
Advanced biology

Amphibians 
under threat
Disease, loss of habitat and climate change

Young people 
get arthritis too

When the immune system 
goes out of control

Would you  
want to know? 
The ethics of testing for 

inherited conditions

Exam pitfalls
How to avoid common 

mistakes

eMagazine  
available 

3030
YEARSYEARS

April 2018     Volume 30     Number 4April 2018     Volume 30     Number 

Get more from this issue of Biological Sciences Review, with free online resources.  
See page 1 and www.hoddereducation.co.uk/biologicalsciencesreviewextras

6957_Biology_30_4_CC_Print.indd   3 21/02/2018   16:10



IN THIS ISSUEIN THIS ISSUE

Help save  
our amphibians

6

9

Published by Hodder Education, an Hachette UK company,  
Blenheim Court, George Street, Banbury,  
Oxfordshire OX16 5BH.

ISBN: 978-1-4718-9040-6 
Use this ISBN to order more copies at  
www.hoddereducation.co.uk

© HODDER & STOUGHTON LTD 2018 
ISSN 0953-5365

Cover photo: Golden bell frog (Litoria aurea), listed as ‘vulnerable’ on the 
IUCN Red List, courtesy Danita Delimont/Alamy Stock Photo. Other photos: 
Victoria Wang and Anne Weston, The Francis Crick Institute, Brian Gratwicke, 
Genome Research Limited (Laura Olivares Boldú), Samantha Hook, Jessica 
Eyre,  Axel Kock/Shidlovski/jarun011/kikkerdirk/kwasny221/Anatomy Insider/
chachanit/kara/denis_333/KSSM tomo/ARTENS/Svetlana Fedoseeva/santypan/
bungbank/bennymarty/cpisano/kaschibo/2436digitalavenue/crisod/Fotolia, 
Jean Bonhomme, ISM/TEK Image/Dante Fenolio/Eye of Science/Professors 
P. Motta and T. Naguro/SPL, Premaphotