each peg.

2 On another length of string thread a complementary set of coloured pegs and then join the two
complementary strands by clipping the pegs together. Copy Table 1.3 and enter both sequences of
nucleotides that make up your DNA strand.

3 With a black marker pen, place a dot on to each of the pegs in the first pair and lay the threaded
pegs on the table.

4 From the end facing you, unclip the pegs and then clip a spare complementary peg to the left-hand
peg. Thread another piece of string through the new peg.

5 Repeat this procedure to only the one side of the strand until you have added new pegs 1o six of the
old pegs.

6 After the left-hand side has six new pegs attached, begin the same process on the right-hand strand.

7 Now complete this process for all nine pegs in the original strand.

8 Thread the string through all nine new pegs on the right side and lay both DNA helix molecules side
by side.

9 Copy Table 1.4 and enter the sequences of nucleotides that make up your new DNA strands

Table 1.2 Colour coding of bases

Base Adenine Thymine Guanine Cytosine

Colour

Table 1.3 Sequences of nucleotides in the DNA strand

Table 1.4 Sequences of nucleotides in the new DNA strands

Strand 1

Strand 2
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What did you discover?
1 Identify what you have made after joining the two strands together.
2 Name the type of bond represented by the joining of two pegs.

3 Describe what you noticed about the sequence of nucleotides in each DNA molecule you
have made.

4 Examine the two strands of DNA you have made. Describe where the two original strands are. (Look for
the strands where the black pen mark was placed.)

5 Describe what brings about the separation of the complementary nucleotides in the original strand.
6 Suggest from where in a cell the new nucleotides would come.

7 Predict if all replication is expected to produce an exact copy of the original strand. Explain your
prediction.

8 Suggest why DNA replication needs to occur.

9 Describe how your model compares to real DNA replication. Discuss limitations of using a model such
as this.

10 Explain how model building has assisted with your understanding of DNA replication.

Genomics

The sum of all DNA in the cell of an organism is its genome. Genomes differ between 8
species although there may be similarities. The study of the genomes of organisms is S SUS— 5
termed genomics. This significant branch of molecular biology and its related study of i WHAT IS :

proteomics have been made possible by advances in technologies, particularly roboticsand : BIOINFORMATICS?
bioinformatics. Automated processes in laboratories and the rapid collection and storage Learn more about :
of data have made it possible to integrate, analyse and manipulate data at high speed. These  piginformatics and its role
technologies assisted the complete mapping of the human genome in 2003 by the Human in science today. :

Genome Project. Now the challenge is to find out what every gene actually does. P

Sequencing the human genome

In 2001, after 10 years of work and US$400 million, those involved in the Human
Genome Project had completed a draft sequence of the human genome. Today, such
sequencing can be completed in a couple of weeks for less than US$10 000.

QUESTION SET 1.2

Remembering

1 Draw a nucleotide, labelling the three distinct chemical components.

2 Compare the nucleotides of DNA and RNA.

3 State the rule for the pairing of nitrogen-containing bases in the DNA molecule.

Understanding

4 Describe the process of DNA replication.

5 Describe the role of the enzymes DNA polymerase and DNA ligase in DNA replication.
6 Explain why DNA replication is referred to as semi-conservative replication.

Applying
7 Predict the nucleotide sequence for the complementary strand of a fragment of a DNA chain with the
nucleotide bases GCCTATTGCA.

8 The 1997 science fiction film Gattaca is about exploring the use of genetics to predict potential health and
ability. Identify the link between the film title and DNA composition.
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Case study

Computer power helps solve biological puzzles

The technologies to sequence DNA and
determine protein structure are driving a wide
range of advances in medicine, agriculture
and other life sciences. Whole-genome
sequencing, mass spectrometry and X-ray
crystallography are just a few of the new
tfechniques researchers are using to better
understand the processes of life.

‘The function of these protfeins can be
explained by investigating their three-
dimensional structures. Knowing what causes
such diseased states helps to find a cure fo
them and computing plays an important role
in these studies,” says Dr Arun Konagurthu, of
Monash University.

Robots in biology laboratories have lifted
the burden of ‘grunt work’ from researchers.
With inhuman speed, they process thousands
of samples frying to find genetic markers
that indicate susceptibility to disease. The
result is an unprecedented deluge of digital
information. The available data is so huge
that if compiled in books, the data would run
info 200 volumes of 1000 pages each and
reading alone (ignoring the understanding
factor) would require 26 years working around
the clock. Making sense of so much data
requires a combination of problem solving, Figure 1.10 A
mathematics and computer science. Dr Arun Konogur‘rhq is a Larkins Fellow and Se_nior Lecturer at
Konagurthu has taken up the challenge to the Monash University School of Information Technology.
provide better tools for data analysis.

Ongoing collaboration has resulted in the development of a multiple structural alignment algorithm,
called MUSTANG, for comparing the structures of proteins. This is available free, as an open-source
program, through the Internet. Professor James Whisstock at Monash University and Professor Peter Stuckey
from the University of Melbourne were also part of the MUSTANG team and continue to collaborate with
Arun and his research collaborator Professor Arthur Lesk at the Hucks Institute for Genomics, Profeomics
and Bioinformatics at Pennsylvania State University in the US.

Arun grew up in an academic environment. His father was a university professor of genetics. This infused
him with the intellectual stimulation he needed to pursue his chosen area of research. ‘There is a whole
cornucopia of unsolved and fascinating problems in biology. These can be interrogated using computer
science and mathematics.’

Monash University, Australia

Questions

1 Explain why Arun Konagurthu's type of research is fermed ‘bioinformatics’.

2 List the techniques that can be used to advance our understanding of DNA and itfs link to proteins.
3 Describe the role Arun Konagurthu has in deciphering large quantities of digital information.

4 Discuss some biological and economic impacts of finding out the structure and function of proteins.
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Scientific literacy: Exploiting redundancy
and matchmaking

The rate at which genomes can be sequenced has been doubling every four months or so, whereas
computing power doubles only every 18 months. Without the advent of new analytic tools, biologists’
ability fo generate genomic data will soon outstrip their ability to do anything useful with it.

A new algorithm that drastically reduces the time it takes to find a partficular gene sequence in a
database of genomes has been developed. The more genomes it's searching, the greater the speedup
it affords, so its advantages will only compound as more data is generated.

This is like the data-compression that allows computer users to compress data files into smaller
zip files. When you have a lot of data and if you want to store it, you would probably compress it. The
problem is that eventually you have to look at it, so you have to decompress it o look at it. But the
new idea is that if you compress the data in the right way, then analysis can be done directly on the
compressed data. And that increases the speed while maintaining the accuracy of the analyses.

The compression scheme exploits the fact that evolution is stingy with good designs. There's a great
deal of overlap in the genomes of closely related species, and some overlap even in the genomes of
distantly related species.

Researchers have developed a way to mathematically represent the genomes of different species, or
of different individuals within a species, such that the overlapping data is stored only once. A search of
multiple genomes can thus concentrate on their differences, saving fime.

If a computation is run on one genome, it takes a certain amount of fime. If the same computation is
run on a similar organism’s genome, the fact that they're so similar means most of the work has already
been done.

The new algorithm will be useful in finding out what a particular DNA sequence is similar to. Identifying
microbes is one example. This could help clinicians determine causes of infections, or it could help
biologists characterise collections of microbes found in animal tissue or particular microenvironments.
This would be particularly useful when investigating the variations of microbes in humans that have been
implicated in a range of medical condifions. It could be used to characterise the microbes in particularly
fertile or infertile soil, and it could even be used in forensics, to determine the geographical origins of
physical evidence by its microbial signatures.

Adapted from Massachusetts Institute of Technology. ‘Searching Genomic Data Faster: Biologists” Capacity for

Generating Genomic Data Is Increasing More Rapidly Than Computing Power’, Science Daily online, 10 July 2012
<http://www.sciencedaily.com/releases/2012/07/120710132955.htm>

Questions

1 Define ‘algorithm’ (you can use the glossary in this chapter). List the input and the output of the new
algorithm described in this arficle.

2 Describe how the new algorithm speeds up sequencing of genomes.

Explain what is meant by: ‘evolution is stingy with good designs'.

4 The general public may find it difficult fo engage with scientific technologies and understand their
implications because of the specialised language and jargon used. List phrases from this article
that you found difficult to understand and try to rephrase them in a form people with a non-scientific
background could understand.

5 The fime taken to sequence the genome of an organism has been dramatically reduced in the last

few years. Describe some applications resulting from improved understanding of the variation and
commonality of the genomes of similar species, such as bacteria.

w

The continuity of life

All cells originate from pre-existing cells. For life to continue, genetic information must be
transferred to the next generation. Cell division processes such as binary fission, mitosis and
meiosis as well as fertilisation facilitate this transfer.

All organisms have a life span but species continue because some members reproduce. They
pass on instructions embedded in DNA for the development of characteristics that define the
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Figure 1.11 >

Levels of organisation in
a human chromosome.
a) A tightly coiled and
condensed human
chromosome is only
visible when stained
during cell division.

b) Interacting proteins
package loops of coiled
DNA info a ‘supercail’,
fo produce chromatin,
which is organised as a
cylindrical fibre. ¢) The
loops of coiled DNA are
wound around a core of
eight histone proteins to
produce a nucleosome.
d) A nucleosome
consists of a section of
DNA molecule looped
twice around a core of
histones.

species: the characteristics that appear in successive generations. Living things that originate
from one parent are said to undergo asexual reproduction. They usually closely resemble
their parent because they have only one source of hereditary information. Those organisms that
reproduce via sexual reproduction have two sources of hereditary material, which are carried
in specialised reproductive cells called gametes, usually from different parents. This means
that in these organisms the potential for a difference in characteristics between one generation
and the next is greater than in organisms that reproduce asexually.

Chromosomes of eukaryotes

Eukaryotic cells are complex cells containing membrane-bound organelles. In these
types of cells, DNA is found in the nucleus, chloroplasts and mitochondria. In the nucleus
of a eukaryotic non-dividing cell, DNA is only visible as a grainy substance without detail.
Early microscopists named this seemingly grainy substance chromatin. We now use

the term to describe the cell’s DNA together with all the proteins associated with it. One
DNA molecule with its associated proteins is called a chromosome (‘chromo’ = colour,
‘soma’ = body).

DNA and associated proteins together make up a chromosome.

When a eukaryotic cell divides, long DNA molecules appear in the nucleus as double
structures each coiled around histone proteins (Figure 1.11) and linked at a point called a
centromere. Chromosomes are normally visible only during cell division and only when
stained. In eukaryotes, chromosomes exist in pairs, with one chromosome being inherited from
each parent as explained on page 17.

1400 nm

2nm
N\
30 nm
L= |
11 nm

Examination of a prepared microscope slide of stained cells in the process of nuclear
division reveals a jumbled cluster of chromosomes that differ in size and shape. Photographic
images of chromosomes are arranged into matched and ordered pairs to create a karyotype:
the standard form used to display and analyse chromosomes (Figure 1.12). Chromosomes
can be ordered by length, from largest to smallest, and they have characteristic banding
patterns. Each species of organism is characterised by a particular number of chromosomes
in each cell.
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X Y
23

The nucleus of each somatic or body cell of a human contains 46 chromosomes, which form
23 pairs, of which 22 are matched or homologous (Figure 1.13). One chromosome of each pair
comes from the male parent via the sperm cell and the other from the female parent via the egg
cell (ovum). The matched pairs are called autosomes, the largest of which is numbered 1 and
the smallest 22. The 23rd pair, which is matched in females (XX) but unmatched in males (XY),
is called a heterosome. Because these chromosomes determine the sex of an individual, they
are also referred to as sex chromosomes.

Maternal Paternal
chromosome chromosome

Locus 1
This locus contains
genes A and B

Locus 2
This locus contains
gene C

Centromere

ﬂ Gene D : alleles D or d
E Gene E : alleles E ore

Gene F: alleles F or f
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The 46 human
chromosomes divide
info 23 pairs. They

can be recognised
individually by their size,
position of centromere
and banding pattern:
the karyotype. The
bands correspond to
large groups of genes.

: MAKE A
. KARYOTYPE

i Practise making

i akaryotype

i by matfching

i chromosomes

¢ using size,

i banding pattern

i and centromere
osifion as guides.

< Figure 1.13

Stylised representation of
a pair of chromosomes.
In diploid organisms,
chromosomes exist

in pairs in somatic

cells. One of the
chromosomes comes
from the male parent
and one comes from
the female parent.
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See Unit 2, Chapter 8
for information about
the endosymbiotic
theory.

Figure 1.14 »
DNA in a prokaryote cell

The number of chromosomes in each somatic cell is called the diploid number and
is represented as 272. As chromosomes occur in pairs, 7 stands for the number of pairs that
the particular species has in each of its cells. This is called the haploid number. A human
somatic cell, for example, has 23 pairs so its diploid number is 2z = 46 and its haploid
number is # = 23.

Somatic or body cells are diploid, containing 23 pairs of chromosomes; one
chromosome of a pair comes from the male parent and the other chromosome of a
pair comes from the female parent.

Along the length of each DNA molecule, particular regions (genes) code for different
proteins that can determine particular characteristics or traits. The location of a particular gene
on a chromosome is referred to as its locus (plural loci). In homologous chromosomes,
the corresponding gene is found at the same locus. Alternative forms of the same gene are called
alleles. Alleles are versions of the same gene with slight differences. Sometimes this may be a
single difference in nucleotide sequence, but this may be enough to cause large variation in the
functions of a gene or the way it behaves. For example the single gene for eye colour has several
alleles. One allele gives brown eyes, another allele gives blue eyes. A normal, diploid organism
has two alleles for each gene, that is, one on each chromosome inherited from each parent. For
the majority of genes, there is only one allele (or gene variant), but it is the different alleles that
exist for some genes that give individuals distinct traits.

Both mitochondrial and chloroplast DNA are similar to the single, circular chromosomes in
prokaryotic cells. This feature is strong evidence for the endosymbiotic theory that proposes that
eukaryote cells were formed when a bacterial cell was ingested by another primitive prokaryotic cell.

Chromosomes of prokaryotes

Membrane-bound organelles, such as the nucleus, are not present in prokaryotic cells. The
DNA within these cells generally forms a single circular chromosome that lies in direct contact
with the cytoplasm (Figure 1.14). Chromosomes are often joined to the plasma membrane at

a single point. Although not contained by any internal structure, a chromosome can be in a
distinct region of the cell called a nucleoid. Additional numerous small rings of DNA, called
plasmids, may also be present in the cytoplasm. Nonessential genes are commonly encoded
on these plasmids. Plasmids can replicate independently of the main chromosome and have
become important tools in genetic engineering because they can be easily transferred from one
bacterium to another and replicate rapidly.

Ribosomes Bacterial Plasma Cell wall  Cytoplasm Plasmid
chromosome membrane
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Like eukaryotic chromosomes, DNA of prokaryotic chromosomes needs to fit into a small
area. This can be achieved by supercoiling where a number of proteins act together to fold and
condense the DNA. Prokaryotic cells are generally haploid; they only contain one copy of each
gene. Furthermore, prokaryotic DNA contains very little repetitive and non-coding DNA.

However, just as with many other examples in nature, there are exceptions to the rules. Not
all bacteria have a single circular chromosome. There are some bacteria with more than one
circular chromosome. Other bacteria have linear chromosomes and linear plasmids. Another
notable difference between chromosomes in prokaryotes and eukaryote nuclear chromosomes
is the presence of histones. Most prokaryotes do not have histones (with the exception of those
species in the domain Archaca).

Chromosomes in prokaryotic cells are generally circular and are similar to
chromosomes in mitochondria and chloroplasts.

QUESTION SET 1.3

Remembering
1 Name the place where DNA is located in a eukaryotic cell.
2 |dentify the components of a chromosome from a eukaryotic cell.

Understanding
3 Draw a labelled diagram to show your understanding of the following tferms.
a Homologous
b Autosome
c Locus
d Centromere
4 Discuss whether homologous chromosomes have the same number of genes or identical genes.

5 Decide whether fwo number 21 chromosomes in humans are homologous and justify your answer.
Explain whether all human chromosomes have a homologous pair.

6 a Inhumans, the diploid number is 2n = 46. State what n equals.
b State what type of cells have the 2n number of chromosomes.

7 Distinguish between sex chromosomes and autosomes.

8 Explain the relationship between genes and alleles.

Applying

9 Construct a table to show the similarities and differences in chromosomes between eukaryotic and
prokaryotic cells.

Analysing

10 A cell from an unknown source has been prepared and stained, and a karyotype has been displayed.
Explain how you could tell if it was likely to be from a human and, if so, what sex the human was.

Cell division

Eukaryotic cells pass on their instructions for growth and development from one generation
of cells to the next during nuclear division in somatic cells (mitosis) and cytoplasmic division
(cytokinesis). Under normal circumstances cell division takes place in an orderly progression.
Mitosis and cytokinesis result in the formation of two diploid daughter cells, which each
contain identical sets of chromosomes.

Meiosis is a form of eukaryotic cell division that is concerned with the production of
gametes and occurs in sex cells. In meiosis, nuclear division results in the formation of four
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Figure 1.15 »

The cell cycle represents

the life cycle of a cell.
Most cells spend the
maijority of their time in
inferphase.

G

CONTROL
OF THE CELL
CYCLE

As a ‘Cell Division
Supervisor’ inside
the cell nucleus,
you are to steer
the cell division
process to make
sure everything
happens in the
right order.
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daughter cells, which each contain half the number of chromosomes of the original nucleus; that
is, they are haploid. At fertilisation, two haploid gametes combine to form a diploid zygote.

Eukaryotic cell division involves a number of phases resulting in nuclear division
(mitosis and meiosis) and cytoplasmic division (cytokinesis).

The cell cycle

The sequence of events from one cell division to another is called the cell eycle (Figure 1.15).
Even though we describe this cycle as taking place in phases, in reality it is usually a continuous
process. The stage of actual nuclear division (M) is a small part of the cycle. The stage between
nuclear divisions is called the interphase, which is a period of active growth (G1 phase),
synthesis of DNA (S phase) and preparation for the next division (G2 phase).

In addition to these five phases, another phase exists. The GO phase indicates the non-
proliferating state, in which cells are undergoing an extended G1 but are not preparing to
replicate DNA and divide. These cells have withdrawn from the active cell cycle. Terminally
differentiated cells (that is, the most specialised cells) such as nerve cells are described as being in
GO phase. Cells in GO can re-enter the cell cycle under certain circumstances.

GO phase

o

G1 phase
Cell growth before
Generalised DNA replication

animal cells

C phase
Cytokinesis

G2 phase
Cell prepares
for division

The length of the cell cycle varies in different cells. Phases in the cell cycle can be identified
by measuring the changes in cell volume or in the amount of nuclear DNA, which vary
depending on whether the cell is in a phase of growth or DNA synthesis (Figure 1.16). But
not all cells divide. Specialised cells tend not to divide, but other cells in areas of high growth
or wear, such as skin cells and lining cells of the mouth or gut, tend to divide frequently to
replace worn tissues. Dead cells in these organs ‘slough off” due to mechanical disturbance or
replacement from new cells growing below. New cells not only replace old cells but can also
divide to create new organs or tissues. Cells of a growing root tip may divide every 20-24 hours.
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a) The cell volume and

b) amount of nuclear

DNA change during a

cell cycle, reflecting the

different phases of the
During interphase, the stage between nuclear divisions described earlier, the chromosomes cycle.

are not visible and cannot be clearly distinguished under a light microscope or an electron
microscope. Immediately before mitosis begins, centrioles are visible in many animal cells.
As the cell leaves interphase and begins mitosis, the chromatin threads become shorter and
thicker and are visible under a light microscope (see Figure 1.17).

During prophase, chromatin threads condense and become visible as double strands that consist
of two chromatids, held together at a centromere. A spindle forms, made up of microtubules,
originating from the centrioles and the nucleolus disappears from view. The nuclear membrane
breaks down.

During the next stage, termed metaphase, chromosomes move to the centre of the cell and line
up along the equator (sometimes called the metaphase plate).

The next phase is called anaphase. Spindle fibres attach to the chromatids and help to pull them
apart. Chromatids separate at the centromere and move to opposite poles of the spindle as the
spindle fibres contract. Chromatids are now chromosomes.

During telophase the chromosomes de-condense as the chromatin unwinds and becomes less
visible. A new nuclear envelope forms, nucleoli reform and the spindle disassembles.



Figure 1.17 >
The stages of mitosis in
animal cells

Pair of Spindle made up
Nucleus  centrioles of microtubules  chromosomes

begin to condense

Condensed
chromosomes

Nucleolus Nuclear

envelope ..
Interphase Early prophase Transition to metaphase

Metaphase Anaphase Telophase Interphase

Centromeres

When visible and double-stranded during cell division, the chromatin of a chromosome condenses
and the chromosome appears as an X’ shape, with two chromatids attached to each other at a
small region called the centromere. This is important for the attachment of chromosomes on

to spindle fibres, which are generated by small organelles called centrioles, and which move the
chromatids to opposite ends of the cell during division. The position of the centromere can vary
in different chromosomes and descriptive names are given according to their position.

Figure 1.18 a .
a) An unduplicated One chromosome (unduplicated):

chromosome (fop)
and a duplicated AT

chromosome, showing
the position of the
centromere (bottom);
b) Different positions
of centromeres along
chromosomes

One chromosome (duplicated):

One chromatid

Its sister chromatid

Centromere
b
Metacentric Submetacentric Acrocentric Telocentric
Centromere in Centromere nearer one Centromere close Centromere on
the centre end than the other to the end the end
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Cytokinesis in eukaryote cells

Following mitosis, cytoplasmic division, or cytokinesis, occurs. The cytoplasm of plant cells
divides with the formation of a structure called a cell plate. Figure 1.19 shows how parts of
the cell wall fuse with parts of the spindle, forming the cell plate. Cellulose is deposited at this
site, forming a wall that divides the parent cell into two daughter cells, each one with a plasma
membrane.
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A Figure 1.19

Cytokinesis in a plant cell results from the formation of a cell plate, on which cellulose is
deposited to form a cell wall around the two new daughter cells.
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A Figure 1.20
The micrographs show prophase, metaphase, anaphase and felophase in onion root tip cells.

Animal cells do not have a cell wall, so division of the parent cell is less involved. In this
case, the cytoplasm divides by a process known as cleavage. The plasma membrane around the
middle of the cell draws together to form a cleavage furrow. The cleavage furrow continues to
develop until it eventually meets and the cell is then cleaved, or split, with two new daughter cells
resulting (Figure 1.21). Unequal distribution of proteins into the two daughter cells may result in
the daughter cells having different fates; this normal process is termed asymmetrical cell division.
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Figure 1.21 >
Cytokinesis in an
animal cell results in the
formation of a cleavage
furrow. a) Micrographs
of animal cells during
cytokinesis showing the
cleavage furrow from

a distance and close
up; b) After formation of
a cleavage furrow, the
cells eventually divide
to produce two new
daughter cells.

Visuals Unlimited/Dr Richard Kessel &

Dr Gene Shih
Science Source/David M. Phillips

Cleavage furrow
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Telomeres

A region at the end of a chromosome, called a telomere, seems to prevent chromosomes sticking together. Scientists
now believe they have another role in protecting chromosomes and enhancing the longevity of cells. An elderly person’s
felomeres are much shorter than those in a child. Each time a cell divides, part of the end of the telomere is lost. When
telomeres reach a critical short length, cells die. Individuals vary in the length of telomeres they are born with and their
rate of shortening. Elizabeth Blackburn, a former Tasmanian, educated in Victoria and now an American citizen, is a
leading researcher in felomeres and their effect on the ageing of cells and promotion of cancer. She was awarded the
Nobel Prize in Physiology or Medicine in 2009 jointly with Carol W. Greider and Jack W. Szostak for the discovery of how
chromosomes are protected by telomeres and the enzyme telomerase, which extends telomere lengths and cell lifespan
as a result.

Cell reproduction is more complex in eukaryotes than in
prokaryotic cells. As prokaryotes lack a nucleus and have only a
single chromosome with no centromere, they cannot be properly
said to undergo mitosis. They reproduce by binary fission, a
process that includes DNA replication, chromosome segregation
and cytokinesis (Figure 1.22). As with mitosis, binary fission
also leads to the production of two daughter cells with the same
number of chromosomes as the parental cell.

Prokaryotic bacterial cells simply replicate their single DNA
strand. Following replication each copy attaches to a different part of
the cell membrane. When the cell begins to pull apart, the replicate
and original chromosomes are separated. A wall forms across the cell
and divides it into two cells of identical genetic composition.

Figure 1.22 A A similar process of binary fission occurs in eukaryotic cells when mitochondria and
Transmission electron .. .1
- = chloroplasts divide to form new organelles. They divide independently of nuclear DNA and
micrograph of Listeria . . . v
dividing in two by binary segregate quite evenly into two daughter cells during cytokinesis.
fission (magnification
X9800)

Prokaryotic cells reproduce by binary fission.
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Meiosis and
fertilisation

Meiosis occurs in specialised organs of sexually reproducing animals
and plants, and results in the production of gametes: the sex cells,
sperm and eggs (or ova). It is a form of nuclear division that prevents
the doubling up of the diploid number of chromosomes at fertilisation.
In meiosis, two divisions of the nucleus of the parent cell take place.
In the first division, each chromosome of a pair separates and goes

to each end of the cell. In the second division, the chromatids of

each chromosome separate from each other. Four gametes are thus
produced, each carrying half the original number of chromosomes.
Gametes are therefore haploid.

As the number of chromosomes in the daughter cells has been
reduced by half, meiosis is called a reduction division. During
meiosis, the chromosomes of each homologous pair separate to each
gamete at random. Fertilisation, the joining of the sperm and egg
cells, results in the zygote gaining one of each pair of chromosomes
from its parents.

Meiosis | One centriole pair is
moving towards the

opposite pole

/L Centromere

Pair of centrioles

-

Nucleus

Nucleolus Paired homologous
chromosomes (bivalent)
Interphase (2n —>4n)  Early prophase | Prophase |

Spindle equator (midway
between the two poles)

V Figure 1.23
The inputs and oufputs

of meiosis
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E
Outputs e
n

\ Z ote/
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V Figure 1.24
The stages of meiosis

Anaphase |
and telophase |

Metaphase |

Meiosis Il

Interphase (2n) Prophase I Metaphase I
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In prophase I the chromosomes condense, the nucleolus disappears and a spindle forms with
centrioles, if present, at opposite ends. Homologous chromosomes lie side by side, in a process
known as synapsis. A pair of homologous chromosomes, one maternal and the other paternal,
is now called a bivalent.

As prophase proceeds, homologous chromosomes may coil around each other intimately.
Later, they move apart but the chromatids remain in contact at certain points called
chiasmata (singular chiasma).

In metaphase I, the nuclear envelope breaks down and the homologous chromosomes move
together to the equator of the spindle.

In anaphase I, the maternal and paternal chromosomes of homologous pairs move towards
opposite poles of the spindle. The separation or disjunction of each pair of homologous
chromosomes occurs independently of other chromosome pairs.

In telophase I, the spindle breaks down, the cell starts to separate across its middle and nuclear
envelopes form around the two new nuclei.
Cytokinesis, the division of the cell, completes the first stage of meiosis.

At the end of meiosis I, a brief interphase usually occurs. DNA does not duplicate during this
interphase.

The cell then enters the second meiotic division. In prophase II, a new spindle forms at right
angles to the first one. In metaphase II, the chromosomes move to the equator of the spindle. In
anaphase II, the chromatids separate and move apart from each other. The chromatids become
the chromosomes of the daughter cells. When they reach the poles, the cells enter telophase II.
Characteristically of telophase, the spindle apparatus disappears, the chromosomes de-condense
to their thread-like form and new nuclear envelopes and nucleoli form.

Meiosis is now complete. Cytoplasmic division follows so that four haploid cells form
from the original single diploid parent cell. In humans, females produce an ovum containing
22 autosomes and one X chromosome, and males produce sperm containing 22 autosomes and
either an X or a Y chromosome.

Table 1.5 Comparison of mitosis and meiosis

Mitosis Meiosis

Nuclear and cell division for growth, Nuclear and cell division for producing
repair and replacement of tissues sex cells (gametes)

Takes place in somatic cells Takes place in gonads or reproductive

organs of living things (e.g. ovaries and
testes of mammals, ovaries and anthers
of flowering plants, spores of some
plants)

(continued)
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Table 1.5 confinued

Mitosis

Meiosis

One cell division completes the
process

Two cell divisions complete the process

Two cells are the outputs

Four cells (gametes) are the outfputs

Each daughter cell contains the
diploid number of chromosomes (2n)

Each daughter cell contains the haploid
number of chromosomes (n)

Asexually reproducing organisms
(e.g. plant cuttings, runners, bulbs)
reproduce by mitotic division of cells;
prokaryotes reproduce by binary
fission, not mitosis

Sexually reproducing organisms
reproduce by fusion of gametes,
restoring the diploid number (2n) of
chromosomes for each cell

New cells or offspring produced

by this kind of reproduction do not
show variation between them unless
there are environmental influences
or mutations; they are genetically
identical to each other (i.e. clones)

Offspring produced show variation
between them

Variation and diversity of offspring are
narrowed

Variation and diversity of offspring are
increased

Applications include for tissue culture,
such as skin grafts and cloning plants

Applications include creatfing new
varieties of organisms

In the process of fertilisation, male and female haploid sex cells fuse to produce a diploid zygote. Two

gametes from different individuals (usually one male and one female) of the same species need to

combine to produce the new individual of that species. This is called sexual reproduction. Organisms

produced by sexual reproduction will have a different combination of DNA to that of either parent.

The zygote formed is a cell with double the amount of DNA as the gamete. Therefore,

meiosis halves the amount of DNA and fertilisation restores the amount of DNA to the required

amount for that species. Human gametes produced by meiosis contain 23 chromosomes.

Fertilisation restores the number of chromosomes to 46 (23 + 23 = 46), the chromosome

number in somatic cells. Different species have different numbers of chromosomes.

In mammals, gametes from the male are called sperm, and gametes from the female are

called ova. In flowering plants, pollen grains contain cells that are male gametes and ova contain

an egg cell or female gamete.

In humans, normally all female gametes contain 22 autosomes and an X chromosome. But 50%

of male gametes contain 22 autosomes and a Y chromosome and 50% contain 22 autosomes

and an X chromosome. Thus, in humans there is a 50% chance that, in fertilisation, a sperm cell

bearing a Y chromosome will fuse with an egg cell, resulting in a male (XY), and a 50% chance

that a sperm cell carrying an X chromosome will fuse with an egg cell, resulting in a female (XX).

In other species it is not always the male that has the unmatched sex chromosomes. For

example, in birds, males are XX and females are XY. In some insects, females are XX and males

are XO, with O denoting the absence of a chromosome, so the female sex cells must have two

sex chromosomes but those of males have only one unmatched sex chromosome. In certain

other social insects, such as honeybees, females develop from fertilised eggs and are diploid, and

males develop from unfertilised eggs and are haploid.

9780170243254
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Figure 1.25 ¥V

During mouse

embryo development,
programmed cell death
(apoptosis) leads to loss
of cells in the webbing,
or inferdigital tissue,
between fingers to

help form a paw. Hand
formation in human
embryos is also assisted
by apoptosis.

Normal cell

Figure 1.26 A

Apoptosis pathway
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Sex determination

A quite different system of sex determination is found in alligators and crocodiles. Here
the sex of the offspring is determined entirely by environmental factors. There are no
differences between males and females in terms of their chromosomes. Instead, there is a
critical period in the early development of the fertilised egg during which the surrounding
temperature determines the sex of the individual. In some species, high temperatures
lead to males; in others, high temperatures resulf in females.

Not all life continues

Cells do not live forever; they are pre-programmed to age and die at a given life span. For
example, some skin cells, known as keratinocytes, live for about 3 weeks. The dead cells
form a surface layer that is continually shed. Keratinocytes self-destruct in an orderly and
programmed manner called apoptosis.

Far from being detrimental to an organism, cell death by apoptosis is a vital and
formative process that is essential for development, shaping organs and tissues. Apoptosis
can cause some cells to die at a particular time of development. For example, dying cells
enable a tadpole to lose its tail as it becomes a frog and a human embryo to lose the webbing
between its fingers and toes. In fact, almost all multicellular organisms have cells that are
born to die.

=

The demise of these cells is genetically programmed and, when their time comes, death
is orchestrated by the regulated expression of dozens of genes. Apoptotic cells are destroyed
through a series of active, orderly events that start with enzymes shredding a dying cell’s DNA
into thousands of fragments. The nucleus is gradually dismantled and the membrane begins to
bleb. Eventually, apoptotic bodies are formed and these are cleared by scavenging cells called
phagocytes, particularly macrophages.

All cells carry a copy of the apoptotic death program and under certain conditions, such as
when cells have been infected, or when a cell has reached the end of its natural lifespan after a
certain amount of normal wear and tear, this program can be activated.

Membrane
bulges outward

Nucleus fragments
as enzymes destroy it

Macrophage

Programmed
cell death is
signalled

=

Apoptotic debris engulfed
by macrophage

Cell volume
decreases

Apoptotic
bodies form
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If apoptosis fails, all sorts of problems, ranging from developmental defects to cancer, can
result. An important stage in the formation of cancer occurs when apoptosis fails and cells do
not die as they should. Some tumour cells have changes to their suicide genes that make them
forget how to kill themselves. Cancer is normally controlled by keeping a tight rein on cell
division, particularly by preventing division when damage has occurred to DNA. When this
damage cannot be repaired, apoptosis is initiated and the cell is disposed of.

Conventional cancer treatments target sick and healthy cells alike, so one treatment goal is
to find drugs that trigger apoptosis only in cancer cells. Some proteins seem to act as a brake,
that is, when they are not produced, apoptosis begins. Pharmaceutical companies are searching
for ways to inhibit these proteins in the hope of finding drugs that will disable them only in
cancer cells.

V Figure 1.27
Summary of potential
cell fates

CELL FATE PATHWAYS

Programmed cell death occurs
Cell at end APOPTOSIS

of lifespan > Cell contents contained in blebs that are 7 Apoptosis fails

cleared by macrophages

Usually
Unprogrammed cell death occurs

me)> Cell infected NECROSIS
Cell contents spill into body

Usually |
Cell injury (e.g. m— Unable to be Alerts the

DNA damage repaired immune system
during to mount a

replication) ﬁ Repaired response

Cell death receptors

To die or not to die, that is the question. In the human body, around 60 billion cells die
each day due to the process of apoptosis. In the immune system, programmed cell death
is important for the removal of cells with DNA damaged by the sun or chemicals such as
those in cigarette smoke, cells that are infected with a virus, cells that have starved and
suffered damage as a result, or are immune system killer cells that have carried out their
functions and cleared the infection.

Messages to trigger cell death can come from inside or outside a cell. Messages from
outside the cell bind to ‘death receptors’. These membrane proteins relay messages to
the inner workings of the cell, which stimulate it to activate a group of ‘protein-cutting’
enzymes (caspases). The activated caspases break down structural and functional
components of the cell. The dying cells display an ‘eat me’ signal that is recognised by a
passing macrophage, which disposes of the cells by engulfing them.

9780170243254 CHAPTER 1: DNA



QUESTION SET 1.4

Remembering
1 Name the process responsible for killing up fo 60 billion cells in our bodies each day.
2 Distinguish between:

a miftosis and cytokinesis.

b miftosis and meiosis.

c gamete and zygote.

Understanding

3 Explain why offspring produced from asexual reproduction resemble their parent whereas offspring
produced from sexual reproduction are different to their parents.

4 Draw an annotated graphic that summarises the cell cycle.
5 Suggest why it is important for DNA to replicate before cell division.
6 Explain why apoptosis is important for maintaining life.

Applying

7 Draw a Venn diagram to illustrate the relationship between cell division, nuclear division and cytokinesis.

CHAPTER SUMMARY

Heredity includes the study of inheritance patterns and mechanisms through generations.
Many groups of scientists have contributed to the discovery of the structure and function of DNA.
+ James Watson and Francis Crick are credited with the discovery of DNA structure in 1953.

DNA is composed of four different types of nucleotides; each nucleotide has a deoxyribose sugar,
phosphate group and one of four different types of nucleotides: adenine (A), thymine (T), guanine (G) and
cytosine (C).

The two strands of a DNA double helix link by hydrogen bonds between complementary bases: A links with
T, G links with C.

+ RNA has nucleotides with ribose sugar and uracil (U) instead of thymine.

+  DNA replicates by a semi-conservative mechanism where one of the strands in the newly formed molecule
is new and the other is the original strand.

The enzymes DNA helicase and DNA polymerase facilitate DNA replication.
All of the DNA in the cell of an organism is its genome.

+  Technology used in areas such as bioinformatics is used to analyse large amounts of DNA and
protein data.

DNA and associated proteins fogether make up a chromosome.
Eukaryotic chromosome structure consists of DNA coiled around histone proteins fo form nucleosomes.

+ When matched and ordered, eukaryotic chromosomes are displayed in a karyotype and different
chromosome sizes, cenfromere positions and banding patterns can be observed.

+  Somatic or body cells have pairs of homologous chromosomes; each chromosome of a pair comes from
the male parent and the other chromosome of a pair comes from the female parent.

Sex chromosomes that determine an individual’s sex are generally matched in one sex (e.g. XX) and
unmatched in the other sex (e.g. XY).

Homologous chromosomes have the same genes at the same position (locus) but these genes may have
alternative forms of the gene called alleles.
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A diploid number (2n) of chromosomes is found in somatic cells; a haploid number (n) of one of the pair of

homologous chromosomes is found in gametes.

+  Chromosomes in mitochondria and chloroplasts are similar to prokaryotic chromosomes.

+  Chromosomes in prokaryotic cells are generally circular and found in a region of the cell called

the nucleoid.

Small rings of DNA called plasmids may also be present in prokaryotic cells.

The sequence of events in cell division is called the cell cycle.

+ Eukaryoftic cells form new cells through the process of mitosis and meiosis.

Eukaryotic cell division involves a number of phases resulting in nuclear division (mitosis and meiosis) and

cytoplasmic division (cytokinesis).

Cells formed by mitosis have the same genetic material as their parent cells.

» Prokaryotic cells reproduce by binary fission.

+  Cells formed by meiosis are called gametes and join together in sexual reproduction to form a new cell with

genetic material from two different parent cells.

Apoptosis is important for development, removing unwanted cells and protecting an organism from

il health.

CHAPTER GLOSSARY

algorithm o method expressed as a list of
instructions for calculating a function; the instructions
describe a computation from the start through a
sequence of steps to the final output

allele one of different versions of the same gene (at
the same locus) determined by small differences in
the DNA sequence of the gene

apoptosis a programmed series of events that lead
to cell death as a result of dismantling of the internal
contents of the cell by various enzymes including
caspases

asexual reproduction a form of reproduction in
which offspring are produced from a single parent

autosome chromosomes that are the same in both
males and females of a species; they do not include
sex chromosomes

binary fission the division of a cell info two without
mitosis; a prokaryotic cell splits to form two
daughter cells

bioinformatics the science of managing and
analysing biological data using advanced computing
tfechniques; it is especially important in genomics
research because of the large amount of complex
data this research generates

bivalent visible bodies in a cell during prophase |
of meiosis, which are made up of two homologous
chromosomes joined together

cell cycle the sequence of events from one cell
division fo another

cell plate the structure produced by dividing plant
cells where the new cell wall is fo be formed

centriole a minute rod-shaped body present in
many resting cells just outside the nuclear membrane;
it doubles before mitosis, moving apart to form the
poles of the spindle; usually absent in plants
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centromere the waist-like constriction in a
chromosome required for the movement of
chromosomes during cell division

chiasmata (singular chiasma) the point of contact
between homologous chromosomes during
prophase | of meiosis

chromatid daughter strands of a duplicated
chromosome that are joined together by a
centromere

chromatin  a complex of proteins and DNA in
eukaryotic chromosomes

chromosome a structure composed of DNA and
protein that contains along its length linear arrays of
genes carrying genetic information; prokaryotes have
one circular chromosome whereas eukaryotes have a
number of linear chromosomes

cleavage division of the cytoplasm in an animal cell

cleavage furrow a shallow, ring-like depression that
forms at the cell surface of an animal cell undergoing
cytokinesis as contractile microfilaments pull the
plasma membrane inward; it defines where the
cytoplasm will be cut in two

cytokinesis division of the cytoplasm

diploid (2n) describes a cell or organism that has a
genome comprising two copies of each chromosome,
represented by 2n

disjunction the moving apart of homologous
chromosomes during anaphase of meiosis

DNA (deoxyribonucleic acid) an information
molecule that is the universal basis of an organism's
genetic material; it contains instructions, written in a
chemical code, for the production of proteins by
the cell

DNA helicase an enzyme that helps the two strands
of the DNA double helix unwind and separate
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DNA ligase an enzyme used to catalyse the
formation of a bond between two pieces of DNA

DNA polymerase an enzyme capable of making
exact copies of fragments of DNA

gamete a cell produced in sexual reproduction,
which combines at fertilisation; in humans, the
gametes are ova and sperm cells; in flowering plants,
pollen grains contain male gametes and ova contain
a female gamete

gene a unit of heredity that fransmits information
from one generation fo the next; a segment of DNA
that codes for polypeptide

genetics the study of the mechanism and patterns
of inheritance through the tfransmission of coded
chemical instructions from one generation fo the next

genome all of the genetic material contained in
an organism or a cell; includes the chromosomes
within the nucleus and the DNA in mitochondria and
chloroplasts

genomics the study of the genome - how genes
inferact with each other and the environment and the
resultant protfeins produced; it requires a knowledge
of an organism'’s entire DNA sequence so studies rely
on powerful technologies and bioinformatics

haploid (n) describes a cell or organism that
has a genome that contains one copy of each
chromosome, represented by n

heredity the study of inheritance; the genetic
fransmission of characteristics from one generation fo
another

heterosome non-identical chromosomes pairing up
at meiosis (e.g. the XY chromosomes in human males)

histone a protein around which DNA winds in
eukaryotic cells

homologous chromosomes a pair of chromosomes
that have the same size, shape and genes at the
same locations

intferphase the stage between nuclear divisions

karyotype a display of the number and appearance
of the chromosomes of an organism or cell observed
at metaphase

locus (plural loci) the position a gene occupies in a
chromosome

meiosis a two-phase type of cellular division in
which the chromosome number of a cell is halved to
the haploid number; meiosis is the basis of gamete
formation in animals and spore formation in plants
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mitosis a type of nuclear division that maintains
the parental number of chromosomes for daughter
cells; it is the basis of bodily growth and asexual
reproduction in many eukaryotic species

nitrogenous bases a structural component of
nucloetides, DNA has adenine (A), cytosine (C),
guanine (G) and thymine (T); in RNA thymine is
replaced with uracil (U)

nucleoid the region within a prokaryotic cell that
contains the genetic material

nucleolus a structure found within the nucleus of a
non-dividing cell; a site in which the protein and RNA
subunits of ribosomes are assembled

nucleotide the basic building block of nucleic acids
(DNA and RNA) linked together by phosphodiester
bonds; each nucleotide is made up of a five-carbon
sugar, a phosphate group and a nitrogenous base

organelle a specialised part of a cell, with its own
specific function; 'little organ'

plasmid a small circular piece of DNA, found in
bacteria, which is able to replicate independently
of the cell’'s chromosomes; plasmids carry antibiofic
resistance markers

proteomics the study of the entire protein content
expressed by a cell.

replication fork the junction between the unwound
single strands of DNA and the infact double helix
during replication

RNA (ribonucleic acid) a molecule consisting of a
single strand of nucleotides; it plays an essential role
in protfein synthesis (as messenger RNA and fransfer
RNA) and as a structural component of ribosomes

semi-conservative replication the production of two
new DNA double helix molecules, each consisting of
one parental strand and one daughter strand

sex chromosome chromosomes that affect sexual
fraits; one sex has homologous sex chromosomes, the
other sex has a dissimilar set

sexual reproduction a form of reproduction in which
offspring are produced from two parents

somatic cell anormal body cell, as compared with
a germ-line cell from which a gamete (i.e. sperm or
ovum) is derived

synapsis the pairing of homologous chromosomes
trait  a heritable characteristic

zygote the first cell of a new individual, which is
formed by fusion of a sperm and ovum aft fertilisation
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CHAPTER REVIEW QUESTIONS

Remembering

1 State the type of chemical bond that holds strands of DNA fogether.
2 Describe how a karyotype is made and identify how chromosomes are ordered.
3 Describe the composition of an organism’s genome.

Understanding

4 The amount of nuclear DNA in any given cell can be measured quite accurately during the cell cycle.
Predict at what stages throughout the cell cycle you would expect to see changes in the amount of
nuclear DNA.

5 Compare binary fission to mitosis.
Relate the concept of a chromosome to the concept of a gene.
7 Explain why each of the following statements is incorrect and rewrite it as a correct statement.

a One strand of the DNA helix ladder is maternal and the other strand is paternal.

b Different organisms have different types of DNA because they are very different from each other.
¢ Each chromosome is made of more than one DNA molecule.
d

The different cell types (skin, muscle, cartilage, etc.) found in a given individual’s body contain
different DNA.

e In sexually reproducing organisms, half of the organism’s body cells contain DNA from the mother and
half contain DNA from the father.

f Every person’s DNA is unique.

Applying
8 Predict what would happen if cytokinesis did not occur during a cell cycle.

9 Find the meaning of the prefixes used in the stages of cell division: pro-, meta-, ana-, telo-. Relate their
meanings tfo the events occurring.

10 Explain how nucleotides join together to form a polynucleotide chain. Using knowledge of the chemistry of
a nucleotide, explain what is meant by the 5 and 3’ direction.

11 Find out what ‘Chargaff’s rule’ is and explain how it helped Watson and Crick discover the nature of DNA.

12 Explain how the weak hydrogen bonding between nucleotides and complementary base pairing in a DNA
molecule allows semi-conservative DNA replication o occur.

o

Analysing

13 When animals of different species are kept together in captivity they sometimes mate and produce
offspring. A donkey is known to have a diploid number of 62 and a zebra has a diploid number of 44.
a Name cells in the donkey that would be expected to contain 31 chromosomes.
b Name cells in the zebra that would be expected to contain 44 chromosomes.
¢ Estimate how many chromosomes are expected to be in the somatic cells of the donkey.
d

If a 'zonkey’ (a hybrid formed by the fertilisation of a female donkey egg with a zebra sperm) is
produced, predict the 2n number.

e Describe how a zonkey karyotype would differ from the karyotype of a zebra.
f Suggest problems that might occur when the zonkey produces gametes.
g Explain why most hybrid animals are infertile.

14 Cell B was found fo contain twice the amount of DNA compared with a normal body cell C. Name
the phase of the cell cycle cell B is likely to be in. If cell C has 16 chromosomes, calculate how many
chromatids you would find in cell B.

15 Draw a simple fable that compares the inputs, process and outputs of mitosis and meiosis.

16 Write the full names of DNA and RNA. Find out and explain why these names were used with respect fo their
chemistry and the history of their discovery.

17 Scientists from the Australion Museum and Queensland University of Technology have sequenced the koala
genome. Analysis of the data should reveal between 12 000 and 20 000 genes on the 16 chromosomes.
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a Name the nucleotide expected to have approximately the same number as the adenine nucleotides
sequenced.

b Explain whether you would expect the sequence of DNA to be exactly the same in all members of the
koala species.

¢ Estimate how many chromosomes a baby koala would get from its mother.
d State a koala’s diploid number and its haploid number.
e Find out how the knowledge gained by sequencing the genome can help manage koala populations.

Evaluating

18 If Watson and Crick had not discovered the structure of DNA in 1953, do you think the structure would have
remained unknown for much longer? Show how collaboration of different groups of scientists contributes to
expanding our scientific knowledge.

19 'DNA is self-replicating.” Discuss whether you think only DNA itself is needed for replication.

20 All chromosomes are double stranded and linear in shape. Do you agree with this statement? Justify
your answer.

21 ‘Cells produced by meiosis only contain half the amount of DNA compared to their parent cells. This means
DNA does not replicate during meiosis.” Do you agree with this statement? Justify your answer.

22 Explain why meiosis is more appropriate for gamete formation compared to mitosis.

23 A group of cells being studied were never observed to undergo division. Predict if this means the cells were
dead. Justify your answer.

24 Prokaryotes divide by means of binary fission and produce identical cells. Complex organisms produce sex
cells that combine to form a new individual. Identify the advantages and disadvantages of asexual and
sexual reproduction.

Creating

25 Paclitaxel is a drug that stops microtubules such as spindle fibres from disassembling.
a Predict what effect this would have on mitosis.
b Write a press release for Paclitaxel to communicate its benefits for treating cancer.

26 Design an activity where students act out the process of mitosis and meiosis. This can be in the form of a
physical movement activity or even a dance.

Reflecting

27 Watson and Crick used the contributions of scientists before them as a basis for their hypothetical model of
DNA. Reflect on how your understanding of new ideas is built on the knowledge and skills you have gained
in your previous years of science study.
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By the end of this chapter you will have covered the following material.

Science Understanding

+ Genes include ‘coding” and ‘non-coding’ + The phenotypic expression of genes
DNA, and many genes contain information depends on factors controlling transcription
for protein production (ACSBLOTE) and translation during protein synthesis,
- Profein synthesis involves transcription of a the products of other genes, and the
gene into messenger RNA in the nucleus, environment (ACSBL08])
and franslation info an amino acid sequence
at the ribosome (ACSBL0TY)

* Proteins, including enzymes, are essential o @
cell structure and functioning (ACSBL0S0)

- - A
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Figure 2.1»

Kalata BT is a protein
with special properties
and a cyclic peptide
structure.

Loop 2

Residents of the Republic of Congo have a novel use for the perennial weed Oldenlandia affinis.
They boil a handful of the dried plant in a litre of water and the resulting green brew is given to
women in labour. This results in stronger contractions and a shortened delivery time: good news
for both mother and baby. Scientists have become interested in the uteroactive ability of this brew
and have scientifically analysed it. The uteroactive agent was found to be a small protein, only

29 amino acids long, called kalata B1. Apart from stimulating uterine contractions in female
humans, kalata B1 also has powerful insecticidal and antimicrobial properties. This protein has a
bracelet-like structure, making it a circular, or cyclic peptide. The structure of proteins varies and
with this, their function also varies. Cyclic peptides are highly stable and have a range of built-in
features that make them ideal for applications in agriculture and pharmaceuticals.

Proteins

Proteins are essential to cell structure and functioning. There are many types of proteins that
exist. The kalata family of proteins is just one type. They are small, circular proteins that are
very hardy and resistant to boiling. Some proteins have structural roles in cells; others are
purely functional, including enzymes. All the different protein family members have different,
specialised functions that are effective and highly suited to their ‘task’.

'The structure and function of each individual cell is dependent upon the suite of proteins produced
within it. Essentially all cell types require specialised proteins to carry out their particular function.
For example, a red blood cell during development must accumulate the haemoglobin protein but it has
no need for keratin protein. Muscle cells need to produce large amounts of actin and myosin proteins,
arranged in highly ordered arrays, for their contractile function. A gland cell needs to be able to
produce the appropriate hormone and it needs to produce it only for brief periods when it is required.

Everything a cell does — what it develops into, what it synthesises and how it operates — is
determined, more than anything, by the proteins it expresses. The characteristics of a cell or
organism, determined by its protein expression, are called its phenotype.

Enzymes are one of the most important groups of proteins. Enzymes are able to speed up

the rate of chemical reactions (catalyse them) without undergoing any change themselves.
Without enzymes the chemical reactions that occur in living organisms would be so slow as to
hardly proceed at all; this would be incompatible with the maintenance of life. The sum of the
thousands of chemical reactions that occur constantly in each living cell is known as cellular
metabolism. The metabolic reactions that occur in cells do not take place haphazardly; all are
controlled and regulated to maintain cell functions and to meet the energy needs of the cell. The
rate of cellular metabolism varies among organisms, and they need to occur at a rate that allows
the cell to function. Each step in the pathway is controlled by an enzyme.

Proteins control many cell processes including the rate of cellular metabolism.

36 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



Proteins provide the essential link between DNA and the functioning cell. It is not surprising,
therefore, that the central role of DNA is to determine what proteins the cell makes. A protein
consists of subunits of amino acids that vary from each other in size and charge. It is the order in
which the amino acids are arranged and their relative abundance that give a particular protein
its individuality and functionality. DNA, with its four different nucleotide bases, determines in
what sequence the 20 different types of amino acids are put together in the protein. But how can
a four-letter code, for that is what DNA amounts to, specify a protein that at any given point
consists of one of 20 different amino acids?

Clearly, a single base cannot specify a single amino acid, for then only four different amino
acids could be coded for and proteins containing only four kinds of amino acids would be
formed. Nor could just two bases specify a single amino acid, since only 16 amino acids could
be coded for (4 X 4 = 16). But three bases are sufficient: with these a total of 4 X 4 X 4 = 64
bases can be specified, more than enough to account for the 20 different amino acids commonly
found in cells. This allows for some overlap, or redundancy, within the code.

Thus, a minimum combination of three bases is needed to code for one amino acid. This
suggestion was first put forward by Francis Crick on purely theoretical grounds but since then
a firm body of experimental evidence has been established to support it. This ‘triplet’ of bases is
known as a codon; many codons, or triplet codes, form the basis of the genetic code.

Kalata Bl

Professor David Craik from Queensland is a world expert on proteins such as kalata B1. He
determined the circular structure of kalata B1 in the 1990s. Circular proteins have no ends
so they can survive digestive enzymes that normally attack the ends of proteins. Because
of this they can pass through the digestive system unharmed and travel fo their tfarget,
making them an ideal template for drugs.

How does a eukaryotic cell act on the instructions in each codon? DNA carries the sets of
instructions in the chromosomes in the nucleus, but it is ribosomes in the cytoplasm that make
proteins. Therefore, the information held by the codons in the DNA has to be conveyed from the
nucleus through the nuclear membrane to the sites of protein synthesis in the cytoplasm.

There are really only two possible ways that this might take place. One way is that the DNA
itself, or part of it, moves out from the nucleus into the cytoplasm. The other way is that the
DNA stays in the nucleus and another molecule, acting as a go-between or messenger, carries
instructions from the DNA to the cytoplasm. The first hypothesis was discounted on the
grounds that chromosomal DNA was never detected in the cytoplasm of non-mitotic cells. This
left biologists with the second possibility. We now know that DNA remains in the nucleus and
is the basis or template for the production of another sort of nucleic acid, called messenger
RNA (mRNEA), which conveys the instructions needed for protein synthesis from the DNA in
the nucleus to the cytoplasm. Like DNA, mRNA consists of a string of nucleotides. However,
RNA differs from DNA in four ways, as shown in Table 2.1.

Table 2.1 Comparison of RNA and DNA

RNA DNA

Contains the sugar ribose Contains the sugar deoxyribose
Single-stranded Double-stranded

Contains uracil, cytosine, guanine Contains thymine, cytosine, guanine and
and adenine adenine

Shorter than DNA (usually fewer than Much longer than RNA

4000 nucleotides)
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Figure 2.2 »
Diagrammatic
representatfion of the
synthesis of mRNA from
DNA template. The DNA
molecule unwinds and
RNA nucleotides pair
with one of the exposed
strands of DNA, which
serves as a template.
These nucleotides are

then joined together

by the enzyme RNA
polymerase, resulting
in MRNA.

Transcription of DNA generates a single-stranded RNA molecule that is almost identical in
sequence with one of the strands of the double helix. The difference is that instead of the base
thymine (T) pairing with adenine (A), the base uracil (U) does.

The first step in the process of transcription is DNA in the region of a gene unwinding, and
then unzipping, exposing the nucleotide bases of both strands. Only one of these strands is used
to direct the synthesis of mRNA; this is called the template strand. The other strand, of DNA
origin, has the same sequence as the mRNA (except for T bases instead of U) and is called the
non-template strand, or complimentary strand.

RNA
DNA template strand polymerase
e el o el sl T d d 100 5 enzyme
CATAGCAAGGCGTACAT »
A UCGGUCCGCAUGUA C
N o
) 3\ o gt?
Non-transcribed o Unwinding
strand of DNA TANTCGGTTCCGCATGTAP DNA
i R (o B 5 Py P P P P e P e T el
DNA non-template strand Direction of Most recently
N transcription  added nucleotide

5 Growing mRNA in mRNA

A particular nucleotide sequence at the beginning of the gene, called a promoter,
signals the start of a gene. Proteins position RNA polymerase on to the DNA to bind with
the promoter. Complementary RNA nucleotides are progressively joined together by RNA
polymerase moving along the length of DNA. A base sequence at the end of the gene serves as a
stop signal and the mRNA is released as a single strand. The DNA zips up and twists itself back
into a double helix again once the mRNA has peeled off.

In transcription of DNA, single-stranded mRNA molecules are generated in the nucleus.

The mRNA strand at this stage is called pre-mRNZA. Before it leaves the nucleus it is modified
by the addition of a methylated cap at the 5" end and about 100-200 adenine nucleotides at
the 3" end, which is then called the poly-A tail. These additions are important for the stability
of the mRNA molecule and its nuclear export and translation (Figure 2.3).

After these additions to the ends of the mRNA strand, some segments are removed. Most
eukaryotic genes have regions of base sequences that are not translated into the amino acids
of proteins. These regions are called introns and are interspersed with regions of DNA called
exons, which are coding regions and contain the actual information for protein formation.

Both the exons and introns are transcribed into pre-mRNA, but introns are removed in a
process called splicing before the mature mRNA leaves the nucleus. Once the pre-mRNA has
been modified in this way, it is ready to leave the nucleus and move into the cytoplasm, where
translation of the nuclear code into proteins is carried out by ribosomes. The average mature
mRNA strand is about 1000-2000 bases long, including the methylated cap and 100-200
adenine bases in the poly-A tail.

When different exons from the same RNA are spliced together, different forms of the
mRNA are created and are translated into different versions of the protein. Variations in
expressed proteins are therefore generated by this alternative splicing.

The sequences for guiding the splicing are largely contained within the introns of the
immature RNA transcript. These sequences are usually recognised by proteins within the cell
that direct the splicing machinery to cut up and reassemble the transcript into the mature
mRNA. The patterns of alternative splicing often vary between different cell types so that
any particular tissue contains unique versions of the protein encoded by a single gene. The



proportion of alternatively spliced genes differs between organisms but it is estimated that more than
95% of human genes are processed this way.

Gene: unit of transcription

I |

Promoter Stop signal

‘Transcription

— . ' A-A-A-AAA ... 3

Pre-mRNA
Methylated .
cap Introns Splicing
spliced out
5" Methylated cap — — Poly-A tail 3’
mRNA
‘ <« Figure 2.3
Transcription and
To cytoplasm for modification of mMRNA in
translation to protein the nucleus of a cell

Comparing transcription and DNA replication

The process of transcription is very similar to DNA replication in that the DNA molecule

unwinds and free-floating nucleotides bind to the strand. The sequence is complementary to the

DNA strand, as shown in Figure 2.2.
The process of transcription, however, differs from DNA replication in a number of respects.

*  Only a small part of a DNA strand is used as the template for the RNA strand. This coding
region of the DNA is a gene. DNA replication, on the other hand, involves the whole DNA
molecule as the template.

¢ The enzymes involved in joining the RNA nucleotides together are RNA polymerases
rather than the DNA polymerases involved in DNA replication.

* Only single-stranded RNA is produced in transcription and it is found both in the nucleus
and cytoplasm in eukaryotic cells, whereas DNA formed by replication is double-stranded
and found only in the nucleus.

QUESTION SET 2.1

Remembering

1 Identify three important functions of proteins in a cell.
2 Define ‘cellular metabolism’.

3 List four different types of proteins.

Understanding

4 Outline the role of enzymes in metabolic reactions.

5 Compare pre-mRNA and mature mRNA.

6 Distinguish between franscription of DNA and replication of DNA.
7

Define 'gene’, 'exon’ and ‘infron’. Write one sentence describing franscription using all three terms.
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8 Explain why scientists chose the term ‘template strand’ for only one of the two strands in a DNA molecule.
9 Describe the outcome of alternative splicing and explain its significance in cell structure and function.

Applying

10 A DNA template strand has the nucleotide sequence AGGTCCTAG.
a Suggest the sequence of the mRNA sequence transcribed from the DNA.
b Suggest the DNA sequence of the non-template strand.

mRNA

Ribosome

40S
subunit

60 S
subunit

Endoplasmic /"~ Growing
reticulum polypeptide

Translation of mMRNA
info proteins

When mRNA moves into the cytoplasm, it attaches itself to a
ribosome, where amino acids then assemble in a particular order. The
resulting chain of amino acids forms a specific polypeptide. This
process by which a ribosome synthesises polypeptides from specific
coded mRNAs is known as translation. Polypeptides join together
to form the many and varied proteins found in cells.

Ribosomes are made up of two subunits, one small called 2 40 S
subunit and one large called a 60 S subunit (S is a unit of size). The
nucleolus in the nucleus assembles them both from ribosomal RNA
(*RNA) and proteins. The subunits move from the nucleus into the
cytoplasm, where they combine to form the functional units of translation.

Figure 2.4 shows a eukaryotic ribosome bound to rough endoplasmic
reticulum. Unbound ribosomes are also found throughout the

cytoplasm. Generally, proteins that enter the secretory pathway after production, to be secreted by

Figure 2.4 A
A ribosome attached

cells, are synthesised on endoplasmic reticulum-bound ribosomes, whereas those that remain in

to the endoplasmic the cytosol are made on free ribosomes.
reticulum is synthesising Ribosomes are also found in prokaryote cells and in mitochondria and chloroplasts. They

a polypeptide.

are smaller than the ribosomes found in the cytoplasm of eukaryotic cells, although they also

consist of two subunits and are involved in protein synthesis.

Polyribosomes

Ribosomes that occur in chains are called polyribosomes or polysomes, all binding to a single
mRNA strand. This is shown in Figure 2.5.

Figure 2.5V
How a polyribosome
works

Amino acid
brought into
position by
transfer RNA

mRNA

mRNA molecule.

S

=)
Ribosome
A series of Each ribosome synthesises When the ribosome reaches
ribosomes a polypeptide molecule the end of the mRNA strand,
moves along an as it moves along the it releases its polypeptide chain

mRNA.

Completed
polypeptide
chain

and can return to the beginning.
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The advantage of polyribosomes is that they allow a large number of polypeptides to be
made from a single mRNA strand in a comparatively short time. For example, it has been
calculated that, in red blood cells, the time required for a single ribosome to travel the full
length of an mRNA strand and produce a completed polypeptide chain is about 1 minute. By
having 10 or more ribosomes at any one time making proteins from a single mRNA strand, the
rate of protein synthesis is greatly increased. In bacterial cells protein synthesis happens even
more rapidly. This is because prokaryotes lack a nucleus and protein synthesis can begin even
before mRNA synthesis is complete.

Another type of RNA, called transfer RNA (tRNA), is also needed for protein synthesis.
tRNAs take their name from their function: they transfer or carry amino acids to
ribosomes. They exist as free-floating molecules within the cytoplasm and are folded back
on themselves to form a compact three-dimensional structure rather like a clover leaf
(Figure 2.6). Note the three nucleotide bases at the bottom of the representation of
the molecule, called the anticodon, and the amino acid binding site at the
top of the representation of the molecule.

The anticodon of the tRNA is complementary to the codon of the
mRNA. Cells possess more than 20 different types of tRNAs: more
than enough for the different types of amino acids. The type of amino
acid picked up by RNA is related to the sequence of the anticodon.
To find out which anticodon on the tRNA joins with a particular
amino acid, first find the complementary nucleotides of the mRNA.
For example, a tRNA molecule with the anticodon ACG will pick up
a cysteine amino acid on its amino acid binding site. A tRNA with
anticodon UGA will carry a threonine amino acid on its binding site. The
codon AUG is called the start codon and it acts as a translational start site on
the mRNA.

A small ribosome subunit loaded with an initiator tRNA (one that can start the process)
recognises an mRNA strand as it leaves the nucleus and travels to the cytoplasm. The
ribosome subunit binds to the methylated cap on the mRNA and moves along it ‘scanning’
for an AUG start codon. Once found, a large ribosomal subunit joins with the small one. The
ribosome then passes along the mRNA strand and, as it passes each codon in the mRNA, a
tRNA, carrying the appropriate amino acid, moves to the ribosome. The three bases in the
mRNA binding site (codon) bond to the complementary three bases (anticodon) in the tRNA
molecule.

The ribosome then moves on to the next codon of the mRNA strand, another tRNA
molecule with a complementary anticodon sequence joins the codon and another amino acid
is drawn into position, and so on. As the ribosome moves along the mRNA strand, more and
more amino acids are added to the growing polypeptide chain until a stop codon is reached.
In this way, the amino acids are linked in an order corresponding to the sequence of nucleotide
base codons in the mRNA. As this is determined by the sequence of base codons in the
original DNA, it follows that the base sequence in the DNA determines the order in which
amino acids line up.

Once aligned, peptide bonds form between adjacent amino acids, resulting in the
formation of a polypeptide chain. As the amino acids join up, the completed polypeptide
chain peels off from the tRNA molecules. Once the job of the tRNAs is complete, they detach
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. Amino acid
attaches here

Anticodon

A Figure 2.6

Structure of transfer
RNA. The diagram shows
the molecule as a flat
molecule shaped like
a clover leaf. The three
bases shown at the
bottom illustrate the
mMRNA binding site, or
anficodon. The amino
acid binding site is
shown at the fop of the
molecule.

CHAPTER 2: THE GENETIC CODE 41



from the mRNA and return to the pool of tRNAs in the cytoplasm, from where they can be
drawn upon to pick up specific amino acids again when required. This process is shown in

Figure 2.7.

Meanwhile other ribosomes are carrying out the same process, moving along the mRNA
strand simultaneously, each synthesising a polypeptide chain as it goes. On reaching a stop
codon the ribosome releases the mRNA strand and the newly synthesised polypeptide chain.
The mRNA strands are broken down by the cell releasing the nucleotides to be re-used in
transcription. A protein molecule is made up of one or more polypeptide chains joined together

to make a three-dimensional structure.

In translation, amino acids are assembled in the order prescribed by mRNA at the

ribosomes.

The process of protein formation requires energy, which is provided by adenosine
triphosphate (ATP) and related compounds. A large proportion of the fuel that our bodies

burn up is needed for protein synthesis. Enzymes are involved

at various stages of protein

synthesis, for example, to attach the amino acids to the tRNAs and to join the adjacent amino

acids together.
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In 1966, the complete genetic code (Figure 2.8) was determined; this was a triumph of
modern biology. The genetic code shows the relationship between the codons in mRNA

O

and the amino acids that are translated from the mRNA code. From this, it is possible to { MAKING

work out the relationship between the bases in the original DNA and the amino acids PROTEINS - {

that result. : TRANSCRIPTION
Most of the amino acids are coded for by more than one codon. Three of the codons do not i AND

actually code for an amino acid. Instead they stop the polypeptide chain at that point, acting as  TRANSLATION

termination signals. These stop codons play an essential role in the cell, allowing polypeptides This is an

of precisely the right length to be produced.

The genetic code is also known as the ‘universal genetic code’ because all known organisms
use it as a code for DNA, mRNA, tRNA and amino acids. However, all rules have their
exceptions, and such is the case with the genetic code. Small variations exist in the DNA code
in mitochondria and certain bacteria. Nonetheless, it should be emphasised that these variations
represent only a small fraction of known cases, and that the genetic code applies broadly to all
forms of life. DNA is said to be a universal indicator of life.

i animation of how
i the genetic code
i is transcribed and
i franslated info

i protfeins.

The universal genetic code is the sequence of nucleotides in DNA or RNA that
determines the specific amino acid sequence in the synthesis of proteins in nearly
all organisms.

Second base

Arg = arginine uuu } o ucu 7 UAU } . uGU } U
— i e r Cys
81 S EEFETERIING uucC ucc vac | 7 UGC .
_ . U S
Asp = aspartic acid UUA uca [ ¢ UAA  Stop | UGA  Stop | »
f L
Cys = cysteine UuG } eu UCG | UAG Stop UGG Trp @
Gln glutamine
Glu glutamic acid cuu ccu T CAU } y CcGU U
. is
Gly = glycine cuc ccc CAC CGC C
. o Leu Pro Arg
His histidine o CUA CCA CAA CGA A 4
=2
lle = isoleucine 8 UG ccG | CAG } G 1 cae G I
q + o
Leu leucine 4 o
2 3
Lys lysine AUU ACU ] AAU AGU U
o Asn Ser
Met = methionine AUC lle ACC - AAC AGC C
Thr
Phe = phenylalanine AUA ACA AAA} . AGA =
S
fre = wrloe AUG  Met/ ACG | AAG Y AGG Arg | G
Start
Ser serine
Thr = threonine GUU GCU ] GAU} Asp GGU U
GUC GCC GAC GGC C
Trp tryptophan Val Ala Gly
Tyr tyrosine GUA GCA GAA} ol GGA A
u
Val = valine GUG GCG | GAG GGG G
A Figure 2.8
The genetic code. The mRNA codons correspond fo the 20 amino acids made by translatfion
on the ribosomes. Three codons act as stop codons and under certain conditions the codon
AUG initiates protein synthesis.
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ACTIVITY 2.1

PROTEIN SYNTHESIS

The nucleus of eukaryotic cells is packed with DNA, the molecule that is the femplate for all the proteins
produced by the cell. Ribosomes, the site of synthesis of proteins, are found in the cytoplasm outside
the boundary of the nucleus. DNA is unable to leave the nucleus, so in order fo produce a protein, a
message must be sent from the nuclear DNA to the ribosome.

To do this, two processes take place:

1 transcription of the message from the DNA info an mRNA molecule
2 ftranslation of the mRNA into a specific amino acid sequence at the ribosome.

The molecule of MRNA is
franscribed from the template DNA
strand using the complementary
sequences. The only exception to
this is that the thymine present in
DNA is replaced with uracil in RNA.
The complementary sequences in
RNA are A-U and G-C.

Translation of the mRNA occurs
at ribosomes where the sequence
of nitrogen bases in the MRNA
is read in groups of three called
a codon. The tRNA molecules
contain an anticodon, which is
complementary to the codon of
the mRNA and each tRNA binds
a specific amino acid (Figure 2.9). tRNA
The tRNA molecules bring these
amino acids to the ribosome where
they are bonded together, forming
a long chain of amino acids in a
specific sequence according to
the sequence of the mRNA being
franslated.

Amino acid

Aim

To simulate the production of a L
protein from a sequence of DNA

You will need Anticodon

+ A3 paper Figure 2.9 A

- coloured pencils The amino acid serine being carried by a tRNA molecule
What to do

The sequence of nucleotides below belongs to a protein, the enzyme lysozyme, which will be used in
this activity.

ATGACCCATGCGTITAGGC

Refer to Figure 2.8 on page 43 to complete this activity.
1 Divide a piece of A3 paper info six sections.

2 In the first section of the A3 paper, draw a nucleus contfaining the DNA strand using the sequence
above as the template for the complementary strand.

3 Inthe second section of the A3 paper, show the process of franscription of the template DNA
info MRNA. >
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4 In the third section of the A3 paper, show the movement of mMRNA out of the nucleus.
5 In the fourth section of the A3 paper, show the process of franslation of the message.

6 In the fifth section of the A3 paper, describe in words, the process of protein synthesis that you have just
completed by diagrames.

What did you discover?

1 Describe in your own words the processes of transcription and translation. Include an explanation of
where in the cell these processes take place and which other molecules are involved in each process.
Explain why the cell needs each process.

Describe how the hydrogen bonds are rejoined between complementary DNA nucleotides during
tfranscription.

State the sequence of nucleotides in the transcribed mMRNA sequence of lysozyme.

Not all of the transcribed DNA contains codes for a protein during the production of mMRNA. These
non-coding sections get broken down to nucleotides for re-use in the nucleus. Name these sections.

State the anticodon sequence for the lysozyme protein. Explain the importance of anticodons in
these processes.

State the final amino acid sequence for the sequence of DNA you are working with.
Explain the role of uracil in the process of franscription.

QUESTION SET 2.2

Remembering
1 a Describe the structure of a eukaryofic ribosome.

b Compare the ribosomes of prokaryotes to those in eukaryotes.
2 Discuss the advantages of polyribosomes to a cell.

N

W

(3]

N O

Understanding
3 Describe the relationship between rRNA, the nucleolus and ribosomes.
4 'Each mRNA codon codes for a specific amino acid.’

a Explain what this statement means.

b Identify any exceptions to this statement.

c Explain how a specific amino acid can be coded for by more than one codon. Give an example fo
illustrate your answer.

5 Describe the relationship between a protein, polypeptide and amino acid.

Applying
6 There are three nucleotide bases (a codon) of DNA code for each separate amino acid.
a Estimate how many combinations of codons are possible.
b Explain why it is not possible for two nuclecotide bases to code for one amino acid.
7 Refer to Figure 2.8, which shows the genetic code, to answer the following questions.
a Name the start codon.
b Name the termination codons.

¢ ldentify the sequence of codons on mMRNA when DNA contains the following sequence of bases:
AGC TAT CGA GIC AAA.
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The classic view of
the central dogma of
molecular biology
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The phenotypic
expression of genes

During the progressive development of an individual — such as from a fertilised egg, asexual
spore or juvenile to an adult — many different changes to cells and tissues occur. Cells can
become specialised to carry out particular functions, and biochemical activities can change
at various times. If all cells have the same DNA content, and the DNA of a cell specifies its
activities and characteristics, why aren’t all cells of an individual the same?

Cells do not express all the genes of their genome at the same time. Rather, cells must have
some genes (for specific proteins) active and other genes (for unnecessary proteins) inactive. This
ensures the cell does not waste energy and resources producing unwanted proteins, as well as
ensuring the cell does not produce proteins whose functions may interfere with the cell properly
performing its specialised role.

Even when expressed, there are controls over how fast specific genes are transcribed and
translated. The expression of genes seems to depend on the type of cell, its stage of development
and conditions within and around the cell.

A cell does not express all the genes of its genome at the same time and same rate.

As with other studies in molecular biology, insights into the action of gene expression and
regulation have been advanced by the generation and analysis of mutants. Yeast, fruit flies
and roundworms have been instructive model organisms in this regard and experiments with
other organisms indicate that there are common mechanisms for gene expression among all
eukaryotes.

Prior to the publication of the human genome sequence in 2003, estimates for the number
of genes it would contain centred on around 100000. This was a reflection of the number of
the different types of proteins produced in the human body. When the sequence was finally

published the estimate fell to around 25000 genes.
How could such a comparatively small genome

Nuclear code for so many more proteins? Considering the

membrane large number of functional proteins synthesised in

human cells, it now seems likely that our DNA—
RNA-protein definition has to be questioned.

Central dogma
of molecular
biology

Originally stated by Francis Crick in 1958,
the term ‘central dogma of molecular biology’

tRNA

is used to describe the one-way sequence of
information where DNA acts as a template for its
own replication, the transcription to RNA, the

MRNA modification to mature mRNA and finally as the

|\\\V 1||‘ [ | | ul\

template for translation into a protein. There are
Cell membrane  many examples to show this one-way sequence of
information is no longer the only possibility. For
example, a group of viruses called retroviruses use
the enzyme reverse transcriptase to produce DNA
from its RNA genome. Human immunodeficiency

virus (HIV) is an example of a retrovirus.
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Scientific literacy: The blueprint of life?

The anniversary of the discovery of DNA's molecular structure rightly celebrates how Francis Crick,
James Watson and their collaborators launched the ‘genomic age’ by revealing how hereditary
information is encoded in the double helix. Yet the conventional narrative — in which their 1953 Nature
paper led ultimately fo the Human Genome Project and the dawn of personalised medicine — is as
misleading as the popular narrative of gene function itself, in which the DNA sequence is translated info
proteins and ultimately into an organism’s observable characteristics, or phenotype. Today, the very

definition of ‘gene’ is hotly debated. We do not know what most of our DNA does, or how, or fo what extent

it governs fraits. In other words, we do not fully understand how evolution works at the molecular level.

Describing genes as the ‘blueprint’ or ‘book’ of life is misleading and distorted. The usual tidy tale of
how 'DNA makes RNA makes protein’ is sanitised to the point of distortion.

While specialists debate what the latest findings mean, the rhetoric of popular discussions of DNA,
genomics and evolution remains largely unchanged, and the public continues to be fed assurances
that DNA is as much a blueprint as ever.

Difficult questions are raised by a number of discoveries. These discoveries include the fact that only

a tiny fraction of the genome produces protfein; that chemical modification of DNA can affect expression

of genes; and that genes work together in networks.

When the structure of DNA was first realised, it seemed to supply the final part of a beautiful puzzle.
The simplicity of that picture has proved too alluring. We should do DNA a favour and lift some of the
awesome responsibility for life's complexity from its shoulders.

Adapted from Ball, P. (2013). 'DNA: Celebrate the unknowns’, Nature, 496 (April), pp. 419-20 and Salleh, A. (2013)
‘Genes - the "book” of life?’, ABC Science online, 25 April

Questions
1 Oufline the main point the authors are trying fo make.

2 When this commentary was published, many experts responded and defended the ‘central dogma
of molecular biology’. Relate what the authors say about the relevance of this dogma.

3 The authors imply that there are dangers in telling a simple story. Suggest some advantages and
disadvantages of embracing complexity in public communication about genetics.

4 The authors write that ‘Describing genes as the “blueprint” or “book” of life is misleading and
distorted.” Justify this statement.

The genome consists of coding
and non-coding DNA

Eukaryotic genomes are comparatively very large. The human genome for example, consists of
3.1 billion nucleotide pairs. However, only a small fraction of the genome actually codes for
protein. Coding DNA sequences transcribed into mRNA and then translated into proteins only
make up less than 2% of the entire human genome. This coding DNA is the most well-known
part of the genome formed by exons, called the exome. The vast majority is non-coding DNA.

Table 2.2 Comparison of genome sizes

Organism Size of genome (base pairs)
Human 3100000
Fruitfly (Drosophila) 168700
Nematode worm 100300
Yeast 12200

Much of the non-coding DNA is made up of repetitive sequences. A considerable
proportion of these repetitive sequences is transcribed into RNA, although the function of
these repetitive sequences is something of a mystery. Some scientists argue the repetitive
DNA and its transcribed RNA have no function, that it is ‘junk’. In this case, it’s a bit like
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Switching genes off

Figure 2.11 Vv

and on. The acetyl
groups are shown in
green and the methyl
groups are shown

OFF

When the DNA is tightly coiled up and so inaccessible
to enzymes, genes are effectively turned off.

48

in red.

the clutter that builds up in your bedroom over time if you do not tidy up. It takes less effort
to leave it there than to clear it away because, among all that junk, there may be some useful
things you want to access at some point in the future.

It is estimated that at least 80% of the human genome is transcribed at one time or another.
As only about 1-2% of the human genome codes for protein, however, the vast majority of
transcribed RNA is not mRNA destined for protein translation by ribosomes. The purpose of
the transcribed but untranslated RNA is an ongoing area of research.

At least some sections of the non-coding DNA have specific functions in switching on or
switching off gene expression. Gene expression refers to a gene being transcribed into mRNA
and translated into a protein. Gene regulation refers to the processes within a cell that enable
a gene to be expressed in specific cells and at specific times.

The National Human Genome Research Institute is coordinating and funding the
Encyclopedia of DNA Elements, or ENCODE, project. The main goal of the ENCODE project
is to determine which parts of the DNA affect protein coding gene expression and how they
influence gene transcription. The initial analysis revealed that at least 80% of the genome serves
some purpose. Genes for non-coding RNA (e.g. IRNA, tRNA), regulatory DNA and introns are
just some of the types of non-coding DNA that control how genetic instructions are interpreted.

Chapter 1 described how DNA is packaged with proteins to form the DNA-protein complex
referred to as chromatin (see Figure 1.15, page 20). The most fundamental unit of chromatin

is the nucleosome, in which the double-helical DNA is wound up around histone proteins.
Nucleosomes, formed from eight histone proteins that associate with each other in a ball shape,
form the scaffold for the packaging of DNA molecules. Each of the histones has a tail that
extends out from the nucleosome. Nucleosome formation is assisted by interactions between the
negatively charged DNA and the positively charged histones (see Figure 2.11).

If DNA is packaged into chromatin, the genes within the DNA are not available for expression.
This is because RNA polymerase is unable to access the DNA in the chromatin to begin
transcription. In essence, such genes are ‘switched off” and the corresponding proteins are not made.

In eukaryotic cells, it seems the default state of gene expression is ‘off”. Some genes that
encode proteins that serve to maintain basic cellular processes are continually expressed at
some level to maintain cell function. We tend to call these housekeeping genes. Genes
that express proteins for glycolysis or for biosynthesis of macromolecules, for example, are
housekeeping genes. It is only when specific DNA sequences are in an open configuration
on the chromatin, and accessible for specific proteins to bind to, that gene expression is ‘on’.

ON

When genes are turned on, the DNA is

in a relaxed, open configuration, so it is

accessible to the RNA polymerase and

other proteins required for manufacturing
{| the encoded proteins.

A

Acetyl groups 3

2 \ Histone
| \ proteins
Methyl groups

Adapted from Reed Business Information - UK. All rights
reserved. Distributed by Tribune Content Agency.

During protein synthesis, the expression of genes depends upon factors that
control transcription and translation.
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QUESTION SET 2.3

Remembering

1 List reasons why cells do not express all genes in their genome at the same fime.
2 Distinguish between coding and non-coding DNA.

3 List three examples of non-coding DNA.

4 Distinguish between gene expression and gene regulation.

5 Outline the aims of the ENCODE project.

Understanding

6 All cells of a multicellular organism have the same DNA but they don’t always have exactly the same

structure and function. Explain why.
7 Outline how the packaging of DNA affects tfranscription.

8 The default state of expression of many genes in eukaryotic cells is said to be 'off’. Explain what this means.
9 Discuss why it was a surprise to scientists fo realise humans had fewer genes than the number of different

types of proteins.

Chemical modification influences
the phenotypic expression of genes

Chromatin can be ‘remodelled’ to allow segments of DNA containing genes to become exposed.
Hence, chemical modification seems to exert control over the phenotypic expression of genes.
One of the first observations of chemical modification was in

the 1970s when scientists noticed a particular pattern in DNA.

Some cytosine bases in DNA had a methyl group attached. When

this modified base appears, the DNA is said to be methylated.
Wherever genes were active, DNA methylation was not found.
Convincingly, when the control region of a gene was methylated,

the gene could not be turned on. The gene is said to be silenced. It

is now known that methylation switches off gene expression because

the methyl group projects out from the DNA and blocks the RNA
polymerase from binding or transcribing the gene. In addition,

methyl groups are positively charged and can interact with the
negatively charged phosphate groups of DNA, allowing the DNA to
condense and hence restricting access by RNA polymerase.

One classic example of DNA methylation is X-inactivation.

DNA methylation is used to inactivate one of the two

X chromosomes in female mammals. In tortoiseshell cats (Figure 2.12) one
X chromosome carries the orange allele of the fur colour gene, and the other X chromosome
carries the black allele of the fur colour gene. Depending on which of the X chromosomes is
inactivated early in embryonic development, patches of fur descending from these original cells
only express the colour from the X chromosome that has not been inactivated.

Imprinting is a version of gene silencing. This process involves silencing one of the two
alleles of a gene inherited from each parent. In some cases the paternal copy is always silenced
and in other cases it is the maternal copy that is silenced. The silencing lasts for the life of the
cell and is passed on to new cells. Only some genes are affected in this way.

Beckwith—Wiedemann syndrome is an overgrowth disorder. Infants are larger than normal
with a predisposition to tumour development. Normally, the father’s copy of the gene is
expressed and the mother’s gene is silenced or ‘imprinted’. In some cases of children with the
disorder, there is no evidence of DNA sequence changes. It is possible the mother’s gene is not
propertly silenced and too much gene product leads to the symptoms of the disorder.

Alamy/Ken Barber

A Figure 2.12

The fur of a fortoiseshell
catis a result of
X-inactivation.

: X-INACTIVATION

Investigate how the
i Xchromosome is
i inactivated.
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However, not all modifications silence genes. In the 1960s several research groups discovered
that the histone proteins could have methyl and acetyl groups attached. Scientists observed
that when the acetyl groups were added to histones, the genes in the surrounding regions were
likely to be active. If the histone tails do not carry many of the chemical tags, the DNA is
wound tightly around the histones and the local genes are not expressed. On the other hand,
if the histone tails are rich in these chemical tags, the DNA is essentially loosened from the
nucleosome and the associated genes become exposed. RNA polymerase can transcribe mRNA
from the exposed genes and gene expression is activated.

After the importance of DNA methylation had been recognised, there have been
discoveries of many other chemical modifications affecting gene expression. We now know
there are more than 150 chemical modifications that can be made to histones or directly to
the chromosomal DNA. These include addition of methyl groups, phosphate groups and
small proteins. The signals these convey for gene expression are an active area of research in
molecular biology.

What is also intriguing is that these chemical signatures can be altered by
environmental factors and they can sometimes be passed on through germ-line cells
from parent to offspring. These modifications therefore represent an alternative form of
inheritance apart from the specific alleles offspring may receive from their parents. The
study of the acquisition and inheritance of these modifications without involving changes in
DNA sequences underpins the field of epigenetics. Epigenetic mechanisms include DNA
methylation, histone modification, imprinting, non-coding RNA and post-translational
modifications.

The epigenome consists of chemical compounds that modify the genome. The chemicals
are not part of the genome but, as seen in this section, affect expression of the genes.

Epigenetics and cancer

Epigenetic changes have been suspected as the cause of some cancers. Anfi-cancer
drugs that target epigenetic processes have been used. Some chronic leukaemias have
been successfully treated using a de-methylating drug.

The previous section described how the transcription of genes can be influenced by the
chemical modification of the genome. Transcription can also be influenced by the
genome itself.

Regulatory proteins are products of genes that regulate gene expression. Specific
regulatory proteins that bind to the DNA are called transcription factors (TFs). Most
of these are activators but some are repressors. Activators are regulatory proteins that bind
to DNA to activate gene expression. In essence, they switch a gene on. Activators normally
recognise a 6—10 base pair non-coding segment in the promoter region of eukaryotic genes.
They enable the DNA to unwind from histone proteins and expose the gene for transcription.
Activators also assist the binding of RNA polymerase to promoters to begin transcribing the
gene. In effect, these activators enhance the expression of specific genes. They may also bind to
enhancer regions and even to introns of a gene. Some activating TFs can turn on multiple
genes at the same time.

50 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



Repressors are regulatory proteins that bind to DNA in order to switch off gene expression.
For example, a repressor protein may bind to the promoter of a specific gene to block the
RNA polymerase from binding and prevent transcription.

Regulatory proteins normally consist of multiple parts, or domains, with separate
functions, one of which is usually capable of binding to DNA: the DNA-binding domain.
Regulatory proteins bind to specific sequences of DNA in the neighbourhood of the genes they
activate or repress. Sequence specificity ensures that the regulatory proteins precisely target the

genes whose expression they are meant to control. Regulatory proteins also contain a functional Hormones and other

domain responsible for carrying out the activation or repression of gene expression. In addition, signalling molecules
will be explored

in more detail in
Chapters 9 and 10.

regulatory proteins contain domains that can interact with other proteins. These other proteins
include signalling molecules, such as hormones, that relay information about the physiological
or developmental state of the organism.

A regulatory protein that serves as an activator for one gene may act as a repressor for
another gene. Ultimately, the timing and patterns of gene expression is determined by the action
of activators and repressors in concert with one another and through their interactions with
other proteins.

The products of other genes can influence the phenotypic expression of genes.

Case study

Prostate cancer and gene activation

An Australian study at Sydney’s Garvan Institute of Medical Research has shown that roughly 2% of a
person’s genome is epigenetically activated in prostate cancer. Regions activated contain many prostate
cancer-specific genes, including PSA (prostate specific antigen) and PCA3, the most common prostate
cancer markers. A previous study from these researchers showed that similarly large regions of the
prostate cancer genome are also epigenetically silenced, demonstrating a structured rearrangement of
the cancer epigenome.

The study showed that the epigenetic process known as ‘'methylation’ can activate genes, often
by changing the gene start site, overturning the prevailing dogma that DNA methylation can only
silence genes.

The team at the Garvan Institute used gene expression profiling data and genome-wide sequencing
tfechnology from prostate fumour cells to determine which parts of the genome were epigenetically
activated in prostate cancer. They then examined the mechanisms behind activation.

Gene start sites have dense clusters of cytosine-guanine DNA nucleotide base pairs very close to
them. This is unlike other parts of the genome. These cytosine-guanine (CG) clusters, known as 'CpG
islands’, are where methylation occurs. The team showed that if you methylate CpG islands that are
very close fo transcription start sites, but not exactly on top of them, then it's possible to turn genes on.
Neighbouring genes were also being coordinately activated in cancer.

The findings have extensive implications for cancer diagnosis and treatment. Epigenetic-based gene
therapies that are aimed at promoting gene activation rather than suppressing cancer gene expression
may be a promising area of research.

Source: Based on materials provided by the Garvan Institute of Medical Research (2012). (Journal ref:

Bert, S. A., Robinson, M. D., Strbenac, D., Statham, A. L., Song, J. Z., Hulf, T., Sutherland, R. L., Coolen,

M. W, Stirzaker, C. & Clark, S. J. (2012) Regional Activation of the Cancer Genome by Long-Range Epigenetic
Remodeling. Cancer Cell, doi: http://dx.doi.org/10.1016/j.ccr.2012.11.006.)

Questions
1 Suggest why it is useful fo identify common prostate cancer markers.

2 List three new findings about prostate cancer generated from this research.

3 Apply your knowledge of gene expression o predict what would happen in a non-cancer cell if the
start sequence of a gene was methylated.

4 Evaluate the significance of the findings of the research for general cancer research.
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Gene regulatory
protein

Figure 2.13 A

A gene regulatory
protfein blocks RNA
polymerase from
attaching to and
copying a gene.

RNA polymerase A further level of regulation can be achieved after a gene

is transcribed and processed into mRNA. In this type of
regulation, the mRNA is prevented from being translated into
protein. This is another example of repression in which gene
expression is switched off. It can be achieved in a couple of
different ways.

First, mRNA-binding proteins attach to the mRNA
and block it from being translated. These proteins bind to
specific RNA sequences. The sequences normally occur in
the segments of the mRNA before the first AUG (the Start
codon). Upon binding, the protein blocks the ribosome from assembling around the mRNA
and translating it into protein. The specific sequences these repressor proteins bind to are found
in the mRNA of different genes, so these repressor proteins may shut down the expression of a
number of genes simultaneously.

Second, in plants and animals, repression of translation may be achieved by another class of
RNA called microRNAs (miRNAs). These miRNAs are specifically transcribed and processed
into short segments of around 20 nucleotides in length. The miRNAs are complementary to
sequences within mRNA. When miRNAs base-pair with mRNA sequences, double-stranded
RNA molecules form that prevent translation. In many cases, particularly in plants, double-
stranded RNA is a trigger for the cell to digest and destroy the RNA molecules. In these cases,
the mRNA is prevented from being translated.

Expression of genes differs between prokaryotes and eukaryotes. Unlike highly evolved
eukaryotes where only a fraction of a genome’s products are required in a particular cell at
a particular time, most genes are turned on in prokaryotes. They need to be repressed when
transcription products are not needed.

Considerable evidence has supported the idea of prokaryotic genes being switched on and
off. During the late 1950s, Francois Jacob and Jacques Monod carried out a series of experiments
on the genetic control of enzyme synthesis in the bacterium Escherichia coli. This led them to put
forward a theory explaining how the genes responsible for the production of enzymes that break
down lactose are regulated.

The bacterium E. coli inhabits the mammalian gut, living on sugars and other nutrients.
During infancy, mammals feed on milk from their mothers. This milk contains the sugar,
lactose. But the preferred source of food for E. coli is glucose since it can be directly used in
cellular respiration, whereas lactose must be converted first. Thus, if both glucose and lactose are
present, the bacterium turns off lactose metabolism in favour of glucose metabolism.

If only lactose is present, E. coli produces enzymes to break it down. But if lactose is absent,
these enzymes are not produced. If lactose is added to a medium, and if glucose is not present,
then, and only then, will the bacteria start synthesising the enzymes.

To explain how this occurs we need to consider non-coding DNA regions and genes other than
the genes that code for enzymes that control the breakdown of lactose. E. coli uses three enzymes
(B-galactosidase, B-galactoside permease and B-galactoside transacetylase) in this process. The
coding regions for each of these three enzymes appear next to each other on the E. coli genome and
are translated into a single mRNA strand. This set of genes is called the /ac operon.

Our story starts with the regulator gene, a sequence of the DNA that codes for a repressor
protein (Figure 2.14a). If no lactose is available, the repressor protein binds to two sections of
non-coding DNA, called operators (see Figure 2.14b). Operators are binding sites that are
situated around a promoter. Promoters are non-coding base sequences that signal the start of a
gene (Figure 2.14a). RNA polymerase binds to the promoter region, thus activating the gene and
causing it to transcribe the mRNA that, for example, in E. coli is then translated into
B-galactosidase and two associated enzymes (Figure 2.14¢).



When lactose is absent, the repressor protein binds to the set of operators causing the part
of the DNA with the promoter to loop outwards, as shown in Figure 2.14b. This prevents RNA
polymerase attaching to the promoter, hence blocking the transcription of the structural genes.
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QUESTION SET 2.4

Remembering

1 Describe the effect of methylation of cytosine bases in DNA on gene expression. Recount the observations
of scientists that led to the discovery of the effect.

2 Provide an example of ‘imprinting’.
3 List three epigenetic mechanisms.
4 Recall the role of TFs.

Understanding

5 Explain why the fur of a tortoiseshell cat provides evidence for the inactivation of one of the sex
chromosomes (X-inactivation).

6 Explain how a regulator gene prevents franscription of a gene coding for a structural protein.
7 Distinguish between gene activation and gene silencing.

Applying
8 a Draw a flow chart that shows the events leading to the prevention of the production of enzymes that
break down lactose in E. coli.

b Draw an equivalent flow chart fo show events if lactose is present.
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Figure 2.15 p

The Himalayan rabbit
normally has black hair
only on its long ears,
nose, tail and lower leg
limbs. In one experiment,
a patch of a rabbit’s
white fur was removed,
and then an icepack
was secured over the
hairless patch. Black
hairs grew back where
the colder temperature
had been maintained.

Even though identical twins have the same genes, they often show variations in their
characteristics. They may have slightly different weights and heights, for instance. How can
we explain this if there is a direct relationship between genes and their expression?

It seems that environmental conditions affect gene expression. A well-known case of fur
colour in the Himalayan rabbit demonstrates this. The Himalayan rabbit has a white body with
black ears, nose, feet and tail (Figure 2.15). At first glance, it seems that this pattern is simply
under genetic control but a simple experiment shows that this is not the case. If a cold pad is

fixed to the rabbit’s back, left in position for a few weeks and kept cold, black hair starts to
develop beneath the pad.

Shutterstock.com/Linn Currie

What seems to be happening is that the heat prevents the development of the black pigment.
Black fur only grows in those parts of the body that are cool enough, that is, the extremities.
The same thing happens in seal-point Siamese cats. Owners of such cats sometimes find that, in
winter, the black areas enlarge, only to get smaller in warmer weather.

The phenotypic expression of genes can be influenced by the environment.

There are many other cases of the environment influencing an organism’s development.
For example, in plants chlorophyll will only develop if light is available, and flowers will only
appear if the day length is of certain duration and the temperature suitable, and so on. It is easy
to underestimate the importance of the environment on the development of organisms and to
assume that everything is under genetic control. In reality, development is the result of a subtle
and complex interaction between heredity and the environment.

Survival advantage of dark extremities

The dark coloured fur in the extremities of Himalayan rabbits provides a survival
advantage. The extremities are usually the coldest part of the rabbit due to less blood
flow. A gene that is activated by cold temperatures below 35°C actively produces
pigment, making these parts of the animal black. The darker the colour, the more
light energy and consequently heat that can be absorbed. This would help keep their
extremities warmer, warding off frostbite that would potentially kill the rabbit in the very
harsh, cold environment of the Himalayas.




Photo courtesy Randy Jirtle

Consider the food we eat. How valid is the statement, ‘You are what you eat’? We are often
warned about the dangers and benefits of certain foods. Can factors in our lifestyle influence the
way our genes are expressed? The answer to these questions lies with our understanding of how
our genes are regulated. There is a great deal of evidence that environmental contaminants such
as arsenic, heavy metals and some organic pollutants affect gene expression.

In some instances the environment has been found to influence DNA methylation. Studies
have shown that stress and diet influence epigenetic changes. We know the food we eat is broken
down and used for our body functioning. But there is now evidence that some food can also
affect the way our genes behave.

The agouti gene is found in a range of animals including humans and mice. In an agouti
type mouse, coat colour of offspring normally ranges from yellow to dark brown. If pregnant
mice are given a diet high in methyl groups, they give birth to more brown mice of normal
weight and size. The agouti gene was methylated. When methylation is low, the agouti gene has
a high expression of its protein product. In this situation, the mainly yellow mice produced are
obese, with a higher risk of cancer and diabetes. In this case, not only is the saying ‘You are what

you eat’ true, but also “‘You are what your parents eat’.

<« Figure 2.16

These inbred agouti
mice are genetically
identical. The mother of
the mouse on the left
ate a normal mouse
diet. The mother of the
mouse on the right ate a
diet supplemented with
methyl donors (choline,
folic acid, betaine and
vitamin B12). Instead

of giving birth to a pup
similar to its parents -
yellow, fat and prone to
obesity, diabetes and
cancer - the pup was a
normal size and brown
in colour. Methylation
altered the epigenome
of the mouse.

There is ample evidence that a bacteria’s environment affects gene expression. The amount
of an amino acid tryptophan in the environment, for example, is known to affect gene
expression. E. coli can synthesise its own tryptophan. Five genes are required to code for
enzymes needed for its synthesis. When tryptophan levels in the environment are low,
transcription of the genes occurs and tryptophan is synthesised. When tryptophan in the
environment is plentiful, tryptophan molecules bind to a regulatory protein repressor and
activate it. This activated repressor blocks transcription of the enzymes and thus tryptophan
is not synthesised by the cell. This mechanism reduces unnecessary energy use by the cell.



ACTIVITY 2.2

LICK YOUR RATS
Aim S

To run a simulation to test the effect of nurturing on epigenetics of psesconsusti
offspring LICK YOUR RATS

What to do i Change the amount of time

1 Go to the weblink and test a low, moderate and high amount of licking. ggo;?sgg;gpﬁgﬁjéjgkél%

2 Summarise your findings in three sentences. Be sure to discuss the find out the effect on the
effect and implications for the pup during its lifetime. i pups’ epigenome.

QUESTION SET 2.5

Remembering

1 Recount the effect of femperature on the colour of Himalayan rabbits.
2 List two environmental conditions that affect plant characteristics.

3 List three environmental factors that affect gene expression.

Understanding
4 Describe evidence to show that gene expression is affected by the surroundings.

5 Some genes are common to many different species. They remain active regardless of the environment.
Predict the type of function of these genes.

6 Construct a diagram showing the feedback effect of levels of fryptophan in the environment on E. coli
fryptophan production.

CHAPTER SUMMARY

Proteins, like enzymes, control many processes including the rate of cellular metabolism and are essential to
cell structure and function.

DNA determines the order of amino acids in a protein hence determining the protein’s structure
and function.

.

Three DNA nucleotides are required to code for one amino acid.

In the franscription of DNA, single-stranded mRNA molecules are generated in the nucleus.

MRNA franscription starts when RNA polymerase joins to a promoter region on the template DNA strand
of a gene.

Complementary RNA nucleotides join until a stop signal is reached to form the single-stranded pre-mRNA.

.

Before the mRNA leaves the nucleus it is modified by the addition of a 5’ methylated cap and adenine
nucleotides forming a poly-A tail af the 3’ end of the mRNA molecule.

Splicing follows the modification where introns are removed and exons remain.

During franslation, amino acids are assembled in the order prescribed by mRNA at the ribosomes.

.

Polyribosomes speed up the rate of protein synthesis.
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tRNAs carry specific amino acids to ribosomes.

+ Each three mRNA nucleotides called a codon join with the complementary nucleotide bases (anticodon) of

a t1RNA molecule.

+  Amino acids are joined fogether with peptide bonds forming a polypeptide.

The universal genetic code is the sequence of nucleotides in DNA or RNA that determines the specific
amino acid sequence in the synthesis of proteins in nearly all organisms.

All cells do not express all the genes of their genome at the same fime or same rate.

+  The cenfral dogma of molecular biology describes the unidirectional sequence where DNA is transcribed o

mMRNA and then translated into a protein.
+ Coding DNA is franslated into proteins.

Non-coding DNA does not encode proteins but much of it serves some purpose.

+ In eukaryotic cells, the default state of gene expression is ‘off’ and franscription cannot occur.

+  The phenotypic expression of genes depends on factors controlling protfein synthesis.

Many chemical modifications affect gene expression, such as DNA methylation, which usually silences
gene expression, and acetylation, which is usually associated with active gene expression.

Epigenetics is the study of changes in gene expression not involving changes in DNA sequences.

+ Regulatory proteins affect gene expression such as TFs that bind to DNA.

+ In prokaryotic cells, the default state of gene expression is ‘'on” and genes need to be repressed if the

franscription product is not needed.

Environmental conditions also affect gene expression.

The products of other genes can affect gene expression.

CHAPTER GLOSSARY

activator a regulatory protein that binds to an
enzyme or DNA, causing a change of conformation
so that enzymes become active, or activating gene
expression

amino acid binding site the site of attachment
of an amino acid to a tRNA molecule

anticodon a sequence of three nucleotide bases on
a tRNA molecule that pairs with the complementary
bases of an mMRNA strand during franslation at the
ribosome

coding region the small part of a DNA strand used
as a tfemplate for synthesis of an mRNA strand; also
known as a gene

codon a series of three adjacent nucleotide bases
in MRNA; each codon specifies a particular amino
acid fo be added to a polypeptide; a stop codon
indicates the fermination of the polypeptide chain
domain the functional region or portion of a protein
enhancer region regions found in eukaryotic DNA
that act as binding sites for some activator proteins
epigenetics the study of chemical modifications
to gene function that are not due to DNA sequence
changes; DNA methylation is an example
epigenome chemical compounds that modify
the genome

exome all the genome’s exons

exon the region of DNA or RNA franscript that
encodes a protfein sequence

9780170243254

gene expression the process of information from a
gene being franscribed into MRNA and translated info
a protein

gene regulation the processes within a cell that
control gene expression; it controls what genes are
furned on and off, when and where

housekeeping gene a gene that encodes proteins
that are required to maintain basic cellular processes

imprinting an epigenetic process where one allele
of a gene is methylated and hence ‘silenced’

infron a section of DNA or pre-mRNA that does not
encode a profein sequence; an intron is removed
(‘spliced”) from pre-mRNA to form a mature mRNA
molecule

messenger RNA (mRNA) a ribonucleic acid formed
in the nucleus during gene transcription, its sequence
being complementary to DNA exons; it tfravels to

the cytoplasm, where its information is tfranslated by
the ribosomes to add amino acids together to form
proteins

methylated cap a modified guanine nucleotide that
has a methyl group and a phosphate group bonded
to it, which is added to pre-mRNA at the 5" end; also
known as the &' cap

methylation the aftachment of a methyl group to
nucleotides or histone proteins

microRNA (miRNA) a small non-coding segment of
RNA that plays a role in regulating gene expression at
the post-transcription level
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non-coding DNA all of the DNA sequences within a
genome that are not found within RNA-coding exons;
examples include infrons, promoters and enhancers

of genes

non-template strand a strand that is complementary
to the template strand; it does not guide the synthesis
of complementary polynuclecotides

operator a region of DNA situated around a
promoter that interacts with a specific repressor;
when bound with a repressor protein, it prevents
franscription of the structural gene

peptide bond a bond that forms between two
amino acid monomers with the elimination of a
water molecule

phenotype the actual form taken by a specific
feature in a particular individual based on their
genotype; can be used in reference to particular
fraits or characteristics or fo the overall form of an
individual

poly-A tail an untranslated feature of mMRNA that
enhances its stability; consists of about 100-200
adenine nucleotides added to the 3’ end of pre-mRNA

polypeptide the polymer of many amino acids
linked by peptide bonds; forms a protein or part of a
protein

polyribosome many ribosomes forming into chains
along an mRNA strand

pre-mRNA unmodified, ‘immature’ RNA containing
infrons and without the 5" methyl cap and 3’ poly-A tail

promoter a short stretch of DNA usually at the start
of the gene to which RNA polymerase can bind and
start franscription; specifies the tfiming and location
of gene franscription

regulator gene a gene that codes for the
production of a repressor protein that inhibits the
action of an operator gene, thereby preventing
franscription of a structural gene

regulatory protein a protfein that binds DNA to
switch on or switch off expression of a gene

repressor protein a protein coded for by the
regulator gene that binds to an operator gene,
which inhibits tfranscription of a structural gene

ribosomal RNA (rRNA) a folded molecule of RNA
that is formed in the nucleolus of eukaryotic cells,
which combines with proteins to form ribosomes

ribosome the site of protein synthesis in all cells;

a ribosome consists of two rRNA subunits that lock
onto an MRNA molecule; the ribosome moves along
MRNA to translate its code and link amino acids,
forming a polypeptide

RNA polymerase an enzyme involved with adding
RNA nucleotides tfogether

start codon the first codon of a messenger RNA
franscript tfranslated by a ribosome

stop codon the codon that stops the synthesis of a
polypeptide chain

template strand polynucleotide (DNA or RNA)
that serves as a guide for making a complementary
polynucleotide

tfranscription the formation of MRNA by the
complementary nucleotide base pairing of the
template strand of DNA in the nucleus

transcription factors (TFs) regulatory proteins
whose function is fo activate or fo inhibit transcription
of DNA by binding to specific DNA sequences

transfer RNA (fRNA) an RNA molecule, shaped
similar to a clover leaf, that picks up amino acids
from the cytoplasm and brings them tfo the ribosome
fo match up with specific mMRNA codons

tfranslation the joining of amino acids in a specific
order, resulting in the formation of a polypeptide,
when the information in mMRNA is read by ribosomes

CHAPTER REVIEW QUESTIONS

Remembering

1 Outline the role of proteins in a cell.

2 Name the format of insfructions used by a cell fo defermine the type of proteins it makes.
3 Describe how the genetic code gets out of the nucleus.
4 Define ‘'housekeeping genes’. Suggest why this name is used.

Understanding

5 Describe the function of DNA, mRNA, tRNA and rRNA.

6 Construct a flow chart showing the main steps in protein synthesis.
7 Suggest an advantage to a eukaryotic cell of having some of its ribosomes on the endoplasmic reficulum

and some free in the cytosol.

8 Determine which of the following statements are tfrue and justify your answer.

a Thymine is a nucleotide base found in RNA.

b Adenine is complementary to uracil, cytosine is complementary to guanine.
¢ The DNA sequence AGGTCA would be complementary to a strand containing GCCAGT.
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DNA of one species differs from that of other species by its sequence of nucleotide bases.
An RNA molecule is single-stranded.
MRNA is produced by franslation.
Anticodons pair with DNA codons.
Transcription occurs in the nucleus.
9 Explain why each of the following is incorrect and rewrite it as a correct statement.
a Each cell contains only the specific genetic information required for its function.
b Amino acids provide instructions for making proteins in an organism.
¢ The actions of protein molecules do not affect an organism’s metabolism.
d Four nucleotides are needed to code for one amino acid.

10 Describe the physical state of chromatin necessary for gene franscription. Explain why chromatin must be
packaged in this way for transcription fo occur.

11 Describe two ways in which mRNA translation can be prevented.

Applying

12 Explain the advantages fo a cell when:
a mRNA is franscribed from a particular gene in different amounts at different times.
b mRNA travels to the cytosol to be translated away from the nucleus.

13 In the construction of a house, a carpenter refers to the house plans and uses the plans to construct a
kitchen. The carpenter uses wood, hammers and nails. In this analogy, match each of the elements to the
process of DNA transcription and franslation. Provide reasons for your decisions.

14 Explain why the ability to control which genes are being expressed is important in specialised cells.
15 Predict how the findings of the agouti gene experiments (see Figure 2.16, page 55) could benefit people
suffering from type 2 diabetes bought on by obesity.

16 In many reptile species, the sex of offspring is determined by the temperature of nests that eggs hatch in.
In some species warmer nests are more likely fo have females hatching and cooler nests are more likely to
produce males. Predict the likely effect of global warming on the sex ratio of hatchlings. Predict some
long-term effects on a particular species if average temperatures increase.

TQ ™ 0 Q

Analysing
17 A section of nucleic acid is isolated and examined. Describe features you would look for fo determine
whether it is DNA or RNA. List other information that would be useful in your determination.

18 A section of DNA transcribed into mRNA is measured. Compare its size with the mRNA formed immediately
after transcription. Compare this to the size of the mRNA that leaves the nucleus. Outline reasons for your
answer.

19 A particular protein has 100 amino acids.
a Suggest how many codons there would be in the mRNA strand that codes for this.
b Suggest how many nucleotide bases there would be in the DNA strand that coded for the mRNA.

c If the femplate DNA strand was known to contain 63 adenine nucleotides, predict how many thymine
molecules the non-template strand would be expected to have.

d Discuss if it would be possible to predict how many guanine molecules were in the non-template strand.
e Name the organelle in the cell that assembles amino acids into protein.

20 Samples of DNA from monozygotic (identical) twins were taken and analysed. In some sets of twins,
different patterns of methylation in the same DNA region were found. Predict possible effects this would
have on the difference of gene expression in these twins.

21 Build a model and demonstrate the processes involved in E. coli protein synthesis when:
a both lactose and glucose are available.
b lactose is available but glucose is noft.
¢ lactose and glucose are both absent.
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Evaluating

22 Allthe cells of a multicellular organism have a complete copy of the organism'’s DNA rather than just the
sections they need for their own functioning. Explain how it is possible for the specialisation of cell types
fo arise.

23 Cells from unicellular organisms are more likely to give rise fo new individuals than cells from adult
multicellular organisms. Suggest why this is.

24 Describe the central dogma of molecular biology. Discus the accuracy of this idea using examples to
illustrate your answer.

25 Suggest a possible reason that most genes are turned ‘on’ as the default in prokaryotes.

26 Give your opinion on whether you feel there should be limits to the money spent on researching
epigenetics.

Creating

27 Draw a labelled diagram to show how miRNA could prevent franslation of mRNA.
28 Create a table summarising the factors that can affect the phenotypic expression of genes.
29 Discuss whether you think your future has been mapped out for you in your genes at conception.

Reflecting

30 Discuss what you have learned about gene regulation from Beckwith-Wiedemann syndrome.

31 Commercial products such as '23andMe’ provide information about your genetic suscepfibility to hundreds
of complex diseases and fraits. Suggest why this is expressed only as a chance and not a certainty.
Consider whether you would want to take this fest. Discuss reasons for your decision.
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CHAPTER 3

+ Mutations in genes and chromosomes can

result from errors in DNA replication or cell
division, or from damage by physical or
chemical factors in the environment

+ Differential gene expression controls cell

differentiation for tissue formation, as well as

-
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structural changes that occur during growth

+ Variations in the genotype of offspring arise

as a result of the processes of meiosis and
fertilisation, as well as a result of
mutations




Figure 3.1 A

Genetic variation occurs

62

within these mallard
duck siblings.

Figure 3.2 »
The three forms of
Gouldian finch

Two eggs warm side by side in an incubator. One
is white and relatively small, less than 2cm in
length. The other is a creamy grey and around 6cm
long. Although the two eggs have experienced the
same conditions of warmth and humidity, when
they at last hatch, a Gouldian finch will emerge
from the smaller egg and a mallard duck will come
from the other one. There will be no mistaking

the two. Consistent differences among organisms
provide useful diagnostic features with which to
distinguish between species. The environment
does not alter these outcomes.

However, even within a single species, the
characteristics of the individuals are not uniform.
There are similarities but each is uniquely different.
Some of these, such as physical or morphological variation, are obvious. Many others are subtle
but have profound consequences for the survival of the individual. Variation in characteristics is
determined in a large part by the unique genetic make-up of each organism. In this chapter we
explore how genetic variation is generated anew, the mechanisms of turning genetic variation
into variation in phenotypes, and the impacts those variations have on the survival, growth
and development of organisms.

A colourful example of
variation: the Gouldian
finch

A strikingly coloured bird with vivid splashes of yellow, lilac and green hops onto a branch and

tips her black-topped head from side to side. She is a Gouldian finch (Erythrura gouldiae) and

she is surveying the other birds for a suitable mate. Who does she prefer and why does it matter?
The Gouldian finch is a native inhabitant of the tropical grasslands of northern Australia,

as well as a popular aviary bird. There are three distinctive forms distinguishable by head

Nature Picture Library/Walmsley

colour: red, black or yellow (Figure 3.2). The colour variation is associated with a suite of other
differences in the birds. For example, the red-headed birds tend to be the most aggressive and
frequently establish themselves at the top of the pecking order. By contrast, black-headed birds
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tend to be more inquisitive and are more likely to explore novel features in their environment.
There are physiological differences, too. The red-headed birds are comparatively sensitive to
starvation if food becomes scarce and, during breeding, they respond by reducing the number of
eggs they lay. Under the same conditions, however, black-headed birds continue to lay the same
number of eggs and work harder to find food.

Females primarily seek a mate whose head colour matches their own. The head colouration
is a mark of genetic compatibility. If a black-headed female mates with a red-headed male,
comparatively few of their hatchlings survive to maturity. Around 60% of the sons and less than
20% of the daughters from such a pairing survive.

The Gouldian finch offers insights into the nature of variation. Variations in many features

are observed between members of the same species. This is referred to as intraspecific
variation. The form that any particular feature takes in an individual organism is described as
a phenotype. Phenotypic variations can be classified according to how they are detected in the
organism’s appearance, chemical make-up or function (Table 3.1).

Table 3.1 Different types of phenotypic variation in the Gouldian finch

Type of variation | Description Example

Morphological Variation in the shape and structure Bird's size and
of the organism, including that of the shape
organism’s infernal anatomy

Biochemical Variation in the chemical structure and Expression of
composition of organisms, including enzymes creating
differences in specific types of proteins, pigments and
lipids and carbohydrates, as well as other | resulting colour
types of molecules, such as pigments of head feathers

Physiological Variations in the way individuals carry Starvation stress:
out metabolism and maintain their bodily | control of egg
processes production

Behavioural Differences in the ways individuals Aggression,
perceive, think and react. Includes inquisitiveness,
their mental processes (cognition) and mate selection

the way they translate thoughts and
corresponding emotional responses into
action (behaviour)

What is the cause of the variation observed among individual birds? In essentially every
case, the phenotype is shaped by the presence or absence of specific proteins and the activity of
those proteins. For example, whether a bird’s head feathers are yellow, black or red depends on
the presence of specific enzymes that generate the pigments that colour the feathers. A bird’s
response to starvation is dependent upon the types and activities of the hormones and metabolic
enzymes it has to sustain it with an altered diet. As proteins are the products of genes, it is a
straightforward conclusion that each phenotype has an underlying genetic basis.

Recall that eukaryotic cells have two copies of every gene, each copy residing on one
of a pair of homologous chromosomes. However, each copy of a particular gene is not
necessarily identical. There are often small differences in the DNA sequence of the gene from
one copy to another. These different versions of the same gene are called alleles. For instance,
essentially all cells of an individual Gouldian finch carry the same chromosomes. Each bird
therefore possesses two alleles for any particular gene, and the two alleles may be the same
or they may be different. If a single gene determines the colour of the head feathers, it is the
combination of alleles the bird has (the genotype) that determines whether that colour will be
yellow or black or red (the phenotype).
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Refer to Chapter 1
for more on meiosis
and fertilisation, and
Chapter 4 for more
about predicting the
inheritance of alleles
in offspring.

See Chapter 7 to
learn more about
the processes of
evolution.

QUESTION SET 3.1

Remembering

The colour of the head feathers, the position occupied in the social hierarchy, the response
to environmental challenges, mate selection and many other features are, in a large part, an
outward expression of the alleles each bird possesses. The Gouldian finch also demonstrates,
however, that variation is not entirely explained by the alleles each individual has. The size a
bird grows to and the physiological state of the animal are influenced by the availability of food.
Breeding behaviour and outcomes are influenced by the availability of potential mates. To a
greater or lesser extent, the organism’s environment also plays a part.

The two-step shuffle: phenotypic
variation dances to the beat
of alleles

The genetic component of variation is predominantly determined by alleles. Alleles are
transmitted from generation to generation through the production of gametes by meiosis and
the union of those gametes through fertilisation. During meiosis, homologous chromosomes
pair and then move to different daughter cells independently of each other. This results

in gametes with different combinations of parental chromosomes and therefore different
combinations of parental alleles. When homologous chromosomes separate and recombine

in the first division of meiosis, they sometimes exchange segments with one another. This
crossing over further rearranges the combinations of alleles available on each homologous
chromosome. Fertilisation comes about by the union of two random gametes from each parent,
providing further variation in the possible combinations of alleles offspring inherit.

Meiosis and fertilisation shuffle existing alleles into different combinations in each
individual from one generation to the next. However, if that was all there was to variation,
species would remain unchanged forever. This is not the case. Occasionally, new variations
within a species appear. Indeed, new species appear over time, an outcome of both the available
genetic variation and the environmental circumstances experienced by individuals. For new
variations to appear, new alleles must be created. In effect, there must be changes in the DNA.

Genetic variation is driven by sexual reproduction, facilitated by random
segregation of alleles into gametes during meiosis and subsequent fertilisation of
random gametes.

Medicine or mediocre?

Sensitivity fo different medications is an example of physiological variation in humans.
What causes this variation? Between 70 and 80% of all drugs in clinical use are modified
by enzymes in the liver, either being converted into their active form to exert their effect or
becoming deactivated for excretion by the kidneys. An important class of these enzymes
are the cytochrome P450 enzymes. Variations in the number and the types of cytochrome
P450 enzymes contribute to each individual’s ability to respond to particular drugs. The
enzyme variants are encoded by the different alleles each individual person inherits.

1 Define the following tferms.
a Infraspecific variation

b Phenotype
c Genotype
d Allele
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2 Name four types of phenotypic variation.
3 Describe how dalleles contribute to phenotypic variation.

Understanding

4 Draw an annotated diagram that shows how gamete formation and fertilisation contributes to
phenotypic variation.

Mutations are the source
of novel genetic variation

Changes to DNA are termed mutations. Mutations may arise spontaneously during cell
division, or they may be induced by physical or chemical mutagens, or through the action of
biological agents. Mutations that occur in genes often affect the translated proteins they code
for. These effects are sometimes subtle. More often, they are severe with potentially catastrophic
effects for the survival of the organism that bears them. Rarely, they can enhance the function
of the protein or make it better suited to the environment the organism inhabits. The effect of a
mutation depends upon whether it has occurred in non-reproductive (body, or somatic) cells or
in the reproductive (germ-line) cells (Figure 3.3).

A mutation in a somatic cell occurs only in the affected body cell and the daughter cells
produced from it by mitosis. All other cells of that organism lack the mutation. Cancer is a
salient consequence of mutations in somatic cells. The mutations accumulate in particular
genes or regions of the DNA that accelerate the rate of cell division, abolish the cell’s ability to
undergo apoptosis or increase the rate of mutations within the cell.

Mutations that occur in germ-line cells affect gametes and have the potential to be

inherited, or passed on to the next generation so that they are incorporated into every cell of ¥ Figure 3.3

the offspring. Often, the germ-line mutation results in developmental abnormalities that cause @) Mutations in somatic

the affected embryo o foetus to be spontancously aborted. If carried through to birth, th cells affect only the cell
e affected embryo or foetus to be spontancously aborted. If carrie ough to » the in which it occurred and

germ-line mutation may result in congenital disorders in the offspring with varying severity. all its daughter cells.

Occasionally a gene mutation changes or enhances the function of the encoded protein, which, b) Mutations in germ-

if circumstan it, enhances the survival of the organism. If the mutation is consistentl line cells affect all body
circumstances suit, enhances the survival of the organism. e mutation is consistently cells of the individual

passed on from one generation to the next, a new allele has entered the population. who inherits them.

a Mutations in mitosis @ @ b Mutations in meiosis
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Spontaneous mutations occur during the S phase (synthesis)
of the cell cycle when the DNA is exposed for replication and
vulnerable to damage. These mutations arise because the exposed
nitrogen bases convert backwards and forwards between different

‘ chemical forms, one that defines its usual structure in DNA and

G another that is atypical. Adenine, for example, normally base pairs

: with thymine but may spontaneously undergo a chemical change
that makes it resemble a guanine, which pairs with cytosine.
During DNA replication, the identity of the chemically different
form of adenine may be mistaken and a guanine is introduced
into the DNA sequence instead.

Errors may also be introduced into DNA sequences by highly corrosive chemicals containing
oxygen. These chemicals, termed reactive oxygen species, may be generated naturally by the
cell’s own metabolism or by the action of mutagens. Enzymes in the cell, such as catalase,
remove many of these chemicals but if there is, for any reason, an excess of them, they readily
react with DNA to cause damage to the DNA structure.

During the G2 phase of the cell cycle, DNA is proofread and any errors that are detected are
repaired. Repair often depends on one of the DNA strands being intact. The intact strand serves
as a template for proofreading and restoration of the damaged complementary strand. However,
if a mutation is not repaired or it is repaired improperly, the mutation becomes part of the DNA
sequence and persists through subsequent cell divisions (Figure 3.4).

The DNA repair mechanisms are usually highly effective, so mutations are comparatively
rare. Mutation rates vary, however, for different organisms (Table 3.2). The precise rate is

A

-0

or

T CC

Gene mutation

also variable across the genome of each organism since genes at different loci have different
mutation rates. Low mutation rates bear witness to the tremendous accuracy with which DNA
is replicated.

Table 3.2 Estimated mutation rates for different organisms

Organism Genome size Mutation rate (mutations per genome
(nucleotide pairs) | per cell replication)

Roundworm 97 x 10° 0.018

Fruit fly 180 x 10° 0.058

Mouse 2600 x 10° 0.49

Human 3100 x 10° 0.16

Low mutation rates made it difficult for geneticists to investigate mutations until the
discovery in 1927 by an American biologist, H. J. Muller, that the mutation rate in fruit fly
(Drosophila melanogaster) can be greatly accelerated by irradiation with X-rays. Since then it
has been found that other environmental mutagens speed up the mutation rate. The discovery
of mutagens made it easier to study the cause and transmission of mutations. Bacteria and
plants are used in most experiments, although scientists also perform experiments on animal
cells using tissue cultures.

From these studies, three main ideas have emerged. First, mutations arise spontaneously
and are in no sense ‘directed’ by the environment. Environmental influences can greatly affect
the mutation rate but they cannot induce a particular mutation to occur. Second, mutations
are persistent. They tend to be transmitted through many cell divisions without further change,
although there is always the possibility that they may mutate again, either producing another
new feature or reverting to the original condition. Third, the majority of mutations confer
disadvantages on the organisms that inherit them. The premature death of organisms with
harmful mutations (before reproductive age) prevents harmful mutations accumulating in
populations. The occurrence of a useful mutation is an extremely rare event.




Physical mutagens are various types of radiation that cause DNA damage (Table 3.3). One
example is ultraviolet light (UV light), a natural component of sunlight. Public awareness
campaigns have drawn attention to the risks of excessive exposure to UV light, such as increased
risk of skin cancer. Physical mutagens often affect the nitrogen bases causing distortions in

the double helix, and UV light, for example, fuses adjacent thymines or cytosines in the DNA
sequence. lonising radiation, such as X-rays, cause the loss of adenine and guanine bases,
although the DNA backbone remains intact, creating gaps in the double helix. These aberrations
disrupt complementary base pairing. Ultimately, incorrect bases may be inserted in their place
during DNA replication.

Table 3.3 Some physical mutagens and their effects

Physical mutagen | Effect

UV light Structural distortion by cross-linking neighbouring nucleotides

X-rays Gene and chromosome aberrations

Nuclear radiation Breaks in DNA strands

Physical mutagens frequently also cause double-strand breaks, which are essentially
complete breaks in the chromosomes (Figure 3.5). Sometimes the broken ends leave single-
stranded overhangs that are complementary to one another. This enables them to bind one
another and facilitate repair of the broken ends. However, sometimes the double-strand break
has no overhangs, or the DNA at the fragment ends is damaged so that these ends no longer

match. In such cases, mistakes can occur during repair and the consequences may be especially V¥ Figure 3.5
hazardous to the cell. Broken ends can be rejoined inappropriately to the wrong fragments of Compare a single-

. : . . stranded break in DNA
DNA. Intervening segments of broken DNA can be lost. These kinds of anomalies result in a) with double-stranded
chromosomal rearrangements. A cell can put the brakes on during cell division to give it time breaks (b, ¢). The
to repair breaks and mutations before it divides, but an accumulation of double-stranded breaks double-stranded break

in c) is the most difficult

upon intense exposure to physical mutagens is often lethal to the cell. Apoptosis of the cell in of the three for the cell
this situation is a mechanism to guard against cancer formation. fo repair.
a b c
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The mechanisms by which chemical mutagens exert their effects vary (Table 3.4); however, a
common outcome is the substitution of one nitrogen base for another.

Some chemical mutagens, such as 5-bromouracil, act directly as a substituting base. The
5-bromouracil resembles thymine and can become incorporated in place of it during replication.
However, unlike thymine, the incorporated 5-bromouracil can form hydrogen bonds with either
adenine or guanine. The ambiguous pairing affects DNA replication during subsequent cell
divisions, leading to a C-G pair being swapped for the original T-A pair.

Some chemical mutagens change the structure of the existing nitrogen bases in the DNA so
that an A-T pair may replace the original G-C pair during DNA replication. Other compounds
can readily slip in between the nitrogen bases of DNA, distorting the packing of the double
helix. This distortion leads to either loss of a nucleotide or incorporation of an extra nucleotide
during subsequent DNA replication.



Figure 3.6 V

a) Crown gall disease
of a rose bush caused
by the bacterium
Agrobacterium
tumifaciens;

b) Agrobacterium
tumefaciens at the
surface of a leaf

Table 3.4 Some chemical mutagens and their effects

Chemical mutagen Effect

Acridine orange Addition and/or removal of bases in DNA

Aflatoxin A, Disrupts packing of DNA by slipping between nitrogen
Ethidium bromide bases

Polycyclic aromatic Crosslink with adenine and guanine to block DNA
hydrocarbons repair

2-aminopurine, Nucleofide substitution

5-bromouracial

Colchicine Prevents spindle formation in mitosis and so doubles
chromosome number

Cyclamate Chromosome aberrations

Ethyl methanesulfonate, | Chemical modification of nitrogen bases
Nitrosoguanine

Mustard gas Guanine in DNA replaced by other bases
Nitric acid Adenine in DNA is deaminated so it behaves like
guanine

Genetic mutations sometimes arise because of the action of invasive pathogens, such as bacteria
and viruses. Occasionally, the DNA of these pathogens becomes permanently integrated into
the host cell’s DNA, causing mutations in subsequent generations.

Bacteria of the genus Agrobacterium cause crown gall disease in the stems of plants of several
species (Figure 3.6). The bacterium achieves this by inserting a plasmid, called a Ti plasmid,
into a cell of the host plant. The Ti plasmid contains genes which code for enzymes that cut the
host plant’s DNA and integrates a segment of the Ti plasmid into it. The cell of the host plant
thus becomes modified by horizontal gene transfer. The integrated bacterial DNA contains
additional genes that essentially hijack the host plant cell machinery to produce nitrogen- and
carbon-rich compounds that the bacterium uses as a nutritional source. The infected cell is

also induced to produce hormones that stimulate the plant cells to rapidly divide and grow.
The increased cell divisions result in the formation of the distinctive tumour-like gall that is, in
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Alamy/Custom Medical Stock Photo



effect, a food factory that sustains the expanding population of bacteria. The capacity to carry See Chapter 5 fo

learn more about
cloning vector for genetically modifying plants. plasmids and

A number of viruses are also capable of horizontal gene transfer. Notable among them is cloning technology.
the human papillomavirus (HPV), which infects epithelial cells of human skin and mucosal
membranes. There are over 100 different subtypes of HPV. A dozen or so HPV subtypes cause
over 99% of cervical cancers, the second most common form of cancer in women worldwide.

out horizontal gene transfer has made specially engineered strains of Agrobacterium a valuable

The viral genome is transferred to the host nucleus where it is copied dozens of times and inserts
into the host cell DNA. HPV genes shut down DNA repair so that insertions of HPV DNA and
other aberrations of the normal cellular DNA are retained, rather than removed, by the host
cell. At the same time, increased replication of cells results in increased replication of the virus.
The human epithelial cells therefore divide out of control and any mutations that arise during
subsequent cell divisions, even those not associated with HPV, are allowed to accumulate. Such
an infection often progresses to cancer.

HPV achieves horizontal gene transfer of somatic cells. Other types of viruses have presumably
achieved this in germ-line cells. Transposable elements, also referred to as ‘jumping genes’
are a likely example of this. Transposable elements are believed to originate from ancient viral
infections that have become permanently established as non-coding sequences in eukaryotic
genomes. Transposable elements are capable of replication and spontaneous relocation
(‘jumping’) in the genome (Figure 3.7). Consequently, the transposable elements generate
changes in the sequences of the DNA in which they insert themselves and continue to be a
source of genetic change with consequences for the function and evolution of organisms.

Genome sizes among eukaryotic organisms vary widely. This observation is intriguing
because sometimes even related organisms have astonishingly different genome sizes. For
example, rice and barley are related cereal grasses with a similar number of genes in their
respective genomes (~ 32000), yet the genome of barley is 10 times bigger than that of rice
(5 billion and 420 million nucleotide pairs, respectively). The difference is largely accounted for
by the quantity of repetitive DNA in the non-coding DNA of the two species. These resemble
sequences of transposable elements that have multiplied and expanded the genome. Indeed,
repetitive DNA makes up the bulk of the genomes of eukaryotic organisms. More than half the
human genome is composed of repetitive DNA.

The vast majority of transposable elements in the human genome have become inactive and
are recognised today as sequence repeats in non-coding DNA. There are, however, a few that
can still ‘jump’, leading to the generation of new alleles with adverse phenotypes. For example,
there are at least 11 such ‘jumping’ events responsible for mutating a gene located on the human
X chromosome that is involved in the pathway for blood clotting. The mutations result in an
inactive protein that prevents blood clotting and causes haemophilia.

Mutations in DNA may be caused by chemical or physical mutagens or by
biological agents, such as viruses or bacteria.

a Transposable <« Figure 3.7
element a) A transposable
Gene A — Gene B Gene C element is at first sitting

between two genes, then
itself info another gene

and inferrupting the

b Transposable gene’s sequence.
element
Gene A % Gene B gr—/%%
. p
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QUESTION SET 3.2

Remembering

1 Define ‘'mutation’.

2 Define ‘double-strand break’.

3 Describe the different effects on the individual resulting from mutations in somatic and germ-line cells.
4 Describe the difference between a physical and chemical mutagen.

Understanding
5 Classify the following as to whether a chemical or physical mutagen or a biological agent is responsible.
a The withdrawal of furylfuramide as a food preservative in Japan owing to it causing cancers in test
laboratory animals
b The transmission of genes conferring antibiofic resistance between bacteria
c The proposed risk of mutations induced by exposure to cosmic radiation during space flight
d The use of radiotherapy fo treat a primary tumour
6 Select one of the chemical mutagens from Table 3.4. Draw an annotated diagram to show a plausible

sequence of events leading from exposure to this mutagen during S phase of the cell cycle to the
mutation incorporated in the DNA by the end of G2 phase.

Applying

7 A unique segment of DNA consisting of 2907 nucleotide pairs first appeared in the genome of wild fruit fly
(Drosophila melanogaster) in the mid-20th century. Since then, it has spread throughout wild populations
and increased in copy number within individual flies. Discuss what might account for these changes in
the fruit fly DNA over the last half century.

Getting to the point:
types of gene mutations

A
L C/ The simplest form of mutation is a point mutation, in which just a single nucleotide within
SINGLE POINT the original DNA sequence is affected. Differences between sequences in the nucleotides at one
MUTATIONS position are called single nucleotide polymorphisms (SNPs, often pronounced as ‘snips’).

L View the vid io | If the point mutation occurs in a gene, the mutated gene sequence can be transcribed and

i viewinhe video clip translated into a protein that is the same as that encoded by the original form of the gene, or it

i on single point . . .

! mutations may be altered. When the protein is altered, the mutation may have a subtle or a dramatic effect

..... ok on its structure and function.

Substitution

A substitution occurs when one nucleotide is replaced by another (e.g. adenine substituted by
guanine). Substitution mutations are a source of novel SNPs and have a number of possible
effects on the translated protein.

A synonymous mutation, also referred to as a silent mutation, occurs when the substituted
base results in a codon (also known as a triplet) that codes for the same amino acid as the original
codon. For example, AGA and AGG both specify for the addition of an arginine amino acid in

Figure 3.8 V the polypeptide chain (Figure 3.8). The protein encoded by the mutated gene is therefore identical
Synonymous mutation to that encoded by the original gene. Synonymous
mutations are possible because a level of redundancy

Original sequence Synonymous substitution is built into the genetic code. Recall that the genetic
teggcTRcacactTAT LEGCCTRECCGACTAT  (ode consists of 64 codons that code for 20 amino
T T T T T T T T acids plus the instructions to start and stop translation.
Alal Arg Glu Tyr Alal Arg Glu Tyr Therefore, any individual amino acid can be encoded
by more than one codon. A missense mutation
Amino acids of the polypeptide chain arises when a single nucleotide substitution changes the

70 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



amino acid. For example, substitution in an AGA codon Original sequence Missense substitution
to generate an AGC codon results in a serine amino acid

TGGGCTAGAGAGTAT TGGGCTAGCGAGTAT
being added to the polypeptide instead of the original ‘—l—’ ‘—l—‘ ‘—l—’ ‘—l—’ ‘—l—’ ‘—l—’ ‘—l—’ ‘—l—’ ‘—l—’ ‘—l—’
arginine (Figure 3.9).

A nonsense mutation occurs when a single Trp (Ala Arg Glu Tyr Trp (Ala Ser Glu Tyr

point mutation creates a new stop codon within the

Ami ids of th | tide chai
original gene sequence (Figure 3.10). This leads to Mino acids ot the polypeptice chain

A Figure 3.9

early termination of translation of the transcribed A missense mutation
gene sequence. As the remaining sequence downstream in the gene sequence
of the new stop codon is not translated, the result is leads to one amino
h ducti Fan'i 1 I d acid being substituted
the production of an incomplete polypeptide. for another in the
polypeptide chain.
Original sequence Nonsense substitution
TGGGCTAGAGAGTAT TGGGCTAGATAGTAT
As the name suggests, an insertion mutation is the I I I I I I I I I
addition of one or more nucleotides at a site within Trp Ala Arg Glu Tyr Trp) (Ala) ‘Arg Stop

the original gene sequence. A deletion mutation is

the loss of nucleotides from a site within the original Amino acids of the polypeptide chain

gene. Collectively these are referred to as ‘indels’. A Figure 3.10

A nonsense mutation
in the gene sequence
results in premature

The effect of the indel is frequently a frameshift
mutation, in which the reading frame for the

corresponding amino acids has been nudged termination of
away from the original and all the codons franslation.
downstream of the mutation are affected. The o _
consequence for the translated protein is that the Original sequence Insertion
amino acids downstream of the mutation bear no TGGGCTAGAGAGTAT TGGGAACTAGAGAGTAT
resemblance to those of the original polypeptide \_l_/ T \_l_/ \_l_/ \_l—/ \_l_/ T T \_l_/ \_l_/
(Figure 3.11). .Unoler su.ch circumsrances, even a 7o) (Ala) Arg Glu Tyr Trp' Glu Lleu Glu Ser
single nucleotide insertion or deletion can have a
profound effect on the corresponding protein. Amino acids of the polypeptide chain
A Figure 3.11
Point mutations can cause changes in a DNA sequence by either 1) substitution of a An insertion in the gene
nucleotide or 2) insertion or deletion of a nucleotide. Substitutions can be classified sequence results in a
as synonymous, missense or nonsense mutations. Insertions and deletions are frameshift mutation.

classified as frameshift mutations.

A protein’s function is dependent upon its structure. Mutations that change a protein’s structure can
have consequences for protein function with potential impacts on the organism’s survival. Mutations
can therefore also be classified according to whether the effect of the mutation on the protein’s

function and the organism’s survival is unchanged, changed for the worse, or changed for the better.

In the case of synonymous mutations, the protein product is unchanged compared with the
original, so the organism’s survival is unaffected by the change. This is said to be a neutral
mutation. Missense substitutions are sometimes also neutral mutations, provided that the
original amino acid is swapped with another that has similar properties. For example, in

the ABCAL gene, which codes for a protein involved in cholesterol transport, a missense
substitution in a single GAA codon generates a GAC and causes the amino acid, glutamic acid,
to be swapped for an aspartic acid. Both amino acids are negatively charged, however, and reside
on the surface of the protein where they interact with surrounding water, so the properties and
function of the protein remain essentially the same.



See Chapter 12 to
learn more about
the function of the
adaptive immune
system.

A living organism can be compared with a complex product of engineering, such as an
aeroplane, in which the components are so intricately integrated that an indiscriminate

change to any component harms the overall operation of the aircraft and makes it unfit to fly.
Similarly, random mutations may disrupt the function of the encoded protein, undermining the
organism’s overall ability to carry out its basic processes and survive. Such mutations are referred
to as deleterious mutations. The majority of mutations are deleterious.

Nonsense mutations are typically deleterious because they result in the production of an
incomplete protein that is non-functional. However, these deleterious mutations may persist if
the individual who carries them also has a copy of the normal allele that encodes the functional
version of the protein. The deleterious mutation is thus masked within the phenotype of the
organism. If the organism is unfortunate enough to have only non-functional alleles for a
particular gene, the condition usually results in the death of the organism before they have the
opportunity to reproduce and pass the alleles onto any offspring.

Transposable elements are abundant in the non-coding DNA of eukaryotic organisms
but evidently much less so in genes. What might explain this observation? Insertion of a
transposable element into a gene is usually a deleterious mutation that reduces the organism’s
chances of survival. Presumably, individuals with such insertions died prematurely and
the mutation was eliminated from the population. By contrast, insertions of transposable
elements into non-coding DNA tend to be less harmful and, if they occur in germ-line cells,
the mutations persist from generation to generation. Over many generations, these insertions
accumulate in the non-coding regions of the genome.

Occasionally gene mutations lead to the generation of a new allele that benefits the survival of
the organism. The type of beneficial mutation can vary: it could be a missense mutation that
changes the function of the original protein, or it could be a nonsense mutation that eliminates
a protein that may have been harmful to the organism in some circumstances.

The human immunodeficiency virus (HIV) causes acquired immunodeficiency syndrome
(AIDS). Without treatment, AIDS is fatal in essentially all cases. A few individuals have been
exposed to the virus but have proved to be resistant to infection. These individuals have a
nonsense mutation that results in the elimination of one of the surface proteins required by HIV
to enter cells. This deletion confers resistance to HIV infection.

Mutations can be categorised as neutral, beneficial or deleterious depending upon
their effect on the survival of the individual.

b
HIV-1
HIV virus binds to CD4
receptor on host cell surface
HIV-1 -
Without CCR5 to
—] Virus then binds complete the
CCRS receptor attachment process,
‘ the virus cannot
» penetrate the host cell.
D4 CDh4
J C/CR5 CD4
@! CCRS Nucleic acids of
Cell the virus invade
the host cell
Figure 3.12 Vv

a) Invasion of a host cell by HIV depends upon attachment to two surface protein receptors, CD4 and CCR5. b) A nonsense
mutation in the CCR5 gene results in cells that resist HIV infection.



Scientific literacy: Forget patents, human gene back
in public domain, US court rules

Human genes will no longer be controlled by private companies in America affer a landmark ruling by
the country’s highest court.

The decision overturns thousands of US gene patents, and may have ramifications for an Australian
case challenging the so-called breast cancer gene patent.

Cancer advocates, lawyers and pathologists are celebrating the US decision, and have called on the
Australian government to amend the Patent Act fo reflect it.

Rebecca Gilsenan, the principal lawyer at the firm fighting the Australian patent, Maurice Blackburn,
said the US decision was exciting and encouraging.

‘The Australian court is not bound by what the US Supreme Court has decided; however, | expect that
an Australian court will be very interested in what [it] has decided and the reasons it had, and will take
notice of that’, she said. 'It's a very significant development by a very significant court.’

About 41% of the human genome is subject to American patents.

In February, Maurice Blackburn lost a Federal Court case challenging the granting of a patent fo US
firm Myriad Genetics on a mutation in the BRCA1 gene that drastically increases a person'’s risk of
cancer. In early August it will appeal on the grounds that Justice Nicholas erred in finding that simply
isolating a gene outside the body made it patentable.

‘The US Supreme Court has held up the essence of the argument we have put forward in our case,
that genes are a naturally occurring substance that are not patentable,” Ms Gilsenan said.

Cancer Voices Australia said the government should immediately amend the Patent Act, to
‘reflect the wishes of the Australian people. Our genes are not invented by companies like Myriad
Genetics, so we are very pleased that this has been legally confirmed,” spokeswoman Sally
Crossing said.

Cancer Council head lan Olver also said the Patent Act should be amended, as there was
‘nothing in Australian law fo prevent commercial inferests trying to monopolise the use of
genetic materials”.

In Australia, Myriad has granted an exclusive patent licence to Genetic Technologies Limited.

It tried to enforce the patent in 2008, threatening pathology and cancer centres with legal action,
but backed down after a public backlash. It has not actively defended the case in Australia
with Myriad.

The Royal College of Pathologists of Australasia’s Graeme Suthers said the threat to enforce the
patent was disturbing. He said the US decision was ‘game-changing’ and would ensure patients there
goft better-quality tests.

Corderoy, A. (2013) ‘Forget patents, human gene back in public domain,
US court rules’, The Age, 15 June.

Questions
1 Does the BRCAI gene in its own right dramatically increase a person’s chances of having cancer?

2 Describe the kind of data that would be required to determine if a particular mutation in the BRCAI
gene increased a person’s risk of having cancer.

3 Suggest two concerns that are raised by a company owning the patent fo a human gene sequence.

4 If the argument is accepted that naturally occurring genes should not be patented, under what
circumstances might a paftentable gene come about?

5 Do you agree or disagree with the US Supreme Court decision? Outline two reasons in support of
your view.

9780170243254 CHAPTER 3: GENETIC VARIATION 73



Case study

‘Knowledge is power’, commends the website
offering personalised genetic testing for just
$99. Spit into a tube, send the sample off and
within 4-6 weeks you foo can have a report
outlining your genetic predisposition to over 240
health conditions. What are the consequences
of receiving this information? How would you
respond if you discovered you had an elevated
risk of developing diabetes, heart disease

or cancer?

These are the kinds of issues that engage
Associate Professor Sylvia Metcalfe (Figure 3.13),
Group Leader of Genetics, Education and Health
Research at the Murdoch Childrens Research
Institute in Melbourne. "My role as an educator
made me recognise the importance of being able
to make informed decisions about genetic testing,
as well as the impact of genetics on families.’

Professor Metcalfe cautions against jumping fo
conclusions about the risks associated with alleles Figure 3.13 A
that predispose people to certain conditions. Associate Professor Sylvia Metcalfe
The maijority of common health conditions are
influenced by complex inferactions between
countless genes, the environment and lifestyle factors. Genetic testing does not necessarily equate to
sequencing the whole genome. Current fests rely on examining small regions of a person’s DNA and
detecting SNPs that are characteristic of specific alleles for particular genes. The emergence of more
rapid and more affordable sequencing technologies, however, raises the prospect of routinely screening
a newborn’s whole genome. For many years already, essentially all newborn babies in Australia have been
routinely screened for about 20 metabolic conditions, including PKU, and for cystic fibrosis. We asked Sylvia
if she thought there is any merit in genome sequencing as an infegral part of every individual’s lifetime
health management.

‘My own view is that it is foo early to infroduce genome sequencing of newborns. One of the
considerations of sequencing genomes is that we have a long way to go before we can interpret the
massive amount of information that is generated.’

Sylvia points out that sequencing is revealing thousands of alleles that cannot yet be determined as
being disease causing or not. ‘Right now we're finding these variants in both healthy people and in people
with particular genetic conditions, so it is challenging to predict the effect of having these variants in a
healthy newborn.” She believes that interpretations will improve as more research is done but adds, ‘There
is no doubt that, in children with undiagnosed conditions, genome sequencing is playing a very important
role in discovering the genetic basis of their condition.’

Courtesy Sylvia Metcalfe

Is a person’s genome a reliable predictor of cancer?

Contrast the kind of knowledge that can be gained from screening the genome of a healthy individual
compared with one who has a disease of unknown genetic cause.

Screening an individual's genome to inform lifestyle decisions is an example of personalised medicine.
How effective might this be compared with traditional approaches that are based on public policy
derived from population-wide health statistics?

People taking out life insurance are obliged to disclose their family history of certain types of disease,
such as diabetes or heart disease. Insurance premiums are adjusted accordingly. Discuss how
genetic screening compares as a source of such information and whether it is to the advantage or the
disadvantage of the individual.

A friend of yours is considering having their genome screened and they turn to you for your opinion.
Outline the advice you would give them. Would your advice be different if, during the conversation,
your friend revealed they came from family with a history of cancer?



QUESTION SET 3.3

Remembering
1 Define ‘single nucleotide polymorphism (SNP)".
2 Describe the following types of genetic mutations.
a Substitution
b Insertion
c Deletion
3 Describe the effect of the following mutations on a coded protein.
a Synonymous mutfation
b Missense mutation
c Nonsense mutation
d Frameshift mutation

Understanding
4 Classify the following mutations as neutral, deleterious, or beneficial fo an organism’s chances of survival.
a Anindel in the human Hexosaminidase A gene results in improper neural development.

b A mutation in the beta-lactamase gene of the bacterium Escherichia coli generates a new version of
the enzyme that detoxifies the antibiotic ampicillin.

¢ A nonsense mutation in the human SURFT gene encodes a protein crucial for formation of a key
metabolic enzyme.

d A synonymous mutation in the codon for an amino acid occurs at the active site of bovine
salivary amylase.

e Various mutations in a gene for the enzyme, alcohol dehydrogenase, result in different versions of the
functional enzyme.

f A mutation that extends expression of a human lactase gene enables lactose digestion into
adulthood.

Re-weaving the genetic
threads: variation in
chromosomes

Genetic variations can also be driven by wholesale changes to the chromosomes. Alterations

to chromosomes contrast with single point mutations as they can affect many genes
simultaneously. Some of the variations that occur with chromosomes, such as chromosome
number, are quite natural in certain situations and are therefore integral to the functioning and
continuity of the species. Others arise because of anomalies that occur during the formation of
the gametes.

Chromosome alterations can be observed and analysed by examination of a prepared
microscope slide of stained cells in the process of nuclear division. This reveals a jumbled cluster
of chromosomes that differ in size, shape and banding. Photographic images of chromosomes 8
are rearranged into matched and ordered pairs to create a karyotype, the standard form used

to display and analyse chromosomes (Figure 3.14 and Chapter 1, Figure 1.12). Chromosomes KARYOTYPES
are ordered by length, from largest to smallest, and they have characteristic banding patterns. i Construct a
Each species of organism is characterised by a particular number of chromosomes in each cell. i karyotype and

As with the genetic mutations discussed above, chromosomal anomalies often have dire i determine the sex

consequences for the organism that has them. Occasionally, however, the anomaly is a fortunate : of the individual.

accident that confers a survival advantage upon the recipient.
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A karyotype of a mouse

Bees maintain their
colony structure with
diploid females and
monoploid males.

In many eukaryotic organisms, the somatic cells are : the cells contain two sets
of chromosomes, one set inherited from each parent. The gametes are . There are
consequences for organisms when the complement of chromosomes in the somatic cells varies
from the usual diploid state.

Common to many colonial insects such as ants, bees and wasps, the males of such species are
. By contrast, the females, including the queen, are diploid (Figure 3.15).
The males are not haploid in the sense of the gametes of regular diploid animals. Their
chromosomes represent a single complete and operational set and the males function as
conventional, multicellular animals. By contrast, in haploid gametes, the chromosomes
represent half the complete set and are packaged in a dormant state awaiting the fertilisation
_ , event that will activate them. In these insects, the queen
o\ ‘ LN produces eggs by meiosis, whereas the males produce sperm by
R mitosis. Fertilisation results in diploid female offspring. The
'&’ \ . males are instead produced by , @ process
by which the entire organism is regenerated from a single egg
cell without the need for fertilisation.

Many fungi and algae are also monoploid and, as well as
insects, there are examples of monoploid fish, amphibians
and reptiles. Monoploidy seems economical because only
one set of chromosomes are required, so why are diploid
organisms so much more common? The advantage for diploid
organisms is that any defective alleles that arise can be masked
by a functional allele on the corresponding chromosome. In
monoploid organisms, any defective allele is the only allele
available for a particular gene and the consequences are likely
to be deleterious.



Sometimes the cell divisions that give rise to haploid gametes fail altogether, so that
half the gametes contain two copies of each chromosome (diploid, 27) and the rest
have none. If a diploid gamete fuses with a normal haploid gamete, the resulting
individual is triploid (37): it has three of each type of chromosome. If two diploid
gametes fuse, a tetraploid (47) individual will be produced. It is therefore possible
for an organism to acquire one or more complete extra sets of chromosomes, a
phenomenon called polyploidy.

Polyploidy is particularly common in flowering plants, ferns and green algae.
Approximately half of all flowering plant species are polyploid and many varieties
of commercial fruit and cereals, for example, are generated polyploids (Figure 3.16).
Polyploidy is often associated with advantageous features, such as increased size and greater
hardiness, although such advantages are sometimes offset by reduced fertility. Polyploidy also
occurs in fungi and in some fish and amphibian species.

Polyploidy is lethal in humans. In the rare situation of a pregnancy continuing to a live birth
(1% of human polyploids), the newborn dies within a month.

Aneuploidy is the condition in which there is an addition or loss of one chromosome from
acell (i.e. 22 + 1 or 2n — 1). Occasionally more than one chromosome may be affected.
Reproductive failure by miscarriage is common and it has been found that many of these
embryos are aneuploids. To understand how this comes about, consider the process of meiosis.
Normally in meiosis, identical chromosomes come together and then segregate into separate
cells, so that the gametes finish up with only one of each pair of chromosomes. Occasionally,
however, the two identical chromosomes, instead of separating, go into the same cell. This
phenomenon is known as non-disjunction. It results in the formation of two types of gametes
in equal proportions, but one type has two copies of a particular chromosome and the other type
has none (Figure 3.17).

Parent cell

Meiosis |

¥ )

Homologous
chromosomes
fail to segregate

' Gametes‘ ' Gametes ‘

Meiosis Il
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A Figure 3.16
Polyploid varieties of
fruit are bigger and
have bigger cells than
regular diploid varieties.
The application of
polyploidy to creating
infertile fruit, such as
these seedless grapes,
is of considerable
commercial
significance.

Refer back to
Chapter 1 fo revise
the process of
meiosis.

<« Figure 3.17

In non-disjunction, the
chromosomes fail to
segregate, so half the
gametes contain two
chromosomes of a pair
(bivalent) each and
the other half contain
no chromosomes

at all. Generally,
non-disjunction only
takes place with one
pair of homologous
chromosomes, while the
rest behave normally. It
can occur during either
the first or the second
meiotic division.
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‘The fusion of a gamete containing both homologous chromosomes with a normal gamete
containing one of the chromosomes gives a zygote with three such chromosomes; the normal
pair plus an extra one. This condition is called . Fusion of a gamete with none of the
homologous chromosomes with a normal gamete gives an individual with only one of this
particular type of chromosome in each cell This condition is called

Some types of aneuploidy survive in humans. Down syndrome is caused by the presence of an
extra chromosome 21 (one of the smallest chromosomes) in every cell, thus giving three copies of
chromosome 21. Children with Down syndrome vary in their symptoms but most show moderate-to-
severe delayed development, characteristic almond-shaped eyes and round face with shortened body
parts, loose joints, and weak muscles and muscle reflexes. About 40% develop heart defects and they are
more susceptible to infections, both of which often cause their lives to be shorter. On the other hand,
they are usually affectionate, cheerful people, often deriving great pleasure from music and dancing,

Down syndrome is an example of autosomal trisomy as a non-sex chromosome is added
(Figure 3.18). It is the most common autosomal trisomy in humans. Its incidence increases
with increasing age of the mother (Table 3.5). Older men are also more likely to father a Down
syndrome child but their age has less of an effect on the chances of having a Down syndrome
baby than does the age of the mother.

False-colour

karyotype from a Down
syndrome female. The
syndrome is the result of
there being three copies
of chromosome

number 21. This
conditfion is also know
as Trisomy 21.

Science Photo Library/CNRI

The risk of a child being born with Down syndrome increases with the age of the mother.

Maternal age at birth of child (years) Risk of child having Down syndrome
20 1in 1925

25 1in 1205

30 1in 885

85 1in 365

40 1in 110

45 1in 32

50 1in 12

Non-disjunction also causes various sex chromosome abnormalities in humans. For example,
approximately two in every thousand men have the genetic constitution XXY, which is known
as Klinefelter syndrome. This may result either from the fusion of a Y sperm with an XX egg or
from the fusion of an XY sperm with an X egg. Although XXY individuals are phenotypically



men, they have very small genitals and are infertile. In addition, they may develop breasts, but
testosterone therapy at puberty can often help alleviate the symptoms.

Turner syndrome is due to the absence of one of the sex chromosomes. Foetuses with
22 normal pairs of autosomes and a single Y chromosome never survive to birth. However,
children may be born with 22 normal pairs of autosomes and a single X chromosome. Such
individuals have the genetic constitution XO. They are females and occur with an incidence
of approximately 0.4 per thousand live-born girls. The phenotypic effects of Turner syndrome
are relatively minor but the person is infertile. Individuals are usually shorter than normal
with a characteristic webbed neck. Oestrogen replacement therapy can allow normal pubertal
development and growth can be stimulated with growth hormone.

Genetic variation is also caused by changes in chromosome number, such as
monoploidy, polyploidy or aneuploidy.

Variations in chromosome structure

Changes to chromosome structure largely come about by the occurrence of two or more double-
strand breaks in chromosomes and the rearrangement of the broken segments of chromosomes.
Some of these breaks occur naturally during meiosis as the chromosomes entangle around one
another, cross over and move apart. Others occur because of exposure to mutagens, which
accelerate the rates of double-strand breaks. The breaks are normally repaired but occasionally
mistakes are made in the way the segments are relocated in the repaired chromosomes. There are
several classes of these chromosomal rearrangements.

Deletions

V Figure 3.19
A chromosome may undergo double-strand breaks at two positions and the section in between may Abngrmo”ﬁes caused
drop out, removing all its genes with it. If the two ends then re-join, a shorter chromosome results with by chromosomal
a segment missing in between. This is called a chromosome deletion (Figure 3.19a) and, as it leads to mutations may arise
. . . by deletion, inversion,
an absence of certain genes, it can have a profound effect on the development of an organism. All but translocation or
the shortest deletions are usually fatal and the few that survive are associated with adverse affects. duplication.
a Deletion b Inversion
B B B B B Middle
C C A C C piece of
DT Break D T Break F chromosome
E E E falls out,
3 I F F FE rotates
G reak B g H G| Break [ . G| through 180°
H H I H H H and then
| rejoins.
£ Middle piece
£ of chromosome
falls out. d Duplication
c Translocation o
A B ';\
B C
C3— Break D 5
5 rea B B . D
E C A piece of F E
E chromosome G g
1 breaks off H H
Chromosome 1 D D)\ and joins I
E E chromosome 2. 3
F F | Chromosomes G | Anextralength
V 1 and 2 are not H of chromosome is
|

> homologous. added on.

A
< X

Chromosome 2
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Williams syndrome is an example of a condition that arises because
of a deletion event that affects about 1 in 10000 people. Patients are
characterised by certain physical (Figure 3.20) and temperamental features,
including an unusually cheerful and affectionate disposition, and an
exaggerated predilection for music and dance. The syndrome is associated
with an unusual development of the nervous system, developmental delay
and life-threatening cardiovascular problems. Williams syndrome is
caused by a deletion of around 1.5 million nucleotide pairs from one copy
of chromosome 7. The DNA segment carries between 15 and 25 genes of
known and unknown function. The syndrome demonstrates that both
copies of one or more of these genes are required for normal development.

Inversions

Another kind of chromosomal rearrangement occurs if a chromosome breaks
in two places and the segment in the middle rotates through 180° before
being re-joined within the chromosome, reversing the normal sequence of
genes (Figure 3.19b). This is called inversion. The effects of inversions are
usually less dramatic than other types of chromosomal changes because

genes have been neither gained nor lost, and the genes within the inverted
segment can still function normally. The inversion may, however, disrupt a
Figure 3.20 A gene through which it occurs or cause two different genes to become fused together. Also, if the

 Aperson with chromosomes do not align properly for meiosis, the affected individual may have reduced fertility.
Williams syndrome is

characterised by an

‘elfin’ facial appearance TI‘CIhSlOCCIﬁOhS

and low nasal ridge.
Sometimes a section of one chromosome breaks off and re-attaches to another chromosome.

This is known as translocation (Figure 3.19¢). An example of translocation in humans is when a
segment of chromosome 8 ends up with chromosome 14, or vice versa. Normal control over the
genes in that segment is lost, often resulting in a form of cancer.

Duplications

A duplication occurs when an extra copy is made of a section of chromosome and inserted either
into the same chromosome or into another chromosome (Figure 3.19d). Gene sequences can

be replicated several to many times, sometimes thousands of times. Like other chromosomal
abnormalities that change the number of copies of particular genes, duplications are frequently
harmful. However, on occasions, they may be advantageous. The various genes that control

the different haemoglobins produced in human red blood cells are thought to have arisen

by duplications.

Changes to chromosome structure such as inversion, deletion, duplication and
translocation of chromosome segments are another cause of genetic variation.

ACTIVITY 3.1

STARING MUTATIONS IN THE FACE: EXPLORING
THE CHROMOSOMAL ANOMALIES OF THE DEVIL
FACIAL TUMOUR DISEASE

As the world’s largest living carnivorous marsupial, the Tasmanian devil (Sarcophilus harrisii) is an
Australian icon. Since the mid-1990s, however, a sizeable proportion of the wild population has
succumbed to a rare and typically fatal form of transmissible cancer called the devil facial tumour
disease (DFTD, Figure 3.21).
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The cancer is spread between animals when they
bite each other, often during courtship. Analysis of DFTD
demonstrated that the tumours have essentially the same
karyotype even when isolated from genetically different
animals in different locations. Transmission relies on the
recipient of the DFTD failing to mount an immune response
against the foreign DFTD cells. The lack of resistance is
largely because Tasmanian devils have essentially no
genetic diversity in the immune molecules that would
normally distinguish between individuals in other
mammal species.

Aim

To construct and compare two karyotypes for the
Tasmanian devil, one for healthy cells and the other for
cells taken from the DFTD and suggest what mutations
may have occurred fo give rise to DFTD

You will need

* pencil

* scissors

+ glue

+  blank sheet of paper

+  photocopy of the chromosome images in Figure 3.22.

What to do

Start with the chromosomes from the healthy cells.

1 Cut out each chromosome and assemble into a karyotype by

pairing the chromosomes from biggest to smallest.

Corbis/Dave Watts

A Figure 3.21
A Tasmanian devil infected with DFTD

The cancer that
causes DFID is
caused by an
infectious pathogen;
the fact that it can
be transmitted is
considered rare in
relafion to cancer.
For more information
on DFTD and how
scientists are working
to control the spread
of the disease, see
Chapter 10, page 295.

2 Orientate the sheet of paper in landscape format. Secure the karyotype by gluing the chromosome
pairs onto the fop half of the paper, leaving a space of approximately 10cm on the right hand side.
The biggest chromosomes should be on the left, the smallest on the right.

3 Label the chromosome pairs by numbering the biggest pair ‘1" and continuing to label sequentially
down to the second smallest pair. The two smallest chromosomes are the sex chromosomes, so label

them accordingly.
Now work on the chromosomes from the DFTD cells.

4 Cut out each chromosome from the DFTD and pair matching chromosomes. Leave aside any that

cannot be paired.

5 Compare the paired chromosomes from the DFTD with those in the karyotype of the healthy cells.

Arrange the paired chromosomes from
the DFTD underneath the corresponding

chromosomes from the healthy cells SRR
and glue them onto the paper. @

6 Compare the unpaired chromosomes

from the DFTD with those of the healthy % M

cells. If any DFTD chromosomes are
comparable to those in the healthy

karyotype, glue them onto the paper % j f
underneath the corresponding o

gy

chromosomes.

7 You will be left with unpaired
chromosomes from the DFTD that

cannot be identified from the healthy
karyotype. Arrange these from largest

e

®

Ll

to smallest and glue them onto the A Figure 3.22
page in the space fo the right hand Chromosomes from a healthy cell (red) and a DFTD cell from a
side of the DFTD chromosomes. Tasmanian devil (blue)
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8 Label the identifiable DFTD chromosomes, including any unpaired chromosomes, with the same labels
as for the healthy cells. Label the remaining DFTD chromosomes fo the right-hand side ‘M1’, ‘M2’ efc.

What did you discover?

1 What features of the chromosomes did you use to match corresponding pairs?

What is the diploid and haploid number for the healthy cells?

What is the sex of the animal the healthy cells were taken from? How do you know?

What differences are there between the karyotypes of the healthy cells and the DFTD cells?

Discuss what changes might have occurred to the chromosomes of the Tasmanian devil fo give rise
to DFTD.

a b WOWDN

QUESTION SET 3.4

Remembering
1 Define ‘karyotype’.
2 Describe the relationships between:
a haploid and diploid.
b monoploid and haploid.
¢ monoploid, diploid and polyploid.
d diploid and aneuploid.
3 Describe four types of structural rearrangement that result in chromosomal abnormalities.

Understanding

4 Draw an annotated diagram of a diploid cell with four chromosomes undergoing meiosis and show two
ways that non-disjunction can occur. Indicate the kind of chromosome anomalies that can arise in a
zygote formed by fertilisation with each of the resulting gametes and one normal gamete.

5 Draw an annotated diagram of two chromosomes showing that one of them has experienced two
double-strand breaks. Draw the possible chromosomal rearrangements that might occur when the
fragments of the broken chromosome are re-joined.

6 Discuss why parental age might be a factor in the increasing incidence of mutation in the offspring.
7 Defend or refute the statement, ‘Aneuploidy is always deleterious” and explain your reasoning.

Variation in gene
expression for growth
and development

Understanding how genes regulate growth and development is a long-standing and still active
area of research. Early clues to the influence of individual genes on growth and development
came with late 19th and early 20th century observations of naturally occurring mutants,
such as fruit flies that developed well-formed legs in place of their antennae (Figure 3.23).
Research in the field accelerated with the application of mutagenesis experiments in the
middle to late 20th century. It continues to unfold today with ever more sophisticated
biochemical methods for analysing genes and the availability of whole genome sequences
for organisms.

These studies have demonstrated how a single mutation can dramatically alter the structural
development of an organism. The altered features in the mutants often are recognisable body
structures located in the wrong position. These observations have provided insights into how different
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body parts are controlled by similar genetic processes. Furthermore, studies of model organisms have
shown that the same sorts of processes are at work in most eukaryotic organisms, including humans.

It turns out that embryonic development is regulated by a small subset of genes. For example,

of the 13000 genes in the genome of a fruit fly, as few as eight key genes are responsible for
determining its fundamental body structure. A few dozen more are involved in determining the
body’s axes of symmetry when viewed from the front, rear, top or bottom, or when left and right
sides are compared. These genes are referred to as homeobox genes, or toolkit genes. Each one
of the toolkit genes is expressed precisely in particular parts of the embryo during development
(Figure 3.24). Two questions arise from this. First, what causes these genes to be expressed
where they are? Second, what do the corresponding proteins do once they are expressed?

Dfd Scr Antp Ubx Abd-A  Abd-B

To answer the first question, specific proteins are produced in the egg before fertilisation.
These proteins (called maternal-effect proteins) diffuse across the egg, forming concentration
gradients that convey positional information in the egg (Figure 3.25a). For example, the
zone of highest concentration of one of these proteins, called Bicoid protein, identifies the
future embryo’s anterior (front) end. The lowest concentration of Bicoid protein will become
the embryo’s posterior (rear) end. Other such proteins create concentration gradients that
mark positions within the egg (Figure 3.25b). These concentration gradients of the proteins
are preserved during the early rounds of cell division after fertilisation so their positional
information is retained by the daughter cells in the developing embryo. These proteins interact
with non-coding regions immediately adjacent to the homeobox genes to either activate or
repress gene expression. For example, high concentrations of Bicoid protein will activate
homeobox genes that initiate development of the front half of the animal but repress homeobox
genes that are required for development of the rear part of the animal. Each homeobox gene is
therefore activated by specific combinations of positional proteins. The pattern of expression of

pb lab
N

Visuals Unlimited/Science VU/Dr F Rudolph Turner

< Figure 3.23

a) A normal fruit

fly (Drosophilia
melanogaster) and
b) a fruit fly showing

abnormal development
of legs at the sites where

antennae should be

i View the video

i about the role of
i homeobox genes
i in evolution.

<« Figure 3.24

Eight genes regulate
the formation of the
fruit fly body plan.
Each is expressed in a

precise location within

the animal during
development.

9780170243254 CHAPTER 3: GENETIC VARIATION

83



Figure 3.25 p

) Bicoid protein in a
fruit fly egg diffuses to
create a concentration
gradient. The highest
concentrafion marks
the future embryo’s
anterior end. b) Relative
concentration of four
proteins conveying
positional information in
the developing embryo

See Chapfer 2 for
more about gene
regulation.

See Chapter 2

for more about
chromatin structure
and the role of
histone proteins.

the homeobox genes ultimately reflects the concentrations of the positional proteins within the
developing embryo as the fertilised egg undergoes cell division.
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Once expressed, the product of each homeobox gene is a protein that binds to DNA to
activate gene expression. These proteins activate expression of collections of many other genes
within the genome. The genes that are expressed are those required for the formation of the
intended organ or body part at that position within the developing embryo. These homeobox
proteins are thus regulatory proteins with wide-ranging effect.

In mammals, gender is determined by the sex chromosomes. Typically, an individual with two
X chromosomes is female, whereas an individual with one X and one Y chromosome is male. It’s
a straightforward observation, but how do the sex chromosomes affect development?

The Y chromosome clearly must have genes that set the organism on the path to developing
into a male. The single most influential gene in this process is the sex determining region Y
(SRY) gene, located on the p (small) arm of the Y chromosome. The gene encodes a protein that,
like homeobox genes, binds to DNA to activate the expression of many genes. The SRY protein
is a regulatory protein that primarily launches the genetic program for testes development. As
the testes develop, they produce hormones, including testosterone, that steer the embryo towards
the differentiation of male features, ultimately including formation of the penis and other
components of the male reproductive system.

If the individual lacks a Y chromosome and is unaffected by the SRY gene, they begin the
course towards developing into a female. Proper female development relies on the presence of
both X chromosomes to direct the formation of fully functional ovaries.

The occurrence of two X chromosomes in every somatic cell presents its own issues,
however. If both X chromosomes are active, twice the required concentrations of proteins are
being produced inside each cell. This creates a biochemical imbalance that affects the normal
functioning of the cell. To compensate, the cells shut down one of the X chromosomes. This
is referred to as X chromosome inactivation. The inactivation is achieved by changes to the
chromatin structure of the X chromosome. X chromosome inactivation occurs when the
embryo comprises less than a hundred cells. In each cell, the inactivation of an X chromosome
is initially random. The information to shut down the same X chromosome, with its suite of
alleles, is transmitted to each daughter cell by subsequent rounds of mitosis. Any region of the
body descended from one particular embryonic cell is influenced by gene expression from the
one active X chromosome. The patchy colouring of female tortoiseshell cats is an example of
random X chromosome inactivation in the embryo.

An organism’s growth and development is governed by the activation of homeobox
genes in the embryo.



QUESTION SET 3.5

Remembering

1 Define ‘homeobox gene’.

2 Define the 'SRY gene’.

3 Describe the process of X chromosome inactivation.

Understanding

4 Draw an annotated diagram to show how homeobox genes are activated in the segment bearing the
second pair of legs of the developing fruit fly embryo.

5 Draw an illustrated flow diagram that shows the sequence of events leading from random fertilisation of
human gametes to sex determination in males and females.

CHAPTER SUMMARY

Phenotypic variation:
* can be described as morphological, biochemical, physiological or behavioural

+ is underpinned by genetic variation; phenotypes are determined to a large extent by the particular
combination of alleles an individual possesses

+ is also affected to some extent by the environment.
+  Sexual reproduction shuffles combinations of alleles in the offspring through:

+ random assortment of chromosomes and crossing over of homologous chromosomes in meiosis | during
gamete formation

+ fertilisation of random gametes.
+  Gene mutations are a source of novel alleles. Mutations arise through the action of:
+ cell division, owing fo spontaneous mutations
+ the action of physical or chemical mutagens
+ horizontal gene fransfer from one organism to another
+ transposable elements ‘jumping’ from within the genome.
Gene mutations can be classified as:
+ substitutions, which are a source of SNPs
+ insertfions or deletions (indels)

* Ssynonymous, missense, nonsense or frameshift mutations, depending upon the effect they have on the
protein the gene codes for

+ neutral, harmful or beneficial, depending upon the effect they have on the survival of the organism.
+  Chromosomal anomalies can be observed by examining a karyotype and may arise by:
+ non-disjunction of chromosomes during meiosis, leading to aneuploidy
+ changes in chromosome number, classified as aneuploidy, monoploidy or polyploidy
+ rearrangements of chromosome structure, including deletions, inversions, translocations and duplications.

Variations in gene expression direct embryonic development. The variation is coordinated by a small
number of genes. These genes code for proteins that activate expression of a large number of other genes
required for particular developmental programs. These genes include:

+  homeobox genes, which direct the development and organisation of the organism’s body plan
+ the SRY gene of the Y chromosome, which directs development of male features in mammails.
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+ X chromosome inactivation restores the proper concentration of proteins within cells of females, and the

process leads to further variation in gene expression.

CHAPTER GLOSSARY

allele one of different versions of the same gene
(at the same locus) determined by small differences
in the DNA sequence of the gene

aneuploidy describes a genome that varies from
the conventional by the loss or addition of one or just
a few chromosomes

apoptosis a programmed series of events that lead
to cell death as a result of dismantling of the internal
contents of the cell by various enzymes including
caspases

behaviour responses and reactions of an organism
in particular situations

beneficial mutation a mutation that increases an
organism’s chances of survival and reproduction
chromatin  a complex of proteins and DNA in
eukaryotic chromosomes

cloning vector in cloning, the DNA molecule that is
used to carry the cloned piece of DNA

codon a series of three adjacent nucleotide bases
in MRNA; each codon specifies a partficular amino
acid to be added to a polypeptide; a stop codon
indicates the termination of the polypeptide chain
cognition mental processes relafing to sensing,
perceiving, thinking and remembering

crossing over an event during meiosis in which
homologous chromosomes exchange segments with
one another

deleterious mutation a mutation that decreases an
organism’s chances of survival and reproduction
deletion mutation a mutation in which nucleotide
pairs have been lost from a segment of DNA

diploid (2n) describes a cell or organism that
has a genome comprising two copies of each
chromosome, represented by 2n

double-strand break a mutation involving breaks
in the sugar-phosphate backbones at the same
nucleotide pair, resulting in the complete breakage
of a chromosome

fertilisation the union of male and female gametes

frameshift mutation a mutation that dislocates the
franslational reading frame

genetic code a system by which each combination
of three DNA nucleotides in a gene sequence
determines a specific amino acid in the protein

genome all of the genetic material contained in
an organism or a cell; includes the chromosomes
within the nucleus and the DNA in mitochondria and
chloroplasts

genotype a specific combination of alleles for a
particular gene locus belonging to an individual

or cell

germ-line the cell line in eukaryotic organisms from
which the gametes are derived
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haploid (n) describes a cell or organism that
has a genome that contfains one copy of each
chromosome, represented by n

homeobox gene a gene that codes for proteins
that regulate body formation and patterning in the
developing embryo

homologous chromosomes a pair of chromosomes
that have the same size, shape and genes at the
same locations

horizontal gene transfer a process by which
genetic material from one organism becomes
incorporated info the genome of another organism

insertion mutation a mutation in which nucleotide
pairs have been added to a segment of DNA
infraspecific variation differences between
individuals of the same species

karyotype a display of the number and
appearance of the chromosomes of an organism or
cell observed at metaphase

meiosis a two-phase type of cellular division in
which the chromosome number of a cell is halved to
the haploid number; meiosis is the basis of gamete
formation in animals and spore formation in plants
missense mutation a gene mutation that results in
one amino acid being replaced by another amino
acid in the encoded protein

monoploid (1n) a cell or organism that has a
functional genome consisting of one copy of each
chromosome, represented by 1n

monosomy the condition in which somatic cells
contain one copy of a particular chromosome

mutagen an agent capable of inducing mutations
mutant a cell or organism that bears a mutation

mufation a gene or chromosome that has
undergone a change relative fo the original gene
or chromosome; it may also refer to the process of
generating such changes

mutation rate the number of changes per gene
copy in a population over a period of fime

neutral mutation a mutation that has no effect on
an organism’s chances of survival and reproduction

non-coding DNA all of the DNA sequences within a
genome that are not found within RNA-coding exons;
examples include introns, promoters and enhancers
of genes

non-disjunction the failure of sister chromatids in
mitosis or homologs in meiosis to separate and go to
opposite poles

nonsense mutation a mutafion in which a codon
for an amino acid is changed fo one that codes for a
stop codon, ferminating franslation

parthenogenesis the production of offspring from a
female gamete without the requirement for ferfilisation
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plasmid a small circular piece of DNA, found in
bacteria, which is able to replicate independently

of the cell’'s chromosomes; plasmids carry antibiotic
resistance markers

phenotype the actual form taken by a specific
feature in a particular individual based on their
genotype; can be used in reference to particular traits
or characteristics or to the overall form of an individual

point mutation a mutation that affects a single
base-pair position within a gene

polyploidy a cell or organism with a genome
comprising three or more copies of each
chromosome, represented by 3n, 4n, 5n, 6n etc.
regulatory protein a protein that binds DNA to
switch on or switch off expression of a gene
repetitive DNA DNA sequences that are present in
very many copies in the genome, usually regarded
as non-functional DNA

silent mutation see synonymous mutfation

single nucleotide polymorphism (SNP) nucleotide
difference that occurs at a given position in the
genomes of two or more individuals

somatic a body cell that will not pass its genes onto
the next generation

species a group of similar organisms capable of
breeding and exchanging genes with one another
and whose offspring are capable of doing the same
spontaneous mutation a mutation occurring in the
absence of exposure fo mutagens

substitution mutation a mutation in which a single
nucleotide is swapped for another in the original
gene sequence

synonymous mutation a mutation in which the DNA
codon for one amino acid becomes another DNA
codon for the same amino acid; also referred to as a
‘silent” mutation

transposable element a piece of eukaryotic DNA
that is capable of cutting itself out of one position in
the genome and inserting itself into another position
in the genome; also referred to as ‘jumping genes’
trisomy the condition in which somatic cells contain
three copies of a particular chromosome

CHAPTER REVIEW QUESTIONS

Remembering

1 Identify which kind of phenotypic variation is represented by each of the following.
a You enjoy solving mathematical puzzles, whereas your friend is frustrated by them.
b The daily amount of milk produced by different individuals of a particular variety of cow (Bos taurus)
¢ The girth of mature Mountain Ash (Eucalyptus regnans) trees.
d Some cowpea (Vigna unguiculata) grow better in acidic soils than others.
e Presence or absence of a hydroxyl (OH) group on the anthocyanin pigment produced by different

individuals of corn (Zea mays).

Understanding

2 The images below show segments of chromosome with genes numbered along their lengths. Identify the
mutation that has occurred in each of these structural rearrangements from the original for each of a to d.

Original a b
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c d <« Figure 3.26

Chromosomal mutations
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3 Discuss the relationship between SNPs, substitutions, synonymous, missense and nonsense mutations.

Applying
4 What might account for the fact that most forms of aneuploidy are rarely, if ever, observed in humans?

5 Atransposable element consisting of precisely 270 nucleotide pairs lands in the infron of a functional gene
without affecting the splicing sites for the transcribed RNA.

a What kind of genetic mutation does this represent?
b Describe what the effect would be on the protein sequence.
c Would this likely be a neutral, beneficial, or deleterious mutation?

6 KrUppel' is a protein whose concentration defines the posterior end of the developing embryo in the fruit fly
Drosophila melanogaster. Draw a diagram of the developing embryo, label the anterior and posterior ends,
and shade in the concentration gradient of the Krippel protein. Determine which of the genes shown in Figure
3.24 is likely fo be activated by the KrUppel protein and explain what the effect of that activation is likely to be.

7 Compare the four human karyotypes i fo iv in Figure 3.27 below.
a Determine which of the four is a normal karyotype and identify the sex of the individual.

b Determine the aberration in each of the other three karyotypes.

ﬁfkhnv
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Science Photo Library/Dept of Clinical Cytogenetics, Addenbrookes

OGP 15 16 18
£ e 20 r ) 5 5 ‘ :
20 21 22 X % g te ff MRy
19 20 21 22
X Y
iii iv
R aw Kuy ug
“|' 'o
LS L E Uk
2 3 4 5 1 2 3 4 5
n si l‘ " 2 § [ [ .y ve ? vy
i G LS U 1 S (O I IR T (O O
6 7 8 E) 10 1 12 E 6 7 8 9 10 1 12
g
g6y 02 10 8 W W o b i W
13 14 15 16 17 18 8 14 15 16 17 18
s
.1,. 3208 a; cao ! lY H ad 35 44 U
@ 19 20 21 2 X Y
A Figure 3.27

Four human karyotypes
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8 Copy and complete the following table using information provided in Table 3.6. Note that more than one
type of mutation may describe the effect on the protein.

Genetic mutation Amino acid Type of genetic mutation | Effect on protein
GICCCA Valine-Proline Substitution Synonymous
d L

GICCCT Valine-Proline

TCAATA Serine-Lysine

4 4

TAATA

AGAGGT Arginine-Glycine

l \

AGATGT

GCAAGA Alanine-Arginine

4 4

GAAAGA

CAGTAC Glutamine-Tyrosine

4 4

CACGTAC

Table 3.6 Properties, names and DNA codons for each of the 20 amino acids

Characteristics Name DNA codons

Small, hydrophobic Glycine GGT, GGC, GGA, GGG
Alanine GCT, GCC, GCA, GCG
Valine GIT, GIC, GTA, GTIG
Leucine TTA, TTG, CTT, CTC, CTA, CTG
Isoleucine ATT, ATC, ATA

Cyclic Proline CCT, CCC, CCA, CCG

Bulky, hydrophobic Phenylalanine TTT, TTC
Tyrosine TAT, TAC
Tryptophan GG

Sulfur-containing, hydrophobic | Methionine (START) ATG
Cysteine TGT, TGC

Hydrophilic Serine TCT, TCC, TCA, TCG, AGT, AGC
Threonine ACT, ACC, ACA, ACG
Asparagine AAT, AAC
Glutamine CAA, CAG

Positively charged, hydrophilic Aspartic acid GAT, GAC,
Glutamic acid GAA, GAG

Negatively charged, Histidine CAT, CAC

hydrophilic Lysine AAA, AAG
Arginine CGT, CGC, CGA, CGG, AGA, AGG
STOP TAA, TAG, TGA

9780170243254
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Analysing

9 List all the codons that could result from a synonymous mutation of GGG. What observation can you make
about which of the three nucleotides in the codon is most prone to being mutated?

10 An exceptionally large plant with enlarged fruit grows among a natural population. Discuss what genetic
change might have occurred in this individual and describe how you could tfest it fo find out.

11 X-ray imaging of a newborn child and a full grown adult are equally risky.” Consider whether you agree or
disagree with the statement and explain your reasoning.

Evaluating

12 Polycyclic aromatic hydrocarbons are a diverse collection of compounds produced by combustion, such
as in cigarette smoke. With reference to effects, mutations, mutation rates and level of exposure, provide an
explanation for the statistical link between cigarette smoking and the increased incidence of lung cancer.

13 Trypsin and chymotrypsin are proteases (enzymes that digest proteins) with strikingly similar structures, but
they preferentially split proteins at the site of different amino acids. The enzymes are coded by different
genes; however, scientists propose that the two genes arose from a common ancestral gene. Discuss, with
annotated diagrams where appropriate, what mutations may have occurred fo generate the two different
genes from the same original gene.

14 Imagine a situation in which the offspring of dark-skinned parents has inherited a mutated form of a
gene that confers light skin pigmentation. Predict whether this mutation would be neutral, beneficial, or
deleterious if the individual is located in the Arctic Circle as compared with equatorial Africa, and explain
your reasoning. Discuss how, if at all, your interpretation of ‘neutral’, ‘beneficial’, and ‘deleterious’ is
influenced by the individual’s environment.

Reflecting

15 What are some of the potential mutagens you encounter in your daily life, and how might you reduce your
exposure to some of them?
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CHAPTER 4
MENDELIAN

By the end of this chapter you will have covered the following material.

Science Understanding

+ Frequencies of genotypes and phenotypes
of offspring can be predicted using
probability models, including Punnett
squares and by taking info consideration

patterns of inheritance, including the effects
of dominant, autosomal and sex-linked
alleles and multiple alleles, and

polygenic inheritance (ACSBL08S)
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Figure 4.1 A

Mendel discovered key
principles of inheritance
in his pea garden.

Figure 4.2V

Hand pollination
involves taking the
pollen from the anther of
one plant and dusting

it on fo the stigma of
another plant after
removal of the second
plant’s anthers to ensure
no self-pollination
occCurs.

Can you roll your tongue into a U-shape? When you clasp your hands together, is
your left or right thumb on top? Look at a classmate’s ears. Are the lobes attached
or free? These and many more of your characteristics are inherited from your
parents. Because you have two sets of homologous chromosomes, one from each
parent, you have two copies of the genes for each characteristic. If genes are
expressed differently, alternatives are possible. Either you can roll your tongue or
you cannot. Either your left thumb or your right thumb is on top when you clasp
your hands together. Either your ear lobe is attached or it is free.

To study patterns of inheritance, we will turn back the clock to examine the
innovative experiments and observations of an Austrian monk, Gregor Johann
Mendel. Unfortunately, the significance of his painstaking work was not realised
during his lifetime. Today his contribution is recognised by the term used to describe
the patterns of inheritance he discovered: Mendelian genetics.

From peas to
clues: interactions
between alleles

The principles of heredity and patterns of inheritance were first established by Gregor Mendel
(1822-84) in the 19th century. Gregor Mendel (Figure 4.1) was unique in his time. He spent

2 years studying mathematics at the University of Vienna. He was also somewhat of an expert in
agricultural practices, being a member of the regional agricultural society and reading the available
literature to keep up-to-date with developments in breeding experiments. In about 1856, Mendel
carried out a number of breeding experiments on pea plants in the garden at his monastery. The
conclusions he drew from his studies form the foundations on which the study of heredity is built.

In the early stages of his work, Mendel studied the inheritance of seven pairs of contrasting
characteristics in pea plants. These included variations such as yellow or green pea pods, round or
wrinkled seeds and tall-stemmed or dwarf-stemmed plants. Pea plants were ideal for his work: the
characteristics, or variables, had no intermediate forms, pea plants self-pollinated and therefore self-
fertilised, and the characteristics that he studied were largely unaffected by environmental factors.

In one such experiment, he took a purebreeding tall pea plant and crossed it with a pure-
breeding short pea plant. Purebreeding plants are ones that, when crossed among themselves,
always give rise to offspring that are like the parents. The way Mendel crossed the plants was to
take pollen grains containing sperm cells from the anthers of one plant and dust them onto the
stigma of another plant, having first removed the anthers of this second plant to ensure that it
could not self-pollinate (Figure 4.2).

Mendel collected the seeds that resulted from the crosses
between the tall pea plants and the short ones, and sowed these.
He found that the seeds, once they had germinated and grown into
adult plants, always developed into tall offspring (Figure 4.4). This
was the case whether pollen grains from tall plants were placed on
to the stigmas of short plants, or pollen grains from short plants
were placed on to the stigmas of tall plants. In these crosses, we
refer to the original purebreeding parent plants as the parental
generation (P) and the offspring belong to what we call the
first filial generation (F’)).

Mendel then took the tall F, plants and self-pollinated each of
them, again taking precautions to prevent them being pollinated
by any other kind of pollen. The resulting seeds were sown and the
offspring, belonging to the second filial generation (F,), were
examined. Mendel found that some of these F, plants were tall and
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some were short. Overall, he counted 1064 plants. Of these, 787 (74%) were tall and 277 (26%)
were short. It seemed as though approximately three-quarters of the F, generation were tall and
one-quarter were short. In other words, the ratio of tall to short plants was approximately 3:1.

The relationship between genes
and traits

What conclusions can we draw from Mendel’s results? The first striking fact to notice is that in the

F, and F, generations there are no medium-sized plants; that is, there are no plants that are intermediate
between the tall and the short parents. From this, we conclude that inheritance is not necessarily a
process in which features of two parents blend together to produce an intermediate result, like the
mixing of black and white paints to produce grey. Rather, definite factors, which may or may not

show themselves in the outward appearance of the organism, pass from parents to offspring. That such
factors exist is borne out by the observation that, despite its absence in the F, generation, the short form
reappears in the F, generation.

The second conclusion is drawn from the observation that there were no short plants in the
F, generation, despite the fact that one of the parent plants was short. Short plants reappeared,
however, in the F, generation. From this we can conclude that, although the F, plants are tall,
they must receive a factor for shortness from their short parent, which remains ‘hidden’ in the
F, plants and does not reveal its presence until the F, generation.

A third conclusion is that the factor for shortness, which fails to show itself in the F, generation,
must be masked in some way by the factor for tallness. Only in the absence of this factor will the
factor for shortness show itself in the outward appearance of the plant. In other words, the factor for
tallness is dominant to the factor for shortness. Shortness is described as recessive.

Although Mendel knew nothing of chromosomes and genes, he suggested that the factors
he described pass from parents to offspring via the gametes. If we are right in assuming that the
F, plants contain factors for shortness as well as for tallness, it is reasonable to suppose that each
F, plant receives one factor for tallness from its tall parent and one factor for shortness from its
short parent via the gametes. That is, the gametes contain only one of the two factors for size,
while the plants to which these gametes give rise contain a pair of such factors.

V Figure 4.3 V Figure 4.4

Tall and short pea plants: two different phenotypes Mendel found that tall pea

for plant height plants crossed with short pea
plants always gave rise to tall
pea plants.

P generation

F, generation
Tall

Visuals Unlimited/Nigel Cattlin
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P Tall  Short Figure 4.5 shows a summary of what Mendel discovered.
m tt Instead of ‘factors’ we use the term gene. As Mendel observed,
the gene controlling height in the pea plant exists in two forms,

Alleles

segregate in which we now call alleles. One allele functions in a certain way
v gamete and is responsible for producing a tall plant. The other influences

formation. development in such a way that, if two copies of this allele are

Gargetesd present together, a short plant is produced.
E;opaurceits = In Figure 4.5 the allele for tallness is represented by 7, and

the allele for shortness by 7. We shall assume that each parent
plant (or, more strictly, each somatic cell of each parent plant)

F, generation contains a pair of identical alleles: 77 in the case of the tall
parent, #¢ in the case of the short parent. When an organism
Tall Tall contains identical alleles like this it is said to be homozygous.
Tt X Tt In making this statement, we are describing the genetic make-
/\(self-pollinated)/\ up of the parent plants, or at least the part of it that determines

Segregation Segregation the size of the plant. The genetic composition of an organism

J is known as its genotype. In essence, the genotype describes
Gametes the alleles that a cell or organism has at a particular gene
produced by F, % 18 % & (T ) t

% % locus for a particular trait. The way genes are expressed in the
outward appearance of the organism is known as its phenotype
(Figure 4.3). In the case of the parent generation of pea plants
described earlier, plant height is the phenotype. Pea plants with
F. generation et 1 1o 1y the :tall’ I,)henotype have the genotype 77 The pea plants with
4 4 4 4 the ‘short’ phenotype have the genotype #z.
K \d | The T allele is present in each of the gametes produced by
v the tall parent and the zallele is present in each of the gametes
Tgll Short produced by the short parent. Fertilisation brings the 7"and #
4 4 alleles together, so that all the F, offspring have the genotype 7z.
Phenotypically they are all tall, as tallness is dominant to shortness.
When an organism contains two dissimilar alleles, it is said to be
heterozygous. In this particular instance, the 7 allele expresses
Figure 4.5 A itself in the phenotype and the expression of the  allele is being
Summary of what happens when a masked by the expression of the 7 allele. A dominant phenotype is
p;gfhbéeglj%lkﬁ:g sﬂgprfézgrﬁ;i? expressed whether it occurs in the homozygous or the heterozygous
Gametes are circled. This is an condition. However, a recessive trait is only expressed when in the
example of a monohybrid cross. homozygous condition.

Mendel’s experiments were based on characteristics that were not only determined by genes
found on different chromosomes but all showed one phenotype dominant over another
phenotype. However, the expression of genes is not always this straightforward. Phenotypic
variations can result when the characteristics of offspring show both parental characteristics
or are a combination of parental characteristics.

If a purebreeding red snapdragon plant is crossed with a purebreeding white snapdragon
plant, as shown in Figure 4.6, the F, offspring all have pink flowers. When these F pink
snapdragons are crossed, the F, offspring have flowers in the ratio of 1 red : 2 pink : 1 white.
This is known as incomplete dominance or partial dominance because one trait is
not fully dominant over its partner and the heterozygous phenotype (pink) is intermediate
between the homozygous parental phenotypes (red and white).

A special notation is used to indicate inheritance of partially dominant traits. A
suitable upper-case letter designates the gene for the trait (e.g. C for colour) and
¥ = white

Science Photo Library/Adrian Thomas

Figure 4.6 A upper-case superscript letters indicate the alleles (e.g. C* = red colour,

In purebreeding snapdragons, colour). Figure 4.7 shows a diagram using the appropriate notation to describe
incomplete dominance of the

red flower colour and white flower
colour results in a pink flower colour.

inheritance of colour in snapdragons.
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Incomplete dominance in snapdragons < Figure 4.7

P Pink X Pink Diagram showing the result
CRCW CRCW of crossing snapdragons
with pink flowers among

4 themselves. A phenotypic

"g k‘ ratio of approximately
(I 9 8 1red : 2 pink : 1 white results.

N
Gametes @

Red Pink Pink White
CRCR crRCw V CW Cr cwew
1 1 1
4 2 4

The study of certain coat colours in horses and cattle reveals another type of
dominance relationship. In this case, both alleles in the genotype are fully expressed in the
heterozygote. Such traits are said to be codominant. In shorthorn cattle, alleles for coat
colour are inherited in this way and the two alleles are expressed as red (C*) and white
(C™). This is similar to the incomplete dominance shown in snapdragons but, in this case,
the offspring of purebreeding red and white parents have roan coats (CVC¥), which are a
mixture of red and white hair. The codominant inheritance of coat colour in shorthorn
cattle is shown in Figure 4.8. An outline of the differences between the types of dominance
relationships is given in Table 4.1.

An organism’s phenotype is largely due the alleles that comprise its genotype. The
genotype may be homozygous or heterozygous, and the alleles interact to express
phenotypes that are dominant, recessive, partially dominant or codominant.

Codominance in cattle <« Figure 4.8
In shorthorn cattle,

Whi:,e 3,“” x Recci ccc;w codominant inheritance
e results in a roan coat

P colour in the offspring of
pure-breeding red and
white parents.

F, Roan calves (interbred)

cw Cr
F White cattle Roan cattle Red cattle

Tew ew Lewer Yercr
4CC ZCC 4CC
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a b ODN

Table 4.1 Differences between the types of dominance relationships

homozygous parents

Complete Incomplete (partial) | Codominance
dominance dominance
Parents BB, bb CBCSs, Ccvew CsCs, cvew
Gametes @ @ @
F, genotype | Bb CECH csev
Phenotype Black Grey Black and white
patches
cametes | @ @O ® | E)OE) | ©E)-DE)
F, genotype | BB, Bb, bb CECE, CECY, CMCW || CHACB, CECY, cHUCw
Phenotype Black Black Black
White Grey Black and white
White patches
White
Heterozygote | Same as dominant | Infermediate between | Properties of both

homozygous parents

Note: Band C& = alleles for black coat colour; b and C% = alleles for white coat colour.

QUESTION SET 4.1

Remembering

Describe ‘purebreeding’.

Distinguish between a gene and an allele.

Describe ‘genotype’ and ‘phenotype’.
Define the P, F, and F, generations.

Define ‘heterozygous’ and ‘homozygous'.

Understanding

6 How many different genotypes are possible for the tall and short traits of Mendel's peas? List them and
classify them according to whether they are homozygous or heterozygous and whether they result in a

7

dominant or recessive phenotype.

The petal colour of carnations is determined by a single gene with two alleles: one for white, one for red.
Describe the phenotypes you would expect in the F, generation of two purebreeding parents, one white,
one red in the following circumstances.

a White is dominant to red.
b The two traits are codominant.

c The two traits are partially dominant.
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Inheritance of a single
autosomal gene

Mendel’s studies at the University of Vienna helped him to explain the outcome of breeding
experiments between tall and short pea plants in mathematical terms. The 3:1 ratio he predicted
in the F, generation was based on observations of many different crosses using a variety of pea
plant characteristics (Table 4.2). Mendel could not explain why he observed this ratio because he
had no knowledge of meiosis.

Table 4.2 Results of some of Mendel'’s crosses on the garden pea (Pisium sativum)

Purebreeding parental phenotypes F, phenotypes F, phenotypes F? ratio
Tall plants X short plants All tall 787 tall, 277 short 2.84:1
Purple flowers X white flowers All purple 705 purple, 224 white 3.15:1
Green pods X yellow pods All green 428 green, 152 yellow 2.82:1
Yellow peas X green peas All yellow 6022 yellow, 2001 green 3.01:1
Round peas X wrinkled peas All round 5474 round, 1850 wrinkled 2961

We can relate the behaviour of chromosomes at meiosis to the 3:1 ratio

i o Homologous
obtained. In meiosis, homologous chromosomes separate from each other, so chromosomes
that haploid gametes receive only one of each type of chromosome instead of
the two chromosomes present in diploid cells. In diploid cells, alleles occur in
pairs, one of each pair being located on one of two homologous chromosomes
(Figure 4.9). When homologous chromosomes separate in meiosis, the alleles
are separated and thus each gamete receives only one of a pair of alleles: just
as they only receive one of a pair of homologous chromosomes (Figure 4.10).
Historically, it was the striking similarity between the segregation of Mendel’s
factors in inheritance and the separation of homologous chromosomes in

Different
genes

Alleles of the
same gene

Homozygous

meiosis, as observed under the light microscope, that provided evidence that
genes are carried on chromosomes.

Inheritance for alleles of a single autosomal gene can be analysed
using a monohybrid cross. If the P generation is purebreeding, the
proportion of dominant to recessive alleles in the F, generation is
typically 3:1.

Loci

alleles for the
dominant trait

Heterozygous
alleles

Homozygous
alleles for the
recessive trait

Equipped with an understanding of meiosis, the outcomes of several different types of A Figure 4.9
crosses can be predicted. We will now explore how this is done, beginning with the simplest Homologous

chromosomes contain

type of cross, the monohybrid cross. alleles in pairs. This
diagram shows the

various combinations of

Taking it one gene at a time: the Gilelos possible
monohybrid cross

A monohybrid cross is a cross that involves one pair of contrasting phenotypes. The cross
between the tall and short pea plants studied by Mendel is an example of a monohybrid cross.
The parental generation had the genotypes 77 (tall) and ## (short). Segregation of the alleles
into the gametes can be explained in terms of meiosis. If homologous chromosomes contain
TT or tt alleles, each gamete produced after meiosis must contain only a 7" (from a 77 parent)
or a # (from a 7z parent). If the parent has one homologous chromosome containing a 7"and
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its pair containing a 7 (7%), then half of the gametes will be expected to contain a 7'and the
other half a z. When these gametes fuse at fertilisation, the offspring will have two homologous
chromosomes, one from each parent. One way of showing how this comes about is illustrated in

Figure 4.10

The segregation of
alleles in inheritance
corresponds to

the segregation

of homologous
chromosomes in
meiosis.

Figure 4.11 »

The segregation of
chromosomes in a
monohybrid cross.
Two homozygous
parents with different
phenotypes can only
produce heterozygous
offspring.

Figure 4.11.

dominant parent

In describing the genotype
of a plant as Tt we mean
that there is a pair of
alleles for height, or
tallness. One chromosome
of the pair carries a T allele
and the other a t allele.

In meiosis the two
homologous chromosomes
come together.

Then they segregate
into separate gametes.

Thus each gamete
contains one of
each of the
original

pair of alleles.

Homozygous
recessive parent

Homozygous

Chromosomes duplicated
before meiosis

Meiosis |

Meiosis Il

Fertilisation produces
heterozygous offspring
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The most straightforward way of showing how this arises is with a Punnett square,
conceived by Sir Reginald Punnett. In a Punnett square, the alleles in the gametes of one parent
are written along the top of a series of boxes and the alleles in the gametes of the other parent are
written down the side. The products of the various fusions are written in the appropriate boxes
and their relative numbers can be estimated (Worked example 4.1).

WORKED EXAMPLE 4.1

A pea plant that is purebred for green pea pods is crossed with a pea plant purebred for yellow pods
(Figure 4.12). Their offspring all have green pods. If two of the F, generation plants are crossed, work through

the stages to predict the proportion of the F, generation that will also produce green pea pods.

[e]

Qo O T

Answer

a G = green pods
g = yellow pods

Assign the alleles. (1 mark)

b Female gametes
e | 1
2 29

311

[0

= | 756G

3]

£ 2

O

(o)

Q11

s |27

9780170243254

Draw the Punnett square and enter the female and male gametes. (1 mark)
Determine the genotypes of all the possible offspring. (2 marks)
Determine the proportions of the phenotypes of the offspring. (2 marks)

<« Figure 4.12

A purebreeding pea plant with green pods is

crossed with a purebreeding pea plant with yellow pods,
giving offspring that all have green pods.

Logic

If the plants of the parental generation are purebreeding,
each must be homozygous for their respective trait.

As both the parents are homozygous, all the offspring must
be heterozygous (Figure 4.11) and they carry one allele

for the green phenotype and one allele for the yellow
phenotype.

All the heterozygous F, plants have green pods, proving that
the green phenotype is dominant.

Choose a capital letter to represent the allele for the dominant
phenotype. In this case, Gis appropriate for ‘green’.

The corresponding lower case letter is used o represent
the allele for the recessive phenotype. In this case, gis
appropriate for ‘yellow".

All the F, plants have the genotype Gg. The alleles segregate
on their homologous chromosomes during meiosis

(Figure 4.10), so half their gametes acquire the G allele

and the other half acquire the g allele.

In effect, the top row and left column display the haploid
gametes.

1 mark

1 mark
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c Female aametes All the remaining squares of the Punnett square represent 2 marks
9 the product of the fertilisation events of each of the gametes.
1 1 These will be filled with the genotypes of the diploid offspring.
_G —
2 29 Start with the empty top left square. This square is the
2| . . |n’rersec’r|on of the female column headed G and male row
g G | 266¢ 269 headed G As half the female gametes possess a Gallele
8) and half ‘rhe male gametes possess a G oIIeIe,] ‘rhe1pro;]aor‘r|on
o 1 1 1 of offspring inheriting these alleles togetheris - X - = —. The
2|59 469 | 799 . . 22 4
2 4 4 same logic applies to the alleles themselves: G X G = GG.

The empty square must T]heref?re be filled with the product of
the two gametes: EG X EG = ZGG'
The next square to the right is the infersection of the female

1 1
column headed Eg and male row headed EG' The empty
siquorc]a musT1 be filled with the product of these two gametes:
Note: By convention, the allele for the dominant phenotype is
always written first.

Continue through each square until the Punnett square is

complete.
d Three-quarters, or 75%, Each genotype with at least one G allele must express the 2 marks
of the F, offspring are dominant phenotype. The Punnett square shows that three of
predicted to be green. the four squares for the offspring have at least one G allele.

In other words, %GG + %Gg + %Gg, a total of % of the

offspring will show the dominant phenotype, green. This solves
the original problem.

Only the gg genotype will express the recessive phenotype.
The Punnett square shows that just one of the four squares

for the offspring has this genotype. In other words, % of the
offspring will show the recessive phenotype, yellow.

Try these yourself

Using the alleles Tand 1, draw Punnett squares to show the ratio of tall to short plants among the offspring from
the following crosses.

1 A purebreeding tall pea plant crossed with a purebreeding short pea plant, yielding all tall plants.
2 A cross between two pea plants of the F, generation from the parental cross in question 1.

Accepting the chances:
probability in genetic ratios

It is important to clarify the statement that three-quarters of the F, generation will be tall and
one-quarter short. This is what is predicted based on probability and this outcome will most
likely only be seen when there is a large number of F, individuals. Another way of putting it is to
say that if an F, plant is selected at random, there is a 3 in 4 chance of it being tall and a 1 in 4

chance of it being short. In other words, the probability of it being tall is é, or 75%.

Now, even if we looked at a large number of the F, plants, we should not expect the ratio of
tall to short individuals to be exactly 3:1. Rather, we would expect approximately three-quarters
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of the F, plants to be tall. It is true that, based on probability, half of the gametes (or potential
gametes) should have 7 alleles and half # alleles. However, many of these gametes will fail to
develop, die or fail to give rise to a zygote.

Another point is that even if exactly half of the gametes that gave rise to the F, plants had

T alleles and exactly half had 7 alleles, the random fusion of gametes would mean that we could

end up with all the offspring being heterozygous and so all being tall.

For all these reasons, the actual ratios obtained in genetic crosses only approximate
to the expected ratios. However, the more individuals that are counted, the closer the
observed ratios come to the expected ones. This is why Mendel looked at more than
1000 pea plants. Only then was he convinced that the ratios he observed were the ones
he expected.

How do we determine whether an organism is homozygous dominant or heterozygous

at a particular locus if the organism is incapable of self-fertilisation, which is the case for
most animals? A technique used by geneticists is to cross the individual whose genotype is
unknown with an individual that is homozygous recessive at the locus in question. This is
called a . We can illustrate this by reference to an animal that is used in many
genetic experiments, the fruit fly Drosophila melanogaster.

D. melanogaster is known to exist in a large number of variants or forms. For instance,
most individuals have red eyes but some have white eyes. Similarly, most individuals have
long wings, but some have small or ‘vestigial” wings (Figure 4.13). The long-winged condition
(V) is dominant to vestigial wing (v). Accordingly, if a purebred long-winged fly (VV) is
mated with a vestigial-winged fly (v2) the F, individuals are all heterozygous at this locus (V2)
and have long wings. If two of these F, flies mate with each other, a mixture of long-winged
and vestigial-winged flies are produced in a ratio of approximately 3:1 (Figure 4.14).

P Long wing X Vestigial wing
homozygous homozygous
dominant recessive
vv vv

F, Long wing (interbred)
heterozygous
Vv

F Long wing Vestigial wing
VvV, Vv vv

This is expected for a monohybrid cross. But how can we decide whether a given F, long-
winged fly is homozygous dominant (V'V) or heterozygous (V2)? The simplest way is to cross
it with a vestigial-winged fly. We know that a vestigial-winged fly must be vv (homozygous
recessive); it cannot be anything else. If the long-winged fly whose genotype we wish to

The fruit fly

D. melanogaster may
have a) long wings or
b) vestigial wings.

Summary of a
monohybrid cross in fruit
flies

Science Source/Biology Pics
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Supply Co.



Figure 415V determine is V'V] then crossing it with a vestigial-winged fly will give nothing but long-winged
A test cross to determine

whether a fruit fiy is flies. If, however, the unknown fly has the genotype Vo, then the cross will give a mixture of long

homozygous dominant and vestigial-winged flies in approximately equal numbers. This is summarised in Figure 4.15.
or heterozygous for long
wings
Parents Long wing X Vestigial wing Long wing X Vestigial wing

w Vv

Gametes

1 . 1 .
5 long wing 5 vestigial
. Vv wing
Long‘;/ wing vv
v
C Pl Test crosses with individuals that are known to be homozygous recessive at the locus in

question are a routine method of establishing an organism’s genotype.

{ FRUIT FLIES IN . .
 THE LAB . Deadly combinations

il | and lethal phenotypes

phenotypes, Experiments looking at fur colour in mice demonstrate that yellow (Y) is dominant to grey
gfosilzre]e‘r?eand (). In a cross between two heterozygous yellow mice, offspring are produced in the following
phenotypic ratios proportions: 23 yellow, 13 grey, a ratio of approximately 2:1. For a total of 36 offspring, the

{ of the offspring expected observation should have been approximately 27 yellow and 9 grey (3:1), so what is

i to determine happening? One explanation is that mice homozygous for the Yallele die before birth. In other

i inheritance words, the genotype Y'Y presents a homozygous lethal phenotype. This would explain why the
i patterns. proportion of yellow offspring is reduced (Figure 4.16). Alleles for lethal phenotypes are known to

exist in a wide range of organisms.

Certain dominant phenotypes are so important for normal development that an individual
homozygous for a mutant recessive form of the trait cannot survive. The alleles for the
mutant recessive phenotype can be perpetuated in the population by heterozygotes. In most
cases, lethal phenotypes are recessive. Occasionally, though, the presence of an allele in a
heterozygous genotype is sufficient to cause death. Such alleles are expressed as dominant lethal
phenotypes. An example of a medical condition in humans caused by a dominant lethal allele
is Huntington’s disease, which is characterised by deterioration of the nervous system. Here,
individuals with a single copy of the malfunctioning allele always develop the disease. Such
dominant lethal phenotypes usually only persist in a population if they cause death after the
reproductive age.
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4 Figure 4.16

Mice that

are homozygous YY

for fur colour die
before birth, so a cross

Yellow Yellow of two mice with the

Yy Yy Yy genotype fails to

produce the 3:1 ratio

typical of monohybrid

crosses.

Parents

Gametes ® @ ® @

1
4

1
YY el
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Sometimes there are more than two types of alleles for a gene. In any one individual, of
course, only two alleles are normally present. A multiple allele system is present when three
or more alleles of a gene exist among the members of a population. An example of this is
seen in the ABO blood group system in humans. In the human population, the phenotype
expressed by allele 7, which is codominant with 7%, produces molecular markers on red
blood cells. The phenotype expressed by the third allele 7 is recessive to both 7 and /* and
produces no marker (O). Figure 4.17 summarises the range of genotypes and the resulting
phenotypes (blood groups).

<« Figure 4.17

Lo Different blood types are
found in humans due to
combinations of multiple

or
alleles.
O © © O
! ! !
AB

o

Range of genotypes

. ©

=1

Blood types A

The fact that there are more than two alleles responsible for determining the blood group
makes no difference to their transmission, which takes place in a normal Mendelian fashion.
Thus, a child whose parents are both blood group O must be blood group O. However, consider
what happens when two people, one of whom is blood group A and the other blood group O,
have children. The genotypes of the children depend on the genotype of the A parent. If he or
she is homozygous with the genotype /4%, the children can only have the genotype /7 and be
blood group A. However, if the group A parent is heterozygous with the genotype /7, each child
has a 50% chance of being blood group A (i) or blood group O (7).
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QUESTION SET 4.2

Remembering
1 Define ‘'monohybrid cross'.
2 Describe the purpose of a test cross and how it is achieved.

Understanding
3 Explain how offspring may have a different genotype at a particular locus to either of their parents.
4 Draw a Punnett square to represent each of the crosses depicted in Figure 4.15.

Applying

5 Some strains of yeast can occur as either red or cream coloured cells. If a purebred red yeast is mated
with a purebred cream yeast, the resulting offspring are cream. Assign the alleles for cell colour and use
a Punnett square to predict the outcome of the cross between members of the F, generation.

6 Xolo"is miniature breed of hairless dog. The hairless phenotype is dominant fo hairy. Assign the alleles for
hairless and hairy and use a Punnett square to demonstrate the expected phenotypes for a litter of four
pups born to two heterozygous Xolo parents.

7 Following from Question 7 above, experimental data show that litters from Xolo crosses typically include
hairless and hairy pups in the ratio of approximately 2:1 and hairless Xolo dogs are never purebreeding.
What might account for this observation?

Inheritance of multiple
autosomal genes

So far, we have considered the inheritance of only one pair of contrasting characteristics.
However, Mendel also studied dihybrid inheritance, which is the inheritance of two
pairs of contrasting characteristics.

In one experiment, Mendel crossed a purebred tall pea plant possessing purple flowers
with a short plant possessing white flowers (Figure 4.18). In the F, generation, all the
plants produced were tall and had purple flowers. These were then self-pollinated. In
the F, generation, there were four different phenotypes: tall plants with purple flowers;
tall plants with white flowers; short plants with purple flowers; and short plants with
white flowers. In other words, the offspring showed the two pairs of characteristics
(tall, short; purple, white) combined in every possible way.

As before, Mendel counted the different types of plants and found 96 tall purple
plants, 31 tall white plants, 34 short purple plants and 11 short white plants, giving
a ratio of approximately 9:3:3:1. The experiment is summarised in Figure 4.19. What
conclusions can be drawn from these results? First, the observation that all the F, plants
are tall with purple flowers confirms that tall is dominant to short and purple flower
is dominant to white flower. This is as expected from the results of the monohybrid
crosses.

Figure 4.18 A
Pea plant flowers may
be o) purple or b) white.
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P Tall, purple flowers X Short, white flowers

ol
v
F, Tall, purple flowers (interbred)
v
v A 4 v v
F, Tall, purple Tall, white Short, purple Short,
flowers flowers flowers white flowers
9 : 3 : 3 1

Figure 4.20 shows how the alleles are transmitted in this dihybrid cross. 7 represents the
allele for tallness, # for shortness, P for purple flowers and p for white flowers. Mendel always
started his experiments with purebred plants, so the parent plants must be homozygous for both
genes. The genotype of the tall plant with the purple flowers is, therefore, 77PP, and that of the
short plant with white flowers is #2pp. From Mendel’s earlier work, we know that the gametes
produced by the parent plants are 7P from the tall purple parent and #p from the short white
parent. All the F, offspring will, therefore, have the genotype 7#Pp, heterozygous for both genes.

The next step in the argument is crucial. If all four possible combinations of characteristics are
to show up in the F, generation, we must conclude (as Mendel did) that the F, plants produce four
kinds of gamete: 7P, 7p, #P and #p. The Punnett square in Figure 4.20 shows the different ways
these gametes can fuse, together with the genotypes of the F, offspring. To be tall, the genotype
of the plant must contain at least one 7 allele; to be purple, it must contain at least one P allele.
From the Punnett square we can see that there are 16 possible combinations. Of these, 9 give tall
purple plants, 3 tall white plants, 3 short purple plants and 1 short white plants. The observed
9:3:3:1 ratio can be accounted for if all the possible combinations occur with equal likelihood.

What general conclusion emerges from all this? The main one, surely, is that the alleles of the
two genes are transmitted independently of each other from parents to offspring and, therefore,
‘assort freely’. In other words, each of the alleles of one gene may combine with each of the
alleles of another gene in equal probabilities. This is known as independent assortment.

By contrast, two alleles may be inherited together 80% of the time rather than 50% of the
time. This is not independent assortment because these alleles are situated near each other on the
same chromosome and are said to be linked.

When expressed in terms of probability, transmission of the genes determining stem height
and flower colour in the garden pea are independent events. If we consider the alleles for height

on their own, the probability of any one F, plant being tall is é and of it being short is l This is
shown in Figure 4.21; 16 of the plants are tall and have purple flowers and — are tall and have

white flowers. Combining these numbers, we can see that a total ofz, that is, three-quarters,
of the F, plants are tall. 16
Similarly, if we consider the flower colour alleles alone, the probability that an F, plant will be

purple is % and that it will be white is l What, then, is the probability of an F, plant being both
tall and purple? Assuming that the alleles are transmitted independently, and that the probability
3 9

of being tall is " the answer is 3x3 - —. This means that the chance of any F, plant, chosen

A Figure 4.19

Summary of Mendel'’s

dihybrid cross
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at random, being both tall and purple is 9 out of 16, which is slightly more than 50%. It also
means that in a large random sample of F, plants, approximately 9 out of 16 can be expected to
be tall and purple.

% Short white
I

Segregation

v

Gametes All All
Gametes
W

Fy Tall purple X Tall purple
/77’<\ self-pollinated /T}P<\
Segregation with Segregation with
independent assortment lndependent assortment

— @G ® 0 @6 0

Punnett square to show fusion of F; gametes

P Tall purple
TTPP

Segregation

ISES

Male gametes
1 1 i 1
49 - 9 ) T °
1 1 1
7 16 16 16
4 TTPP TTPp TtPP TtPp
Tall purple Tall purple Tall purple Tall purple
1 L f 1
1 16 16 16
4 TTPp TTpp Tth Ttpp
% Tall purple Tall white Tall purple Tall white
g 1 1
1, e e
® | 2 TtPP TtPp ttPP tth
g Tall purple Tall purple Short purple Short purple
[T
1 1
. 16 16
x TtPp Ttpp tth ttpp
Tall purple Tall white Short purple Short white
F, %Tall purple %Tall white %Short purple %Short white
Figure 4.20 A

Dihybrid cross of a
purebred tall pea plant

We can apply similar reasoning to the other possible combinations of characteristics.

1
The probability of an F, plant being tall and white is Ixlo

3
—, short and purple is

with purple flowers with 1 3 1 4 4
a short pea plant with — X Z = — and short and white is — X — . These numbers agree with those obtained by
white flowers. 4 4 4 4 16°
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the Punnett square method (Worked example 4.2) and with the results of Mendel’s experiments
(Figure 4.20). They can be explained by postulating that the two pairs of alleles are transmitted
independently and assort freely.

Inheritance for two unlinked autosomal genes can be analysed with a dihybrid
cross. If the P generation are purebreeding with respect to all traits, the F,
generation typically shows a ratio of 9:3:3:1.
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WORKED EXAMPLE 4.2

A purebred fruit fly that has curly wings and red eyes is crossed with a purebred fruit fly that has straight wings
and purple eyes (Figure 4.21). Their offspring all have curly wings and red eyes. Two of the F, generation flies

are crossed. If the alleles for wing shape and eye colour assort independently, predict the phenotypes of the
F, generation and the proportions of each phenotype.

a Assign the alleles. (1 mark)

< Figure 4.21

Purebreeding fruit flies with curly wings and red eyes are
crossed with purebreeding fruit flies with straight wings
and purple eyes.

b Draw the Punnett square and enter the haploid gametes. (2 marks)

¢ Determine the genotypes of all the possible offspring. (4 marks)

d Determine the corresponding phenotypes for the genotypes. (4 marks)

Answer

a C = curly wing
¢ = straight wing
R = red eyes
r= purple eyes

b Female gametes
1 1 1 1
4CI? 4Cr 4cl? i
o |=CR
Q0
G) —
g 4Cr
=l I
o |=
3 | 2°R
= |1
2Cr
c Female gametes
1 1 1 1
4CI? 4Cr 4cl? i
T | L 1 il il
2 4C ] OCCI?I? 1 6CCI?r ] 6CC/?/? ] 6Ccl?r
o1 |1 il 1 1
g 2Cr wCCI?r MCCrr 1()Ccrl?r wccrr
oLz 1B 1 1 1
3 40 chI?I? 16Ccl?r 1é‘ccl?l? wccl?r
=[1 |1 1 1 1
2 cr 6 CcRr 16 Cerr 6 ccRr 16 cerr

9780170243254

Logic

The P generation flies are purebreeding, 1 mark
so they are homozygous for wing shape

(curly or straight) and eye colour (red or

purple).

It follows that all the F, generation must be
heterozygous with respect to both wing

shape and eye colour.

All the F, generation have curly wings and
red eyes. This indicates that curly wings are
dominant fo straight wings and red eyes
are dominant to purple eyes.

The F, cross is between heterozygous 2 marks
fruit flies, that is CcRr x CcRr. For each

individual, half the gametes will receive

the C allele and half will receive the ¢

allele; half will receive the R allele, half will

receive the rallele.

The alleles for each trait (Cc and Rr)
assort independently of one another, so
four equally likely combinations of alleles
are present in the gametes of the F,

] 1 1 1
generation: 4CI?, 4Cr, 4cl?cmd 26"

As with the monohylbrid cross, each 4 marks

square is filled with the product of the
intersecting female and male gametes.

For example, ECCRI? is enfered info the
first vacant square, which represents the
product of %CI? (female) and %CR (male).
The next vacant square to the right is filled

1 1
with ECC/?r, which is the product of ZCr

(female) and ZCI? (male). Continue

working through until all sixteen squares
are filled.

CHAPTER 4: MENDELIAN GENETICS 107



Nine of the 16 squares show offspring 4 marks

d Female gametes with at least one C and one Rallele, and
1 1 1 1 these offspring will have both dominant
2CR 2CT 2GR 26" phenotypes, curly wings and red eyes.
] ] ] ] ] Three of the 16 squares show offspring with
—CR | =—=cCRR | =—=ccRrr | =—ccRrR | =—ccpr | one Callele for curly wing shape and two rr
a 4 16 16 16 16 alleles for purple eye colour.
g %Cr %CCRr %CCrr %Ccl?r %Ccrr Three of the 16 squares shqw offspring with
% ] : : : : two %c (l:llllclele}s for Zfrcngh‘r wings and at least
% ch? 16CCRR | 75CCRr | 75CCRR | qpcCRr one frdlieleforred eyes.
s Just one of the 16 squares shows offspring
lcr 1 Cobr 1 Corr icc/?r iccrr with the genotype ccrr for both recessive
4 16 16 16 16 phenotypes, straight wings and purple eyes.

The dihybrid cross gives a 9:3:3:1 ratio of fruit flies.
curly wings curly wings straight wings straight wings

redeyes  purpleeyes red eyes " purple eyes

Try these yourself

1 A purebred fruit fly that has curly wings and long legs is crossed with a purebred fruit fly that has straight
wings and short legs. Their offspring all have curly wings and long legs. Two of the F, generation flies are
crossed. If the alleles for wing shape and leg length assort independently, predict the phenotypes of the
F, generation and the proportions of each phenotype.

2 A purebred pea plant with yellow wrinkled peas was crossed with a purebred pea plant bearing green
round peas. All the F, offspring have yellow round peas. If two of the F, pea plants are crossed, predict the
possible combinations of pea phenotypes with respect to colour and shape and the proportions in which
they are likely to occur.

Test crosses and dihybrid ratios

It is clear from the Punnett squares in Figure 4.20 and Worked example 4.2 that the same
phenotype may result from several different genotypes. For example, a tall purple plant may
have one of four possible genotypes: 77PP (homozygous for both genes), 77Pp (homozygous
tall, heterozygous for colour), 7tPP (heterozygous for height, homozygous purple) or 7¢Pp
(heterozygous for both genes).

The casiest way of establishing the genotype of a tall purple plant is to cross it with a short
white one (z£pp), that is, to perform a test cross. Thus, if the plant with the unknown genotype is
homozygous for both characteristics, all the offspring from the test cross will be tall and purple.

Now consider the outcome if the unknown plant happens to be heterozygous for both genes.
In this case, it will produce four types of gametes: 7P, Tp, P and #p. The short white plant,
however, produces only one type of gamete: £p. The fusion of the gametes is shown in
Figure 4.22, from which it is clear that four types of offspring should be produced in
approximately equal numbers: tall purple, tall white, short purple and short white. Mendel
carried out this experiment and this is precisely what he found; he obtained 47 tall purple,

40 tall white, 38 short purple and 41 short white plants.

There are two other possible genotypes for a tall purple plant: 77Pp and 7¢PP. If TTPp was
test crossed with a short white plant (77Pp X #tpp), then tall purple (7¢Pp) and tall white (72pp)
plants would be expected in equal numbers. If 7:PP was similarly test crossed with a short white
plant (7:PP X ttpp), then tall purple (7Pp) and short purple (#2Pp) plants would also be expected
in equal numbers.

A test cross is performed to determine whether an unknown dominant genotype
is homozygous or heterozygous by crossing it with a homozygous recessive
genotype.
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Gametes

Gametes
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21s B 5% =
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Tall white Short purple Short white

Tall purple

Explanation of dihybrid ratios

The observation that characteristics such as height and flower colour are inherited independently
of each other is known as independent assortment. The explanation lies in the behaviour of

the chromosomes at meiosis, just as was the segregation of alleles that Mendel observed in his
monohybrid crosses.

Independent assortment requires that the genes concerned be carried on different chromosomes;
for example, the alleles of the gene for flower colour are located on one pair of chromosomes and
the alleles of the gene for height on another pair of chromosomes (Figure 4.23). In metaphase I
of meiosis, homologous chromosomes line up side by side on the spindle prior to separating at
anaphase I. In doing this, different pairs of homologous chromosomes behave independently of each
other; the way one pair of homologous chromosomes arranges itself on the spindle and subsequently
separates has no affect whatsoever on the behaviour of any other pair of chromosomes.

The consequence of the independent behaviour of non-homologous chromosomes in meiosis
is shown in Figure 4.23, which illustrates how the four different types of gametes (7P, 1p, tP
and #p) can be formed from a plant that is heterozygous for height and flower colour (7¢Pp).

We can summarise the situation by saying that the alleles for height and flower colour segregate
and assort independently because they are carried on separate chromosomes, which themselves
segregate and assort independently in meiosis.

<« Figure 4.22

In a test cross of a

pea plant that is
heterozygous for both
height and flower colour
with a homozygous
recessive plant, four
possible offspring may
result.
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Figure 4.23

Meiosis provides the
explanation for the
independent assortment
that Mendel found in

his dihybrid crosses.

The independent
assortment of alleles in
inheritance corresponds
fo the free assortment

of chromosomes during
meiosis.

See Chapter 9 fo
learn more about the
action of hormones.
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All for one (and one for all):
polygenic inheritance

So far, we have only dealt with cases where a characteristic is controlled by the alleles of one
gene. Sometimes, however, a single characteristic is controlled by the alleles of two or more
genes interacting with one another. A characteristic controlled by more than one gene is known
as a polygenic characteristic, and its transmission is called polygenic inheritance.

An example of polygenic inheritance is human height. Unlike Mendel’s pea plants, which were
either tall or short, humans have a range of heights with a smooth gradation from one extreme to
another. This can be seen when you line up for your school photographs each year. Whether it is a
form or level group photograph, most students are different in height to others. According to the
Australian Bureau of Statistics’ Health Survey of 201112, the average adult height in Australia
is 161.8 cm for women and 175.6 cm for men. In the last 40 years, many genes contributing to
height have been identified by association with short stature or overgrowth. More recently, studies
of the human genome have identified many more, with the total now exceeding 200 genes.

Clearly, height is a complex trait, the outcome of many genes, the majority of which have
just a modest effect. Some genes, however, have a great influence. For example, short stature can
be caused by mutations that abolish the contribution of a single gene, such as the gene encoding
the growth hormone, GH1. On the other hand, because GH1 is produced by the pituitary gland
in the brain, cancers of the pituitary gland can overstimulate production of GH1 leading to
gigantism with patients attaining heights of up to 2.5m.

'The condition of showing a range of phenotypes is called continuous variation. Traits that
show continuous variation are controlled by two or more genes (polygenes). The greater the number
of genes and the greater the influence of environmental factors (e.g. nutrition and the standard of
medical care), the greater the expected distribution of all phenotypes for height.

Discontinuous variation occurs when only one gene is involved and results in a small
number of phenotypes, such as pea plants with either purple flowers or white flowers, but no
colours other than these.
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EXPERIMENT 4.1

A DIHYBRID CROSS IN MAIZE

The popular edible grain, corn (Zea mays), also known as maize, is a member of the grass family (Poaceae).
It was first domesticated in Central America and later transferred to Europe following Columbus’ expeditions
there in the late 15th century. Today, there are dozens of varieties of domesticated corn (Figure 4.24), which

have been generated by selective breeding, which is also known as artificial selection. This approach to

cultivating new varieties depends upon crossing individuals with desirable phenotypes.

Corn is a useful organism for investigating patterns of inheritance because the offspring of the same par-
ents are represented as kernels on a single cob. This means that examining a single cob provides data on sev-
eral hundred offspring of the same parents. Each kernel is made up of an embryo surrounded by nutritive tissue
called the endosperm and an outer covering called the aleurone layer (Figure 4.25).
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<« Figure 4.25

A Figure 4.24 . The structure of a corn
Some examples of different corn Aleurone kernel
varieties

Kernel colour is determined by the presence or absence of a pigment called anthocyanin in the aleurone
layer. When the pigment is present the kernels are purple and referred to as ‘coloured’, and when it is absent
the kernels appear yellow and are called ‘colourless’.

Kernel shape may be described as smooth or wrinkled. The difference between the two is largely due to the ratio of
sugar to starch content of the endosperm. An endosperm high in sugar dries out quickly, causing the kernels fo collapse
and become wrinkled. An endosperm high in starch will tend fo retain water and cause a kernel to remain smooth.

In this investigation, you will examine these traits of corn kernels (colour and shape) to determine their inheri-
tance patterns over three generations.
Aim
To predict the phenotypic ratios of F, offspring arising from a dihylbrid cross in Zea mays (corn) and test the
prediction against observed data
Materials

Dihybrid maize model, boxed (produced by Carolina Biological Supply Company, sourced locally through
Australian suppliers)

Nofte: Alleles are assigned in the model. Ideally, these should be removed or obscured so that alleles are
assigned during the investigation.

Maize ear: segregation for dihybrid cross (Carolina Biological Supply Company)
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Procedure

Part A: Predict the outcome of the dihybrid cross

A cross was set up between two purebred corn plants (P) to produce an F, generation. Representatives of the
F, generation were subsequently self-pollinated to give the F, generation. A model of the two crosses is shown in

the box.

1 Examine the model and determine the dominant and recessive phenotypes for the two independently
assorting characteristics in corn: colour and shape. Copy Table A and enter your observations.

2 Assign alleles corresponding fo each of the dominant and recessive phenotypes and enter them into Table A.
3 Copy and complete the first Punnett square (Table B) to show the genotype(s) of the F, generation kernels.

4 Copy and complete the second Punnett square (Table C) to show the predicted genotype(s) of the F,
generation corn kernels.

5 Use the genotype in Table C to determine the corresponding phenotype of each possible zygote formed.
List these possible phenotypes under Table C in your results section.

6 Use the phenotype data from your list to calculate the ratio of the predicted phenotypes of the corn kernels

and record your results as Table D.

Part B: Gather experimental data and compare with predicted ratios

You are presented with the maize ear from the F, generation.

1 Identify the four different phenotypes with respect to kernel shape and kernel colour. Copy Table E and

record the phenotypes in the top row.

2 Select and mark five columns of kernels with a pin (at the flat end of the cob). Count the number of kernels
of each phenotype for each row and enter the data intfo Table E.

3 Calculate the total number of kernels for each phenotype and enter these into the second-last row of Table E.

4 |dentify which of the phenotypes in Table E is represented by the smallest fotal number of individuals. Divide
the total number of each phenotype by the smallest total number and round off to the nearest whole
number. Enter these values info the final row to generate a ratio for the observed phenotypes.

Results

Copy and complete each of the tables, following the instructions given in the procedure.

Table A Corn kernel phenotypes and their corresponding alleles

Characteristic Colour Shape

Dominant Recessive Dominant Recessive
Phenotypes phenotype phenotype phenotype phenotype
Alleles

Table B Punnett square representing the cross between two purebred P corn plants to give the F, generation

Female
gamete

Male gamete

Table C Punnett square representing the cross between F, corn plants to give the F, generation

Female gametes

Male gametes
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Table D Ratio of expected phenotypes for the F, corn kernels

Phenotype

Ratio

Table E Observed data for F, generation corn

Phenotype 1 Phenotype 2 Phenotype 3 Phenotype 4

Column 1
Number of kernels

Column 2
Number of kernels

Column 3
Number of kernels

Column 4
Number of kernels

Column 5
Number of kernels

Totals

Simplified ratio

Analysis of results @

1 How many different genotypes are represented in your Punnett square .
(Table C)? CORN DOMESTICATION

2 How many different phenotypes are represented (Table D)? Learn about the history of i

3 Compare your expected and observed phenotypic ratios. Explain the corn domestication at the
discrepancy (if any) between the two ratios. Max Planck Institute for Plant

4 What could be done to improve the accuracy of the observed i Breeding Research.
phenoTyplC I'OTIO? ............................

Discussion

1 Consider the coloured smooth corn kernels of the F, generation. What kind of
experiment could be done to defermine their genotypes?

2 Discuss how corn from the F, generation could be crossed fo regenerate purebred
lines of coloured smooth and colourless wrinkled corn.

See Chapter 7 to
learn more about
selective breeding.
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QUESTION SET 4.3

Remembering

1 Define ‘dihybrid cross'.

2 Describe ‘independent assortment’.

3 Distinguish between multiple alleles and polygenes.
4

Explain why some phenotypes, such as height, can show continuous variation, yet others show
discontinuous variation.

Understanding
5 Explain the origin of a 9:3:3:1 phenotypic ratio in a dihybrid cross.

Applying

6 Two purebred rabbits are mated: a doe with grey fur and black eyes is mated with a buck with white fur
and red eyes. The litter contains only offspring with grey fur and black eyes. Assign the alleles and show
the genotypes of the P and F, individuals. Draw a Punnett square to show a cross between individuals
of the F, generation and predict the ratio of phenotypes with respect fo fur and eye colour in the F,
generation.

7 Feather colour in budgerigars involves two pigments, each under the control of a separate gene. One
gene defermines whether the first pigment is yellow or white. The other gene determines whether the
second pigment is blue or white. If the yellow and blue pigments are both expressed, the feathers are
green. If neither is expressed, the feathers are white. A purebred yellow female is mated with a purebred
blue male. When their eggs hatch, the offspring are all green. Assign the alleles and draw a Punnett
square fo determine the phenotypic ratio of the feather colour in offspring resulting from mating a female
and male among the generation of green birds.

8 The capacity fo tolerate high salt concentration varies between different individuals of a population of
salmonid fish. Plot a graph of salinity tolerance versus number of individuals in the fish population fo show
what you would expect if the frait is under the control of multiple genes.

9 Re-plotf the graph from Question 8 to show what you would expect if the trait is under the control of one
gene with two alleles: an allele for saline intolerance and another for high tolerance. Assume the alleles
occur in equal proportions in the population and high folerance is dominant to intolerance.

Sex-linked inheritance

In the process of fertilisation, male and female haploid sex cells fuse to produce a diploid zygote.
In humans, normally all female gametes contain 22 autosomes and an X chromosome. But 50%
of male gametes contain 22 autosomes and a Y chromosome and 50% contain 22 autosomes
and an X chromosome. Thus, in humans there is a 50% chance that, in fertilisation, a sperm
cell bearing a Y chromosome will fuse with an egg cell resulting in a male (XY) and a 50%
chance that a sperm cell carrying an X chromosome will fuse with an egg cell resulting in a
female (XX).

The X and Y chromosomes, or sex chromosomes, can be divided into homologous and
differential regions. The homologous regions are those regions that the two chromosomes share
in common. The differential regions are unique to each chromosome. In males, genes found in
the differential regions are hemizygous in the sense that there is only a single copy of each of
them.

Genes within the differential regions of the sex chromosomes show inheritance patterns that
can be described as sex-linked. Sex-linked inheritance can be detected as phenotypes that
segregate differently between males and females.
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Scientific literacy: Evil gene would make punishment
a tricky business

Are there evil genes or is it only people who can be evil? A recent story in The Age (‘Deep Divide of “Evil
Genes™) raised the question of whether criminals might evade responsibility for their crimes by blaming
their genes.

The suggestion that there may be biclogical causes of crime is froubling in many ways. It reminds us of
the horrors of the Nazis, and the evasion of responsibility seems like a slap in the face for victims of crime.

The very notion of a crime gene makes us reflect on the purposes of punishment. Should the courts
fry to give offenders what they deserve, or should they just profect the community from those with
dangerous genetic profiles?

An example of a so-called ‘evil gene’” might be the low-activity MAOA gene. MAOA is a
neurotransmitter in the brain and some research has suggested that those males who have low levels of
the substance are particularly vulnerable to the effects of being maltreated when young.

Experience of childhood maltreatment has long been thought to be an influence on criminal
conduct but it seems that being maltreated and having the genetic vulnerability is particularly likely to
lead to bad behaviour.

But children don’t get to choose their genetic profile nor whether they are maltreated. These are just
things that happen to them and it is a matter of luck whether they receive the ‘evil gene’ and a matter of
luck whether they are abused. Some are very unlucky on both counts.

So it's not a level playing field. Some people appear to have genetic and environmental misfortune
that brings difficulties in complying with the criminal law.

This becomes problematic when punishing offenders. Once a person has been convicted of an
offence, it is up fo the judge to sentence them. But if a person has ‘evil genes’ - or, put another way, a
genetic vulnerability - and is unlucky enough to have been maltreated, one might ask whether it is fair fo
give them the same punishment as an offender without these issues.

It is well recognised in the law that the characteristics of the offender are relevant to punishment. A
mentally impaired young person from a severely dysfunctional background deserves less punishment
than an unimpaired adult, even if they have committed the same type of crime.

It's just not fair fo tfreat them the same because one has more difficulty in behaving well.

Similarly, it seems unfair to treat maltreated low-activity MAOA offenders the same as those who are
more fortunate in their genetic profile and family circumstances.

But things are not so simple. Those with the ‘evil gene’ and difficult backgrounds may still be very
dangerous.

This is how the purposes of punishment come info question. Should judges focus on giving offenders
what they deserve or should they just fry fo prevent future crimes?

Perhaps judges should just lock them up until they won’t cause any more trouble. Or even lock up
those with ‘evil genes’ before they cause any trouble.

But that doesn’t seem right. It seems to be a condition of a decent society that only the guilty
are punished and that they not be punished in excess of their guilt. Criminals shouldn't get a worse
punishment than they deserve and people who haven’'t committed a crime shouldn't get any punishment.

The proper consideration of ‘evil genes’ just draws attention to the complexity of the practice of
punishment. It is easy to present it as a simple matter but it just isnt.

However, one thing seems clear. The ethical issues described here are likely to be forced on the
courts by developments in science and there is no simple resolution in sight.

McCay, A. (2013) "Evil gene would make punishment a tricky business’, The Age, 22 April.

Questions

1 Describe what implications the function of the MAOA allele has for the interactions between genes
and environment on criminal behaviour.

2 What kind of variation is implied by inheritance of the MAOA allele? Are you satisfied that this kind of
variation best describes variation in human behaviour? Explain your reasoning.

3 Do you believe ‘evil’ is a valid phenotype? Outline two reasons in support of your answer.

4 Consider a situation where two first-time offenders were convicted of the same sort of crime. Would
you argue that, if one of the offenders was shown to have an ‘evil” genotype, the punishment
should be more lenient, the same, or more severe as for the other convicted offender? Explain
your reasoning.

5 Discuss at least two concerns with using a convicted criminal’s genotype as a basis for determining
their sentence.
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In fruit flies, if a male with white eyes is crossed with a female with red eyes, all the F, fruit
flies have red eyes, indicating red is dominant to white. If males and females of the F, generated

3 1
are mated, = of the F, fruit flies have red eyes and — have white eyes. So far, this seems like a

typical Mendelian ratio for a monohybrid cross but there is a twist. All of the white-eyed flies
are male. Alternatively, if the initial cross is between a red-eyed male and white-eyed female, all
the F| males have white eyes and all the F females have red eyes. How can these observations
be explained?

It makes sense if the gene for eye colour is carried on the X chromosome. In the first cross
between the white-eyed male and the red-eyed female, the male is hemizygous for the white
allele. The female is homozygous dominant with the red allele. In the F, generation, all the
females are heterozygous for the red phenotype. The males, however, can only inherit one
X chromosome, from their mother, and so are hemizygous with the allele for red eyes. In the
F, generation, all the females have at least one allele for red eyes because they inherited one of
their X chromosomes from their red-eyed father. On the other hand, males inherit only one
X chromosome from their heterozygous mother: half get the red allele, half get the white allele.

In the alternative cross between a red-eyed male and a white-eyed female, all the F, females
inherit an X chromosome with a red allele from their hemizygous father. All the F males inherit
their X chromosome with a white allele from their homozygous mother. Figure 4.26 summarises

these crosses.

a b c
Female gametes Female gametes Female gametes
R R r r
1 1
2 2
X X X X
r RUr R RER REF R RUr
1 1 1 1 1 1 1
o |2 2 ol 2 4 4 o |2 2
[} [] []
@ @ @
IS X X X IS X X X X X € X X X
© © ©
[e)] [o)] [o)]
o R o R < r
s 1 2 1 i I E 1
1 2 1 4 4 1 2
2 2 2
Y XY Y X Y X Y Y XY

Figure 4.26 A

White eye colour in

fruit flies is an X-linked
recessive phenotype.
The Punnet squares show
o) the P generation and
b) the F1 generation

of a monohylbrid cross
between a white-eyed
male and red-eyed
female, and ¢) a
monohybrid cross
between a red-eyed male
and white-eyed female.

When a recessive phenotype under investigation is determined by an allele on the
X chromosome, it is said to be an X-linked recessive phenotype. Males who have the
recessive allele on their X chromosome will always express the phenotype as they only have one
X chromosome. Females will only express the phenotype when both X chromosomes have the
affected allele. A heterozygous female will be a carrier.

To express the phenotype, males only need one copy of the affected allele, whereas females
must have two. Consequently, males show X-linked recessive phenotypes much more often
than females do. Red—green colour blindness and haemophilia are two recessive conditions in
humans that are transmitted to offspring through X-linked inheritance.

In this type of inheritance, a male with the phenotype cannot pass on the trait to his sons, as
they inherit his Y chromosome only. His daughters will get the affected X chromosome but they

116 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



will only show the phenotype if they inherit another affected X chromosome from their mother.
As with autosomal recessive phenotype, some generations may not have any members showing
the phenotype.

X-linked dominant

This type of inheritance is similar to sex-linked recessive inheritance except that heterozygous
females will always show the phenotype and any individuals must have a parent with the
phenotype. Males showing the phenotype will not pass the affected allele on to their sons (as they
must inherit their father’s Y chromosome) but they will pass it on to all their daughters, who will
also show the phenotype. A heterozygous female is expected to pass on the allele to 50% of her
offspring regardless of their sex.

Y-linked

If a trait is carried on the Y chromosome it is said to be Y-linked. The most conspicuous See Chapter 3 fo
phenotype associated with genes of the Y chromosomes is male gender. ‘Maleness’ in humans is learn more about
determined by the SRY gene carried on the Y chromosome. Other Y-linked genes are relevant how the SRY gene

. . S . . achieves male
to testis development and sperm production. By definition, inheritance of the Y chromosome is development
along the male line from father to sons. :

Alleles carried on the X and Y chromosomes show different inheritance patterns
for males and females. X-linked recessive and Y-linked phenotypes are more
common in males because they are hemizygous for the sex chromosomes.

QUESTION SET 4.4

Remembering
1 Define ‘sex-linked’, ‘X-linked” and 'Y-linked" inheritance.
2 Define ‘carrier’.

Understanding

3 Describe and explain the occurrence of phenotypes that are:
a X-linked recessive.
b X-linked dominant.
c Y-linked.

Applying
4 Ichthyosis is an inherited condition characterised by scaly skin. The condition affects around 1 in 6000
males but female cases are almost unknown.

a What might account for the differences in ichthyosis occurrence among males and females?
b From which parent would an affected male have inherited the condition?

c  What is the probability the affected male would pass the responsible gene on to his sons? Explain
your reasoning.

5 The novel Xg blood group is an X-linked phenotype that is observed in approximately equal proportions
in males and females.

a Explain how an X-linked phenotype could be observed in equal proportfions in both sexes.

b What is the probability that Xg sons are born to a heterozygous mother with Xg and a father without
Xg? What is the probability that daughters of this mother and father show the Xg trait?

c What is the probability that Xg sons are born to a mother without Xg and a father with Xg? What is the
probability that these parents have Xg daughters?
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CHAPTER SUMMARY

+  The combination of alleles an organism has for a partficular gene is its genotype. The two alleles may be

identical (homozygous) or different (heterozygous).

+ The interaction between alleles determines an organism’s phenotype. Phenotypes may be described as
dominant, recessive, codominant or partially dominant.

* In a monohybrid cross between two purebred (homozygous) parents:

+ the F, offspring are all heterozygous and show the dominant phenotype

+ inasubseqguent cross between F, individuals, the F, offspring are predicted to show dominant and

recessive phenotypes in the ratio of 3:1.

* In adihybrid cross between two parents purebred for two independently assorting characteristics:
+ the F, offspring are heterozygous for both traits and show the combination of dominant phenotypes

+ in asubseqguent cross between F, individuals, the F, offspring are predicted to show four combinations of
phenotypes, dominant-dominant : dominant-recessive : recessive-dominant : recessive-recessive in the

ratfio of 9:3:3:1.

+  Punnett squares are a convenient way to represent crosses and predict the resulting genotypes and

phenotypes and their proportfions.

+  Observed phenotypic ratios for any cross may vary from those predicted by a Punnett square. This is due to:

+ random assortment of alleles on chromosomes during meiosis

+ the fertilisation of random gametes.

+  Certain combinations of alleles sometimes lead to lethal phenotypes. Lethal phenotypes skew the

phenotypic ratios of the surviving offspring.

+ Atest cross can be used to determine the genotype of an individual displaying a dominant phenotype.

+ Discontfinuous variation is displayed by phenotypes governed by a single gene. Continuous variation is
shown for phenotypes governed by polygenic inheritance.

« Sex-linked inheritance is detectable by unequal phenotypic ratios between males and females.

+  X-linked recessive phenotypes are more common in males than in females.

+  X-linked dominant phenotypes show up in all affected females and males.

*  Y-linked phenotypes are exclusively male.

CHAPTER GLOSSARY

allele one of different versions of the same gene (at
the same locus) determined by small differences in
the DNA sequence of the gene

artificial selection the breeding of plants and
animals to produce desirable traits in successive
generations; also known as selective breeding

carrier usually used in reference to disease; a
healthy, heterozygous organism carrying an allele for
a recessive phenotype; the organism may transmit the
recessive dllele and resulting phenotype fo its offspring
or fo others

codominant a state in which both alleles of a
heterozygous individual are fully expressed in the
phenotype

continuous variation a variation in a characteristic
that shows a smooth range of different phenotypes

dihybrid cross a cross between two organisms that
are heterozygous at two gene loci

dihybrid inheritance inheritance of two pairs of
contrasting characteristics

118 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM

discontinuous variation a variation in a
characteristic that shows two or just a few clearly
distinct phenotypes

dominant a phenotype that requires only one copy
of its allele in an individual to be expressed

first filial generation (F,) the first generation of
offspring produced from a cross between two
homozygous parents (P)

gene a unit of heredity that fransmits information
from one generation fo the next; a segment of DNA
that codes for polypeptide

genotype a specific combination of alleles for a
particular gene locus belonging to an individual
or cell

hemizygous a gene that occurs only as a single
copy in a diploid organism or cell

heredity the study of inheritance; the genetic
fransmission of characteristics from one generation
to another
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heterozygous a genotype with two different alleles
for a single gene locus

homozygous a genotype with two identical alleles
for a single gene locus

homozygous lethal phenotype a phenotype that
arises from a homozygous recessive genotype,
leading to the premature death of an organism

incomplete dominance the state in which a
heterozygous individual has a phenotype that is
infermediate between those of the corresponding
homozygous individuals

independent assortiment when alleles of gene
pairs redistribute independently info different
combinations in gametes during meiosis

inheritance genetic acquisition of characteristics
by offspring from their parents

linked genes - or their alleles - that are inherited
together more frequently because they are located
near each other on the same chromosome

monohybrid cross a cross between two organisms
that are heterozygous at one gene locus

parental generation (P) two individual organisms
that represent the start of a breeding experiment;
their offspring are the F, generation

parfial dominance see incomplefe dominance

phenotype the actual form taken by a specific
feature in a particular individual based on their
genotype; can be used in reference to particular
fraits or characteristics or fo the overall form of an
individual

polygene a gene for which the alleles have a small
additive effect on a phenotype; many polygenes

fogether contribute to continuous variation in a
phenotype

polygenic inheritance fransmission between
generations of characteristics that are controlled by
polygenes

Punnett square a grid used to graphically predict
the outcome of a cross or breeding experiment

purebreeding a line of organisms that always
produce offspring with the same phenotype when
crossed with each other

recessive a phenotype that requires two copies of
its allele in an individual fo be expressed

second filial generation (F,) offspring of the F,
generation; the second generation produced from a
cross between two homozygous parents (P)

selective breeding a process by which humans
domesticate animals or plants by purposely
choosing individuals with the most desirable
characteristics as parents for each successive
generation of breeding

sex-linked a gene located on a sex chromosome

test cross a cross using an organism with a
recessive phenotype to determine the unknown
genotype of an organism with a dominant phenotype

trait a heritable characteristic; phenotype

X-linked related to a gene located on the X
chromosome

X-linked recessive when a phenotype is
determined by a recessive allele on the
X chromosome

Y-linked related to a gene located on the Y
chromosome

CHAPTER REVIEW QUESTIONS

Remembering

1 Describe the relationship between the following terms.

a Gene and allele
b Genotype and allele
c Genotype and phenotype

2 Match each item in the first column with a description in the second column. Each item can only be used once.

Hemizygous Only one copy of the allele is required for the phenotype to be observed.

Heterozygous Two different alleles are both fully expressed in the phenotype.

Homozygous The phenotype is infermediate between each of those defermined by two different alleles.
Recessive Two copies of the same allele are present for a partficular gene locus.

Dominant There is only one copy of the gene in a diploid organism.

Codominant Two different alleles are present for a particular gene locus.

Partially dominant | Two copies of the allele are required for the phenotype o be observed.
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Understanding
3 Explain what ‘purebreeding” means. Why was it important for Gregor Mendel to use purebred plants in
his experiments?

4 Explain why siblings are not identical, even though they inherit half their chromosomes from each of the
same parents.

5 Explain why the offspring of a tall pea plant and a short pea plant are not all of infermediate height.

6 Distinguish between the effects of random assortment of alleles and linked alleles on phenotype, and
describe what accounts for these differences.

Applying
7 Two grey rats are mated. Half the offspring are grey, one-quarter are white and one-quarter are black.
a Assign the alleles for coat colour.
b Describe the genotypes of the parents and the offspring.
c What kind of dominance is this?

8 There are four possible phenotypes for ABO blood groups in humans: A, B, AB and O. The most common of
these, O, is actually the recessive phenotype. These phenotypes are determined by three alleles, of which A
and B are codominant and i is recessive to both.

a Write each possible genotype and the corresponding phenotype.

b If a woman is heferozygous with blood type A and a man is heterozygous with blood type B, predict their
children’s possible blood type(s) and the probability of each. Support your conclusions with a Punnett
square.

9 Consider the cross between the red-eyed male and white-eyed female fruit flies shown in Figure 4.27.
Predict the proportion of red-eyed and white-eyed offspring and their gender resulting from a cross
between an F, female and an F, male. Use a Punnett square fo support your prediction.

10 In mice, coat colour is determined by an autosomal gene, and pink coat colour is dominant to brown.
Dwarfism is caused by an X-linked recessive allele. If a brown female dwarf mouse mates with a
purebreeding pink male of normal size, what will the phenotypic ratios in each gender be in the F, and F,
generations?

11 In cherry tomatoes, a tall vine is dominant to dwarf vine, round-shaped fruit is dominant to pear-shaped
fruit and red fruit is dominant to yellow fruit. If you crossed a purebreeding tall, round, red-fruited plant
with a short, pear-shaped, yellow-fruited plant, what would you expect to be the appearance of the F,
generation? Assuming that the genes controlling these three characteristics are inherited independently,
what are the possible combinations of genes in the gametes of the F, generation?

Analysing

12 The snapdragon (Antirrhinum majus) can show a condition called ‘aurea’ in which the leaves appear a
golden colour instead of green. A pair of aurea snapdragons with golden leaves was crossed and they
produced 101 offspring, 67 with golden leaves and 34 with green leaves. Draw a Punnett square for the

cross and use the data fo explain how the ratio among F, offspring could have arisen.

13 A test cross of fruit flies with curly wings and red eyes produces offspring with red eyes, half of which have
curly wings, and half straight wings. Identify the genotype of the original red-eyed fruit fly with curly wings
and provide evidence to support your conclusion.

14 A male purebred fruit fly with the standard brown body is crossed with a female purebred with a yellow
body. All the male offspring have yellow bodies, whereas all the female offspring have brown bodies.

a Explain where the gene resides.
b Predict the proportions of the phenotypes in the offspring produced by crossing the F, fruit flies.

Evaluating

15 Discuss the benefits and limitafions of studying Mendelian inheritance patterns in humans.

Creating

16 Would you consider most phenotypes to be monogenic or polygenic? Discuss the observations you would
cite in support of your point of view.
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CHAPTER 5
BIOTECHNOLOGY
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Figure 5.1 »
Domestication is one of
the earliest examples of

biotechnology.

Most of the farm animals we know today were domesticated between 10000 and 4000 years
ago. Early humans used the principle that offspring of individuals presenting good traits

(e.g. larger size, faster growth, better milk production and improved fertility) were also likely
to express those traits. Animals were selectively bred in order to improve, over time, the quality
of farmers’ herds. The same is true for rice, wheat and other crops. Present-day varieties bear
little resemblance to their wild ancestors. Today, new scientific techniques enable us to create
new domestic animals with enhanced phenotypes, by changing their genetic sequence. Along
with this new technology comes the added responsibility to consider economic, social and
ethical issues.

Biotechnology through
the ages

The term biotechnology describes the use of living things to make new products or systems.
While the term may be quite new, the concept is not. Traditional biotechnology has been with
us ever since people began to grow crops and domesticate animals. Early Egyptian, Babylonian
and Sumerian civilisations used micro-organims to create bread, beer and wine. In recent times,
increased knowledge of cell systems and molecular biology has revolutionised biotechnology,
promising potential benefits for agriculture, the environment and medicine.

The gene revolution

Modern biotechnological techniques now enable scientists to manipulate the outcome of
normal functioning genes to meet the needs of science and society in a more precise way than
ever before. Because of this, much of modern biotechnology is called genetic engineering.
This term simply means changing the genetic sequence of an organism through human use
of modern biotechnology techniques. Such genetically engineered organisms are also called
genetically modified organisms (GMOs) or transgenic organisms.

The term genetic engineering applies to a range of techniques and processes for investigating
and modifying DNA, genes and genomes of species. It is possible for scientists to use genetic
engineering to switch genes on or off, remove genes and introduce genes from one species into
another. For example, a US company created a genetically modified salmon that grows twice as
fast as wild salmon. This was achieved by introducing a gene from a separate fish species into the
salmon genome.
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Genetic engineering
fechniques

In genetic engineering, just as in the construction of buildings, tools are used for specific
purposes. Biotechnology has its own set of specialised tools, which are mostly derived from
other organisms. These include tools for synthesising, cutting and pasting DNA, along with
tools and techniques for viewing and analysing DNA.

One of the essential requirements in genetic engineering is the ability to cut segments of DNA at
known sequences. The cutting tools used are enzymes known as restriction endonucleases
(‘endo’ = within, ‘nuclease’ = an enzyme that cleaves nucleic acids), or restriction enzymes.
These are like molecular scissors, cutting DNA molecules into smaller pieces, called restriction
fragments, in a controlled way. DNA cut with restriction enzymes is often said to be ‘digested’
by the enzymes. Restriction enzymes only cut specific sequences of DNA, known as restriction
sites. Different restriction enzymes have different restriction sites, though some restriction
enzymes do share restriction sites with other restriction enzymes. Most recognition sequences
are palindromes of their complementary sequence.

Restriction enzymes occur naturally in bacteria, where they cleave (cut) ‘foreign’ DNA that
enters from invading viruses, thus destroying any potential threat. In essence, they are the immune
system of a bacterium. Restriction enzymes are named according to the bacterial strain from which
they are derived. The first restriction enzyme was isolated from Escherichia coli RY13 strain and was
thus named EcoRI. Table 5.1 identifies a number of common restriction enzymes and their source.

Table 5.1 Common restriction enzymes and their restriction sites

Enzyme Bacterial source Restriction site After cutting

EcoRl Escherichia coli 5’GiAATTC3’ 5G AATIC3
3’CTTAA%—}5’ 3'CTTAA GY

¥y

Hindlll Haemophilus parainfluenzae | ¥AAGCTT3’ 5A AGCTT3
3’TTCGAf\5’ 3 TICGA A%

Alul Arthrobacter lufeus 5’AGlCT3' 5AG CT3
3’TCTGA5’ 3'TC GAY

BamHI Bacillus amyloliquefaciens H 5’GiGATCC3’ 5G GATCC3’
3’CCTAG%35’ J'CCTAG G%

To date, almost 4000 different restriction enzymes have been identified. Although each
enzyme recognises a specific sequence of between four and eight nucleotide base pairs (bp) of the
double-stranded DNA, multiple enzymes isolated from different organisms can recognise the
same sequence. Restriction enzymes bind to their restriction site and cut the double-stranded
DNA at that point. The cuts may form either overhanging steps, called sticky ends, which
leave some nucleotides exposed (Figure 5.2a), or blunt ends (Figure 5.2b), in which the cut has
occurred at the same position in each strand of the DNA and there are no overlapping strands.

V Figure 5.2

a) Sticky ends produced
by cutting DNA with the
restriction enzyme EcoRI;
b) Blunt ends produced
by cutting DNA with the
restriction enzyme Alul

a . b |
..TCCAGGACTGGTACC G FT AATT C CCGGATATATTTCC ACGTCACTAG CITACCGA
AGGTCCTGACCGATGG C AAG | G GGCCTATATAAAGG...

] Alu |

EcoRl

ACGTCACTAG CITACCGA

...GGACTGGCTACCG A A C CCGGATATAT TGCAGTGAC GAATGGCA
CCTGACCGATGG C A A G GGCCTATATA...

Sticky ends

v

Blunt ends
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Recombining DNA

At times molecular biologists may want to combine two samples of DNA. DNA ligase is an
enzyme that is used to join different pieces of DNA together. DNA ligase acts by forming a
phosphodiester bond between the two fragments of DNA. It joins the 3” hydroxyl end of one
nucleotide with the 5" phosphate end of another nucleotide.

To join two strands of DNA together using DNA ligase, the success rate is vastly improved
by bringing them together somehow. When using restriction enzymes that generate sticky ends,
two DNA fragments that have been cut with the same enzyme will have identical sticky ends,
and thus the complementary bases will be exposed. DNA ligase can then be used to recombine
these two fragments, even if they are from two unrelated organisms. For example, £coRI can
be used to cut both human DNA and bacterial plasmid DNA, leaving sticky ends that are
complementary and increase the chance of the correct two ends coming together (Figure 5.3).

Foreign DNA ,
(e.g. human) 71

N> >

T
C
Cut ,ﬁ

restriction
enzyme

ALLLINNANNANEY

A T DNA

T A Tl= )

T A Cut segment T— |Sticky

C G cut by C = end
Cut G C G =

A T

DNA segment
inserted into
plasmid and
joined by
DNA ligase

Plasmid cut
by restriction
enzyme

A

A

G Recombinant plasmid
C
T

Bacterial plasmid

_ Figure 5.3 A Fragments with blunt ends can also be joined by DNA ligase, but this process is much less
DNA I'g?ri(:; rjgg Eg‘é efficient. The technology that recombines DNA from different sources to modify the DNA
a foreign source that sequence is called recombinant DNA technology.

has complementary

svenss.— Amplifying DNA: polymerase
chain reaction

Each eukaryotic somatic cell has only two copies of a gene of interest, and prokaryotic cells have
only one copy. This small amount of DNA poses a problem for scientists wishing to work with it.
Similarly, only a small sample of DNA may be available for analysis, for example, at a crime scene
or DNA samples obtained from bones. To increase the amount of DNA of a particular sequence
the biotechnologist has another tool to work with: the polymerase chain reaction (PCR).
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PCR makes use of the enzyme DNA polymerase, which catalyses the formation of new DNA See Chapter 1 for

molecules in the nucleus from free nucleotides. PCR is used to amplify, or make many copies of, more information on

a specific sequence of DNA. the functions of DNA
A number of components are required: the DNA to be copied (template), DNA polymerase, polymerase.

a buffer solution that contains salts and other chemicals that help the polymerase to function,

a supply of the four nucleotides (i.e. A, T, C, G) from which to build the new DNA molecules,

and two primers. The primers are short sequences (around 20 nucleotides) of single-stranded

DNA, complementary to the nucleotide sequences at either end of the DNA section that is to

be copied. These are necessary as a starting point from which the DNA polymerase can add new

DNA nucleotides. DNA polymerase can only extend a DNA strand from an existing nucleotide;

it cannot create a new complementary strand without primers to begin extending from.

PCR has three steps (Figure 5.4).

Double-stranded DNA

< Figure 5.4
I H Amplifying DNA
using PCR

1 Denaturation Heat to 95°C. ‘
DNA strands will separate as hydrogen bonds are broken.

2 Annealing Cool to 50-60°C. ‘
Primers anneal to template DNA strands.

\Reverse primer
Forward primew
3 5

3 Extension Heat to 72°C.
Taq polymerase synthesises new DNA strands.

5 3

Reverse primer

Forward primer

3

l

AaNAG

Cycle is repeated many times.
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1 Denaturation: The double-stranded DNA is heated to 95°C, breaking the hydrogen bonds
between the bases, and thus causing the two strands to denature. This is sometimes called
the melting stage.

2 Annealing: The temperature is reduced to 50-60°C, allowing the primers to anneal (join)
to complementary sequences on opposite ends of each strand: either genomic DNA in the
first cycle or PCR products generated during the previous cycle. The reduced temperature is
necessary to allow base pairing and the formation of hydrogen bonds.

3 Extension: The temperature is raised to 72°C, the optimum temperature for the DNA
polymerase used in PCR. Starting from the primers, new DNA strands are synthesised using
DNA polymerase and the available nucleotides. At the end of this phase there are two copies
of the double-stranded DNA.

This cycle is repeated until sufficient quantities of the DNA are obtained to work with. Each
cycle doubles the number of DNA strands; therefore, in just 20 cycles more than one million
copies of target DNA will be produced.

PCRis a process that amplifies a specific DNA sequence for analysis. The sequence
of the primers determines the DNA sequence to be amplified.

Figure 5.5 »

Thermal cyclers, in
which the PCR is carried
out as an automated
process

Science Photo Library/Philippe Psaila

QUESTION SET 5.1

Remembering

Identify an example of the use of ‘tradifional” biotechnology.

Identify the new knowledge that has made genetic engineering possible.
List examples of new products derived via biotechnology.

Name the two types of restriction enzymes.

State the components of a PCR reaction.

Match the enzyme in the left column with an activity in the right column. Each item can only be used
once.

o0 h WOWN —

DNA ligase Replication of DNA

Restriction endonuclease Joining of two fragments of DNA

DNA polymerase Cutting of DNA at specific sites >
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Understanding
7 Outline the difference between gene technology and fraditional biotechnology.
8 Outline the three steps of PCR.

Applying
9 If you start with five copies of a DNA region, how many copies will be produced if your sample goes
through 10 cycles of PCR?

Visualising DNA

DNA molecules are far too small to see. One way to visualise them is to separate the fragments
according to size, using gel electrophoresis. Alternatively, DNA fragments can be identified
using a DNA probe, or the nucleotide sequence can be analysed using DNA sequencing.

Gel electrophoresis

Gel electrophoresis is a technique that separates fragments of DNA according to their size and
charge. DNA has an overall negative charge due to the phosphate groups in its backbone. The
technique of gel electrophoresis makes use of this property to separate DNA fragments within an
agarose gel. The agarose gel is melted and poured into a flat mould to cool. Wells are created by
placing a plastic comb into the gel as it sets, creating indentations into which DNA samples can
be loaded.

The gel is placed in a tray filled with buffer solution, and positive and negative electrodes are
attached at each end of the gel. When the electric current runs, the fragments are repelled from the
negative electrode and move towards the positive electrode at the other end. The gel acts as a large
sponge through which the DNA strands move while under the influence of the electric current.

Smaller strands can wiggle through the gel matrix faster than the larger strands, which take longer to
migrate through the gel. This method therefore separates DNA strands based on their size.

DNA itself will not be visible in the gel. To view the separated DNA fragments, ethidium
bromide or another fluorescent DNA-binding dye is added to the agarose gel before it sets.
The dye binds to DNA and fluoresces under ultraviolet light, showing a pattern of bands that
can then be photographed. Each band on the gel contains millions of pieces of DNA of the

same size.

<4 Figure 5.6

A researcher injecting
genetic material from
coral info an agarose
electrophoresis gel
apparatus

i
\ .

y ‘»;
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The position of bands on an agarose gel depends on the size of DNA fragments in each
band; the smaller the fragments, the further they move in a given time. To determine the size
of a given piece of DNA, molecular biologists use molecular size markers. These are pieces
of DNA of a known number of base pairs. They are used to determine the size of the separated
DNA fragments by comparing their location along the gel. Figure 5.7 shows four markers in the
calibration lane: 1700 bp, 1000 bp, 500bp and 200 bp, respectively.

Figure 5.7 » @
Molecular markers =
of known size are run £
alongside samples 5 —« «~ m
and allow estimation 5 o o 9w
of the size of the DNA & o @ @
fragments migrating § E E E
through the gel. wono»
— Electrode Wells where
the DNA is
I O B B oaded
1700bp — — mmm=—— Largest DNA
fragment
1000 bp — | Agarose gel Direction the
— DNA travels
500bp || ==
200bp — ===—1— Smallest DNA
/————" fragment
+ Electrode

bp = base pairs

EXPERIMENT 5.1

GEL ELECTROPHORESIS ANALYSIS

The DNA from any living organism is chemically identical and behaves in the same way in agarose
electrophoresis. This makes analysis and comparison relatively easy. Scientists are able to read agarose gels
and map the restriction sites of a DNA molecule. To prepare a run, molten and cooled agarose gel is poured

with a well comb in place; when the gel is set, the comb is removed to expose the wells for the loading of DNA
fragments (Figure 5.8).

a b Figure 5.8 4
Loading samples
of DNA into wells
of an agarose gel
showing o) the
hand position and

= — b) the samples
[T o ol bl Bl [ T LT being loaded.

>
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DNA analysis is af the heart of recombinant DNA technology. In most cases when DNA is being cut for
analysis, it is necessary to use a standard DNA fragment for comparison.

Bacteriophage A-DNA is often used as a standard piece of DNA and can be found as either linear
molecules or circular molecules. At each end of the linear molecule are single-stranded sequences of
12 nucleotides that are similar to the sticky ends produced by restriction enzymes.

In a standard test using A-DNA, three restriction enzymes, Hindlll, EcoRl, and BamHI, have been used in a
restriction digest. The following steps outline the procedure for obtaining the gel shown in Figure 5.9.
* Each of the restriction enzymes was placed in separate
fest fubes containing a buffer solution and incubated with

A-DNA for 20 minutes. B E H -
+ A sample of DNA cut with BamHI was placed into the first I N I e
well (B) of the agarose gel.
« A sample of DNA cut with EcoRl was placed into the I
second well (E) of the agarose gel. ——— ] —
+ A sample of DNA cut with Hindlll was placed into the third — —
well (H) of the agarose gel. A —
A sample of DNA mixed with water was placed intfo the —
fourth well (-) of the agarose gel.
* After electrophoresis and exposure fo ultraviolet light, the —
banding pattern presented in Figure 5.9 was obtained.
Using the gel, it is possible to defermine the approximate —
base-pair size of A-DNA. —
Aim
To analyse the results of a restriction digest experiment using
agarose gel electrophoresis
Material
. . A Figure 5.9
Each student will require: The DNA fragments separate according to
* ruler length.
Procedure

1 Measure the distance from the lower part of the well fo the lower part of each band on the gel.

2 Copy Table 5.2 and enter each of your measurements under the appropriate ‘distance’ heading.
3 The base-pair sizes for fragments cut with Hindlll have already been included.
4

Calculate (approximately only) the base-pair sizes of the fragments cut with EcoRl and BamHI, and
complete Table 5.2.

Results
Table 5.2
Hindlll EcoRl BamHI
Distance Size (bp) Distance Size (bp) Distance Size (bp)
(mm) (mm) (mm)
23130 21226 16841
9416
6557
4361
2322
2027
Discussion

1 From the bands observed in the Hindlll well, what is the total size of the A-DNA?

2 [tis known that A-DNA has a linear length of 48502 base pairs. Are the actual numbers of base pairs equal to the
numbers shown on the gel? If they do not match, how can you account for the differences in base-pair numbers?

3 Why was one of the wells in the gel filled with DNA that was mixed with water? >
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4 Why does the band produced by the DNA that has not been cut with a restriction enzyme appear to have

stopped running on the gel first?

5 Describe in your own words how the process of gel electrophoresis works.
6 Explain the role that restriction enzymes play in the process of gel electrophoresis.

Conclusion
Write a summary to this activity.

1 A probe is a sequence of DNA that is made radioactive.

T T T
TAGCGA

4

2 The target for the probe is double-stranded
DNA containing the sequence being studied.

4 The radioactive probe is introduced to find the gene.

CT T
TAGCGA
ATCG(I:'II'

Figure 5.10 A

A probe is made up
of 20-40 nucleotides
complementary to its
farget sequence.

Figure 511V

A DNA microarray
indicating binding of
cDNA to the DNA probes
from one sample (red
fluorescence), another
sample (green) and both
samples (yellow)

Huntington’s disease (HD) is a genetic disorder of the central
nervous system with the symptoms only appearing when an
individual is an adult. Scientists can probe a person’s genome
for the AD allele and analyse it in family members to inform
them of their chance of developing the disease. When searching
for genes, another molecular tool is needed, one that can search
for specific regions within the genome. This tool is called a
gene probe.

A gene probe binds to target sequences in DNA. The probe is
a specific single length of single-stranded DNA of between 20 and
40 nucleotides, or sometimes as large as 1000 nucleotides, that
is complementary to a known sequence of DNA from a specific
gene. The DNA being investigated is then heated to separate the
two strands and expose their bases. The single-stranded probes
will bind to any complementary sequences (Figure 5.10). In
the case of HD the gene probe would be complementary to the
allele responsible.

Gene probes have either a radioactive tag attached to them,
which will show up when exposed to photographic film, or a
fluorescent dye tag, which shows up when exposed to an ultraviolet

light source. In the case of HD, this technique can be used to determine which family members
have the allele and therefore will develop the disease.

Gene probes can be natural or nucleotide sequences synthesised in the laboratory. Gene
probes have a variety of uses including finding a certain fragment of gene after a sample has
been separated by gel electrophoresis, identifying the position of a gene on a chromosome and
identifying an allele of a specific gene associated with a genetic disease.

Gene probing uses a single-stranded DNA molecule complementary to a gene of
interest to identify, isolate or position that gene on a chromosome.

Today, thousands of genes can be tested simultaneously using
microarray technology. A microarray consists of thousands of DNA
probes arrayed on a single microscope slide of glass or silicon chip
(Figure 5.11). Each probe is designed to be complementary to a
gene of interest in the target cell. The mRNA of the target cell is
extracted, reverse transcribed into DNA (now called copy DNA,
or cDNA) and labelled with a fluorescent marker. Fluorescently
labelled DNA is then hybridised (allowed to bind) under stringent
conditions to the probes cross-linked to the slide. A scanner
measures the fluorescence for each DNA probe on the slide and from
this information scientists can work out the activity of genes in the
cell: the stronger the fluorescence, the more mRNA in the original
sample and therefore the greater the activity of each of the genes.



Microarray technology can be used to detect genetic diseases. For example, genes that
are usually turned off in normal cells may be turned on, leading to uncontrolled cell division
and cancer. Conversely, genes that suppress the development of tumours may be turned off.
Microarray technology offers a way of diagnosing the cancer at a molecular level.

DNA sequencing

Scientists often want to know the exact nucleotide base sequence of the DNA. Many mutations
that cause genetic diseases are caused by single base substitutions or deletions, yet their effect
can vary greatly. The process of DNA sequencing, that is, determining the exact nucleotide
sequence of a gene, can help scientists identify individuals with deletion mutations, as in cystic
fibrosis, or substitution mutations, as in sickle cell anaemia.

DNA sequencing can be done manually using gel electrophoresis or automatically using
an automatic DNA sequencer that can sequence a large amount of DNA in a very short time.
In this process, the four nucleotides are labelled with four different coloured fluorescent
dyes. As electrophoresis proceeds, a laser scans across the bottom of the gel, detecting the
different dyes and consequently the base sequence. A computer can then automatically analyse
the information from the gel to read the base sequence. This technique is called the Sanger
method.

A large number of faster and cheaper sequencing technologies are now available for use by
biotechnologists. These methods are collectively called next generation sequencing and they
use whole genomic DNA as a template, resulting in much greater sequencing efficiency. For
example, one million DNA fragments of 700 bp can be sequenced in 24 hours, which is the
equivalent of one full human genome every five days.

DNA sequencing can identify the exact nucleotide sequence of DNA fragments,
which can be used to determine the genetic basis for particular phenotypes.

Comparative genomics between humans
and fruit flies

Comparative genomics involves the comparison of different genomes. Recent studies
have discovered that humans share 60% of their genes with fruit flies, Drosophila
melanogaster. Two-thirds of the genes involved in human cancer are reflected in the fruit
fly genome. The evolutionary links between species, or their genetic relatedness, can also
be determined by comparing genomes. Humans and fruit flies diverged from each other
about 990 million years ago, but we only diverged from chimpanzees about 5 million
years ago.

QUESTION SET 5.2

Remembering

1 Recall the function of a gene probe. Identify one practical application.

2 State how DNA sequencing can help identify mutations.

3 Recall the steps involved in cloning by nuclear fransfer compared to the Sanger method.

Understanding

4 Agarose gels can be made with different concentrations of agarose. If increasing the concentration of
agarose results in tighter gel matrix, what would be the impact on migration speed?

5 Describe why gene probes are single stranded.
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Figure 5.12 A

A transmission

electron micrograph of
bacterial plasmids from
Escherichia coli

Figure 5.13 »
Cloning a gene using
recombinant plasmids

Genetic cloning: copying
DNA using plasmids

An alternative to using PCR to generate a large number of copies of a DNA sequence is to insert it
into bacteria. This process is called gene cloning and it has multiple advantages. It allows replication
of larger segments of DNA and permits the analysis of any gene, and associated proteins,
included in the DNA sequence in an environment where they are active.

Plasmids are used to insert DNA into the bacteria. A plasmid is a circular

piece of DNA that is found in bacteria and which reproduces independently of the

bacterial chromosome (Figure 5.13). The key to using plasmids as DNA copiers lies

in our ability to incorporate foreign genes into plasmid DNA and in their ability to

replicate in bacteria. A number of steps are involved in this process (Figure 5.14).

1 Plasmids are extracted from bacteria by rupturing the cell walls.

2 'The same restriction enzyme is used to cut the plasmid DNA and the DNA
of the gene to be inserted so that both pieces of DNA have complementary
sticky ends.

3 DNA ligase binds the ‘foreign” DNA fragment into the plasmid DNA. After
binding, the DNA fragment becomes a permanent part of the recombinant
plasmid.

4 The recombinant plasmids are added to a bacterial culture. They are taken up
by some bacteria, in which they replicate. In the normal process of growth
and division, bacteria replicate the plasmid, and thus numerous copies of the
incorporated foreign DNA are made.

Gene cloning utilises bacterial plasmids to produce many copies of a gene.

Only a small percentage of the bacteria take up the recombinant plasmids; others simply
seal up without taking up the plasmid. The process of bacteria taking up the plasmid is
called transformation (Figure 5.14). After transformation, the bacterial cells that contain
recombinant plasmids have to be isolated from the majority of the colony, which has not taken
up plasmids.

Plasmid DNA often contains genes for resistance to an antibiotic; for example, ampicillin.
Bacteria that have been transformed with the plasmid are able to grow and multiply on a
medium that is supplemented with ampicillin because they are resistant to it. The bacteria
without the plasmid do not grow as they are sensitive to the antibiotic ampicillin (Figure 5.15).
This process is called antibiotic selection and is an important component of many biotechnology
techniques.

Bacterial cell

Plasmid

Bacterial chromosome

Each bacterium now has many copies of the plasmid.
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<« Figure 5.14
Transformation: a foreign
gene is inserted info
plasmid DNA to produce
a recombinant plasmid.
This is infroduced into
bacteria, where it can
make multiple copies

of itself.

<« Figure 5.15

Antibiotic selection of
transformed bacteria.
d) Non-transformed
bacteria can’'t grow on
media supplemented
with ampicillin but grow
well on normal media.
b) Transformed bacteria
can grow equally well
on either media.
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The bacteria with antibiotic resistance are then selected and grown in culture. To study the gene
of interest, the plasmids can be isolated and analysed. This technique of bacterial transformation
is also used to insert genes that code for useful proteins into bacteria so that the bacteria will
then make the protein for human use. One example of this is the production of human growth
hormone, which is used to treat people with a certain form of dwarfism. Prior to this technique, the
hormone needed to treat these people was extracted from the pituitary glands of human corpses.

Transferring genes

On occasions, scientists may be interested in transforming organisms other than bacteria. For
example, a sheep may be transformed with a gene for the blood clotting factor IX so that this
protein is secreted in its milk. Factor IX can then be harvested from the milk and used to treat
a people with certain forms of haemophilia. Transferring genes is also the basis for gene therapy,
which involves inserting functional copies of a gene into a patient with a genetic disease. The
inserted gene will produce the missing protein, and thus alleviate the symptoms of the disease.
o For genes to be inserted into complex animals and plants, a method is needed to deliver the
gene to the organism’s cells. The gene needs to be able to function when it arrives in the host
organism, whether it is a plant or animal. A number of different methods have been used to
deliver genes. In most cases the gene is inserted into a vector that will carry the gene to the
desired organism. In this context, a vector is a tool that can be used to transport DNA from one
o organism to another. Plasmids, viruses and liposomes can all act as vectors as they can transport
small sections of DNA from one organism to another.

Human gene Purified recombinant plasmids can be inserted into a new organism directly. However, despite
within retrovirus - showing great potential, this method is not currently an efficient method of gene delivery as the
plasmid DNA is not very stable in body cells in this form.

Viruses infect target cells by injecting their nucleic acid into the host cell. By using recombinant
DNA techniques, it is possible to insert desired genes into viral DNA or RNA, and use the virus
to insert this new gene into the target cells. Viruses can accept large DNA inserts, making it
relatively easy for them to accept foreign genes. As viruses are pathogens, it is also necessary

to remove or disable the genes in the virus that cause disease symptoms. Two types of virus
currently being used in this way are the adenovirus and the retrovirus (Figure 5.16). The main

c problem with using viruses as vectors is that human immune systems attack
Foreign gene carried

reign viruses and this may decrease their chance of survival within their new host.
within liposome

Liposome
membrane Furthermore, viral DNA insertion in the host genome can sometimes disrupt

normal gene regulation and result in the development of cancer.

Liposomes are small spheres that are surrounded by a membrane composed of
a phospholipid bilayer (Figure 5.16¢). The phospholipid bilayer can fuse with
other membranes, such as a cell’s outer plasma membrane, thus delivering the
contents of the liposome into the cell.

Liposomes can be made artificially and are designed to have molecules
)/ 3 attached to their surface that can be recognised by specific types of cells in the
host organism. Thus, when a liposome is inserted into a foreign organism, it can
surf be targeted to reach specific cells, such as the kidney. A gene of interest can be
urface

lecul inserted inside the liposome. This technique is used extensively to insert foreign
molecule

DNA into cells cultured in Petri dishes.

Figure 5.16 A

A vector can be:
a) an adenovirus,
b) a retrovirus or
C) a liposomes
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DNA profiling

DNA profiling is a process used to compare the base sequence of two or more individuals to
determine how similar or different they are. For example, your DNA will be more similar to
your parents’ DNA than to that of a next-door neighbour who is unrelated to you.

Short tandem repeats (STRs) and variable nucleotide tandem repeats (VNTRs) are
sections of non-coding DNA that are repeated many times. STRs have a repeat sequence of two
to five bases, while VNTRs have a repeat sequence of more than five bases. For example, the
dinucleotide GA is repeated many times to form the STR, GAGAGAGA. The repeat is present
in all members of the population, but the number of the repeats varies between individuals
(Figure 5.17). Each individual usually has two alleles for each STR, one from each homologous
chromosome. DNA profiling identifies people based on differences in the length of their DNA
repeats for a large number of individual STRs. As every individual has their own unique
number of repeats, this forms the basis of identification.

Person 1 The result of the STR on a gel

GAGAGA ‘ Person 1 Person 2
AN / (repeat)

O hmn  JEpE I

10 4

@ T T 5 repeats 1

Person 2 61
PCR primer binding site —
4 repeats 4T I
7 repeats 21

Pair of homologous chromosomes

Constructing a DNA profile uses two techniques of the biotechnologist: PCR and gel
electrophoresis. First, the DNA to be profiled needs to be isolated. This DNA can come from any
somatic body cell that contains a nucleus, including blood or cheek cells. PCR is used to amplify
the DNA of up to 13 different STR regions in the sample. The amplified DNA repeat fragments are
then separated by gel electrophoresis, which sorts the fragments according to their lengths. Smaller
fragments have fewer repeats and migrate further on the gel than do alleles with more repeats.

DNA profiling can be used to find relatedness with other individuals, identify
criminals and conduct paternity testing.

Superb Fairy-wrens — not as faithful as
you thought!

DNA profiling can be used to
determine paternity. Through the use
of microsatellite markers, a type of
STR, researchers have established that
approximately three in four Superb
Fairy-wren (Malurus cyaneus) chicks
are sired by a male other than their
social fathers. This came as a surprise,
because females have never been
seen copulating with males other than
their partners. It is believed that all
copulations with other males take place 4 Figure 5.18

under the cover of darkness either early Paternity testing shows that Superb Fairy-
in the morning or late in the evening. wrens are actually promiscuous.

Dreamstime/Ben Twist

<« Figure 5.17
STRs vary between
individuals.
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EXPERIMENT 5.2

BROOD PARASITISM AND FAMILY SIZE IN
BLACK SWANS

Family size is highly variable in Black Swans and varies between one and seven. Interestingly, family size
distribution seems to be bimodal with most families containing 1-3 cygnets or 5-7 cygnets. This has led many to
speculate that the larger families are the result of brood parasitism, the result of a female laying her eggs in the
nest of a second female and leaving this second female to raise her young. This process is quite common in
ducks, but has not been investigated thus far in Black Swans.

Dreamstime/Hbfiala

Figure 5.19 A
A Black Swan family

One way to determine whether a female is the biological mother of her cygnet is o create a DNA profile for
both the mother and the cygnet and determine if the cygnet shares half of the female’s profile.
Aim
To determine, using DNA profiling, whether brood parasitism occurs in Black Swans and whether this explains
the larger number of cygnets in some families
Material
Each student will require:
* ruler
Procedure

1 Consider the DNA profile in Figure 5.20. The necessary DNA was obtained by capturing swans, collecting
a small blood sample from each, and extracting the DNA. Five STRs have been identified in Black
Swans (Caml, Cam2, Cam3, Cam4 and Camb). Using PCR, these five regions were amplified in alll
adults and cygnets of eight families of swans. The PCR products were then separated using agarose
gel electrophoresis. Figure 5.20 shows the resulting gel. Each individual has two alleles for each STR, but
sometimes only one band is observed as the individual has two identical alleles.

2 Compare the profile of the mother of each family and the profile of each cygnet and determine if the
female could have been the biological mother of the cygnet.

3 Copy Table 5.3 and record your results in the second column.
Calculate the proportion of parasitic cygnets in each family and include these in the third column.
5 Determine if there is any difference in proportion of parasitic cygnets between small and large families. >

1N

136 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



Family 1 Family 2 Family 3 Family 4
¢ & a0 @2 ¢ S 1 @ 3 ¢U G @ & @2 3¢ G G6 ? A
am 1 [ ] — e— — ——— e— —— e— —— e—
L s cees oees @D — — fr—
— —— . - — [ ] L N ] —— e— (] —— —
Cam4 [ ] —— e— — — — Gl == ssss =aes S—— — | — —
— —— e —s e —— [ ] — | — —
Cam 5 —_— _---- -= - -_ — e D —
Family 5 Family 6 Family 7 Family 8
 § 0@ 3 ¢ a0 @2 3 ¢ J A Q2 B3 @G 6T J a
am —— e— [ ] — e —--—— — e—
L —— e— —— e e— [ ]
Cam?2 — == - = e == T —
— — ——--_ - D - — — —
— e— s @D — e —— — — — — e—
Cam 3 —— s S S—— L [ | ——=—_—= —_—

r — — [ W — — —
_--—--—_=—_=————- — — —
Cam5 —_— —_— S s S S—— Gl == s | e—— —

— — — — G == ==
A Figure 5.20

DNA profiling for the eight black swan families that include a social mother (Q), social father () and cygnets (C)

Results

Table 5.3

Family

Biological cygnets

Parasitic cygnets

1

2
3
4
5
6

Analysis of results

1

Using your results, identify any evidence of brood parasitism in Black Swans.

2 Calculate the maximum proportion of parasitic cygnets in this sample.

Discussion
1 Explain whether the results confirm the belief that large Black Swan families are due to brood parasitism.

2 Describe how you could defermine whether a cygnet has been fathered by a male other than its
social father.



QUESTION SET 5.3

Remembering

1 Define ‘plasmid’ and recall its use in biotechnology.
2 Define ‘bacterial fransformation’.
3 Recall the types of DNA sequence used for DNA profiling.

Understanding

4 Distinguish the three types of vectors.

5 When making a recombinant plasmid, clarify why it is important to cut the plasmid and the gene of
interest with the same restriction enzyme.

Biotechnology
applications for humans

Gene technology is revolutionising the diagnosis and treatment of diseases such as cancer in
humans, prolonging and improving the quality of life for patients. Cancer is a group of diseases
that is defined by an uncontrolled proliferation of cells. These cells also have the ability to
metastasise, or spread, to other tissues. Cancerous cells arise when multiple mutations occur in
key genes that control or regulate cell division.

Gene technology allows researchers to identify some of the genes disrupted in individual
cancers and tumours. Microarray technology can be used to investigate which genes are disrupted
in certain tumours, thus enabling determination of which drugs would be most effective in
restoring gene activity to normal. Genetic testing also facilitates a more accurate diagnosis of the
type of tumour a patient has and which treatments will be most effective. Gene therapies may
also prove useful in the fight against cancer. Some therapies that are being researched involve
injecting cancer cells with genes that give rise to toxic molecules when these genes are expressed,
resulting in proteins that then kill the cancer cells. Another approach involves modifying the
cells of the immune system of cancer patients so that they can recognise and destroy cancer cells.
This process has been met with some success but is still very experimental.

The types of applications that scientists have developed that have potential use in medicine
include:

* identifying alleles of genes responsible for serious medical conditions in an effort to speed up
the discovery of a treatment for them

* screening for genetic diseases to determine if an individual or embryo is a carrier of a genetic
disease

* developing transgenic organisms to produce large quantities of protein that can be used for
commercial or therapeutic purposes

* gene therapy for humans with a genetic disease.

Pharmacogenomics

Patient response to chemotherapy is highly variable. Pharmacogenomics is an emerging
area of biotechnology that examines the inherited variations in genes that determine our
responses to drugs and explores the ways that these variations can be used to predict
whether a patient will have a good response to a drug, a bad response to a drug, or no
response at all.
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Genetic testing involves examining a person’s genetic material. This can involve

analysis of a person’s DNA or chromosomes, or assessment of the products of genes b= = =
or metabolites that result from the actions of proteins coded for by a gene. Genetic
testing is most often done to determine if someone possesses an allele for a gene that
is associated with a specific disease.

Various blot.echnolog'lcal t.echmques and processes are used to conduct genetic 1350 m— [
tests. All mutations causing diseases can be detected by direct DNA sequencing,
but if the mutation changes a restriction site, it can be detected using a technique 1150 m=— [ ]

known as restriction fragment length polymorphism (RFLP) analysis. One example
of such a mutation is the single base-pair change associated with sickle cell anaemia.
Within the wild type sickle cell anaemia gene there are three MszII restriction sites
(CCTNAGAQG). The allele for sickle cell anaemia is due to a point mutation, which
causes a change in a single amino acid in the beta-globin molecule of haemoglobin. 200 m—
This single base change also results in the loss of one of the Ml restriction sites.
Thus, restriction digestion of the PCR amplified region of the mutation-containing

sickle cell anaemia gene locus in a normal patient will yield two fragments, but only

one in an affected patient (Figure 5.21). A Figure 5.21
The electrophoresis gel
shows the patterns of:
a) a carrier, b) a person
affected with sickle
cell anaemia and ¢) a

. . . . R . . . . normal individual.
Using genetic cloning, functional genes can be inserted in bacteria, allowing the production of

larger amounts of proteins of interest. Individuals who are unable to produce a particular protein
can be treated with injections of that protein. One example is the production of insulin. Some
diabetic patients are unable to produce insulin and their blood sugar level cannot be controlled
within precise limits. Insulin is now manufactured in large vats containing genetically altered
Escherichia coli bacteria. People with insulin-dependent diabetes are able to purchase genetically
engineered insulin at a low cost. Other examples include human haemoglobin and clotting
factor VIII that are now extracted from transgenic animals.

Gene therapy is a technique of delivering normal and fully functional genes to individuals
to compensate for a disease-causing mutation (Figure 5.22). For gene therapy to be
effective, the functional gene has to be located, isolated and cloned in sufficient quantities
and a suitable vector has to be found. It would be impossible to replace every disease-
causing allele in each body cell, so gene therapy needs to target the regions in the body that
are affected by the disease (Figure 5.23). The inserted gene also needs to be able to persist
and function normally within the target cells.

Gene therapy was once heralded as a cure-all for many conditions; however, scientists have
encountered significant difficulties in overcoming problems associated with transferring genes
safely and effectively into human cells.

A breakthrough came when scientists were trying to treat children who had a rare genetic
disorder called severe combined immunodeficiency (SCID). SCID is caused by a gene that
disrupts the functioning of both the B and T cells of the immune system. These children are
extremely susceptible to infectious disease and must live in a completely sterile environment.
Scientists were able to insert a functional copy of the affected gene into an adenovirus. This

viral vector was then used to transform bone marrow cells harvested from the children. The
bone marrow cells were then returned to the children, where they were now able to produce
functional T and B cells. The children gained a normal immune system and have lived healthy
lives for several years now.

See Chapter 12 for
further information
on SCID.




Sick patient

Patient’s

body cells are
homozygous for
the defective
allele.

Body cell

Viral DNA Normal gene

—
N Recombinant
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A copy of the
normal gene
is inserted into
viral DNA.

Patient’s body
cells are infected
with the virus
containing the
recombinant DNA.

chromosomes.

Patient’s body cells
containing the normal
gene are cultured.

Cultured cells
are injected into
the patient.

Symptoms are
relieved by
expression of the
normal gene.

Healthy patient

Figure 5.22 A
Experiments on gene
therapy are continuing.
New genes can be
added to somatic

cells. When they are
returned to the bodly,
the tfransgenic cells can
produce the missing
gene product.
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The viral DNA carrying the
normal gene is inserted
into one of the patient’s

A major difficulty with using gene therapy for treating
many other conditions is delivering the therapeutic genes
into tissues where they need to be expressed. For example,
individuals with cystic fibrosis lack a functional CFTR
gene, which is needed for the correct formation of protein
that helps regulate the uptake of chloride ions into cells
lining the lungs. Individuals with cystic fibrosis suffer
from a build-up of mucus lining the lungs, which makes
them very susceptible to infections. Clinical trials are
currently underway to use liposomes to deliver functional
copies of the CFTR gene to lung cells using an inhaler.

The applications of gene therapy described above
are examples of somatic cell gene therapy as they
alter the genotype of somatic cells; such changes are not
heritable. For many conditions, a number of organs or
cells of the body are affected. It is extremely difficult
to insert new genes into every cell or organ affected.
Somatic cell gene therapy does not solve the problem of
people with a particular gene disorder passing on the
affected allele to their offspring.

A possible solution would be to use gene therapy to
transform eggs or sperm, so that any changes to their
genotype will be passed on to successive generations and
all cells of their offspring will contain the therapeutic
gene. This is known as germ-line gene therapy.
Naturally, this kind of therapy is extremely controversial
as future generations will be affected if there are adverse
effects of the therapy. Consequently, germ-line gene
therapy is not an accepted medical practice.

Sample of liver
tissue is taken
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; broken into
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Figure 5.23 A
Gene therapy using liver tissue
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QUESTION SET 5.4

Remembering
1 Recall what a somatic mutation is.
2 Define ‘gene therapy".

Understanding
3 Outline the different techniques used to identify genetic diseases.
4 Distinguish somatic cell from germ-line gene therapy.

Biotechnology applications
for agriculture

Millions of people around the world are malnourished. Scientists have been trying to use their
molecular tools and techniques to modify food crops, resulting in higher nutritional value and
greater crop yields. Biotechnology has also been applied to reduce the impact of pests on crops,
thus increasing the amount of food available in developing countries. The process used for most
of these applications is transformation: taking a gene from one species and inserting it into
another to obtain a desired characteristic.

Modifying plants for human
nutritional benefits

Scientists are looking at ways to genetically engineer staple-diet plants as a way to supplement
the human diet for essential nutrients that may be difficult to obtain from natural sources. Two
essential nutrients currently being investigated are vitamin A and omega-3 oils (Case study,
page 142).

More than one million people die each year from diseases caused by vitamin A deficiency,
mainly in developing countries. With the use of biotechnology, golden rice has been engineered
to contain beta-carotene, the nutrient required to form vitamin A. While 100 g of the original
strain of golden rice only gives 5-8% of the recommended daily intake of vitamin A, newer
strains can provide up to 60% for the same portion size.

Genes against pests

Stem rust is a disease of wheat in eastern Australia. It is treated by spraying plants with
fungicides. However, pathogens that cause stem rust can develop resistance to fungicides,
and new strains of the stem rust frequently appear. The CSIRO has developed a method of
isolating the rust-resistant gene (L6) from a rust-resistant flax plant and then introducing it
into a rust-susceptible plant. This genetically engineered plant grows resistant to rust.
Other similar examples include ringspot virus-resistant papayas and yellow mosaic
virus-resistant zucchini.

Cotton plants are susceptible to the caterpillar of the moth Helicoverpa punctigera.
Normally, regular spraying of insecticide has been used to eradicate this pest. However, it has
been discovered that the soil bacterium Bacillus thuringienis produces a range of proteins that
are toxic to some insects. By inserting genes from this bacterium that are toxic to the Heliothis
caterpillar into cotton plants, the plants are protected from damage. The use of genetically
engineered cotton reduces the use of insecticides. Unfortunately, resistant strains have evolved
in various insects.
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Case study

Long-chain omega-3 oils in grains

Omega-3 oils, especially the long-chain fatty acid docosahexaenoic acid (DHA), are critical for brain and
eye development in infants and are an essential part of a healthy adult diet. These healthy oils are not
synthesised by humans and thus must be obtained through our diet. Land plants do not normally produce
DHA. Only marine microalgae are known o possess the biochemical machinery to synthesise DHA, and
fish contain large amounts of DHA because they feed on those algae. Fish are therefore the major dietary
source of DHA, buft fishing pressure is causing a worldwide decline of fish stocks.

In collaboration with Nuseed and the Grains Research and Development Corporation (GRDC),
scientists from the Commonwealth Scientific and Industrial Research Organisation (CSIRO) are working
on a project aiming to solve this problem. The Canberra-based team is working towards the production of
genetically modified canola that contains long-chain
DHA levels similar to that of fish.

After years of research and development, in 2012
the CSIRO team created transgenic Arabidopsis
thaliana (@ commonly used laboratory model plant)
by inserting genes (sourced from microalgae coding
for DHA synthesis enzymes) in its genome. This was a
breakthrough because these plants then produced
seeds with levels of DHA similar to that found in fish oil.
In 2013 the team reported similar results in Camelina
sativa oilseed crop, which produced levels of DHA
similar to commercially available fish oils.

Since then, the CSIRO team has successfully
produced fish-oil-like levels of DHA in their canola crop
in the laboratory and continue to develop this work Figure 5.24 A
with canola in mind, due fo its adaptability to different  The CSIRO research feam, left fo right, fronf fo back row:

) ) ) . Dr Surinder Singh, Mr Lijun Tian; Dr Qing Liu, Dr Yoko
grovymg r§g|0n§ and ,h'gh oil content. . Kennedy; Dr Srinivas Belide, Dr Pushkar Shrestha, Ms

Field frials will begin in 2014, and canola containing Anne Mackenzie, Dr James Petrie
long-chain DHA may be commercially available by 2018
provided that regulatory requirements and development milestones are met.

Questions

1 Learn about omega-3 oils. Find alternative sources of these oils aside from fish. Where would
vegetarians source these oils?

2 Think about alternatives. Would it not be simpler to eat algae rather than making crops that produce
DHA? Why do you think this approach was not selected?

3 How would you feel about eating bread and cake enriched in DHA due to the use of genetically
engineered wheat?

4 Why stop there? Can you imagine that genetically engineered crops will be developed to produce
other essential nutrients or medications?

Herbicide-resistant crops

A major problem for farmers is the large number of weeds that grow throughout their crops.
Spraying herbicides on crops to kill the weeds usually damages the crop as well. Herbicide-
tolerant crops have been developed, which is proving to be an effective solution for farmers.
These include canola, soybean and sugar beet.

Herbicide-resistant crops may be more productive and may be more environmentally
sustainable but their use is questioned by many. It is too soon to be sure of the long-term effects
on the environment and other organisms.

Genetically engineered animals

Many different genetically engineered animals have also been developed. These include salmon
with increased growth rate, cows that produce milk similar to human breast milk, and enviropigs
that release less phosphorus in their manure. As well as these examples of domestic animals,
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laboratory animals including rats and mice have been engineered to contain alleles that make them
model organisms for studying human disease and for discovering the functions of different genes.

Applications in biodiversity
conservation

Many of the techniques we have discussed thus far have also been employed in efforts to
preserve biodiversity and to help manage vulnerable populations. In small populations of
animals and plants, there is a risk that closely related, and thus genetically similar, individuals
will breed together. The resulting offspring will have an increased risk of deleterious recessive
alleles becoming homozygous, causing genetic diseases. This is called inbreeding depression.
Biotechnologists can use various techniques, including DNA profiling, to selectively breed
individuals. This is very common in captive breeding programs of threatened species like the
Mountain Pygmy Possum and the Orange-bellied Parrot.

Studies have been carried out to determine the genetic diversity of the gene pool of populations
of elephants and cheetahs. This will help identify and preserve the genetic diversity that exists in
their populations and thus improve their chances of long-term survival. DNA was extracted from
material in their droppings. A major advantage of collecting faeccal DNA is that it does not require
capturing the animal. This avoids stress to the animal and danger to the researcher.

Inbred koalas

The koalas on Phillip Island in
Victoria have become isolated
from other populations. By
studying their DNA and creating
a genetic profile for each animal,
researchers have found that the
genetic diversity between the
members of this population

is very small and thus the
population is inbred. With little

fo no variation between members
of the population, they all
become susceptible to the same
disease, Chlamydia, which
causes infertility and blindness.

Thinkstock/Adam Booth

A Figure 5.25
Koalas on Philip Island are inbred.

QUESTION SET 5.5

Remembering
1 Recall the advantages of golden rice over normal rice.
2 List three types of genetic engineering used in crops.

Understanding

3 Outline how biotechnology can diminish the risk of inbreeding depression in captive populations.

Emerging technologies

Biotechnologists are also investigating a number of new techniques and processes. These include
cloning and stem cell therapy. In the future, these may be used on their own or in conjunction
with other processes for benefits in both medicine and agriculture.
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Figure 5.26 b
Cloning a calf by
nuclear fransfer

Cloning is the process of making an identical copy of an original. In biology it is used in two
contexts. First, cloning a gene involves using recombinant technology: a gene is extracted from
one organism and then inserted into a bacterium, where it can be used and studied.

In contrast to genetic cloning, which involves making a copy of a gene, biological cloning
involves cloning an entire organism; that is, reproductive cloning. Cloning can make it possible
for cattle or sheep with desirable characteristics, such as high milk production or fine wool
growth, to be produced more rapidly than through the normal cycles of reproduction and
selection. It is achieved by embryo splitting or by nuclear transfer.

In embryo splitting, egg cells are removed from the donor female and fertilised 77 vitro (i.c.
in tissue culture) by sperm from the male. After the zygote has divided, the coat around the
two cells that promotes cell division is removed and the two cells are separated. Each cell is
then given an artificial coating that promotes cell division. Embryos that have just begun to
differentiate, called blastocysts, are implanted into surrogate mothers. The individuals are
genetically identical; they are like identical twins but from different surrogate mothers.

The process of cloning by nuclear transfer came to prominence when Dolly the sheep was cloned
in 1996. Nuclear transfer involves removing mature donor somatic cells from a mature animal
and a recipient egg cell from another mature animal of the same species (Figure 5.26). The
donor cells are cultured in a nutrient medium before becoming inactive, and the nucleus of the
recipient egg cell is removed.

Recipient egg
from ovary

~@®
‘ e Nucleus containing DNA is removed

Donor cells N

are cultured
Donor cell’s nucleus is
electrically fused with the

hollow” egg @ New single-cell
. embryo, containing
Laboratory culture for only the DNA of the
1 week ‘ donor cow

Embryo is transferred to / J:
surrogate or frozen for a

later use

Embryo is transferred

to surrogate cow for
gestation

Cloned cow, genetically
identical to the source




The donor cell, with the intact nucleus, is fused with the ‘hollow’ egg by an electrical
impulse. The new single-celled embryo is cultured for about a week, then cell division is
activated and the developing blastocyst is surgically implanted in the surrogate mother. The
offspring is genetically identical to the nucleus donor.

Cloning using nuclear transfer has not proceeded without some controversy. The success rate
of live births is low and many of the offspring suffer from severe deformities. For these reasons
alone, the scientific world is almost universally opposed to experimenting with reproductive
cloning for humans.

Clone your pooch!

Pets are an important part of many families and thus when they die, the resulting sense of
loss can be very strong. Have you ever hoped that your dog could live forever? Well there
is a company in South Korea that can clone your dog if you can spare $100000. Although
they cannot guarantee the personality of the dog, they promise to recreate a dog that is
genetically identical fo your original pet.

Most of the cells of our body, for example blood, liver, brain and nerve cells,
are specialised to perform particular functions. These specialised cells have Inner cell mass

become differentiated by a following a particular developmental pathway, Embryo
and for them there is no turning back. On the other hand, stem cells are
undifferentiated cells that have the potential to develop into many different
kinds of cell. Unlike differentiated cells, stem cells also have the capacity

to keep dividing and renewing themselves. These two characteristics make
them ideal for cell-based therapies that aim to replace tissues that have
degenerated or been damaged, such as in Parkinson’s disease, diabetes, heart

failure and spinal injuries. Stem cells may prove useful in the development

of new methods for gene therapy, or for researching early stages in human
development, and for understanding cell differentiation and function.

Clumps of cells

Research into stem cells may also provide answers as to why cells become A
cancerous and how this may be prevented. When grown in culture, stem cells
can be useful for testing drugs safely before they are trialled in humans, or for Colonies of
screening for the effects of potential toxins, such as pesticides, before they are /7—% ft':r:rignsic
used in the environment. ~

There are two main types of stem cell: embryonic and adult. Differentiation
Embryonic stem cells are derived from a four- to five-day-old embryo. factor
They have the ability to form virtually any type of cell found in the
human body, and are therefore said to be pluripotent, which makes

them particularly attractive for cell-based therapies. Embryos are obtained

from parents who have completed infertility treatment and have consented

to donate excess embryos to research. However, to obtain the stem cells Colony of Colony of | Colony of
requires the destruction of an embryo, which raises significant ethical blood cells skincells | bone cells
issues, and governments have had to ensure that there are strict regulations
for controlling the use of this technology. Embryonic stem cells grown :
in culture (Figure 5.27) also have a tendency to form tumours called ~} E—
teratomas, which may limit their usefulness.

Adult stem cells are undifferentiated cells found among differentiated
cells in a tissue or organ after birth. They are multipotent and give rise
to a more limited range of cells types, which may limit their usefulness
in cell-based therapies. However, they do not form teratomas and A Fioure 597
therefore may be safer to use. Adult stem cells also have the advantage of avoiding the ethical Emb?yoniC.sTem cells
issues associated with the use of embryonic cells, and tissues generated from these cells can from humans can be
circumvent problems with transplant rejection if they are derived from the person who is to cultured and made fo

differentiate info any

receive the stem cell therapy. type of human fissue.
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Under specific circumstances, differentiated cells can also be made to divide again by
artificially inducing the expression of specific genes. These are called induced pluripotent stem
cells and can also be used as a source of stem cell. Much research is being undertaken to try to
understand how to make and use induced pluripotent stem cells.

There are pros and cons for the use of both types of stem cells and research is continuing with both
types. Other research is also looking into obtaining stem cells from the umbilical cord and placenta.

QUESTION SET 5.6

Remembering

1 Define the following terms.
a Cloning
b Stem cell

Understanding
2 Predict how similar genetically your clone would be to yourself.
3 Summairise the differences between embryonic stem cells and adult stem cells.

Ethical issues associated
with biotechnology

The ability to manipulate and modify DNA carries responsibility. The implications of gene
technology and the issues associated with the application of gene technology have to be
considered in any decisions about what should or should not be done.

When considering the implications of gene technology the following questions can

be helpful.

* Is the effect on the organism temporary or permanent? If permanent, is the change heritable?
* Is the structure or functioning of an organism affected?

* Is the health or survival of non-target species affected either directly or indirectly?

¢ Is there a change in the selective advantage of an organism as a result of its modification?

GMOs

GMOs such as crops are theoretically very appealing: farmers get a better yield, spend less

on pesticides and herbicides, and don’t pour dangerous chemicals into our environment. Yet
how is the modified crop going to affect the ecosystem? This question will probably not be
answered for 10 or more years after a modified crop’s first use in agriculture. Studies in India
have demonstrated the evolution of toxin resistance in aphids and mealy bugs resulting in the
inefficacy of genetically modified corn.

What about the spread of modified genes? This depends on how the plant is pollinated. Plants
such as cotton are usually wind pollinated. This could lead to the spread of modified plants to
other nearby crops belonging to farmers who may not want to use this type of crop because of the
unknown long-term effects or its poor acceptance among some consumers. The effect of GMOs
on non-target species is also controversial. Some researchers claimed that the pollen from pest-
resistant corn could threaten the Monarch Butterfly, but these claims have now been disproved.

Some other concerns raised by consumers relate to the increasing allergenic effect of
combining genes from two organisms. If a gene that produces a protein from one plant is
introduced into a second plant to induce a desired trait, there is a chance that the introduced
transgene might cause an allergic reaction in some people.

The application of biotechnology is fraught with controversy: there are arguments for and
against, and the merits of each application have to be evaluated from a number of perspectives.
Scientific, industrial, commercial and governmental interests have to be examined along with
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the views of society. Gene technology is costly. Who will benefit? We have powerful tools
available to us, capable of changing the course of life, and their use has to be debated. The
common arguments for and against gene technology are presented in Tables 5.4, 5.5 and 5.6.

Table 5.4 Arguments for and against biotechnology

For

Against

Biotechnology is natural; genetic
engineering has existed for years;

for example, farmers breed specific
cattle fo achieve the desired traits.
Biotechnology is simply an extension of
this process.

Biotechnology is not natural; selective
breeding only involves individuals from
the same species, yet biotechnology
is fransferring genes across species,
which rarely happens naturally.

Modifying plants and animals and releasing them into the environment raises the issue

of their effect on the relationships of organisms in ecosystems. Table 5.5 presents some of

the arguments for and against.

Table 5.5 Arguments for and against the use of biotechnology with respect to effects on

the environment

Possible positive effects on the
environment

Possible negative effects on the
environment

Herbicide-resistant crops are resistant to
a herbicide that is not very foxic to the
environment. This enables the farmers
fo use more of this herbicide rather
than use a more toxic herbicide, which
may be damaging to the environment.

Herbicide-resistant crops may
encourage farmers fo use more
herbicide on their crops, which could
potentially be more damaging for the
environment.

Researchers, so far, have found that
there is little fransfer of genes between
species.

There may be gene transfer between
closely related species; weeds may
become resistant to the herbicide.

We may not know what gene transfers
may have occurred.

We may not know what tfransgenic
organism may have escaped into the
environment.

Proteins are being produced for use by humans using other animals or bacteria, and crops

are produced that have a higher yield. Fruit such as bananas and tomatoes are being modified so
that they don’t bruise on the way to market or ripen too quickly. With these advancements come

another set of issues for people who are going to eat the GMOs (Table 5.6).

Table 5.6 Arguments for and against genetically engineering foods with respect to public health

Arguments for

Arguments against

Biotechnology can vastly improve the
health, nutritional value and growth
capacity of agricultural species, and
therefore greatly help to combat a
global food crisis and benefit public
health.

Selective breeding has provided

us with crop improvements in the
past and can be a source of steady
improvement in crop quality.

There are strict guidelines that aim

to ensure all genetically engineered
food is as safe as non-genetically
engineered food. The genetic code is
common in all living species.

The long-term effects of genetic
modification of crops are essentially
unknown.

With the increased use of biotechnology, governments of the world have an obligation to keep
the public informed about issues that are important to them. Many issues have emerged from the

use of genetic engineering. Advisory committees have been set up worldwide for the purpose of

alerting the authorities to any risk factors and to ensure guidelines are consistent worldwide.
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Scientific literacy: Superweed outbreak triggers arms race

Hardy superweeds immune fo the Farm Belt’s most effective weedkiller are invading fields, prompting a
counterattack from agribusiness that could leave farmers using greater amounts of harsh old-line herbicides.
The flagging weedkiller is Roundup. Its developer, Monsanto Co., also sells seeds for corn, soybean

and cotton plants unaffected by the chemical, enabling farmers to spray it on freely without fear of
harming their crops. Farmers now do so en masse, using ‘Roundup Ready’ crop varieties for 90% of the
soybeans and 80% of the corn grown across the US.

The rise of Roundup, more than a decade ago, sent older herbicides that damage both weeds
and crops into deep eclipse. But now, as nasty invaders with names like pigweed, horseweed and
Johnsongrass develop immunity fo the mighty Roundup, chemical companies are dusting off the potent
herbicides of old for an attfack on the new superweeds.

And big chemical companies - faking a page from Monsanto’s book - are engineering crop varieties
that will enable farmers to spray on the tough old weedkillers freely, instead of having to apply them
surgically in order to spare crops.

Kilman, S. (2010) ‘Superweed Outbreak Triggers Arms Race’, The Wall Street Journal, 4 June. Reprinted with
permission of Wall Street Journal © 2010. Dow Jones & Company, Inc. All Rights Reserved Worldwide.

Questions

1 Glyphosphate is the active ingredient of Roundup. Research and explain why Monsanto initially chose
fo engineer crops that are resistant to glyphosphate rather than to some other chemical.

2 Evaluate the return to older, more powerful herbicides as a long-term solution to this problem.
Propose how pigweed may have acquired glyphosate resistance.

4 Given the information provided above, discuss the benefits of herbicide-resistant crops to farmers and
how this balances with the benefits to the company that produces them.

w

In Australia in June 2001, the Office of the Gene Technology Regulator came into effect as a
result of the Gene Technology Act 2000. The purpose of this regulator is to ensure that no GMOs
pose a risk to the environment and that all laboratory work is contained.

Biotechnology is a rapidly growing area with advances in medicine constantly being made.
Techniques are being improved and developed and new applications are discovered. However,
many of the applications are not fully commercialised or being used in medicine. Gene therapy is
still in the early stages of development, whereas gene cloning has been used widely for a number
of years now. The potential applications in medicine are enormous, although the practicalities and
ethical issues surrounding biotechnology will determine whether these are realised.

Life insurance companies could use genetic tests to determine the risk of insuring people.
Eventually, these companies may be able to estimate the life span of a policy holder. To forecast
the possibility of a policy holder having a heart disease or cancer will mean higher premiums
for insurance. Under existing insurance company practices, results of genetic tests can be made
available to the insurer for the purposes of classifying a risk.

In situations where genetic screening has revealed that a person is a carrier for a defective
heritable gene, such as for cystic fibrosis, thalassaemia, Duchenne muscular dystrophy or
haemophilia, who in the family has a right to know?

The cost of research by companies to discover biological pathways and develop new drugs is
immense and, to recoup those costs, patents are usually sought that give the patent holder
exclusive rights to specific therapeutic treatments or other applications resulting from their
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discovery. An alternative to patents is for laboratories to keep research secret. Scientific research
relies heavily on communication and, to a certain extent, cooperation with other laboratories
and so secrecy in research could bring about a stagnation of ideas.

In the past, a company that is researching a particular gene could apply for patents covering
all future research and development and all possible gene mutations. This stifled other research
and maintained a monopoly on specific treatments and, in July 2013, a US court ruled that
genes cannot be patented, overturning thousands of US patents on genes.

Animal ethics

One important aspect of the debate about GMOs that must be contemplated is the issue of
animal welfare. Genetic engineering of animals for our needs, as well as the use of laboratory
animals in research, must be carefully considered. Any research conducted on animals is
governed by strong ethical principles and is reviewed and overseen by institutional ethics
committees comprising scientists, veterinarians, members of animal welfare organisations and
members of the public. These committees have the power to stop or modify studies involving
animals if welfare issues are not adequately addressed.

QUESTION SET 5.7

Remembering
1 Recall the function of the Gene Technology Regulator.
2 List some of the fears associated with genetically engineered foods.

CHAPTER SUMMARY

+ A growing understanding of molecular biology has allowed us to exploit cellular tools for use in
biotechnology, fuelling the ‘gene revolution’”.

Restriction enzymes are enzymes isolated from bacteria that cut DNA at specific sites known as restriction
sites. These sites are four to eight nucleotides long. Cutting can result in the formation of either sticky ends or
blunt ends depending on the enzyme.

DNA ligase is an enzyme used to join two DNA molecules with complementary sticky ends or with blunt ends.
+ PCRis a process through which a specific DNA sequence can be amplified for analysis.

+ Using gel electrophoresis, it is possible to separate DNA fragments according fo size and to visualise them by
using a DNA-binding dye that fluoresces under UV light.

Gene probing uses a single-stranded DNA molecule complementary to a gene of interest to identify, isolate
or position that gene on a chromosome.

DNA sequencing can allow the determination of the exact nucleotide sequence of DNA fragments, which,
among other uses, can help fo identify genetic mutations that lead fo disease.

+  Gene cloning is a process through which a large number of copies of a gene of interest can be made in
bacteria by incorporating the gene in a plasmid.

Genes can be transferred from one organism to another using different vectors including plasmids, viruses
or liposomes.

DNA profiling is a technique that can be used to determine an individual’s genetic profile. This profile can be
used to find relatedness with other individuals, identify criminals and conduct paternity festing.

» Biotechnology has many uses in medicine. They include:
+ identifying mutations that can cause disease
+ screening the genome of individuals for mutations that are known to cause disease
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+ creating genetically engineered organisms that can produce large quantities of proteins that have
therapeutic use in humans

+ allowing gene therapy fo tfreat human disease.

Biotechnology has been used extensively in agriculture fo create genetically engineered crops that produce
greater yields, are profected from pests and diseases, are resistant o herbicides and/or produce desirable nutrients.

Biotechnology can provide very important information for the conservation of species by showing the
genetic profile of individuals, allowing breeders to choose the least-closely related individuals for breeding
purposes, and hence help to maintain genetic diversity.

Cloning can be accomplished using either embryo splitting or nuclear transfer and results in the production
of an individual genetically identical to the DNA donor.

Stem cell research encompasses a number of fechniques that use stem cells: cells that can differentiate into
various tissues. These cells include embryonic stem cells, adult stem cells and induced pluripotent stem cells.

The use of GMOs is controversial and, prior to their widespread use, potential impacts on the environment,

their potential toxicity and allergenic potential need to be investigated.

» Ethical considerations are an important aspect of the debate over the use of genetically modified
organisms, parficularly the consideration of animal welfare.

CHAPTER GLOSSARY

agarose gel gel matrix used for electrophoresis

annealing in PCR, a process of joining separate
strands of DNA together as a result of hydrogen bonds
pairing; occurs when the temperature is lowered

biotechnology the use of living organisms and
biological systems and processes for human benefit

blunt end the end of a DNA fragment that is created
following cleavage by a restriction enzyme that cuts
DNA at the same position on both strands

denature in PCR, o change the molecular structure
of a protfein or DNA by applying high tfemperature; in
DNA, the hydrogen bonds break and the two strands
separate

DNA ligase an enzyme used to catalyse the
formation of a bond between two pieces of DNA

DNA polymerase an enzyme capable of making
exact copies of fragments of DNA

DNA profiling a process that is able to identify
natfural variations that exist within an individual'’s
genome, by using the polymerase chain reaction and
gel electrophoresis

DNA sequencing a process of establishing the
nucleotide sequence of a piece of DNA

embryonic stem cell a pluripotent stem cell derived
from an embryo

ethidium bromide a chemical that binds to double-
stranded DNA and fluoresces pink when exposed o
ultraviolet light; used fo locate DNA in an agarose gel
following electrophoresis

gel electrophoresis a technique that separates DNA
fragments according fo their size and charge

gene cloning the process of using plasmids

and bacteria to make numerous identical copies

of a gene

gene probe a specific short length of single-
stranded DNA molecule that can bind specifically to
a gene of inferest
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gene therapy a method of delivering normal and
fully functioning genes to individuals who have a
mutated defective version of the particular genes

genetic engineering manipulation of genetic
material, including altering DNA in an organism to
suppress or enhance a gene’s activity, or combining
genetic material from different species

genetically modified organisms (GMOs) see
fransgenic organisms

genome all of the genetic material contained in an
organism or a cell; includes the chromosomes within the
nucleus and the DNA in mitochondria and chloroplasts

germ-line gene therapy replacement of a faulty
gene within a germ-line cell

molecular size marker a set of pieces of DNA of
known length that is used fo estimate the size of other
DNA fragments in a gel

mulfipotent a stem cell that is able to differentiate
info a limited number of cell types

plasmid a small circular piece of DNA, found in
bacteria, which is able to replicate independently
of the cell’'s chromosomes; plasmids carry anfibiotic
resistance markers

pluripotent a stem cell with wide regenerative capacity,
able to differentiate into very many different cell types

polymerase chain reaction (PCR) a cyclical reactionin
which DNA polymerase is used to copy a DNA template,
making millions of copies of the same piece of DNA

primer a single-stranded DNA molecule that acts as
the start of the amplification process

recombinant DNA technology transferring a gene
from a cell of a member of one species to the cell of a
different species

recombinant plasmid a plasmid with foreign DNA
inserted into it

restriction endonuclease (restriction enzyme)

an enzyme that cuts DNA at a specific restriction site
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restriction fragment a short fragment of DNA
generated after the cutting of a longer DNA fragment
by a restriction enzyme

resfriction site  specific nucleotide sequence (usually
4-8bp) that is recognised as a cleaving site for a
restriction enzyme

short tandem repeats (STRs) a short non-coding
region of DNA that is repeated many times in

the genome of an organism; it is highly variable
between individuals and can be used in DNA
profiling; STRs have a repeat sequence of two fo
five bases

somatic cell gene therapy gene therapy for a
body cell

stem cell an unspecialised cell with the potential fo
differentfiate into many different kinds of cells

sticky end the end of a DNA fragment that is
created following cleavage by a restriction enzyme

that cuts DNA at different positions on each
strand

transformation the process by which DNA is

taken from one organism and inserted info another
organism using a plasmid

transgenic organism an organism that has been
modified by incorporating into its genome a piece of
foreign DNA

variable nucleotide tandem repeats (VNTRs) a
short non-coding region of DNA that is repeated
many times in the genome of an organism; it is highly
variable between individuals and can be used in DNA
profiling; VNTRs have a repeat sequence of more than
five bases

vector a living organism that transmits pathogens
from one host to another; a vehicle used to transfer
DNA sequences from one organism to another

CHAPTER REVIEW QUESTIONS

Remembering

1 Match each item in the first column with a description in the second column. Each item can only be

used once.
DNA ligase Small circular self-replicating DNA molecule
Vector Sorts DNA molecules based on size and charge
Primer Joins two single-stranded sections of DNA together
Blunt ends Specific site at which restriction enzymes cut DNA
Plasmid Vehicle to introduce DNA info a host cell

Restriction site

An enzyme that catalyses the synthesis of DNA

Gel electrophoresis

Results from cleavage by a restriction enzyme in the middle of the
recognition sequence

DNA polymerase

Synthetic short, single-stranded DNA molecule

2 Recall the two most commmon virus vectors.

3 Outline how bacteria transformed with a plasmid can be discriminated from bacteria that have not taken

the plasmid.

4 State why the temperature is lowered to 50-60°C during the annealing phase of PCR.

Understanding

5 Predict whether the following cuts made by restriction enzymes will produce sticky or blunt ends. The arrows
show where the cuts occur in the double-stranded DNA.

d
a TCCG\LCGGA b AGGGCCT
AGGCTGCCT TCCCGC?]\A

2
¢ GCGGCCGC

CGCCGGTCG

6 Summarise why radioactive or fluorescent tags are added to gene probes.
7 Summarise the processes involved in using gene therapy fo freat a child who has severe combined

immunodeficiency.

8 Outline the major disadvantages of using viruses as vectors to transfer genes from one organism to another.
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Applying

9 Predict the minimum band sharing percentage in the DNA profiles of a Lane1 Lane?2 Lane3 Lane4

mother and her baby.
10 Look carefully at the gel in Figure 5.28. Based on the figure, matfch the
size of fragments in lanes 1, 2, 3 and 4 fo the setfs of measurements
presented below.
a 200, 250 and 900bp =
(E—]
b 150, 400 and 600bp
c 50, 450 and 650bp
— |
d 100, 100 and 450bp =
11 Predict whether digestion of the human genome with Alul or EcoRl
would result in the larger number of fragments. —
12 The section of DNA in Figure 5.29 shows a sequence of 120 bases in one m—
strand of DNA. Refer to Table 5.1 on page 123 for restriction sites. =
a How many BamHI and Alul restriction sites are there in the sequence? S
b If the sequence is cut by BamHI, how many fragments of DNA would Figure 5.28 A
be produced? Gel electrophoresis

ATATGTGT GGATCCGT CTTAGGTT ATCGAATT CTAGAGCT
ATGGCCTA TTAGCTTC CTGGATCC AACCTGTA TAGAGCTA
CTCGTCAG CTATTGCT ACGGGATC CTAGCTGA TTGGATTC

Figure 5.29 A
DNA sequence
c If the sequence was cut by Alul, how many fragments of DNA would be produced?
d If the sequence was cut by both BamHI and Alul, how many fragments would be produced?

e |If this piece of DNA was circular and not linear, how many cuts would have been made by BamHI to get
the number of fragments stated in part b?

13 Looking af the profiles of the black swan family 5 in Figure 5.20 on page 137, determine whether the male is
the biological father of all cygnets.

14 Demonstrate the use of stem cells in human medicine.

Analysing

15 When conducting PCR, some unwanted DNA molecules are sometimes present.
a Identify the possible consequences of having an unwanted DNA molecule in the PCR.
b Identify two possible sources of this contamination.
¢ Suggest what could be done fo prevent this contamination from occurring.

16 Identify some of the instances when only a small sample of DNA may be available.

Evaluating

17 Debate the use of genetically engineered animals from an animal welfare and ethics point of view and weigh
this against the benefits to public health of having safe and effective medicines to treat many of our ailments.

18 From a consumer’s point of view, identify some of the issues associated with the production of foods from
genetically engineered crops such as canola.

Creating

19 Based on your knowledge acquired in this chapter, design a way to test for a mutation resulting in the
deletion of a region of 100 nucleotides that does not contain any restriction sites.

20 Explain how you would use DNA profiling to design a breeding program that minimises inbreeding of an
endangered species.

Reflecting

21 Discuss whether you would buy genetically engineered food, weighing up the arguments for and against
and justifying your decision.

22 Put forward two arguments for and two arguments against testing for genetic diseases.

152 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



-
3
@
s

[ N
l"

+ Comparative genomics provides evidence

+ Life has existed on Earth for approximately
for the theory of evolution

3.5 billion years and has changed and
diversified over time

e

Shutterstock.com/In

’|ch§"g"‘

-5
HiN

»




Figure 6.1

An artist’s rendering

of Anomalocaris, an

extinct sea-dwelling

organism fossilised in
the Burgess Shale

One day in 1886, a construction worker in the Canadian Rockies stumbled upon what is now
regarded as one of the world’s most significant fossil sites — the Burgess Shale. Unknown
fossils of seemingly headless shrimp with odd appendages and other wondrous creatures baffled
observers. Charles Walcott from the Smithsonian Institute visited the site and collected more
than 60000 important fossils, giving us a window to life in the past.

We can find out about the past by looking at the traces left in the earth. This has helped us
understand the processes that establish change in a group of organisms, and we now know that,
with enough time and enough variation, a group of organisms can change beyond recognition —
or die out.

Evolution’s revolution

The diversity of life on Earth today is astonishing. It is the result of evolution, the scientific
explanation for the mechanisms that drive species to change over time. Understanding

how evolution works, and how evolutionary theory has developed, can be complex. The
contemporary view of evolution, the ‘modern evolutionary synthesis’, has come from more than
150 years of research and observations. Research in the fields of genetics and earth sciences, as
well as countless newly discovered species of living and fossil organisms, all provide evidence
that builds on early ideas. Emerging technologies can help with identifying new discoveries and
can also be used to identify mechanisms that drive evolution, and patterns within the process
itself. But understanding the scale of time involved can be difficult to comprehend; in order to
understand the history of life on Earth, we first need to understand the history of Earth itself.

The life and times
of Earth (so far)

Human lifetimes are, in the grand scheme of things, short. Our lives are determined by hours,
days, years and decades. This framework works for our own lives, but when we try to understand
how old Earth is, or how long it takes for species to diversify, our terms of reference quickly
become meaningless. We need something bigger than our own lifespan to measure the time
scales of these changes. Instead of understanding the planet’s history in years, we have devised
other ways of measuring ‘deep time’ in segments covering millions, sometimes billions, of years,
such as periods, eras, epochs and eons. These measurements are known as geologic time and
are expressed in millions of years ago (mya).

Earth has changed significantly over billions of years; far from being stable, it is changing
right now as you read, and will continue to change. Our dynamic planet can only harbour
equally dynamic inhabitants; any organism’s failure to respond and adapt to Earth’s changes
results in its extinction. Life has flourished and dwindled throughout various stages of Earth’s
history, responding to the changes by either adapting or dying out.
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It is possible to track a number of physical and climatic changes that have occurred during
the history of Earth. Some of these changes in the past were rapid and dramatic, causing major
changes to sea levels and vegetation patterns; others occurred more slowly over time. In turn,
these affected animal populations. Key events that have occurred so far in Earth’s timeline are
summarised in Table 6.1.

Table 6.1 Geologic timeline and key events

Eras and Periods mya Continental Animals and plants
eons (and epochs) associations
Precambrian 4560-570 First archaea
eon First bacteria
First eukaryotes
First multicellular organisms
Palaeozoic Cambrian 570-510 Landmasses aggregate | First invertebrates
af equatorial zone Arthropods, including trilobites,
Australia part of brachiopods dominant
Gondwana
North America and
Greenland part of
Laurentia
Europe part of Baltica
Ordovician 510-439 Northern londmasses Diverse marine communities,
form supercontinent reef-forming organisms
Laurasia Brachiopods and cephalopods
Jawless fish
Silurian 439-408 First land plants and arthropods
Jawed fish
Devonian 408-362 Gondwana moves south | First tfrees
Land plants and fish spread
First land vertebrates (tetrapods)
descend from lobe-finned fish
Carboniferous | 362-290 Ferns dominant
Swamp forests
Insects dominate as the first
winged animals
First reptiles and amphibious
tetrapods abundant
Permian 290-245 Laurasia and Reptiles dominant, rise of repfilian
Gondwana unite to form | ancestors of mammails
Pangaea
Mesozoic Triassic 245-208 Catastrophic mass extinction
eliminates most life. Surviving
organisms start to diversify,
including dinosaurs and marine
reptiles
First mammals
Jurassic 208-146 180 mya: Pangaea Dinosaurs dominant

begins to break up

160 mya: Africa breaks
from Gondwana

Cycads and conifers
Flying reptiles (pterosaurs)

Archeopteryx (first dinosaur-bird
fossil) dies and fossilises in Bavaria
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Table 6.1 CONT.

Eras and Periods mya Continental Animals and plants
eons (and epochs) associations
Cretaceous 146-65 120 mya: India breaks First flowering plants
from Gondwana, moves | Arrival of marsupials in Australia
north via Antarctica
Gondwana breaks from | pinosaurs populate huge rift valley
Laurasia and drifts south | petween southern Australia and
Gondwana breaks up Antarctica
Late Cretaceous: Cool temperate forest of
Australia and Antarctica | podocarps, celery pines, proteas
still atfached Southern beech (Nothofagus)
established
Cenozoic Paleogene 65-54 Dinosaurs now extinct
- Palaeocene Flowering plants, birds and
mammals radiate info newly
vacant niches left by dinosaurs
- Eocene 54-40 50 mya: Australia begins
to break from Antarctica
and drifts north
Inland seas form as
eastern highlands lift
Antarctic ice cap begins
to form
- Oligocene 40-23 30 mya: separatfion of First Eucalyptus species
Australia and Antarctica
complete
Neogene 23-5 Slow drying of southern Rainforests contract to the equator
- Miocene parts of the Australian First Acacia species
continent i
Large marsupials are well
established
- Pliocene 5-2.6 Australia close enough to Asia
to allow exchange of plants and
animals (e.g. bats, rodents)
Quaternary 2.6 Major ice ages
- Pleistocene First humans arrive and increase
in range
- Recent (10000 8000 years before present:
(Holocene) years) formation of Great Barrier Reef
begins

The changing face of the planet

The major plates of Earth’s crust float on the fluid mantle that lies over the core of Earth,
resulting in a process called continental drift. These plates are in constant movement,

tearing apart or colliding and causing uplift of Earth’s crust. (For example, the plate on

which Australia sits is moving north at about 5—7 cm each year.) This movement is known

as plate tectonics and may result in earthquakes, volcanic activity, or a combination of the

two. If an earthquake happens under the sea, a tsunami can occur. Colliding plates can also
create major mountain ranges where sections of continents crush together, forcing soft rocks
upwards. The Himalayas are an example of this, where the upwardly thrust rocks were once
sea-floor sediments.
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250 mya Pangaea begins to break up 225 mya. Gondwana and Laurasia begin breaking up 180 mya.
—

South

America .
Australia

Antarctica

135-100 mya

65 mya Present

North

——
Australia separates from
Antarctica.

India
Gondwana breaks up into éAustralia, Antarctica, New Zealand and New Guinea
Africa and South America

Geological (Figure 6.2) and fossil evidence (Figure 6.3) show that 200 mya a single A Figure 6.2
supercontinent known as Pangaea existed. Over a period of about 20 million years, Pangaea Irr:: ggg:fég% TLijr?e?:r
broke up into two landmasses: the northern continent Laurasia (which would later give rise Pangaea fo form the
to North America, Asia and Europe) and the southern continent Gondwana (which would present-day confinents

eventually become Antarctica, Australia, New Zealand, India, Africa and South America).
Gondwana then broke up over the following 100 million years. Africa and India drifted north,
and South America, Antarctica and Australia initially stayed together. By the Eocene epoch

(45 mya) Australia and Antarctica were all that remained of the once great southern landmass of
Gondwana. Finally, Australia broke free and began its trip northward: a journey we are still on.

e Triassic Dicroidium < Figure 6.3
) Distribution of fossil

Triassic amphibia evidence for former
Gondwana land mass

Triassic reptiles
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% Permian Glossopteris
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Africa

Mesosaurus

Devonian freshwater fish

South America

3,
S
e

New Zealand
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Figure 6.4 »

Sea levels have
changed repeatedly
with the changing
temperature of Earth.
Fossils record some

maiss extinctions, where

dramatic variations
in climate and sea
levels appear to have

influenced the severity of

the extinction events.
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i geologic time

i scale and the

i animals, plants

i and environments
i of Victoria over

i the last 600 million

Evidence for continental drift is supported by both the geological and the
fossil record.

Geological and biological evidence has helped construct maps of continental movement.
Another line of evidence comes from observing changes in Earth’s magnetic field; over millions
of years, our magnetic field has changed frequently, alternating between ‘normal polarity’ such
as we see today and ‘reversed polarity’, where the magnetic poles were reversed. Also, some
iron-rich minerals found in rocks originating from lava flows are magnetised, serving as ‘frozen
compasses’, effectively recording their orientation relative to the position of the magnetic poles
when the rocks first formed or solidified.

Over the course of its history, Earth’s climate has oscillated between hot, humid periods and cold,
dry periods. Evidence for this is found in ice cores drilled in Greenland and Antarctica. Some ice
cores are several kilometres long and contain a record of climate change dating back 100000 years.

For much of its history, Earth was much warmer than it is today and the temperature
gradation from the equator to the poles was not as wide. Evidence suggests that past fluctuations
have been dramatic.

Towards the end of the Precambrian era (570 mya), during the Carboniferous and Permian
periods (245-362 mya), and during the Oligocene epoch (23 mya), snow, glaciers and sheets of
ice covered much of Earth. Between these cold, dry periods there were long periods, millions
of years, of warmer temperatures when the ice melted, the sea level was higher (Figure 6.4),
humidity was generally higher and vegetation was generally more tropical. Such climate
variations inevitably affect life in some way or another, and it is possible to track some of these
changes through the fossil record, especially fossil plants.

High
)
>
K]
©
]
wv
Low
600 570 510 439 408 362 290 245 208 146 65 1.6
mya

A critical environmental factor for life is the composition of the atmosphere: it affects all living
things worldwide, including anaerobes. The first atmosphere of Earth most likely had very

little oxygen. Evidence from ice cores shows that the oxygen concentration began to increase
about 2.5 billion years ago. By 1.5 billion years ago the level was about 1% of the present level,
making up about 0.2% of the atmosphere. By 600 mya it had risen to 5% of the present level,
making up about 1% of the atmosphere. This increase in atmospheric oxygen came from large
numbers of cyanobacteria or ‘blue-green algae’ in the oceans. These algae are able to use water as
a resource in photosynthesis, converting carbon dioxide to organic compounds and producing
oxygen as a waste product. A few descendants of Earth’s original ‘atmosphere engineers’ are very
much alive today and continue to form stromatolites in places such as Hamelin Pool in Western
Australia, just as they did hundreds of millions of years ago.



QUESTION SET 6.1

Remembering
1 Briefly describe ‘Pangaea’, ‘Laurasia” and ‘Gondwana’. Identify how each relates to the others.

2 |dentify the type of evidence that would support the idea that Antarctica and Australia were
once connected.

Understanding

3 Suggest what process might explain how fossils that died on the sea floor could be found high in the
Himalayan mountains.

4 Recount how the level of oxygen in the atmosphere has changed since Earth was formed. How has this
change affected the type of organisms - in terms of cell type and cell size - that were able to survive as
fime progressed?

5 Consider the effect on large land herbivore populations of warmer, wetter global conditions in contrast
with cooler, drier conditions.

6 Refer to Table 6.1 to complete the following tasks.
a ldentify the era in which life first appeared.
b List all periods in which dinosaurs existed.
c Detfermine whether Eucalyptus species would be expected in Africa. Explain your reasoning.

Evidence for evolution:
the fossil record

What are fossils? Put simply, fossils are the preserved remains and traces
of organisms. They provide evidence of past life. These remains can be
hard parts, such as teeth, bones and shells, or impressions in the rock
where the organism’s tissue has decayed. Most fossilised ‘hard parts’
of animals or plants are found in rocks that have been derived from
sediment, that is, sand, silt or clay. Along with animal bones, such as the
skeleton of Ceratoichthys (Figure 6.5), fossils can also include footprints,
burrows and even preserved waste products such as coprolites: fossilised
faeces.

So what can the fossil record tell us? Much of our knowledge of
the changes that have occurred in living things over time is derived
from fossils. Only a very small percentage of organisms leave fossilised
remains. Many fossils are destroyed by natural processes such as
weathering and erosion.

Fossilisation

The process of fossilisation requires very specific, and rare, conditions.
The remains of the vast majority of long-extinct animals may never be
found and consequently the fossil record is incomplete and biased toward
organisms that lend themselves more easily to the fossilisation process.
To become a fossil, organic matter needs to be deposited and covered

in sediments in an environment that lacks oxygen. Plant and animal

. . . .. A Figure 6.5
remains can be preserved if they are covered in waterborne mud, sand or clay, depriving the An immaculately
remains of oxygen, as can happen in the beds of lakes and rivers or in calcium-rich sea beds. preserved fossil
In many cases, minerals from the sediments have replaced the natural bone or shell material, of the extinct fish

Cerafoichthys: a rare
example of a complete
mineralisation. fossilised skeleton

making the remains harder and more likely to fossilise. This type of fossilisation is called
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Ancient

platypus
found in

New South
Wales

The jaw bone of

an ancient relative
of the platypus
was discovered at
Lightning Ridge in
New South Wales.
At more than

100 million years
old, this is one of
Australia’s most
ancient mammall
fossils. It is a small
jaw with three teeth
beautifully preserved
in translucent opal,
so that tiny details
of the root and
nerve canals can
all be seen.

Figure 6.6 A

A reconstfructed model
of the bird-like dinosaur
Archaeopfteryx, an
example of a transitional
form between feathered
dinosaurs and modern
birds

Fossils can form when organisms are covered with sedimentary material, such as mud, silt
or sand, generally carried by rivers and streams and deposited. These materials are consolidated
to form sedimentary rock. This overlying sedimentary material protects organic matter from
scavengers and also slows its decay long enough for it to fossilise. The resulting fossils are generally
only the ‘hard parts’ of organisms (such as bones and teeth that are slow to decay) but rarely they
can include more delicate tissue such as feathers. Fossils of this type are not found in volcanic rocks
because molten lava solidifies at about 1000°C, which is hot enough to burn any organic material;
however, they can be found in sedimentary layers of eroded volcanic ash. Metamorphic rock does
not usually bear fossils, as the pressure and heat of metamorphism generally (although not always)
destroys any trace of fossil.

Thin tissue, such as leaves and muscle, is sometimes preserved as films or impressions
left in the rock. Fossils are also formed when soft material, such as volcanic ash, fills
an impression, or when minerals later form in a pocket in sedimentary rock left by a
decomposed organism, which can result in fossils composed of opal. A 3-million-year-old
set of footprints from a family of early humans, including children, is preserved in this way
in the Afar triangle region of Africa. Dinosaur footprints can also be found in sandstone
and mudstone.

There are several other ways a fossil can form. They can be formed as a result of freezing
and subsequent dehydration. Plants are also quite commonly fossilised. The original plant
material may be partly dissolved and some tissue replaced with dissolved salts, which petrify the
material; that is, they turn it to rock. Entire tree trunks have been preserved by petrification in
fossilised forests in Arizona and Antarctica. As a consequence, fossilisation can tell us a great
deal about past life and how it differs from what we see in the world today. But in order for
this to make any sense, we need to calculate the age of fossils. This can be done using dating
techniques.

Evidence for evolution comes from five lines of evidence: palaeontology,
biogeography, developmental biology, morphology and genetics. Developments
in comparative genomics, comparative biochemistry and bioinformatics identify
further evidence for evolutionary relationships.

Close examination of the fossil record reveals interesting occurrences
when looking for evidence for evolution. The fossil record reveals
many examples of intermediate states between an organism’s ancestral
form and that of its descendants, such as the famous bird/dinosaur
transitional form Archaeopteryx (Figure 6.6). These intermediate
states are called transitional forms. Transitional forms give us copious
evidence for evolution, documenting change over time on a broad scale.
Transitions between species are harder to identify due to the bias of the
fossil record.

There is always bias in the fossil record. Given the specific
requirements for fossilisation and thus the nature of the remains
that can be fossilised, there will always be chapters missing from the
story. Even with this bias, it is possible to observe a gradual change
over time of organisms as their shape or size transitions to different
forms in some cases. In other cases, no such gradual transition is
evident, the changes seem sudden and inexplicable. The change
appears as a burst of evolutionary speed. The burst of evolution
suggested by a gap in the fossil record may be explained by aspects of
two theories of evolutionary patterns: gradualism and punctuated
equilibrium.
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Gradualism

The concept of gradualism assumes that evolution occurs as a steady, slow divergence of lineages
(ancestral tree branches) at an even pace. Gradualism states that apparently sudden bursts of
evolution implied by the fossil record are not a real indication of an evolutionary history, but

an illusion of the fossil record. Evolution only appears as a burst because of the absence of
sediments containing fossils that document this transition, or perhaps a change in conditions
that made fossilisation impossible. Even if a small section of potentially fossil-bearing sediments
were absent, this may account for fossils missing from millions of years in the fossil record. Were
this section of strata still present, the fossils within it would show a divergence pattern that is
slow, even and steady,

in other words, gradual.

Punctuated equilibrium

In contrast to gradualism, the theory of punctuated equilibrium states that the apparent burst @

of evolution is not an illusion, but real. It states that species remain fairly stable for long periods

of time but may swiftly change to a new species; for example, in response to rapid changes in “PUNCTUATED .......
the organism’s environment. Like gradualism, punctuated equilibrium accepts the existence ! EQUILIBRIUM

of transitional forms between species, but for such brief periods that they were not preserved
as fossils. Punctuated equilibrium is thought to be a successive process of stasis followed by a :

. . . . . i about punctuated
period of rapid change of a subset of the population. This theory does not imply that the natural } equilibrium i
selection theory is incorrect. Examples of gradual and punctuated bursts of change are both seen LR S i
in the fossil record.

ACTIVITY 6.1

FOSSILS

Evidence of evolution comes from studying organisms living today, but further evidence can be
obtained by studying the animals and plants of the past as seen in the fossil record. Fossilisation is a rare
occurrence and requires precisely the right conditions to occur. But how do fossils form and how much
information can they reveal to us about organisms that lived in the past?

Find out more

Aim

To investigate how fossils are formed and what they can reveal about organisms that lived in the past
You will need

+ four fossil samples (e.g. fossilised coral, fossil footprint, trilobite, ammonite, shark'’s tooth, leaf fossil)

« reference material with information on fossils
* hand lens (one per group)

What to do

1 For each of the fossils that you have been given, complete as many observations as possible and
record them. Your observations should include the following.

+ Skefch of fossil

* Name of organism

*  Phylum or classification

+ Location or habitat where fossil was found
+ Type of rock in which fossil was found

2 Examine the individual fossil specimens carefully and attempt to classify them into the phylum
(or class or order if possible) to which they belong. >
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Examine the rock surrounding the fossil specimen using a hand lens and try fo identify the type of
material it is. Check fo see if the information provided with the fossils gives you any insight into what the
material might be.

4 Sketch the fossil specimen and note which parts have been preserved and which have not.

What did you discover?

1 Identify and explain how each of the fossils has been preserved. Compare the material the fossil is
made of with the original living tissue. Explain how the two are different and how the composition of
the fossil may have come about.

Compare the fossilised specimens to similar species that exist today and identify which parts have
been preserved and which parts have disappeared. Explain why this would be the case.

Describe how much information scientists can gain about an animal from a single fossilised tooth.
Investigate this topic on the Internet, using the example of Carcharodon megalodon (an extinct shark)
as the focus of your research. Find out why this partficular example of animal reconstruction has a
controversial history.

N

w

QUESTION SET 6.2

Remembering
1 Recount the steps involved in the process of fossilisation.
2 Identify two ideal types of environment or scenario in which fossilisation could likely occur.

Understanding

3 Most of our knowledge of the evolution of sharks is based on the remains of fossilised shark teeth. Suggest
why other fossilised body parts of sharks haven't been found in abundance.

4 Given we have more than just fossils available in the case of sharks, suggest alternative ways to determine
how closely related different present-day animals may be to each other.

5 Palaeontologists have found tracing the evolution of sea jellies (jellyfish’) to be very challenging. With
your knowledge of fossils and the process of fossilisation, suggest why this may be the case.

Fossil dating methods

In order to make sense of the fossil record and to examine it for evidence of evolution, we first
need to understand same basic information about the fossils and their geological settings.
How old are fossils, which organisms arose first and which organisms lived together? These
questions can only be answered if we are able to accurately determine the age of the evidence.
A combination of comparative and absolute dating techniques is used to estimate the ages of
sedimentary rocks and fossils within them.

Dating techniques that work
comparatively

Comparative dating (also called relative dating) is used to determine the age of a rock, or
a fossil contained in the rock, relative to other rocks or fossils found nearby. This approach to
dating relies on our understanding of how sedimentary rock is formed.
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Sedimentary rock, as you would expect, is composed of sediment: weathered material from
Earth’s surface, such as gravels, silts, sands and muds that have been transported by water and
deposited in river beds, flood plains and sea floors. Sediment transport and deposition is an
ongoing process; it has been continuously occurring on Earth for billions of years and can still
be observed today. Over time, these deposited sediments form defined layers that consolidate
into sequences of sedimentary rock. These sequenced layers are called strata, and a section
showing successive layers of sedimentary deposition is called stratification. Strata are deposited
in a time sequence, with the oldest on the bottom and the youngest on the top. Assuming
natural processes like tectonic movement haven’t twisted or inverted the layers, palacontologists
can then assign relative ages to fossils based on the strata in which they are found. While this
technique can’t give an age in years, for the sequence of the strata to be estimated relative to each
other.

Absolute dating (or chronometric dating) is a technique that assigns a numerical age in years
to a fossil or rock. There are three main types of absolute dating: radiodating, electron spin
resonance and luminiscence.

Unlike comparative dating, absolute dating is based on the physical or chemical properties of
materials in the rock, rather than the assumption-based sequences that relative dating provides.
The most common method of absolute dating is radiometric dating, which is based on the
predictable rates of decay of naturally occurring radioactive isotopes present in a rock or fossil.
By testing the presence of different radioactive isotopes present, an age in years can be estimated
for the sample.

Some elements occur as isotopes: they have the same atomic number (the same number of
protons) but a different atomic mass (different numbers of neutrons). For example, carbon has
three natural isotopes: carbon-12, carbon-13 and carbon-14. Carbon-12 (**C) has 6 protons and
6 neutrons in each nucleus, and carbon-14 (**C) has 6 protons and 8 neutrons. Some isotopes
have an unstable nucleus that emits energy in the form of radioactivity (alpha, beta or gamma
rays) at a measurable rate. The half-life of an isotope is the time taken for half of the radioactive
atoms in an initial sample to decay.

Carbon-14 is a radioactive isotope that breaks down at a known rate to produce nitrogen-14
(“N) (Figure 6.7). This measurable rate of decay is the basis of carbon dating; if it is assumed
that the ratio of carbon-14 to carbon-12 in the atmosphere is fixed, it is possible to measure the
amount of carbon-14 in an organism at the time of its death and the amount that is present in
the atmosphere now.

Using the half-life of carbon-14 we can determine the age of the sample: in other words, the
time taken for the original amount to decay to the present amount. However, data from tree
rings shows that the amount of carbon-14 in the atmosphere can change with time. For this
reason, the time calculated from carbon dating is expressed with a degree of accuracy (usually as
plus or minus x years), and has to be corrected into calendar years.

The older the object, the greater the margin of error. Carbon dating is thought to be accurate
for samples up to about 12000 years old. After this time it is difficult to measure the level of
carbon-14 accurately and other radioisotopes, such as potassium-40 (which decays into argon),
are used (Table 6.2).

Carbon-14 dating is generally not applied to fossils for two main reasons: in most cases
fossils have been mineralised and the organic (carbon-containing) tissue has been chemically
altered or replaced, and the process of fossilisation generally takes longer to occur than the
maximum age of accuracy for carbon-14.
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Figure 6.7 »
Graph of the half-life of
carbon
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Table 6.2 Half-life and product of decay of some elements used in radiometric dating

Element Product Half-life (years)
potassium-40 (“°K) argon-40 (“°Ar) 1.25 billion
thorium-232 (2Th) lead-208 (*%¢Pb) 14 billion
carbon-14 (“C) nitrogen-14 (N) 5730
rubidium-87 (¥Ru) strontium-87 (¥Sr) 48 billion

Electron spin resonance is a relatively new absolute dating technique that measures the
properties of electrons in the crystals of minerals. Some common minerals ‘collect’ electrons
in their crystal lattice over time at a predictable rate, either from radioactive sources in the
surrounding rocks or by absorbing cosmic rays. The electrons become fixed within these
crystalline lattices and the trapped electrons are mildly magnetic. This magnetism of the
trapped electrons can be measured to give an electron spin resonance reading. As the amount
of radiation increases with the time, the accumulated amount of radiation can be divided by
the background dose rate to determine the age of the sample.

Thermoluminescence and optically stimulated luminescence are two other forms of absolute
dating techniques that are used in Australia, and both measure characteristics of minerals
within sedimentary rock. The basis of thermoluminescence is the measurable light that is
emitted from a mineral when it is heated. In contrast, optically stimulated luminescence is

the light that is emitted from a mineral when it is exposed to visible light. Both techniques are
useful for dating minerals and the occurrence of mineralisation, but cannot generally provide an
estimate for the absolute age of a sedimentary rock.

Fossil evidence can be dated using comparative dating that relates to rock strata.
Absolute dating techniques such as radiodating, electron spin resonance and
luminescence are also used.
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QUESTION SET 6.3

Applying

1 A fossilised fish skeleton is found in sandstone, 1 m below the surface, at location X. A very similar skeleton
is found at location Y, 2m below the surface and 1km away from location X. Another similar skeleton is
found at location Z, 3m below the surface and 3km away from location X. Describe what can be

inferred about:
a the way in which the rocks were formed
b the age of the fossil af location Y.

2 Stone tools have been found with camp-fire charcoal. Explain how the technique of carbon dating could

be used to determine the time at which the tools were made.
3 Explain the basis of the fechnique of electron spin resonance.
Analysing
4 |dentify a limitation of luminescence in dating sedimentary rock.

Making sense of the
evidence: evolution
and its patterns

So far we have looked at the evidence for evolution, and given it context in terms of timing,

as well as geology and climate. However, our understanding of the mechanisms that explain
what we see around us today has itself undergone many historic changes to reach this point:
the concept of evolution has itself evolved. Our understanding of evolution now shows that

additional evidence — patterns observed in the world today — gives even greater explanatory

power to the process of evolution.

How did we get to here? A brief
history of evolutionary thought

In the late 1600s, Western civilisations believed in the idea of ‘natural theology’ — that every
‘kind’ of organism has essential, unalterable characteristics. As biological studies blossomed,
naturalists began noticing variability in species, and the discovery of the remains of animals
unlike anything seen before introduced the idea of extinction, which challenged natural
theology: where did these giant animals come from, and where did they go?

Questions like this prompted naturalist Jean-Baptiste Lamarck to devise the ‘transmutation
of species by spontaneous generation’. Lamarck suggested that organisms pass on to their
offspring characteristics that they acquire during their lifetimes; that is, individual efforts
during the lifetimes of organisms were the mechanism that drives adaptation. Although now
discredited, this was the first, albeit flawed, theory that embraced evolution.

In the 1850s, two naturalists named Alfred Russel Wallace and Charles Darwin were
studying and collecting forms of life in different parts of the world. By coincidence, they both
arrived at the same idea about how species ‘came to be’. To refute Lamarck’s theory, Darwin
proposed a new theory of evolution and ‘called this principle, by which each slight variation,
if useful, is preserved, by the term Natural Selection’. Originally published in 1859 as On
the Origin of Species by Means of Natural Selection, or the Preservation of Favoured Races in the
Struggle for Life, Darwin’s work is now commonly known as 7he Origin of Species. The basis
of Darwin’s theory of evolution was that individuals within a population showed a range of
variation in their characteristics. Those with characteristics, or traits, most suited to their

UNDERSTANDING
: EVOLUTION
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fo how research in
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how ideas in this area
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You can revise
the concepts of
inheritance in
Chapter 4 of this
book.

Figure 6.8 »

The red shaded

areas show where
Southern beech frees,
Nothofagus, are found
as both living and fossil
specimens in Australia,
Papua New Guineq,
New Caledonia,

New Zealand and
South America.

environment would have an advantage over other individuals, making them more likely to pass
these alleles (which encode these favourable traits) to the next generation. In each generation,
favourable alleles become more common and the population gradually changes to become better
suited to its environment. Darwin provided evidence for descent with modification (branching
evolution) based on patterns in variation of domesticated and wild species, and patterns of
species distributions in time and space. This was a new approach to understanding evolution.
Much of the previous work had viewed relationships between organisms to be ‘ladder-like’ —
that life can be organised in a hierarchy of lower to higher organisms. Darwin proposed a more
‘tree-like’ scenario, where life’s lineages can be mapped on a branching diagram. In this analogy,
the forks in the branch mark points at which new species arise — evolutionary events that
occurred when populations became so different from other populations of the same species that
they could no longer interbreed. This important concept is the basis of phylogeny. Phylogeny
seeks to reconstruct the evolutionary history of any given group of organisms, studying the
patterns of relationships among them.

Evolution is gradual: small genetic changes driven by natural selection accumulate
over long periods that are consistent with known genetic mechanisms. Species
discontinuity arises gradually through geographical isolation and extinction.

Biogeography is the study of the distribution of organisms and ecosystems across the world
and through geologic time. The fauna and flora of Australia owe their uniqueness to the
relatively recent isolation of the landmass. However, Australia and other landmasses in the
southern hemisphere share many plant and animal groups.

Many genera of Indian plants are similar to those of the monsoonal environments of
northern Australia. Some Malaysian rainforest genera occur in the rainforests of tropical
eastern Australia. Southern beech trees, Nothofagus, are found as both living and fossil
specimens in mainland Australia, Tasmania, Papua New Guinea, New Caledonia, New
Zealand, Antarctica and South America (Figure 6.8). The mountains and dry valleys of




Antarctica have fossils of Glossopteris seed ferns (embedded in rocks and coal seams) that are
the same as those found in coal deposits of India, South America, South Africa and Australia.
These were all laid down in ancient forests prior to and including the Permian period of the
Palacozoic era, that is, up to 245 mya. The far-flung distribution of these groups provides
evidence that Gondwana once existed.

Wallace drew the line

Alfred Russel Wallace (1823-1913) is known as the ‘father of biogeography’. He was a self-
taught naturalist, a professional collector of flora and fauna, and an important intellectual of
the 19th century. Wallace’s travels took him to the Amazon for 4 years and, later, Malaysia
and Indonesia for 8 years. During his time in Southeast Asia, he collected more than
126000 specimens. In Indonesia, he was struck by the stark difference in the bird families
he encountered between the islands of Bali to the west and Lombok to the east, a distance
of 25km. On Bali, the birds were more closely related to those of the larger islands of Java,
Sumatra and mainland Malaysia, the ‘Asian’ fauna. Those on Lombok were related to the
‘Australian’ fauna of Papua New Guinea and Australia.

Birds were only one example of the faunal differences Wallace found. Further observations
of some species of fish and large mammals indicated a distinct break between two regions. The
line between them became known as Wallace’s line (Figure 6.9), but the reason behind this
dividing line remained mysterious for many years. The mystery of ‘the line” was later solved with
the theory of plate tectonics, as the line approximates the collision zone between the Australian
and Asian plates.
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Death and collecting in the Amazon

At the age of 25, Wallace embarked on a collecting journey to South America. His
younger brother Herbert joined him for a fime, but became injured. After 4 years, having
collected thousands of specimens and found hundreds of new species, Wallace
emerged from the Amazonian jungle. Herbert had died of yellow fever. On the journey
home, Wallace’s ship caught fire and most of his work was lost at sea. He managed to
retrieve only a few notebooks and skefches.
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Divergent evolution

Divergence is a pattern of evolution where differences between groups of organisms accumulate
to a critical point that leads to speciation, the development of a new species. This pattern
is usually the result of the dispersal of a single species to different environments; that is,
groups from the same species become isolated from each other. The isolation stops the gene
flow between these separated populations. A group of organisms that has a recent common
ancestor may evolve different adaptations in response to a range of environmental pressures.
As members of the population develop adaptations driven by mutations over successive
generations, they may diverge enough to become new species. The process is referred to as
adaptive radiation.
For example, koalas (tree-dwelling herbivores), Tasmanian devils (ground-dwelling
carnivores) and marsupial moles (dune-burrowing insectivores) are related because they have
a common marsupial ancestor (Figure 6.10). However, they show quite different feeding
structures that adapt them to different diets. These animals are an example of adaptive
radiation. Also, because they have evolved into separate species, they are an example of
divergent evolution.

Shutterstock.com/outcast8s
Thinkstock/hotshotsworldwide

3

A Figure 6.10 ) Koalas, b) Tasmanian devils and ¢) marsupial moles evolved from a common ancestor that probably lived
during the Eocene epoch. They are examples of the divergent evolution of marsupials.

You can learn
more about the
mechanisms of
evolution and
speciation in
Chapter 7.

Adaptive radiation

Adaptive radiation is a pattern of divergent evolution where organisms rapidly diversify into
numerous new forms, particularly when environmental changes trigger the availability of new
resources and environmental niches. A clear example of this can be found in Australia’s fossil
record, which indicates that during the Middle Miocene epoch (approximately 15 mya) dense
tropical forests covered central Australia where the Simpson Desert is now.

Forests, lakes and permanent rivers provided a lush habitat for marsupials such as giant
koala-like possums, shrewish insectivores and sheep-sized browsers. Flamingos, crocodiles,
turtles and dolphins flourished in the waterways. The range of habitats allowed the extensive
radiation of animal species that adapted to the available resources, and is therefore an example
of adaptive radiation.

Slowly, the tropical centre of Australia began to dry out during the Pliocene epoch
(approximately 5 mya). This brought an end to the tropical habitat, which gave way to
broad grasslands. Large browsing mammals called diprotodontids (Figure 6.11) and a variety
of possums could not survive with the reduction of trees and the subsequent limited food
available.

As the tropical forests retreated from central Australia, the animals they once supported were
forced to compete for diminishing resources and became vulnerable to extinction. Remnants
of these forests and their inhabitants are now confined to Papua New Guinea and pockets
of northern Queensland. The grasslands that replaced the forests provided new habitats that
allowed for adaptive radiation of other Australian mammals: the kangaroos and wallabies.
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< Figure 6.11

The giant Diprofodon
opfatum was a type
of megafauna that
browsed on leaves.
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Figure 6.13 ¥
Ant-eating mammails
including:

a) echidnas
(monotremes),

b) numbats (marsupials)
and ¢) pangolins
(placentals) show
convergent evolution
with ant-eating
structures.

Convergent evolution

Convergent evolution is a pattern that occurs when unrelated organisms evolve similar
adaprations in response to their environment. An example of convergent evolution is provided
by anteaters. Many animals eat ants and ‘white ants’ or termites, and have developed similar
structures even though they are not closely related.

Modern anteaters include echidnas, which are monotremes; numbats, which are marsupials;
and aardvarks and pangolins, which are placentals (Figure 6.13). All of these species have an
elongated snout that functions as a smelling and digging device, a long, extendible tongue
that can extract ants from crevices, and powerful claws that are used for digging up ant and
termite nests.

The different species of ant-eating mammals have a common ancestor, but not a recent
one; they belong to different orders. They have developed ant-eating habits indepently and
coincidentally, rather than it being a legacy from their common ancestor. The first mammal-like
animal probably emerged in the Triassic period, around 208 mya.

The results of convergent evolution often show up as analogous structures: adaptations of
very different types of structures that solve a problem in a similar way.

Shutterstock.com/Kristian Bell
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QUESTION SET 6.4

Understanding

1 Define ‘divergent evolution” and give an example of how it has affected the evolution of species.
2 Define ‘convergent evolution” and give an example of how it has affected the evolution of species.

Analysing

3 Explain the significance of Glossopferis plant fossils in understanding the biogeography of Gondwana.
4 Explain the importance of using living and fossil forms in constructing phylogenies.

Evidence for evolution:
comparative anatomy

While we now know that all life shares a common genetic code, and relies on similar
physiological and biochemical processes, early evolutionary theorists could only use evidence
that they could observe at the time. Even to the casual observer, it’s evident that different species
can appear vastly different, seeming to bear very few similarities to each other, while others
appear so similar that their shared common ancestor must have existed relatively recently. Closer
examination of the physical characteristics of species, at both the embryonic and adult stages,
can reveal further evidence for evolution.
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Case study

Dr Erich Fitzgerald and the evolution of baleen whales

Dr Erich Fitzgerald is Senior Curator of Vertebrate Palaeontology at Museum Victoria. Erich researches the
evolutionary history of marine mammails. To undertake his research, he uses a combination of field work
and interpretation of fossils and animal remains that are housed in museums around the world. Erich seeks
fo answer questions on what drives the evolution and extinction of marine mammals.

His research would not be possible without advances in information fechnology, such as computational
phylogenetic analysis. ‘To get fo the bottom of the evolutionary history of organisms, you need fo place
them in an evolutionary context. To do that, we subject fossils and living species to phylogenetic analysis,
computationally estimating the evolutionary “tfree” based on large data setfs of characteristics across
large numbers of taxa. We then use different programs to inferrogate that tree for other patterns to fest our
hypothesis.’

‘Using computers as a way of capturing data, imagery, 3D and CT scanners and communication
between researchers internationally has been a huge benefit to palaeontology; it means we are forced to
access a wider range of data in order to get an accurate evolutionary picture of what we are looking at.
Computers can deal with large data sets of measurements and characteristics and identify patterns that
could easily be otherwise overlooked; as such,
computers are as important to palaeontology as
a hammer and chisel.

Erich’s research has unveiled unexpected
results. ‘For a long fime there was a gap in
our knowledge of the relationships between
the tfoothed ancestors of modern whales -
Archaeocetes - and living baleen whales.

How on earth does such a specialised feeding
structure like baleen evolve? For some time
there was the idea that Archaeocetes probably
closed their jaw and used their teeth like a sieve,
like some seals do today.’

Extensive data sets, including measurements
from the skulls, feeth and other bones of fossil
and confemporary animals, allow for the use of
computational phylogenetics, showing some
surprising results. ‘Our research points fo a
complex story of “false starts” and “experiments”
in evolution. It shows whales didn’t have an A Figure 6.14 Erich Fitzgerald and the fossil skull of the
intermediate stage using both teeth and baleen; ~ ancestral toothed whale Janjucetus hunderi
the evidence suggests the tfransition between
teeth and baleen happened a different way. The question is now how did this happen; that’'s what I'm
fry to solve. Understanding the evolution of organisms is vital. In order to gain any understanding of the
dynamics of biodiversity, you have to understand how it has occurred over the time scales over which it
has evolved, and those time scales are only accessible to palaeontologists.’

Newspix/Paul Trezise

Questions

1 Account for how our view of current biodiversity is biased if we ignore evolutionary history and the
fossil record.

2 Thinking of baleen whales and their diet, assess and discuss whether the evolutionary ‘false starts’ and
‘experiments’ that the fossil record shows are examples of divergent evolution.

3 Prior to the advent of computer-assisted phylogenetic analysis, estimating evolutionary relationships
of vertebrates was based largely on bone and tooth morphology, or shape. Phylogenetic analysis now
incorporates other elements fo develop phylogenetic frees. Explain how computational technology
has improved the identification of possible relationships of fossil and living animals more efficiently and
rigorously than had been previously possible.
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a) Adult sea squirts
show few characteristics
of chordates. b) The
free-swimming larva of
the sea squirt shows the
characteristic features
of chordates, revealing
its evolutionary affinity
with chordates.
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Similarities between
chordate embryos
suggest a common
ancestor.
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Comparative anatomy is used to establish evolutionary relationships on the basis of structural
similarities and differences, including the comparative study of embryos. For example, all
members of the phylum Chordata have, at some stage of their development, a dorsal notochord
(a solid tissue running along the back), pharyngeal slits (which turn into gill slits in fish), a
dorsal nerve chord and a tail that extends past the anus. Sea squirts are the most unlikely
members of this phylum; the adults look more like marine invertebrates than the more closely
related vertebrates (Figure 6.15a). Sea squirt larvae, however, have the requisite characteristics,
including a notochord (Figure 6.15b). Vertebrates have lost the notochord and it is replaced with
vertebrae.

The similarities observed between embryos of fish, humans and many other organisms are
suggestive of a shared ancestor from which all these species have evolved. No other theory can
adequately explain why the same structures occur in all chordate embryos, whose adult forms
are so diverse.
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Scientific literacy: ‘Terror bird’ was scary-looking
vegetarian

Giant prehistoric ‘terror birds’ looked so fierce that many palaeontologists assumed they were terrifying
predators, but new research finds that the would-be carnivores were probably herbivores.

The tferror bird, aka Gasfornis, grew to nearly one-and-a-half metres fall. If lived between 55 and
40 mya in what is now Europe and possessed a huge, sharp beak.

‘The terror bird was thought to have used its huge beak to grab and break the neck of its prey, which
is supported by biomechanical modelling of its bite force,” says Thomas Tutken from the University of
Bonn, who led the research.

‘It lived after the dinosaurs became extinct and at a time when mammals were at an early stage of
evolution and relatively small; thus, the ferror bird was thought to have been a top predator at that time
on land.

Wrong, according to the latest findings, presented by Tutken and his team at the Goldschmidt
conference in Florence this week.

An early clue came by way of footprints likely left behind by an American cousin of Gasfornis. The
footprints do not show imprints of sharp claws, which would have been expected as tools to grapple
prey. Today'’s raptors, for example, sport such sharp claws.

Another clue is more obvious — the bird’s hefty size and build. Can you imagine Sesame Street’s Big
Bird (with a big beak) running swiftly after prey? All of that bulk would not make for a very swift hunter.
Some researchers theorised that terror birds ambushed prey, but even that seems pretty far-fetched.

To further explore the possibilities, Tutken and colleagues took a geochemical approach. They
analysed the fossilised bones of the birds, focusing on calcium isofope composition. Isotopes are atoms
of the same element with different numbers of neutrons.

In prior experiments, the scientists determined that the calcium isotopic composition becomes
‘lighter” as it passes through the food chain. They tested the method first with herbivorous and
carnivorous dinosaurs — including top predator T. rex — as well as mammails living today. For this latest
study, they applied the method to terror bird bones housed at the Geiseltal collection at Martin Luther
University in Halle.

They discovered that the calcium isotope compositions of terror bird bones are similar to those of
herbivorous mammals and dinosaurs, and not fo carnivorous ones.

‘Tooth enamel preserves original geochemical signatures much better than bone, but since
Gastornis didn’t have any teeth, we've had to work with their bones to do our calcium isotope assay,’
TUtken explains.

As for many scientific puzzles, the case isn't completely closed just yet.

‘Because calcium is a major proportion of bone — around 40 per cent by weight — its composition is
unlikely to have been affected much by fossilisation,” he says.

‘However, we want to be absolutely confident in our findings by analysing known herbivores and
carnivores using fossilised bone from the same site and the same time period. This will give us an
appropriate reference frame for the terror bird values.’

Even if the food was just plant based, it had to have been large and tough, given the impressive
beaks the birds evolved.

Viegas, J. (2013) "Terror bird” was scary-looking vegetarian’, Discovery News online, 29 August.
Questions

1 Suggest why it had been assumed that Gasfornis was a predator, and what evidence may have
pointed away from this before the so-called ‘geochemical approach’.

2 Outline the reason for Tutken's caution of applying this geochemical analysis on fossil birds.
Suggest an alternative reason for the apparent absence of raptor-like toe claws on Gasfornis.

4 |dentify the possible food plant sources of Gastornis, assuming further evidence supports the theory
of it not being carnivorous.

w
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Homologous structures

Homologous structures are common physiological structures shared by different organisms
that stem from their descent from a common evolutionary ancestor. When an adaptive radiation
occurs, organisms retain the same basic structures because they have the same genetic history.
For example, all lizards have scaly skin; this is a defining characteristic of their classification.
However, the scales can differ in colour, hardness and shape in relation to the habitat that they
occupy, and may function in defence, temperature maintenance or camouflage. The different
types of scales are examples of homologous structures.
The example of homologous structures in lizards is one that has a relatively recent
Figure 6.17 ¥ evolutionary history, but some homologous structures have evolved from a much more distant
The principle of common ancestor and may have very different functions. The wing of a bird, the wing of a

homologous structures bat, the leg of a crocodile, the flipper of a whale and the arm of a human all have the same
can be illustrated by
the adaptive radiation
of fhg forelimb of a species the limb has been modified to suit a variety of different ways of life, demonstrated by the
selection of vertebrates, different bone lengths and coverings of the limbs (Figure 6.17).
which all show the basic
pentadactyl pattern
modified for different

basic structure: the pentadactyl limb, a hand or foot with five fingers or toes. However, in each

uses.

Lizard

Frog Bird
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Humerus
Humerus

Ulna Radius
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Ulna Radius

Carpal
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Humerus Radius
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Ulna Radius

Ulna Radius

Human

Whale
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The leaves of land and aquatic plants all have the same basic components but the structure
shows enormous variety in size, shape, colour and function. Some leaves function as coloured
petals, some as support structures in buds and others act as defensive spines or fleshy water stores
(Figure 6.18).

Homologous structures can be used to infer phylogenetic (i.e. evolutionary) relationships
because only organisms with a common ancestor can have the structures with the same basic
arrangement.

<« Figure 6.18
Homologous structures
derived from leaves.

a) The spines of a
cactus and b) the
bracts of Heliconia are
derived from the same
basic structure but now
have different forms.

In this case, the spines
serve different functions;
they are homologous
structures. In other
examples, homologuous
structures can share
functions, but different
environments can
influence how these
functions are necessarily
performed.

Shutterstock.com/panyajampatong
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Vestigial homologous structures

In some cases, homologous structures stemming from a common descent can eventually
cease to provide a functional use for an organism; the structure may not necessarily impede
a particular adaptation of an organism, but at the same time the structure no longer serves
a ‘useful’ purpose. These structures are called vestigial structures. Vestigial structures
can take a variety of forms: from skeletal structures on vertebrates, soft-tissue such as
organs or even at the cellular and molecular levels.

Wherever vestigial structures may be found, they are usually either rudimentary,
or atrophied. Vestigial structures are quite common, and are yet another line of
evidence that point to shared ancestry. Among humans, we need look no further
than our vermiform appendix, a small pouch-like structure on the colon that appears
to be the shrunken remains of the cecum, a far more extensive structure found in the
digestive tract of other more predominantly herbivorous primates.

Analogous structures

Analogous structures are features of organisms that have the same function but not
the same basic structure. The eyes of octopuses and vertebrates are remarkably similar,
even down to fine points of detail, and an observer could conclude that they are

homologous structures (Figure 6.19). However, there is one telling difference. In the vertebrate A Figure 6.19

eye, the nerve fibres lie in front of the sensory cells of the retina, whereas in the octopus eye they q) Octopus eyes and

. . . . . b) human eyes are the
lie behind them. Because of this, the vertebrate eye has a blind spot where the optic nerve emerges solufion to the same
from it, whereas the octopus eye lacks one. The reason for this difference lies in the ways the two problem with similar

eyes developed, which indicates that they are the products of two distinct lines of evolution. adaptations.
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EXPERIMENT 6.1

HOMOLOGOUS STRUCTURES

Charles Darwin noted that many animals shared similarities in body structure. He argued that this seemed to
suggest that the structures had developed from a common ancestral form. Are the similarities in structures as
obvious as he suggested?

Aim
To investigate homologous structures in the pentadactyl limb of various vertebrates
Materials

four examples of vertebrate pentadactyl limb. These could be actual skeletons, models, photographs or
illustrations of the limbs (e.g. frog, bird, dolphin, dog, cat)

Procedure
Forelimb (arm) Hindlimb (leg)
Upper arm — Humerus Femur — Thigh
L Elbow U Knee -
Radius Tibia
Forearm — Shank
Ulna Fibula
Wrist (carpus) Carpals °g° Tarsals } Ankle (tarsus)
90000
— Metacarpals ﬂ ” E “\\ Metatarsals
Hand — Phalanges yﬂ 00 0 \ Phalanges | Foot
Digits (fingers) 4 (l)] P] % % Digits (toes)
L 5 _
2 314

A Figure 6.20 A generalised pentadactyl limb

For each of the samples that you have been given, complete as many observations as possible and note them
in your results.

1 Examine the forelimbs and hind limbs of each specimen carefully and draw a quick sketch in your results.
Make a table to record the number of bones that make up each individual digit on the forelimbs and
another table for the hindlimb. Include the hand/foot areaq, wrist/ankle area, forearm/shin area, and the
upper arm/thigh area.

2 Describe any other differences that you may have observed in each specimen when it is compared to the
generalised diagram of a pentadactyl limb (Figure 6.20).

Results

Your results should include:

* Name of organism

+  Sketfch of forelimb

+  Sketch of hindlimb

+  Summary table of counts

+ Descriptions of differences

Discussion

1 Analyse how the number of bones in each area of your specimens compares to the generalised
pentadactyl limb.

2 Other than bone numbers, identify and explain what other differences you find in the limb structures.
3 Suggest and explain reasons for the differences noted for each particular animal. >
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4 Suggest what advantage these differences might offer to the species concerned.

5 Identify the basic similarities in the different limbs and explain how these can be found in so many different
species that may occupy a variety of different habitats.

Taking it further

Use the Internet to examine the limb structure of other animals to see how they compare to the ones you've
examined in this activity. Does it make a difference how closely animals are related to each other in tferms of
their similarities?

Conclusion

Write a conclusion that summarises your findings.

Different organisms share molecular homologies as well as structural ones. DNA itself is a
very simple example of a molecular homology that links all life on Earth. Both DNA and RNA
possess a four-base code that provides the basis for all life; however, the homologies are more
complex, and profound, at a genetic level.

Proteins, and the alleles that encode them, are subject to the same process of evolution by
natural selection as the larger traits that individuals possess. A protein that is well suited to
its function will be preserved, or conserved, while other traits around it may evolve. Two
distantly related species may share very similar protein sequences for a protein whose function is
much the same in those species, such as the histone proteins.
Mutations that arise over time may alter a protein’s function, usually making it less suited
to its function. If a point mutation results in the loss of an amino acid that is essential for the
protein’s function, the mutation may not be preserved. Protein sequences can be compared
across species and conserved amino acids can be identified. This is another line of enquiry for
identifying the evolutionary relationships between different species. see Chapfers T and
Occasionally, mutations may arise that change an encoded amino acid to one with a very 2 for more on aliele
. . . N . expression, and
similar charge and shape. Thus, the amino acid at that site is still essentially conserved, as the . ,
. . Sy . . hisfone proteins.
substituted amino acid will allow the protein to have the same function.

In the absence of external influences such as ionising radiation and chemical mutagens, a
baseline rate of mutation occurs naturally to DNA. If mutations change the structure or
function of the proteins that are encoded, they will change the way those proteins are passed
to the next generation, making them either more or less common in subsequent generations.
In many cases, mutations may arise in non-coding regions or may change a codon to one

that encodes the same amino acid as before, resulting in a neutral mutation. The frequency of
neutral mutations is fairly constant within a species and is called the mutation rate. When
comparing the genomes of two species, the mutation rate can be used as a molecular clock to
estimate at what point in time those species diverged from a common ancestor. For humans,
the mutation rate is estimated to be approximately 10-* per site (i.e. nucleotide) per generation.

The comparison of genome sequences of different species or individuals gives a very broad
picture of DNA sequence conservation and mutation frequencies, making it possible to
trace evolutionary processes responsible for the divergence of two genomes. Comparative
genomics, however, produces huge amounts of data that must be stored and analysed in a
logical and meaningful way.
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The scale of computational framework for this volume of biological analysis is huge. Only
very recently has it become possible to undertake these analyses, due to advancements in
computer science, engineering and mathematics via bioinformatics. Bioinformatics is the
digital storage, retrieval, organisation and analysis of biological (in this case, genomic) data.
Bioinformatics has dramatically increased the size, accuracy and scope of data sets, such as those
needed for comparative genomics.

Bioinformatics has provided significant advances in our knowledge of the entire genomes of
organisms, and in turn this has revealed yet more evidence of evolution. When contrasting the base-
pair composition of genes of seemingly unrelated organisms that code for comparable structures
(say, the code that provides instructions on how to build an eye), the composition of each gene
is remarkably similar. For example, the genes that code for ‘building eyes’ on vertebrates such as

You can revise humans, called PAX6, are more than 78% similar in their protein arrangement to those responsible
the concepts of for building the eyes of octopus. The similarities in sequence, function and abundance of these
genetic var ’0”9” genes across organisms across a broad spectrum of phyla are yet another example of homology, in
and genomes in this case at a molecular level. This is an example of how the identification of molecular homologies

Chapter 3.
P via comparative genomics can reveal the shared common ancestry of diverse species (Figure 6.21).
Molecular homologies such as these also have application in building branching phylogenetic
trees in the technique of molecular phylogeny. In the example of the eye-building PAX gene,
it is possible to conclude that as descendent lineages evolved, the gene was modified in a variety of
ways in different lineages, giving rise to a diversity of eye-building genes seen in modern animals.
Figure 6.21 »
Comparative genomics
has found shared ‘eye- ) Tardigrada
building’ genes across Annelida : Arthr pOd

all animals with eyes.
From this, we can map a
phylogenetic tree.
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? Ancestral PAX-like gene

evolved here

QUESTION SET 6.5

Understanding
1 Adaptations may be behavioural, physiological or structural.
a Explain what is meant by each of these terms.
b Give an example of each type of adaptation and name an organism with this type of adaptation.
2 Some species are phenotypically similar. Explain if this means that they have a recent common ancestor.

Analysing
3 Explain why the spikes of a bearded dragon lizard and the hard plates of a tortoise shell are homologous
structures.

4 Explain why seemingly unrelated organisms could have a high percentage of very similar genes.

5 Explain the advantage of mass data storage (provided by technological advances in the use of
bioinformatics) when examining the relationships of seemingly unrelated taxa.
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CHAPTER SUMMARY

Earth and its inhabitants have changed enormously over 3.5 billion years. Some changes are rapid and can

be withnessed in a lifetime.

+ The position of landmasses are all in constant change. Geological and fossil evidence tell us that 200 mya a
single supercontinent - Pangaea - existed, which would later separate info smaller landmasses.

+  Contemporary evidence for evolution comes from five main lines of evidence: palaeontology,
biogeography, developmental biology, morphology and genetics.

Comparative dating is used to determine the relative age of a rock or fossil. Absolute (or chronometric)
dating assigns a numerical age in years fo a fossil or rock.

Biogeography is the study of the distribution of organisms and ecosystems across the world and through

geologic fime.

+  Comparative anatomy is used to establish evolutionary relationships on the basis of structural similarities
and differences, including the comparative study of embryos.

+ Different organisms share molecular homologies as well as structural ones. Examination of the genes of
different organisms indicates that all modern life descended from a single population of organisms.

Comparative genomics provides evidence for the theory of evolution and helps us map the degree of

species relatedness.

+  Darwin’s theory of evolution by natural selection refuted Lamarck’s theory of transmutation of species by

sponfaneous generation.

CHAPTER GLOSSARY

absolute dating the process of determining the
age of rocks and their contained fossils in years on
the basis of the physical or chemical properties of
materials in the rock

adaptation a developed characteristic that enhances
an organism’s survival in its natural environment

adaptive radiation a process where a lineage
of organisms rapidly diversifies intfo many different
forms and taxa with different adaptations; it can
be triggered by many factors, such as changes to
available resources, or other new challenges or
opportunities; this is a type of divergent evolution

analogous structures features of organisms that
have the same function but not the same structure

biogeograpy the study of the distribution of living
things over a geographical area through geologic time

bioinformatics the science of managing and
analysing biological data using advanced
computing techniques; it is especially important in
genomics research because of the large amount of
complex data this research generates

common ancestor a species from which other
species have evolved

comparative dating the process of determining
the age of rocks and their contained fossils relative
to each other, allowing an estimation of ‘oldest to
youngest” without assigning an actual age in years

comparative genomics the process of contrasting
the entire hereditary information of organisms as
encoded in their DNA

conserved (sequences) DNA or protein sequences
that are preserved across species

9780170243254

confinental drift the relative movement of Earth’s
continental landmasses that appear to drift or ‘float’
over Earth’s mantle

convergent evolution a process whereby unrelated
organisms evolve similar adaptations in response to
their environments

divergent evolution when related species evolve
new fraits over fime, away from the common
ancestor, fo give rise fo new species

eon adivision of geologic fime that can be divided
info periods, epochs and ages

epoch adivision of geologic fime that is shorter than a
period and is marked by one or more significant events

era a division of geologic time comprising periods
and epochs

evolution the process of gradual change in the gene
pool of a population of organisms that results in new
species

fossil preserved remains or tfraces of an organism

gradualism a theoretical model of the pace of
evolution occurring as a steady, slow divergence of
lineages at an even speed, irrespective of gaps in the
fossil record

homologous structures features of organisms
that have the same general structure but different
functions

isotfope atoms of an element that have the same
number of protons but different numbers of neutrons,
and therefore different relative atomic masses

molecular homology the identification of shared
biomolecular elements - generally genes - used fo
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fest the relationships between organisms, which can
demonstrate common ancestry

molecular phylogeny the study of evolutionary
relationships using comparative genomics

mutation rate the number of changes per gene
copy in a population over a period of fime

mya millions of years ago, sometimes expressed
as millions of years before present (myBP), or simply
millions of years (my); for example, a fossil dated as
being 5 million years old lived 5 mya

niche an organism’s habitat; or way of life or
function of an organism in its environment
period a division of geologic time; periods and
epochs together make up eras

phylogeny evolutionary relationships that exist
between species, offen expressed as a tree-like diagram

punctuated equilibrium a theoretical evolutionary
model of an organism’s change occurring rapidly and
in relatively brief events between longer periods of
stasis (or equilibrium) without record in the fossil record

speciatfion the evolution of one or more new
species from an ancestral species

vestigial structures structures found in organisms
that have lost most, if not all, of their original
function in the course of evolution; in ancestral
organisms the structures served a purpose, but

in their descendants the structures become
atrophied or rudimentary

CHAPTER REVIEW QUESTIONS

Remembering

1 List the categories of evidence for evolution.
2 Recall Lamarck’s theory of evolution.
3 Define the following terms.

a Gradualism

b Punctuated equilibrium

c Biogeography

d Vestigial structures
e Homologous structures
f Comparative genomics

4 The fossil record is a vital stream of evidence in the modern evolutionary synthesis, but it is patchy and
incomplete. Recall the reasons for this patchy record.

Understanding

5 The Thylacine (marsupial) and the American grey wolf (placental) evolved independently of each other
in remote biogeographic locations, but both animals had a similar appearance and occupied similar
ecological niches. The similarities between the two organisms are most likely a result of which
evolutionary pattern?

6 Describe the fundamental difference between Darwinian evolution and its precursor theories in ferms of
how descent should be viewed.

7 Both birds and bats have wings, while mice and crocodiles don‘t. Explain if this means that birds and bats
are more closely related fo one another than fo mice and crocodiles.

8 Forty per cent of the world’s species of fruit fly are found on the islands of the Hawaiian archipelago.

a Propose why the Hawaiian archipelago might provide a suitable habitat for so many different species of
fruit flies.

b Explain how adaptive radiation may have been involved in the evolution of Hawaiian fruit flies.
¢ Describe three ways that ancestral fruit fly genes may have been transported from one island fo another.

9 The sugar glider and the flying squirrel have a similar appearance. Both have a flap of skin between
the forelimbs and hind limbs that enables them to glide from branch fo branch. The flying squirrel is a
placental mammal found in the Northern Hemisphere and the sugar glider is a marsupial found
in Australia.

a Name the process that has resulted in these species having similar features.
b Name and describe the evolutionary pattern that accounts for the similarity of these two species.
c Suggest how these two animals - one a placental and one a marsupial - are different in other ways.
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10 Mimicry is a common phenomenon in natural systems. The mimic seeks to take on the appearance
of another organism. The organism being mimicked, called the model, is either harmful, distasteful or
unpalatable to predators. Predators learn to avoid the model and therefore the mimic. It is assumed that
the origins of mimicry lie in random, spontaneous gene mutations, recombinations and chromosome
alterations that result in colour, structure or pattern change.

a Explain the possible advantages of mimicry.

b Describe the type of evolution is involved in mimicry.

¢ Explain what would you expect the ratfio of models to mimics to be in natural systems.
d Describe how the disappearance of the model might affect the mimic.

Applying

11 Species are defined as a group of organisms that can interbreed and produce fertile offspring. Subspecies
are defined as distinct populations of a species that can interbreed and produce fertile offspring with other
members of the species, but due to isolating factors, they don't interbreed in nature. Many subspecies exist
tfoday among all organisms. Identify and explain the evolutionary pattern that is occurring in this example.

12 Embryological studies show bird embryos develop a fourth finger and a fifth foe that vanish as the foetus
develops. This vestigial developmental structure is evidence for common descent.

a Explain what this evidence explicitly says about the characteristics of the ancestors of birds.
b Explain whether you would expect a complete fossil skeleton of a common ancestor showing this
characteristic fo have been found.
Analysing

13 New Zealand has no large native land mammals, but has been home to some highly specialised bird
species. Many of these birds have lost the ability to fly, and in the case of the five species of Kiwi, have
developed some distinctive features. Mammal-like characteristics such as a keen sense of smell, bone
marrow (which makes bones heavy and unsuitable for flight) and a pair of functional ovaries in females
(most birds have only one functional ovary) are highly unusual for birds.

a Research the five species of Kiwi and explain how they show examples of:
i divergent evolution. iii adaptive radiation.
il convergent evolution. iv analogous structures.
b What would molecular homology studies illustrate about the relationship of the five species?

14 There is a variety of types of torfoise on the Galapagos Islands. One type has a domed shell and a
short neck, and is found on islands with high moisture content. The other has a shell that flares up at
the front so that the tortoise can lift its long neck up. The long-necked tortoise is found on the more arid
islands.

The main food of the tortoises is the prickly pear cactus. On the islands with no tortoises, the prickly pear
has a low spreading form with soft spines. On the islands with the long-necked tortoise, the prickly pear has
a tall form with hard spines.

a Explain how the tortoises could have first reached the Galapagos Islands.

b Assess and explain if it is likely that the ancestor fortoises would be idenfical to the modern tortoises.
¢ Explain why prickly pear would grow in different plant forms on different islands.
d

Define and explain what type of evolution is illustrated by the association of the long-necked tortoise
and the tall prickly pear.

Evaluating

15 The Hoatzin (Opisthocomus hoazin) is a remarkable bird from South America. It has only one known
fossil ancestor, a 10-million-year-old skull fragment found in Colombia. The age of the fossil demonstrates
Hoatzins were endemic fo South America; the fossil pre-dates the land bridge between North and South
America by 8 million years.

Genetic analysis of the living Hoatzin has shown it is unique, perhaps because of its extensive history of
geographic isolation, and has its own suborder. Chicks of the Hoatzin show a characteristic shown in
no other living bird: a pair of claws on their wings, a characteristic similar to those seen on the bird-like
dinosaur Archaeopferyx, which had three wing claws.

From the above description, identify whether the lines of evidence for evolution described are from the
disciplines of:

a palaeontology, via the fossil record. d morphology.
b biogeography. e genetics.
c developmental biology.
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The 1861 discovery of the Jurassic-age fossil skeleton of the feathered dinosaurian bird ancestor
Archaeopteryx from Germany was a key moment in the development of Darwinian theory. The discovery
of the pigeon-sized animal was brought fo the attention of Charles Darwin, who commented that *hardly
any recent discovery shows more forcibly than this how little we as yet know of the former inhabitants of
the world'".

The skeleton of Archaeopteryx clearly shows that it had claws on its forelimbs, well-developed feathers on its
wings (allowing for weak gliding flight), tfeeth and a long bony tail.

a Define which of these characteristics point to a relationship to birds on the basis of:
i embryology.
ii homologous structures.
iii analogous structures.

b Explain how the relationship of Archaeopfteryx to dinosaurs and birds has limitations based on molecular
homology and comparative genomics.

c Predict how the potential diet (as influenced by the climate, continental associations, and other animals
and plants) would have affected the Archaeopferyx in terms of its:

i teeth.
i size.
iii locomotory adaptations.
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CHAPTER 7/
NATURAL

By the end of this chapter you will have covered the following material.

Science Understanding

+ Natural selection occurs when selection
pressures in the environment confer a
selective advantage on a specific phenotype
tfo enhance its survival and reproduction; this
results in changes in allele frequency in the

gene pool of a population (ACSBLIY0)

+ In addition to environmental selection
pressures, mutation, gene flow and genetic
drift can contribute to changes in allele
frequency in a population gene pool
and results in micro-evolutionary change
(ACSBLO091)

+ Differing selection pressures between

 Populations with reduced genetic diversity

+ Mutation is the ultimate source of genetic

variation as it infroduces new alleles info a
population (ACSBL092)

+ Speciation and macro-evolutionary changes

result from an accumulation of micro-
evolutionary changes over time (ECSBL093)

geographically isolated populations may
lead to allopatric speciation (ACSBL0%4)

face increased risk of extinction ’
(ACSBL095) @



Figure 7.1 A

The peppered moth,
Biston betularia, has
a) a white speckled
typica form and

b) a dark carbonaria
form.

. EVOLUTION OF
| THE PEPPERED
. MOTH

i Explore the

i evolutionary story
i of the peppered
i moth.

Alamy/Neil Hardwick

The peppered moth, Biston betularia, is widespread in Britain. Historically, the standard moth
form, #ypica, was white, liberally speckled with black. During the 1800s British cities and the
countryside were transformed by the Industrial Revolution. Hundreds of coal-powered factories
produced large quantities of airborne soot and other pollutants. By 1895, 95% of moths in
industrial regions of Britain, such as Manchester, were black (form carbonaria). A well-known
lepidopterist, J. W. Tutt, proposed an evolutionary link between the Industrial Revolution
and the moth population. Dark pigmentation was part of the natural, inheritable variation of
the B. betularia population, but very rare. Blackening of tree trunks by soot presented a new
environmental pressure for the moth population. The dark coloured moths were better able to
evade bird predation than the common white speckled form. Over time, black moths came to
dominate the population.

Since 1950, when clean air legislation was passed, the situation has reversed; once again dark
coloured moths are suffering greater predation on the naturally white tree trunks, and their presence
in the population is less common. Both dark and white forms continue to exist in the population.

Variation in populations

Like the peppered moth example, individuals in any population express a range of different
phenotypes. This is because members of a population have variation in genotypes that causes
variation in their phenotypes. This genetic variation is inheritable; it can be passed to the next
generation and under certain circumstances may give an individual an advantage in survival
and reproduction compared to the rest of the population. In the case of the peppered moth, a
mutation in genotype produced a dark-coloured form in this population. This dark phenotype
conferred a survival advantage in the changed environment. On the other hand, the genotypic
variation may also give a disadvantage or have no effect at all. Either way, genetic mutation
introduces new alleles and, therefore, new variation into populations.

Variations in populations can be very small, but they are the basis of evolution.

Gene pools

Genes are the means of transmitting phenotypes from one generation to another. Many genes
can exist in different forms as alleles, and the characteristics of individuals are determined by the
alleles they inherit. It is this variation in alleles carried by different individuals that leads to most
of the variation in a population. The total collection of alleles within a population is referred to
as a gene pool (see Figure 7.3). In biological terms, a population is a group of individuals of

the same species that live in the same geographic area and readily interbreed to produce fertile
offspring, so that they belong to the same gene pool.

Genetic mutations introduce new alleles into populations. These act as the main source
of variation. The sum total of all alleles present in a population is called the gene pool.
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The range of variation possible in a population is
restricted by the alleles available in its gene pool. For example,
bearded dragons do not carry genes for wings or hard-shelled
eggs or the enzymes required to synthesise chlorophyll or to
digest cellulose. All bearded dragons do, however, carry genes
for a tail, rudimentary teeth, scales and four legs (Figure 7.2).
The many genes that have only one possible allele in a gene
pool, and so do not contribute to any variation, are said to be
‘fixed’ in the population. Scientists believe that approximately
80-85% of our genes are fixed in this way. These genes do
not make a significant contribution to evolution since there
is no variety to draw on. It is the other 15-20% that can be
drawn upon during evolutionary change.

Allele frequencies

For variation to occur in phenotypes, more than one allele of a gene must exist. Phenotypes

that vary due to genetic differences are termed genetic polymorphisms (poly meaning ‘multiple’;

morph meaning ‘form’). The frequency of polymorphic alleles is not usually constant and can be

affected by:

* mutation of an allele

* immigration of individuals; that is, movement into the population

* emigration of individuals; that is, movement out of the population

* the reproduction rate of various individuals in the population; that is, the
number of offspring born per year to an individual.

Other factors that can change an allele frequency are:
* genetic drift
* the bottleneck effect
* the founder effect.

These factors are discussed in more detail below.

The basis of evolutionary theory is that favourable traits become more common
in each successive generation. Those members of a population that survive and
reproduce in their habitat carry the traits most suitable for their circumstances,
and so, over time, the population becomes more suited, or better adapted, to its
habitat. But what happens when the habitat changes? In most cases where there is
genetic variation in the population, some members will survive changes and pass
on their genes. For example, some members of a locust population may be resistant
to local pesticides. Those members would survive seasonal crop spraying and pass on their genes. If
no members in the locust population possessed a genotype that resisted pesticides, the local locust
population would not survive.

Such variation in the gene pool is essential. So, where do new alleles come from? The answer
is that they generally come from old alleles through mutation. Mutations are rare and mostly
produce harmful effects. In a large population they are barely noticeable. But despite this they
are essential to evolution because they are the ultimate source of variation within populations.

Many mutations produce recessive alleles that can be masked by the effects of the original allele,
which remains the dominant allele. We each may carry several hundred mutations, most of which will
never be noticed, particularly as most of us will have children with partners who are not closely related.

Conversely, recessive alleles are an important source of variation within populations. This was
the case with the peppered moth population. Before the Industrial Revolution, the dominant
carbonaria forms were extremely rare, and appear to have been maintained mainly through the
occurrence of spontaneous mutations. However, during the Industrial Revolution recessive alleles
coding for the white (#ypica) trait were able to survive in the population at a low level. Only the
extremely rare homozygous individuals experienced the selective pressure of increased predation.
In this case, the population responded quickly to a changing environment. The evolution of
sexual reproduction, with the random mixing and assortment of traits from one generation to
the next through meiosis, has been very important in producing populations with variation.
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A Figure 7.2

Bearded dragons carry
genes for a tail, scales
and rudimentary teeth,
but do not have genes
for wings.

A Figure 7.3

The sum total of all
alleles found in a
population in called the
gene pool.

See Chapter 3 for
detail on the possible
causes and effects of
murtations on alleles.
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Figure 7.4 »

Gene flow is the
tfransfer of alleles that
results from emigration
and immigration of
individuals between
populations.

See Chapter 4

for more on the
inheritance of the
ABO blood group.

Figure 7.5 p

Chance events can
cause the allele
frequency in a population
fo change. This is known
as genetic drift.

The gene pool of a population is subject to many external influences. Gene pools are shaped
by the movement of individuals and by environmental events that can sometimes rapidly and
considerably change the composition of populations.

Mutations provide the raw material for evolution since they introduce new alleles
into a population. Evolution is any change in the gene pool over time.

Migration and gene flow

Populations, in a biological sense, are defined by their reproductive and genetic isolation. Few
populations are completely isolated from each other and generally some migration takes place
both into and out of the population. Gene flow may occur if the migrants breed. For example,
immigrants may add new alleles to the gene pool and emigrants may completely remove some

alleles or significantly change the frequency of others.

®
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Humans are polymorphic for a range of blood groups, including the ABO blood group. Indigenous
Australians have some alleles that are present at frequencies different from other populations in the
world. They have largely been isolated for the last 50000 years, except for some gene flow from Asia
and New Guinea in the northern regions of Australia. Most Indigenous Australians do not possess the
IP allele of the ABO blood group that results in either the B or AB type blood. The I® allele occurs at
a frequency of up to 10% in European populations and up to 20% in Asian populations. The overall
frequency of the I® allele is increasing within the Indigenous Australian population due to migration of
people from Asia and Europe into Australia and the genetic flow between these populations.

Genetic drift

The term genetic drift applies generally to random changes in small populations. Every
reproductive event involves chance. Each of us inherited half our alleles from our mother and
half from our father. Which half of their alleles our respective parents passed on to us was a
matter of chance. In large populations this randomness in inheritance of alleles is not noticeable
overall. But if a population is small, there is a chance that some alleles present in a parental
group will not be passed on at all. These alleles may be permanently lost from the gene pool.
Alleles may be easy to lose, but they are virtually impossible to replace.

Random
e change

Time

186 NELSON BIOLOGY UNITS 3 & 4 FOR THE AUSTRALIAN CURRICULUM 9780170243254



iStockphoto/DaleBHalbur

Genetic drift can occur in a small population or when a large population is suddenly

reduced due to a catastrophic event. This can give rise to a bottleneck effect. When a small e

group of individuals migrates and establishes a population in a new location, the founder °
effect may occur.
Bottleneck effect
Sometimes a catastrophic event or a period of adverse conditions drastically reduces the e e
size of a population. In this scenario, certain alleles may be lost through chance. If some
portion of the population survives the catastrophe, the original population gene pool
cannot be recovered. The expanded population can only carry the alleles that existed
in the population that survived the event. Therefore, the gene pool will now carry an
indication of the bottleneck that occurred long after the population has recovered.

Cheetahs are an endangered species that have survived a drastic genetic bottleneck.
Facing a declining population, the surviving parents mated with their own offspring,
and the resulting generations were left with strikingly similar alleles. One of these is a Population
mutated allele with negative effects on fertility. Typically, a male cheetah’s sperm count is crash
low and 70% of the sperm are abnormal. Other shared alleles result in lowered resistance

to disease. Infections that are seldom life-threatening to other cat species can be lethal in
cheetahs. There are only around 10000 cheetahs left in the world today.

A Figure 7.6

in population size
can resultin aloss

of some alleles from
the gene pool. This is
the bottleneck effect.
Deleterious genes
can be preserved by

A Figure 7.7 chance.
Cheetahs survived a severe bottleneck that increased the frequency of some mutated
alleles.

The founder effect

The founder effect is a particular example of
gene flow. A few individuals who move to a
new area and become isolated from a larger
population might not carry all the alleles that
were present in the original population. This
means that the isolated population has less
genetic diversity than the original population

and deleterious recessive alleles may have a
higher chance of coming together than they did

. .. . A Figure 7.8

in the original population. Examples of polydactyly,
This effect has been observed in human populations when small groups of particular one of the symptoms

religious or ethnic backgrounds have settled somewhere new and mixed very little with other g;rlfg'fgx%h Creveld

settlers. Around 200 people originally settled the Amish community of North America and

at least one of the settlers harboured a recessive allele for Ellis—van Creveld syndrome. This
syndrome, symptoms of which include dwarfism, polydactyly (extra toes or fingers) and
sometimes a hole in the heart, has been common among Amish people of this region ever since.
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Figure 7.9 »

The founder effect
occurs when a few
individuals carry alleles
to a new, isolated area
and a new population
is formed with different
allele frequencies to the
original population. This
is also a type of gene
flow.

Genetic drift, the founder effect and bottlenecks can lead to a change in the gene
pool of small populations.

QUESTION SET 7.1

Remembering
1 Define the following terms.
a Founder effect
b Genetic drift
2 Recall the relationship between genotype and phenotype.

Understanding

3 Distinguish between a gene and an allele.

4 Outline why variations have fo be inheritable for them to be relevant to evolutionary change.

5 Describe the mechanisms that can lead to changes in the gene pool of a population.

6 Outline how gene flow can affect allele frequency.

7 Mutations are rare and, in large populations, barely noticeable. Describe how mutations are still essential
fo evolutionary change.

Analysing

8 Construct a diagram that illustrates two examples of how recessive fraits that are deleterious can survive
in a population.

Natural selection leading to
adaptive evolution

In 1868 two publications were released simultaneously through the Royal Society in London.
These papers were by Charles Darwin and Alfred Russel Wallace. They outlined their ideas on
the evolution of life, what they referred to as descent with modification. This term highlights
the important idea that all life that exists today has descended from shared ancestors. Their
proposed mechanism by which this happened was the process of natural selection, which has
shaped nearly every feature of living things found in the world today. In this way, favourable
traits are selected for and inherited, and become more common in subsequent generations.
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Mutation creates
variation.

Unfavourable mutations are
selected against.

Reproduction and
mutation occur.

Favourable mutations
are more likely to survive ...

and reproduce.

The principal of natural selection leading to evolutionary change rests on a few

propositions.

1 Individuals differ from one another; that is, individuals within populations show
variation.

2 Many of these variations are caused by mutations in alleles and are inheritable.

3 In general, more offspring are born than can survive to maturity and reproduce.
Because of this, there is a struggle for existence and only some organisms can
reproduce.

4 Some individuals have traits that make them more suited to their environment
than others, making them better able to reproduce and pass on their alleles to
the next generation.

Natural selection acts on individuals to produce changes in whole populations over time.
Natural selection acts on the phenotypes of individuals, so that some survive and reproduce while
others do not. The capacity of an individual to survive and reproduce is sometimes referred to as its
fitness. Natural selection is the only selection mechanism that can lead to adaptive evolution.
This means that it is the only mechanism that leads to new populations, and the mechanism that
produces species that are better adapted to their environment.

The driving force for adaptive evolutionary change is natural selection.

Artificial selection:
animal and plant
breeding

Both Darwin and Wallace understood the importance of inheritable
variation for any sort of selection to work, but their understanding
was very limited at that time. If all individuals within a population
were identical then selection would have no effect.

Darwin drew long comparisons with breeding programs for
domestic animals, including dogs and pigeons. The processes for
breeding different strains of dogs, or different varieties of pigeons

<« Figure 7.10

A diagrammatic
representation of
natural selection.

In this example, the
darker alleles confer an
advantage over lighter
alleles.

V Figure 7.11

The greyhound is an
ancient European dog
breed dating from
around 5000 years
ago. Its appearance
is very different to the
original domesticated
dog, which probably
looked more like a cross
between a Siberian
husky and a large
Alsatian.
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(Darwin was an avid pigeon fancier) were quite well understood. Parental stock with certain
desirable traits are selected and mated, and it was understood that these traits were often passed
on to the offspring. Over time the new traits could be established in later populations. This
process is called artificial selection, and relies upon human intervention to determine which
traits are selected for.

Darwin believed that the rapid changes produced by selectively breeding dogs, or pigeons, could
also occur naturally in the wild. Naturally occurring selection pressures would act on traits
in the population, resulting in some traits becoming more common as others became less so.
Selection pressures are factors that influence the survival of an individual, a population or a
species. Some examples are:

*  competition between species for food and territories

¢ predator—prey relationships

*  competition within species for food or water

*  competition within species for territories or nesting places

*  sexual selection; that is, selection of traits that successfully attract mates.

In 1798, Thomas Malthus, an economist, published his Essay on the Principles of Population.
In this essay he suggested that the human population had a natural tendency to increase at a
greater rate than food supplies and other resources, and this caused much of human suffering:
disease, famine and war. Human populations therefore faced a constant struggle to survive.
There has been much discussion about the extent to which Darwin was influenced by this
essay. We know that he read a later edition of Malthus’ essay and he also adopted the term
‘struggle’ in his writings. While Malthus was mostly concerned with showing that human
populations were destined to struggle in this way, Darwin’s real focus was the struggle that
occurred between individuals in the same population or species, to survive and reproduce,
leading to evolutionary change.

Sexual selection is a process linked to mating behaviour in animals. It describes a form of
selection where individuals with certain inherited characteristics or behaviours are more
likely than others to obtain mates and pass on their genes. Sexual selection can produce quite
spectacular effects, such as the enormous antlers of a moose, or the long, showy tail of a

male peacock.

Sexual selection occurs when individual animals with certain inherited
characteristics are more successful than other individuals in finding mates.

Special characteristics such as the large tails of peacocks and lyre birds or antlers of
moose are actually quite costly to the animal that is carrying them, and do not directly
give them any extra survival advantage. In many cases, these attributes can be a threat to
their survival. Loud and elaborate courtship displays attract predators as well as mates and
growing new antlers every year costs energy. So, what is the evolutionary advantage? One
theory suggests that the females are selecting for a very obvious characteristic that correlates
with other beneficial alleles. There have been some experiments carried out that suggest that
this might be the case.

Sexual selection can also produce a phenomenon called sexual dimorphism . This term
refers to situations where males and females have different appearances or size.



Some examples of sexual selection can be surprising. For
example, the Soay (Ovis aries) is a primitive breed of sheep that live
on the rocky islands off the coast of Scotland. They are well known
for their agility on cliffs and for the large horns on many males.
Large horn size appears to be a sexually selected characteristic and
provides males with a significant advantage in securing mates.
Variation in this trait appears to be controlled by a single gene. One
allele (Ho") is linked to large horns and the other allele (HoP) with
smaller horns.

Biologists have often hypothesised that sexual selection helps
females somehow choose males who posses genes that confer a
high level of fitness. But in the case of the Soay they found that
males with large horns actually have less fitness overall. Rams with
small horns had a better chance of surviving the harsh winters
and rams that were heterozygous, carrying one of each allele, were
most successful overall in terms of survival and reproduction. This A Figure 712 .
ensured that the HoP allele survived in the population even though it ﬁjorgé rr? cr)Tr1rs‘,sshOW|ng fheir
rendered the rams less sexually fit.

Alamy/David McGill

The multimedia display of the lyreblrd

The male lyrebird may not have the
most spectacular tail in the world,
so you might think it would not be
aftractive to females. But when you
consider the bird’s song display, it is

a different story. The lyrebird is one

of the most accomplished mimics g

in the animal kingdom. Males 5 8

sing complex songs mimicking Tl

animal and bird sounds and % SONGS OF THE

even mechanical sounds, such o]

as chainsaws. The males with the £ i LYREBIRD

greater repertoire achieve better E Explore with David

reproductive success. Attenborough the
A Figure 7.13 repertoire of one
The male lyrebird displaying its tail bird.

Natural selection can be stabilising,
directional or disruptive

Natural selection is most obvious when it is leading to changes in the gene pool of a population,
causing some observable change in phenotype. The population may be gradually changing
colour or becoming larger or smaller due to selective pressures in a changing environment. As
long as the environment of an organism is not changing, then the selective pressures will act
against deleterious alleles that cause a departure from the optimal phenotype. This is referred to
as stabilising selection (shown in Figure 7.14).

Directional selection leads to a change in a trait over time. Changes in environment lead
to selective pressures favouring organisms with new or more extreme traits.

A third mode of selection, called disruptive selection, operates in favour of extremes.
For example, a drought may kill off a local species of shrub that produces medium-sized seeds.
A species of seed-eating bird may experience disruptive selection in this situation, when there
are only large seeds (or only small seeds) available to eat. Birds with intermediate-sized bills
would not be as well adapted for eating either the large or the small seeds and would be selected
against.
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c Disruptive selection: extreme traits
favoured

b Directional selection: trait shifts in
one direction

a Stabilising selection: trait stabilises
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A Figure 7.14

Selection can change the distribution of phenotypes (and therefore genotypes) in three different ways. The original distribution
of traits is shown with dotted lines in each graph.

QUESTION SET 7.2

Remembering

1 Outline the meaning of the following and give an example of each.
a Natural selection
b Sexual selection

Understanding

2 Describe how natural selection confributes to evolutionary change.
3 Identify the role of variation in evolutionary change.

See Chapter 4 for
more on Mendel'’s
conftribution to our
understanding of
inheritance.

TREE OF LIFE

The Tree of Life
project is a
collaborative

effort of biologists
from around the
world. It provides
up-to-date
information about
biodiversity, the
characteristics of
different organisms
and their

¢ evolutionary history

{ (phylogeny).
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Putting it all together:
the principles of
evolution

The idea of adaptive evolution through natural selection is one of the most important in
biology. Although Darwin and Wallace did not have a good understanding of the underlying
causes of inheritance they did realise that variable traits must be inheritable. Subsequent
understanding of the inheritance of traits, initially through the work of Mendel, fitted perfectly
with their theories to produce a combined theory referred to as the modern synthesis. The
modern synthesis of evolutionary theory, sometimes referred to as neo-Darwinism, is one of the
greatest refinements of a major theory to occur in biology.

Microevolution

The significant outcome of natural selection pressure is a change in the frequency of various
alleles within a population, a process called microevolution. Microevolution refers to any
change in the gene pool of a population. The idea of microevolution puts the spotlight of
evolutionary theory firmly on the genetic makeup of populations. We now see a population
as a large pool of alleles that can change over time for a variety of reasons. Regardless of
how this change is occurring, if the gene pool is changing over time then evolution

is occurring.
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Major evolutionary changes above the species level are sometimes referred to as
macroevolution. Adaptive radiation occurs when a single species eventually gives
rise to a whole new group of organisms comprising many new species. These species have
adaptations that allow them to exploit new ecological roles or niches. Major radiations
appear to be relatively rare and often seem to depend on chance events. These often
correlate with major changes in environmental conditions or catastrophic geological events
causing mass extinctions. A mass extinction event 250 million years ago (mya) during
the Permian period saw the extinction of 96% of all marine species and 76% of terrestrial
vertebrates. With the loss of so many species Earth now contained many new and under-
utilised ecological opportunities (niches). New speciation events occurred quickly. One
of these saw the evolution of many new species from a single ancestral dinosaur over just
a few million years. This example is one of several that demonstrate how the evolutionary
trajectory of life on Earth is greatly affected by chance events.

Present
day

|

50 mya

Multiple speciation events combine
to produce an adaptive radiation,
producing many new species, and
perhaps new genera and families.

This is a macroevolution event,
probably triggered by large
changes in the environment.

The ancestral species diverges into two
different species through allopatric
speciation as the populations became
genetically isolated, probably due to
geographic isolation.

An ancestral species gradually changes
over time through the process of
microevolution. Morphology gradually
changes, due to changes in the gene
pool, until archeologists identify a
new species in the fossil record.

Microevolution is any change in the gene pool of a population over time.
Macroevolution is any change in groups of organisms above the species level.

Evolution is an ongoing process and humans are still evolving, just like all other forms of

life. The rise of the human family tree over the last 4 million years is an example of a recent
adaptive radiation. We currently represent the only remaining species within a whole genus
(Homo), within the Family Hominidae (the Great Apes, including humans, plus all ancestors).
Most phylogenetic trees are much fuller and more diverse than this. They have multiple
species within each genus and certainly within each family. Within the hominids, modern and
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<4 Figure 7.15

The evolution of
diversity. A hypothetical
phylogenetic tree
showing the evolution of
increasing diversity in a
group of animals. Colour
changes show changes
in species identified in
the fossil record. New
species arise within
single lineages as

well as when species
diverge. Each lineage
may contain up to five
different species over
50 million years. The
thickness of each line
represents population
size.
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Figure 7.16 »

Humans, Homo sapiens,
have the largest brain
size of all hominin
ancestors.
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ancestral humans are classified as hominins and they branch away from the other apes. Fossil
discoveries over the last 30—40 years have revealed that until quite recently the human family
tree also had multiple branches, indicating an adaptive radiation of hominins that occurred
starting around 4 mya.

Up until 600000 years ago there were many different species and several different genera of
hominids living throughout Africa, Europe and Asia. This adaptive radiation appears to have
been the result of climatic and geological changes in East Africa that led to the evolution of
multiple species of Australopithecus and, later, the genus Homo. Various species within the Homo
genus appear to have migrated and adapted to a wide range of different environments, leading to
their expansion across the globe.

Population genetics is the study of allele frequencies in populations and how they
change over time in response to various evolutionary processes. This area of study is also
applied to the human population, which appears to be undergoing a major transition at the
moment. Historically there were many isolated small communities with distinct gene pools.
Now, increased gene flow is leading to greater heterozygosity, which could have effects on
health and survival.

Medical and genetic technologies interfere with the human evolutionary changes that might
take place if we lacked these advances. Despite these technological advantages, several recently
published research studies have found evidence of continued human evolution. University of
Chicago scientists discovered that hundreds of our genes have undergone natural selection
over the past 10000 years. Genes for skin pigmentation, breaking down alcohol, and lactose
tolerance are among the relatively recent changes. Findings from the University of Wisconsin
reveal shrinking brain size and the University of Quebec discovered an island population with a
genetic trend for early reproductive age.

H. sapiens
- 1500
41000 Brain
] size (cm3)
- 500
l l l ]
3 2 1 Present

Millions of years ago

Born to throw

The ability fo throw well seems to be a very human adaptation that sets us apart from
all other apes. This evolutionary change may have occurred with the first evolution of
the Homo genus up to 2 mya. Scientists at Harvard University have investigated the
physiological changes that led to this adaptive advantage for our ancestors as they
developed sophisticated hunting fechniques.
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Scientific literacy: Why humans continue to evolve despite
the many benefits of hygiene and modern medicine

Within a decade of the publication of On the Origin of Species, the misconception developed that
modern hygiene and medicine have caused natural selection to stop working on human populations.
This was fuelled by another misconception: that selection operates only through differences in survival.
We now know that natural selection on traits occurs whenever there is variation among individuals in
fitness and in traits and when the variation in traits is correlated with the variation in fitness. A response
o selection will then follow if some portion of the variation in the fraits is heritable. A good proxy for
fitness is lifetime reproductive success (LRS) or number of children per parent per lifetime. LRS has both
a survival component - one must survive fo reproduce - and a reproductive component. Good hygiene
and medical care that reduce prenatal, infant and child mortality rates reduce the variation among
individuals in the survival component but that does not eliminate natural selection, as substantial
variation among individuals in the reproductive component remains. For example, consider an extreme
case in which medical and public health measures were so good that everyone who was born survived
fo age 80. This would not eliminate natural selection, as individuals would still differ in their LRS and

that variation would drive natural selection. The potential for natural selection only vanishes when all
individuals have exactly the same reproductive success or when no trait is correlated with the variation in
reproductive success that still exists. These states are unlikely ever to occur in any population.

The effect of culture on biology raises interesting issues. Birth control, assisted reproductive technology
and the increased prevalence of late marriage and divorce complicate the evolutionary genetics of
reproduction. These factors can be dealt with by regarding them as part of a changing environment that
is changing selection infensities. A more fundamental solution awaits the development of methods of
analysing gene-culture co-evolution that can be applied to large, longitudinal human data sets.

Stearns, S. C., Byars, S. G., Govindaraju, D. R. & Ewbank, D. (2010) ‘Measuring selection in contemporary
human populations’, Nature Reviews Genetics, 11 (September), pp. 611-22 doi:10.1038/nrg2831.
Questions
1 Summarise this article as four dot points.

2 Inferpret the meaning of the statement, "We know now that natural selection on fraits occurs
whenever there is variation among individuals in fitness and in traits and when the variation in traits is
correlated with the variation in fitness.’

3 Propose how natural selection could still operate despite medical and public health measures
extending life expectancy beyond 80 years old.

4 Discuss whether or not the effects of human culture can be incorporated info evolutionary theory.

5 List the arguments to support or refute the statement that ‘modern hygiene and medicine have
caused natural selection fo stop working on human populations'.

QUESTION SET 7.3

Remembering

1

Define the following terms.

a Microevolution

b Macroevolution

Describe one piece of evidence that supports the idea that humans are still evolving.

In what way is the modern synthesis of the theory of evolution different to that proposed by Darwin and
Wallace?

Applying

4 Construct a table summarising the different processes that can contribute fo microevolution.
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The diversity of species

The Galapagos Islands lie 1000 km west of Ecuador (South America) in the Pacific Ocean.
When Darwin visited them in 1835 during his famous voyage on the Beagle he realised that
these islands were geologically quite young. They were teeming with life but the animals and
plants on the islands were of recent origin. Many of these appeared to be related to similar
species on the South American mainland but were also clearly different from them. One of the
most famous animals on the Galapagos Islands is the giant tortoise (Chelonoidis nigra), whose
ancestral species, the Chaco tortoise, still exists on the mainland today. Darwin wondered how
they had got to the islands, and how they had changed into a new species. He hypothesised that
the tortoises on the Islands originally came from the mainland population but had changed over
time to become better suited to the environment of the Galapagos.

Nature Picture Library/Gabriel Rojo

Dreamstime/Rico Leffanta

Figure 7.17 A Before Darwin’s theory of evolution by natural selection, there was a general belief that
Golosgngse ngrcrrcl%:. species were immutable, or unchanging; that each species had been put on Earth in its current
Nothing like it exists form and could not change over time. Indeed, our current understanding of evolution tells us
anywhere else in the that sometimes natural selection produces very little change.

world, although it is
similar to b) the much . . . A
smaller Chaco tortoise, changes can be dramatic. It also shows that a single species can diverge to produce several new
Geochelone chilensis, species. The ancestral type of tortoise that still exists on the South American mainland had
found in South America.

In general, though, the fossil record shows that not only do species change, but that these

somehow split to create a new species of giant tortoise on the Galapagos Islands. How this
occurred was a key aspect of Darwin’s theory. Darwin wondered how species arose only to
See Chapter 6 for disappear and be replaced by new animals and plants. We call this speciation.

more on the fossil Scientists have hypothesised that there may be more than be 8 million different species on

record. Earth, but this is difficult to estimate accurately because only around 1.2 million species have

been identified and classified so far. How new species have evolved in such large numbers is a

key part of the theory of evolution.

There are three broad processes that work together in the evolution of this great diversity.

* Natural selection favours phenotypes that make the population better adapted to its
environment. Populations change over time as their gene pools accumulate small changes in
response to natural selection. This is called microevolution.

* Eventually a population accumulates so many changes that a new species can be identified.
This process can lead to speciation, the multiplication of species.

*  Sometimes a rapid series of speciation events leads to the development of a whole collection
of new species, or even genera, families, or higher classification groups. This is referred to as
macroevolution.

Evolution is also marked by another powerful process: extinction. Most species that have
ever evolved are now extinct. The broad sweep of evolution is exactly how Darwin imagined it:
the constant appearance and disappearance of new species over vast periods of time.

A key idea required to make sense of these processes is the concept of what defines a species,
and how a species can be identified in the present time and in the fossil record.
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The biological species concept

Species can be identified in a variety of ways. In 1940, Ernst Mayer proposed that species
are groups of actual, or potentially, interbreeding natural populations that are reproductively
isolated from other such populations. This is called the biological species concept. According
to this model individuals from different species are unable to produce viable offspring under
natural conditions. The biological species concept is the most widely used in evolutionary
biology. It relates directly to the concept of a species as
a genetically isolated group, which can only interbreed
within icself. In this sense a species is represented by a
totally isolated gene pool.

Sometimes, the only evidence that a species existed
is in the fossil record. When dealing with fossils
only, the morphological species concept can be
applied. This concept identifies different species based
on their physical and physiological characteristics but
is limited to what can be observed in the fossil record.
For example, red and grey kangaroos are two of
Australia’s most recognised marsupials. Kangaroos are
quite well represented in the fossil record. Twenty-five
mya the ancestors of modern kangaroos lived in
rainforests and fed on fruit. Kangaroos of today are
connected to these distant ancestors through an
unbroken line of descent.

The biological species model defines a species as a reproductively isolated
group of organisms. These can be identified through consistent differences in
morphological and physiological traits as well as genetic differences.

Mechanisms of speciation

Speciation occurs when a single population becomes two separate populations that are unable
to interbreed due to changes that produce physical, biological or behavioural barriers. This
separation, termed reproductive isolation, results in the gene pool of the original species being
divided. Selection pressures act on the separated populations to cause microevolution, which
can begin to change them in different ways. Over time their allele frequencies may become so
different that the individuals are no longer able to interbreed even if they are reunited, and we
come to regard them as two distinct species.

For example, small species such as frogs can cover long distances if enough time is available.
Thus, during a period of hundreds of thousands of years, frogs can ‘pond hop’ hundreds of
kilometres, which means that they can colonise new habitats and exploit new breeding sites. It
seems that Victorian frogs colonised Tasmania in this way during the succession of recent ice
ages. They did not evolve into new species until the subpopulations became isolated, in this case
by the rising sea waters of an interglacial period.

Reproductive isolating mechanisms

Isolating mechanisms separate two groups and prevent them from producing fertile, viable
offspring — that is, offspring that survive and can themselves reproduce (Figure 7.14). These
mechanisms can operate before reproduction has occurred or after reproduction. Genetic
isolation (where populations become so genetically different that they can no longer interbreed)
can occur before or after physical isolation. In either case, once isolation has occurred, the two
groups can acquire different phenotypes, as natural selection works on the members of the two
groups so they become adapted to their new, different environments.

9780170243254
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A Figure 7.18

Ancestral kangaroos 25
mya would have looked
quite different fto modern
kangaroos but are
connected with them
through an unbroken
line of descent.
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Figure 7.19 »>

Two Victorian frogs:

a) Geocrina victoriana
and b) Pseudophryne
semimarmorata breed
in the same habitat

at the same time

but are prevented
from interbreeding

by alternating their

ANT Photo Library

g
o]
calls. If they do mate, %
their tadpoles do not o]
develop. g
9]
2
Pre-reproductive isolating mechanisms
Some isolating mechanisms prevent organisms from being able to interact to reproduce.
Pre-reproductive isolating mechanisms include the following.
* Geographic mechanisms: individuals are separated by geographic features, such as seas,
mountains, distance or habitat.
¢ Temporal (time) mechanisms: individuals breed during different seasons of the year or times
of the day.
*  Behavioural mechanisms: individuals have different courtship patterns.
* Morphological mechanisms: individuals have different reproductive structures — that is,
genitalia of different size, shape or location — so that mating is physically impossible.
The effectiveness of a geographic barrier as an isolating mechanism depends on the size and
Increasing 4 mobility of the individuals concerned. For example, small organisms may be
Daughter easily transported across ocean barriers by being carried by other animals. Parts
species A of plants, such as seeds and stems, can float; small rodents can cling to floating
0 — ‘ vegetation carried by tides; and winds may carry insects over bodies of water.

Isolating Insects, in particular, can have very precise timing systems that determine

0 Omechanism when mating occurs. Periodical cicadas have one of the longest insect life cycles
known. In North America there are several species of periodical cicadas (genus

Magicicada). Recent studies have focused on several species; some that hatch

Genetic distance
o

Interbreeding O —

opulation
pop ?::3::?; out every 17 years and others that hatch every 13 years. It is possible that the
Increasing R unusually lengthy life cycle acts to prevent different populations interbreeding
Time = and producing hybrid offspring.
Another example of a pre-reproductive isolating mechanism can be seen
, _ Figure 7.20 A in frogs. The mating calls of frogs may sound very similar to us but to other
An isolating mechanism f h d Iv diff F 1l d Iv with b £ thei
can prevent two rogs they sound vastly different. Frogs usually reproduce only with members of their own
subgroups of a species species so their call acts as a pre-reproductive isolating mechanism. In many cases, frogs have
from breeding, until undergone speciation because their mating calls ensure that they mate only with their
they are so genetically .
diverse that they own species.

form two new species.
After a period of time
they are no longer able
fo interbreed, even if the
populations come back
fogether.

Figure 7.21 »
Magicicada, a
periodical cicada
endemic to the Northern
United States

iStockphoto/traveler1116
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If a frog does accidentally mate with a frog from another species, they will not produce fertile,
viable offspring because the parents’ chromosomes cannot line up successfully during meiosis,
and no zygotes are formed (see Figure 7.19).

Methods such as this are called post-reproductive isolating mechanisms. They do not
prevent mating from occurring but they do prevent young from being produced. These genetic
post-reproductive isolating mechanisms include the following.

*  Gamete mortality: the gametes do not survive.
*  Zygote mortality: the zygote forms but does not survive.

* Hybrid sterility: adult offspring are formed but are infertile because they are unable

to produce viable gametes, usually as a result of a different number or structure of

chromosomes from each species.

In general, hybrid sterility acts as a post-reproductive isolating mechanism in animals but not
in plants. Many plants can interbreed; for example, polyploidy, or multiple sets of chromosomes,
is common in eucalypts. Species of coffee plants with 22, 44, 66 and 88 chromosomes are known;
this suggests an ancestral plant with a haploid number of 11 and a diploid number of 22.

The key to the formation of new species involves reproductive isolation combined
with selection pressures, leading to a disruption of the flow of genes.

In allopatric speciation (from the ancient Greek ‘allos’ = other and ‘patra’ = homeland) gene
flow is disrupted as populations become physically separated through geographical isolation. The
populations diverge. This may be because of different selection pressures on the two populations,

or it may be due to other random processes such as genetic drift (see page 185). The isolation may
happen on a very small scale such as when a river or stream changes course and divides a population
of small animals that can’t cross it. On a somewhat larger scale deserts may expand, cutting off
populations that cannot live under desert conditions. Allopatric speciation is the most common form
of speciation and species can, in terms of evolutionary time scales, be easily and rapidly separated by:
*  water, for terrestrial organisms

* land, for aquatic organisms

* mountains

*  continental drift

*  rising sea levels

¢ climate change.

Islands are home to many examples of allopatric speciation. On the Galapagos Islands Darwin
noticed a flightless cormorant. This species most likely originated from a small population of
ancestral flying species that reached the islands from the South American mainland. The two
populations would have been physically isolated by the 1000 km of ocean between the islands and
the South American mainland. There would have been no gene flow between the two populations.
The islands were totally free from predators. Reduced predation changed the selective pressures
acting on this cormorant population. There were still selection pressures for efficient movement
underwater but there was less pressure for efficient flight. This led to a reduction in the size of the
wings in the cormorant population, to a morphology that was well suited to movement under
water but which no longer allowed flight. This led to allopatric speciation.

The more recent arrival of feral dogs and cats to the islands has once again led to a change in
selection pressures on this animal. This has led to dramatic reductions in the cormorant population,
which is now less well adapted to the new predation pressures because it cannot fly. It is now
recognised as an endangered species. Phylogenetic studies have only recently identified which
mainland species (all flighted) the Galapagos cormorant is most closely related to (Figure 7.22).

Most speciation events seem to occur as a result of populations becoming physically
separated through geographical isolation, leading to the disruption of the gene flow.
This process is called allopatric speciation.



P. harrisi: on the
Galapagos Islands

FLPA/Krystyna Szulecka

Ancestral flighted

cormorant on South ——
American mainlaind P. brasilianus: still on
South American mainlaind

Figure 7.22 p

The flightless cormorant
(Phalacrocorax harrisi)
of the Galapagos
Islands diverged from
flighted cormorants

on the mainland
through allopatric

speciation. P. harrisis is i i i
e rmamse - Sympatric speciation
cormorants such as the . . . . . .
Neotropic Cormorant  Allopatric speciation seems to be the main mechanism producing new species throughout
(P. brasilianus), which is evolutionary history. But sometimes species diverge without any obvious physical or
T‘r"c’)igiiscﬁr%%?owsr%?%ggﬂ geographical isolation. Sympatric speciation refers to the evolution of two or more new
and North America. species from a single population within the same place. How could new species arise without
physical separation? It might be that groups within a single population feed on different things,
or choose mates based on different characteristics. They may also choose to mate at different
times. The genetic separation may occur due to the various pre-zygotic and post-zygotic
processes introduced in an earlier section. There are not as many clear examples of this type of
speciation but a few are quite striking, as in the case of Magicicada (Figure 7.21).

Corbis/Kevin Schafer

Sympatric speciation refers to the evolution of two or more new species from a single
population within the same place.

QUESTION SET 7.4

Remembering

Describe the different types of selection that can lead to speciation.
Describe the mechanisms that can lead to the isolation of populations.
Explain how isolation of populations can lead to microevolution changes.
Explain ‘allopatric speciation” and provide an example.

What factors can act as geographic barriers?

a b ON -

Understanding
6 What effects do isolating mechanisms have on a population?
. _________________________________________________________________________________________________________________________________________|
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Extinction of species

The fossil record shows that nearly all species that ever lived are now extinct. In most cases they

See Chapter 6

represented the end of an evolutionary lineage and left no descendants. Although extinction for more on mass
occurs quite regularly there have been periods when the rate of extinction has been very high. extinctions and the
These are referred to as mass extinctions. fossil record.

Five mass extinctions are documented in the fossil record within the last 500 million years,
and there may have been many more before that. The Cretaceous mass extinction, 65 mya, is the
best known and has received a lot of attention. It saw the demise of the dinosaurs, which had
dominated the land for the previous 180 million years.

The most dramatic mass extinction event, often called the ‘Great Dying’ appears to have
occurred at the end of the Permian Period 250 mya. This appears to coincide with one of the
most extensive periods of volcanic activity Earth has ever seen. In fact some scientists believe
that this event went close to wiping life out completely. However, one of the few survivors of this
catastrophe was the ancestor of the dinosaurs, one of the most successful vertebrate groups ever
to have evolved. ¥ Figure 7.23

Dromornis (Dromornis

The sixth mass extinction stirfon), believed o

be the heaviest bird to
occupy Earth, lived in

. . . . . Australia from the late
previous mass extinctions. They refer to this as the sixth mass extinction event. The cause Miocene (6 mya) to the

of this extinction event appears to be our own species, early Pliocene (1.8 mya).
Homo sapiens, and the event continues today with modern

Most biologists agree that Earth is facing a loss of species at a rate that rivals many of the

agriculture and development practices. The first phase of
this extinction event began around 50000 years ago, when
modern humans first spread out of Africa across Asia,
Europe and Australia. These modern humans brought
significant technology and skills with them; they were very
effective hunters and many animal species faced predatory
pressures that they had not faced before. But modern
humans also brought another powerful technology with
them wherever they went: fire. The extinction of several
species of megafauna coincided with the first arrival

of humans and a different fire regime in Australia, but

the exact reasons for their disappearance are an issue of
ongoing research.

Preventing extinction
by preserving genetic
diversity

Populations with reduced diversity face increased risk of extinction, so efforts of conservation

are usually focused on maintaining genetic diversity. When large-scale extinctions occur not all
species are lost, and some seem to be at more risk than others. Rapid extinction events can lead
to the loss of larger organisms rather than smaller ones. Large populations can be more resilient
than small populations, probably because the population has a more diverse gene pool. That is,
it holds a greater reserve of different alleles to draw on as the pressures from natural selection
change.

Populations with reduced diversity face an increased risk of extinction.

9780170243254 CHAPTER 7: NATURAL SELECTION AND SPECIATION 201

Getty Images/SPL Creative



ACTIVITY 7.1

SPECIATION AND CONSERVATION: THE EASTERN
BARRED BANDICOOT

Corbis/Steve Kaufman

A Figure 7.24
The Eastern barred bandicoot (Perameles gunnii’)

The Eastern barred bandicoot (P. gunnii) belongs to the marsupial family Peramelidae. It is small (body
about 300mm, tail 200mm), grey-brown in colour, with four pale stripes or “bars’ on its hindquarters. It has
three claws on the front feet, which it uses for digging, while the back feet are long, similar to those of
a kangaroo.
Populations of the Eastern barred bandicoot were once common over a wide area of south-western
Victoria. Numbers were reduced dramatically in the 1900s and now the Eastern barred bandicoot
is isolated to a small area around Hamilton, numbering less than 200. This resulted from a change
in environmental conditions (e.g. clearing of woodlands, growing exotic pasture grasses, grazing by
domestic stock, introduction of rabbits and foxes), which severely reduced its available habitat in Victoria.
Numbers of the Eastern barred bandicoot throughout most of Tasmania, however, are still healthy.
Conservation plans for the Eastern
barred bandicoot depend heavily on how

; ra : Hamilton
populcmons are 9Ios§|ﬁed. A subspegles R BT e i
is a |eye| of classification below species, population
referring to races of a species that ‘Mitochondrial DNA: 0%
are fairly permanently geographically variation within the population
isolated from each other and may in A
future diverge to become two different _
species. Because of the relatively healthy gﬁ:ﬁ"sﬂz'f,‘;'rai:t‘i’:: Between species
bandicoot populations in Tasmania it is Mitochondrial DNA: gftl;t?/;*:;::i;‘al DNA:
not regarded as an endangered species. 2.3% variation °
If the Victorian population were identified
as a different species, or subspecies, then x X
it could be recognised independently for Tasmania
conservation purposes DNA: 21.8% variation within

o opulation Long-nosed bandicoot
A number of sTud.|es hgve been MitochonFc)jriF;I DNA: 1.1-1.7% ’
conducted on the Victorian and variation within the population
Tasmanian populations in an attempt
to protect the Victorian population. The Figure 7.25 A
bandicoots were frapped, small blood DNA variability in different populations of Eastern barred bandicoots. A
samples were taken and the animals were 2% variation is the average difference between >
subspecies and closely related species of mammals.
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released immediately info the same areas. The blood was snap frozen and later a DNA fingerprint was taken
by analysing genomic variable nucleotide fandem repeats (VNTRs). The average percentage difference in
VNTRs within the populations around Hamilton was found to be about 23%, and for those in Tasmania was
21.8%. The average percentage difference between the Hamilton and Tasmanian populations was 44.8%.

Further testing was done using mitochondrial DNA (MtDNA) restriction fragment length polymorphism
(RFLP) analysis. This revealed a 0% nucleotide variation within the Tasmanian populations and a 1.1-1.7%
variation for the Victorian populations. The percentage variation between the Victorion and Tasmanian
populations was 2.3%. Variation of 2% is the average difference between subspecies of mammals.

There is no doubt that the two populations have diverged to some extent due to geographical
isolation. But are the two populations separate subspecies? The answer to these questions is vital to how
the conservation of these two populations of Eastern barred bandicoots is managed. Biologists currently
use a variety of species concepts, all of which are based on the theory of evolution.

The biological species concept defines a species as a reproductive community of populations that
occupies a specific niche in nature. The identification of species often uses phylogenetic data from
genetic analysis. DNA fingerprinting is predominantly used to determine which groups are related -
that is, share a gene pool - and which don’t. A species defined according to this concept would be the
smallest group of organisms that share a common ancestor not shared by any other organism.

The Australian Government, through the Department of Sustainability, Environment, Water, Population
and Communities, lists two subspecies of P. gunnii. The following is an excerpt from the listing for the
Eastern barred bandicoot.

Scientific name: Perameles gunnii unnamed subspecies

Common name: Eastern Barred Bandicoot (Mainland)

The genetic diversity, as measured by the variable number of fandem repeat markers and mitochondrial

DNA restriction fragment length polymorphisms, among specimens from Hamilton, Victoria was greater

than that found in widespread populations of the Tasmanian subspecies (Perameles gunnii gunnii). The

justification for considering the mainland form to be distinct is based in part on morphological comparisons
of island and mainland forms, and that MIDNA data indicated separation of 270000-620000 years ago.

Aim
To investigate speciation in the Eastern barred bandicoot and relate this to conservation approaches
Questions

1 What species definition could be used fo justify classifying the two populations as separate subspecies?

2 Does the recognition of two separate subspecies appear to be well accepted by the Australian
Government at this stage?

3 What does the DNA evidence suggest about how the populations became separated? To what extent
does this example illustrate the concept of allopatric speciation?

4 In your opinion, would the small genetic variability found in the Eastern barred bandicoot populations
affect their survival? Explain.

5 Explain why the identification of the two possible subspecies of bandicoot is important for their
conservation.

Conservation reserves

One approach to protecting species in danger of extinction is to set up reserves where they are
protected from human influence and predation. However, it can be difficult to determine how
these should be set up and managed. How large do they need to be and what area do they need
to cover? Is a single large reserve required or is it preferable to set up several smaller reserves?
(This is known as SLOSS: single large or several small.) What population size of the endangered
species is needed to ensure long-term survival?

The yellow-bellied glider, Petaurus australis, is a rare, nocturnal marsupial. Its range extends
from southwestern Victoria up along the eastern coast of Australia to the rainforests north of
Cairns. The Federal Government initiated a National Recovery Plan, which has identified a
number of areas that need to be researched. These include understanding how the fragmentation
of habitats currently suitable for the glider affect the dispersal of gliders between these areas, and
how this affects the gene flow through the whole population.
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Figure 7.26

Retaining green
corridors assists wildlife
conservation by
providing a chance for
species movement and
gene flow.
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i Government’s
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i our country’s

i biodiversity.

Studies have shown that these gliders live in small social groupings occupying individual
home ranges of between 25 and 85 hectares. Also, individual habitats need to be able to
accommodate at least 150 glider groups to be to be sustainable in the long term. Based on these
calculations it was determined that a forest area of between 10000 and 35000 hectares would
be required to sustain such groups. This is a large area and could be used as a guide to provide
minimum sizes for forest reserves along the east coast of Australia to allow for the conservation
of many other plants and animals, which may be able to survive in a range of smaller areas.

Small reserves and wildlife corridors

One possible way to overcome the problems of isolated conservation areas is to provide linking

wildlife corridors (also known as habitat or green corridors) of natural landscape. These allow
animals to move to new locations when resources become scarce, to facilitate seasonal migration

and to permit interbreeding, ensuring that there is sufficient gene flow between different parts of
the isolated populations. This solution is controversial as some environmental experts claim that

green corridors will not be adequate for conservation of endangered species.

QUESTION SET 7.5

Remembering

1 Define the ferm ‘'mass extinction” and outline some events that have led to a mass extinction.
2 Outline how forest fragmentation can affect species diversity.

Understanding

3 Describe how wildlife corridors are intended to maintain species diversity. Use three new glossary terms

in your answer.

4 Some organisms are phenotypically similar. Does this mean that they have a recent common ancestor?

Explain your answer.
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Case study

Professor David Lindenmayer is one of Australia’s leading
landscape ecologists and conservation biologists. Based
at the Australian National University in Canberra, he
specialises in a broad range of areas including forest
ecology and management and habitat fragmentation.

He is also the leading expert on the Leadbeater’s possum.

He described how his research relates to possible future
strategies for the conservation of Leadbeater’s possum in
an interview on the ABC radio program ‘PM’ in

August, 2013.

Known only from a few collected specimens in the
early 1900s, the Leadbeater’s possum was declared
extinct until it was rediscovered in the 1960s. Wildfire in
1939 created conditions that saw the isolated population
grow fo 7500 individuals in the 1980s. Then, bushfire in
2009 nearly wiped out all of their habitat and numbers.
Down to less than an estimated 1000 individuals, this
species is currently experiencing a genetic bottleneck
and is threatened with extinction. Professor Lindenmayer
has been studying the Leadbeater’s possum for more
than 30 years, in an attempt to develop an appropriate
conservation plan.

Population modelling analysis has predicted
that populations below 50 are unviable, whereas a
population greater than 200 could survive 100 years.
Metapopulation analysis was used to assess the effect
of habitat patch size, connectivity between patches,
fire and logging on species survival. Ideal needs for
sustainable populations include patches of more than
50 hectares of mountain ash forest that is older than
120 years, with 6-12 tree hollows per 3 hectares. As
mountain ash trees take decades to regenerate after
fire or logging, a 10-year study trialled the provision
of nest boxes in Leadbeater habitat, but the arfificial
hollows were not used. In addition, the last 30 years
of work has shown that logging significantly degrades
habitats for Leadbeater’'s Possum and makes areas
of forest unsuitable for 150 to 200 years. The science
is now 30 years in the making and it's very strong. The
path forward is clear, and if we don’t log strategically,
Leadbeater’'s possum is going to go extfinct.

Ouftline the main features essential in an area of forest
suitable for the survival of the Leadbeater’s possum
remaining population.

Apply your understanding of selection pressures and
describe those that are likely to be acting on the
Leadbeater’s possum population.

Fossil evidence shows a historical distribution up info
New South Wales. Suggest how this species may have
evolved and how its distribution became so limited
and isolated.

A Figure 7.27

Professor David Lindenmayer in Victorian
mountain ash forest. A possum hole is shown in
the trunk of the tree (yellow arrow).

A Figure 7.28

Leadbeater’s possum (Gymnobelideus
leadbeateri) is a small possum currently restricted
to small pockets of remaining old-growth ash
forests in the Central Highlands of Victoria. It is an
endangered species.

Courtesy David Lindenmayer
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CHAPTER SUMMARY

+  The collection of organisms on Earth has changed dramatically over geologic time scales in response to
a range of different selection pressures. All organisms present on Earth ftoday are the result of a process of
descent with modification.

+ The driving force for adaptive evolutionary change is natural selection. Natural selection acts on variation in
a population. This variation is inheritable.

+  The modern theory of evolution, taking into account all that we now understand of how our traits are
inherited, is called the modern synthesis.

+ A population is a group of individuals of the same species that live in the same geographic area and
inferbreed, producing fertile offspring.

» A population carries a range of different alleles. The sum fotal of all alleles present in a population is called
the gene pool.

+ Natural selection acts on the phenotype of individuals, but it is their genotype that is inherited by the
next generation.

+ Evolution through natural selection leads to adaptive evolution.

+  Natural selection can be stabilising, directional or disrupftive. In stable environments, stabilising selection
oftfen dominates.

+ If the genetic makeup of a population changes over time, then it is evolving.

+  Gene flow is the movement of genes between different populations

+ A gradual change in the gene pool of a population is called microevolution.

+  New alleles arise through mutations, which are a key source of variation within a population.
+  Migration is the movement of individuals of a population into or out of a region.

+  The bottleneck effect refers to a change in the gene pool of a species when a reduction in population
numbers leads o a small genetic diversity.

+  The founder effect is when a new population is established by a small number of individuals, leading fo a
population with limited genetic diversity.

«  Sexual selection occurs when individuals with certain inherited characteristics are more successful than
ofther individuals in finding mates.

+ Population genetics is the study of allele frequencies in populations and how the frequencies change over
fime in response to various evolutionary processes.

+ Rapidly developing techniques in genetic analysis have transformed our ability to study the genetic basis of
evolutionary change.

+  Populations offen change over time so that species that exist today are clearly different to ancestral
species.

+ The formation of new species involves reproductive isolation combined with selection pressures, leading to
a disruption of the flow of genes.

+ The splitting of a single species info multiple new species usually involves physical or geographical isolation
called allopatric speciation.

+ Speciation always involves significant changes to the gene pool.
+  New species sometimes evolve without physical isolation. This is called sympatric speciation.
+  For every major group of organisms that exists foday there was a single common ancestor.

+  Major climatic and geological changes have led to the evolution of multiple new species from a single
group, a process referred to as adaptive radiation.

+ Severe changes to climate and other physical conditions have sometimes led to the extinction of many
species, an event referred to as a mass extinction.

+  Modern humans appear to be causing a sixth mass extinction event.
+ Populations with reduced genetic diversity face increased risk of extinction.
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CHAPTER GLOSSARY

adaptive evolution changes in populations of
organisms that make that population better adapted
fo its environment over time

adaptive radiation a process where a lineage
of organisms rapidly diversifies intfo many different
forms and taxa with different adaptations; it can
be triggered by many factors, such as changes to
available resources, or other new challenges or
opportunities; this is a type of divergent evolution

allopatric speciation speciation that occurs due to
physical or geographic isolation

artificial selection the breeding of plants and
animals to produce desirable traits in successive
generations; also known as selective breeding

bottleneck effect when a catastrophic event or a
period of adverse conditions drastically reduces the
size of a population

descent with modification Darwin’s ferminology
indicating that life today has descended and
evolved from common ancestors that were generally
different to their modern descendants

directional selection a form of selection that
selects against one of two extremes and leads to a
change in a trait over fime

disruptive selection a form of selection that
operates in favour of extremes and against
infermediate forms

DNA fingerprinting also called DNA profiling;
based on patterns of non-coding, repeating base
seguences in the genome

fitness the capacity of an individual to survive and
pass on viable offspring

founder effect a type of gene flow that occurs
when a few individuals that have become isolated
from a larger population do not carry all the alleles
that were present in the original population

gene flow the transfer of alleles that results from
emigration and immigration of individuals between
populations

gene pool the range of genes and all their alleles
present in a population

genetic drift a change in the gene pool of a
population as a result of chance; usually occurs in
small populations

hybrid offspring from parents from two different
species; some hybrids are also fertile and can
produce further offspring

immutable unchanging; the idea (now considered
incorrect) that species did not change over time
inheritable capable of being passed on to the next
generation

isolating mechanism a mechanism that prevents
organisms from mating or producing viable offspring
macroevolution the evolution of new groups of
organisms comprising many related species through
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multiple speciation events; includes adaptive
radiations

mass extinction extinction of many species over a
relatively short (geological) period of time

megafauna generally refers to vertebrate species
that were significantly larger than other species of
the same type

microevolution any change in the gene pool of a
single population over a short time

modern synthesis the theory of evolution
incorporating our understanding of how fraits are
inherited

morphological species concept to define a
species using measurable anatomical criteria and
characteristics

mufation a gene or chromosome that has
undergone a change relative fo the original gene
or chromosome; it may also refer to the process of
generating such changes

natural selection the process where individuals
with certain inheritable traits survive and reproduce
more successfully than other individuals, leading to
evolutionary change in the population

niche an organism’s habitat; or a way of life or
function of an organism in its environment

phylogenetic free a branching diagram showing
the evolutionary relationships between species;
groups joined together in the tree are believed to
have descended from a common ancestor

population a group of individuals of the same
species that live in the same area interbreed,
producing fertile offspring

population genetics is the study of allele
frequencies in populations and how they change
over time in response fo various evolutionary
processes

post-reproductive isolating mechanism a
mechanism that prevents fertilisation occurring
or an embryo developing into viable offspring if
ferfilisation does occur

pre-reproductive isolating mechanism a
mechanism that prevents organisms from being able
to interact to reproduce

selection pressures factors that influence the
survival of an individual within a population

sexual dimorphism the situation where males and
females of a species have different morphologies,
often in shape or size

SLOSS a term in conservation biology referring to
the application of island biogeography theory to the
establishment of conservation reserves being either
single large or several small reserves

speciation the evolution of one or more new
species from an ancestral species
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stabilising selection natural selection that tends sympatric speciation speciation that occurs without

tfo advantage organisms similar fo their parents; this physical or geographic isolation

usually occurs when the environment is very stable variable traits traits that vary in the population due
C‘Ed ur;chcnglng and selects against extremes of to differences in alleles carried by different individuals
phenotype

wildlife corridor a small area of preserved

subspecies distinct populations of a species, which — yiiderness designed to connect larger reserves; also
can inferbreed but usually don’t due fo geographical  nown as a habitat or green corridor

isolation

CHAPTER REVIEW QUESTIONS

Remembering

1 Define the following tferms.
a Gene pool
b Allele frequency
c Genetic drift
2 Draw a diagram to outline the founder effect.

Understanding

3 Explain the term bottleneck and what effect a bottleneck may have had on the human gene pool.

4 Draw a diagram to summarise the natural selection that occurred among the peppered moths of
Great Britain as described in this chapter.

5 Provide an example of how an understanding of changing gene pools is important to understanding
evolutionary change.

6 The founder effect leads to evolutionary change but is not ‘adaptive’. Explain what this means.

7 You are related to your first cousins because you share two recent ‘common ancestors’ (your grandparents).
The theory of evolution states that all organisms on Earth foday have also arisen from a single common
ancestor. How are these two usages of this ferm similar and how are they different?

Applying
8 Apply the definition of microevolution to discuss whether modern humans are still evolving.

9 Herbert Spencer used the phrase ‘survival of the fittest’ fo describe Darwin’s concept of natural selection.
Outline the ways in which this term could be misleading.

10 In North America, species of fruit fly of the genus Ragafosis are confined fo different species of apple frees
and hawthorn bushes.

a Describe how this could lead to speciation.
b Would this be allopatric speciation? Explain.

Analysing

11 Construct a diagram that illustrates how recessive tfraits that are deleterious can survive in a population.

12 |dentify the key difference between Darwin’s original conception of adaptive evolution through natural
selection and what is referred to as the ‘'modern synthesis of the theory of evolution’.

13 Explain why processes such as genetic drift, the founder effect and sexual selection are not regarded as
examples of adaptive selection.

14 When a mutation occurs in large population it has very little effect on the population as a whole. Explain
why mutations are sfill vital to the process of evolutionary change despite this small effect.

15 Artificial breeding of horses and cattle is not an example of natural selection but does lead to change in
populations. Explain why Darwin still felt that artificial breeding was relevant to understanding evolution
through natural selection.

16 Over the last 30 years many new pre-human fossils have been found, but scientists offen find it difficult to
agree whether they should be identified as new species or not. Account for this limitation in terms of our
current understanding of the species concept.

17 To establish the extent of relatedness between species, several techniques have proved o be useful. One
of these measures the difference between the DNA of various species. When the DNA of the orangutan,
gorilla, chimpanzee and humans were compared it was found that less than 1% of the total DNA of these
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species differed. A rapidly evolving region of the genome was analysed and that showed less than 3.5%
variation, as shown in the Table 7.1.

Table 7.1 Percentage divergence of nucleotide sequences in a rapidly evolving section of nuclear DNA in four
primate species

Compared with DNA from ...
Human Chimpanzee Gorilla Orangutan
. | Human - 1.56 1.69 3.30
g Chimpanzee 1.56 - 1.82 3.42
< | Gorilla 1.69 1.82 - 3.39
E Orangutan 3.30 3.42 3.39 -

a From the DNA data comparison, which primate(s) seem fo be most closely related to humans?
b Of the non-human primates, which seem to be most closely related from this data?

¢ From the data, which pair of primates do you think shared the most recent common ancestor?
d Based on the data, construct a possible phylogenetic free.

Evaluating

18 A group of biologists has proposed that the Tasmanian tiger (thylacine), extinct since the 1930s, can
be brought back to life by cloning cells from a museum specimen. Comment on the desirability of this
proposal in terms of genetic diversity and evolutionary theory.

19 The term population is widely used in biology, but there are difficulties in its application. Describe some
situations where it may be difficult to identify whether groups of organisms comprise different populations
or not.

20 The long-billed black cockatoo (Calypforhynchus baudinii) is found in the south-west of Western Australia.
It lives in the fall jarrah-karri forests and eats the seed capsules of eucalypts. Very similar birds, known as
short-billed black cockatoos, live in the inner wheat belt around Geraldton and generally avoid forests.
They eat pine seeds as well as hakea and banksia seeds. Some biologists classify these as the subspecies
Calyptorhynchus baudinii latirostris. Bill length is described as an adaptation to the different environments
that the birds occupy.

a What is meant by the ferm adaptation?
b Whatis meant by the term subspecies?
c Outline the steps that would need to take place for the two subspecies fo result in two species.

Creating

21 Design a diagram that clearly summarises the different mechanisms leading to evolutionary change. Your
fable or diagram should indicate which changes contribute to evolutionary changes that lead populations
to become better adapted to changing environments.

22 Two initiatives to conserve the unique flora and fauna of Eastern Australia include the National Wildlife
Corridors Plan (see weblink on page 204) and the Great Eastern Ranges Initiative (weblink on this page).
Devise a possible approach to conserving wilderness areas on the East Coast Q)
of Australia and compose a brief PowerPoint presentation to communicate this
approach to the rest of your class.

GREAT
EASTERN
RANGES
INITIATIVE

Learn about the
Great Eastern
Ranges Initiative
in NSW.
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CHAPTER 8

HOMEOSTASIS
REGULATION

By the end of this chapter you will have covered the following material.

Science Understanding

* Homeostasis involves a stimulus-response + Endothermic animals have varying
model in which change in external or internal thermoregulatory mechanisms that involve
environmental conditions is detected and structural features, behavioural responses
appropriate responses occur via negative and physiological and homeostatic
feedback; in vertebrates, receptors and mechanisms to control heat exchange and
effectors are linked via a control centre by metabolic activity (ACSBLI14)
nervous and/or hormonal pathways (ACSBLII0) + Animals, whether osmoregulators or

+ Changes in an organism’s metabolic osmoconformers, and plants, have various
activity, in addifion to structural features and mechanisms fo maintain water balance that
changes in physiological processes and involve structural features, and behavioural,
behaviour, enable the organism to maintain physiological and homeostatic @
its environment within tolerance limits (ACSBLILI) responses (ACSBL11S) ™~
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Figure 8.1
A near fatal mistake

Body overheated to .
42.8°C Brain damaged

Lungs damaged

Heart stopped beating,
then restarted at
a very high rate

Kidney failure due to
dying muscles releasing
toxic proteins into
bloodstream

Leg amputated
at buttocks, due
to gangrene Buttocks and hamstring
muscles liquefied

All organs affected

Rhabdomyolysis
(muscle fatigue)
brought on by heat
exhaustion and
dehydration

Thigh muscles
overheated, liquefied
and ceased operating

Blood thickened to
honey-like consistency

In 1988 Mark Dorrity went on an 8 km run in extreme heat in New South Wales. During the
run, his body overheated to 42.8°C and he neglected to drink water to stay hydrated. As a result,
Mark’s body could not regulate his temperature and water balance. His muscles generated

more heat than could be lost from his body and Mark suffered a rare condition known as
rhabdomyolysis. His thigh muscles liquefied and released toxic proteins into his blood causing
kidney failure. Dehydration resulted in thickening of the blood to a point where it could not
flow freely in some parts of the body. Every organ in his body was affected; he became delirious,
brain damage occurred, his lungs barely functioned and his heart stopped at least once. Within
an hour, he collapsed into a 3-month coma, during which he was on dialysis and had one leg
amputated due to gangrene.

Under normal conditions Mark’s body systems work together to enable him to function
comfortably, but in the extreme environmental conditions his body’s ability to maintain heat
balance became impaired. His judgement and behaviour overrode the warning signs; his
coordinating systems were unable to regulate his physiological responses to heat. The conditions
in his internal environment became intolerable.

This chapter explores the structural features, behavioural responses and physiological
mechanisms that aid organisms to maintain a relatively constant internal state — a state of
homeostasis — and survive in their environment.

Detecting stimuli

Organisms communicate constantly with their environment, both internal and external. An
organism and its cells receive different types of information and respond in many different ways.
Principles governing communication in general can be applied to communication pathways
between cells. The principles of communication involve:

1 production of a signal that contains information to be transferred
detection of the signal
transfer of this signal until it reaches its target

a response to the signal by the target

(U R NS S S

switching off a signal once it has been responded to.
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Signals may come from the external environment, other parts of the organism or from
within the cell. Stimuli may be physical (light, heat, pressure) or chemical (hormones,
neurotransmitters). There are millions of external and internal receptors that allow an
organism to respond to stimuli. The five main types of receptors are: chemoreceptors,
mechanoreceptors, photoreceptors, thermoreceptors and pain receptors.

Signals from the external
and infernal environments

Organisms detect signals from their external environment, interpret these signals and
coordinate a response for survival or development. In multicellular organisms certain cells have
exteroceptors that are highly specialised to receive signals from the external environment.
They can work as individual receptors or together as a group, and are distributed evenly over the
body (e.g. pain receptors), located in specialised areas (e.g. taste buds) or concentrated in organs
(e.g. the eye). Exteroceptors work by receiving information and converting it to a chemical signal
that can then be relayed between body cells.

Interoceptors receive signals from within the body’s internal environment. Internal V Figure 8.2
signals can be an increase in carbon dioxide concentration or low pH levels. The interstitial The exchange of
fluid that bathes the cell d the blood pl he i | . Cell substances from blood
uid that bathes the cells, and the blood plasma, creates the internal environment. Cells plasma fo interstitial
exchange substances across membranes via the interstitial fluid (Figure 8.2). With the aid fluid. Many substances
of interoceptors, the internal environment is maintained within narrow limits allowing are detected by

. lul i Table 8.1 1i | £i d inferoceptors and
maximum cellular ethciency. Table 8.1 lists some examples of interoceptors and exteroceptors homeostatically

in the body. maintained.

Blood travels to _——
cells via arteries

and arterioles.
Interoreceptors within

K—\l the cells detect high levels
@ \./‘ of carbon dioxide in the
cytosol.
. @
\\

©6

The blood travelling away via
the veins and venules carries
excess carbon dioxide, which
is removed from the blood
plasma at the alveoli.

Carbon dioxide is removed from the cells to the interstitial fluid.

Carbon dioxide, oxygen, pH and ion levels are components
homeostatically maintained by interoceptors.

Receptors can be broken down into five major groups: chemoreceptors,
mechanoreceptors, photoreceptors, thermoreceptors and pain receptors. Receptors
can detect internal signals (interoceptors) and external signals (exteroceptors).

The sensitivity of some receptors is amazing!

The hair-like mechanoreceptors of certain insects can detect disturbances of 3.6nm,
making them extremely sensitive to airborne vibrations. Chemoreceptors on the antennae
of some moths can locate females about 10km away from a single molecule.
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Table 8.1 Some examples of exteroceptors and interoceptors

Type of receptor

Stimuli

Location in animals

Chemoreceptors Exteroceptors: Substances Nose, mouth
that have smell (olfactory
receptors) or faste
Interoceptors: Detection of Aorta, caroftid arteries
oxygen and ion levels
Mechanoreceptors Exteroceptors and Ear, skin
interoceptors: Pressure, tfouch,
tension, sound vibrations,
balance
Photoreceptors Exteroceptors: Light Eyes, light-sensitive cells
in body surface of some
invertebrates
Thermoreceptors Exteroceptors: External Skin

temperature variations

Interoceptors: Internal
tfemperature variations

Hypothalamus

Pain receptors

Exteroceptors and
Interoceptors: Pain

Free nerve endings in the
skin

QUESTION SET 8.1

Remembering

1 Name the five main types of receptors and provide an example of each.
2 What constitutes the internal environment?

Understanding

3 Distinguish between exteroceptors and interoceptors.
4 What measures could Mark Dorrity have taken to avoid his misfortune?

5 List five signals that a cow might receive from its external environment and five signals that would need
responding fo in its internal environment.

The transmission

of signals through
the nervous and
endocrine systems is
discussed in detail in
Chaptfer 9.
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Fast control: the nervous

system

Without food, water or being able to avoid danger, organisms are unlikely to survive. Two
systems, the nervous system and the endocrine system, are responsible for monitoring

changes and coordinating responses in complex organisms.

The nervous system

The nervous system comprises the central nervous system (CNS) and peripheral nervous system
(PNS). The brain and the spinal cord form the CNS, which is responsible for processing, storing
and coordinating information. All the other neurons in the nervous system form the PNS,
which is responsible for transmitting information to and from the CNS.
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Nerve impulses travel along defined pathways. They follow the sensory neurons from the
source of stimulation, via the PNS to the CNS. Interconnecting neurons located in the CNS ¥ Figure 8.3
relay the electrical impulses from sensory neurons to the appropriate motor neurons. From the (r:)erevgagrsog;/(—l}i\:{ g; I\r)lzin
CNS, motor neurons relay the signal via the PNS to the effectors along different pathways. divisions gf the nervous

Effectors are muscles or glands that respond to the stimuli. system

Central nervous system

Cerebrum

Cerebellum

Thoracic nerves
(12 pairs) supplying
trunk and arms

Cervical nerves

(8 pairs) supplying
neck, shoulders
and arms

Sensory nerves Motor nerves

Lumbar
nerves

(5 pairs)
supplying
legs and
lower back

Spinal
Sacral nerves cord
(5 pairs)
supplying legs
and genitals

Coccygeal nerves
(1 pair) supplying
vestigial ‘tail’

Peripheral nervous system

Neurons are the basic units of the nervous system. Their structure is directly related to their
function. They have extensions called fibres, along which nerve impulses travel. A bundle of
nerve fibres comprises a nerve and each nerve is wrapped in a tube of connective tissue.
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Nerve endings in spinal cord

Dendrites

AN Nucleus Dendrites
Axon
W - Cell body
. @—Cen body
Dendron W The axon
T ‘ of the
interneuron
Nerve ¢ is branched.
impulses -
. Myelin Myelin
sheath l sheath
Nerve impulses —‘
Axon b
Motor terminals
end-plate
Sense organ
(touch receptor) Muscle
fibre .
Interconnecting neuron
Sensory neuron Motor neuron (interneuron)
Figure 8.4 A The peripheral nerves that connect directly to the brain are cranial nerves, and spinal nerves
The gs?rzitralrlcsaeg‘ are those that connect to the spinal cord. Nerve fibres contain a tubular extension of the cell
sensory, motor and body, called the axon. This extension is enclosed in fatty material called the myelin sheath.
i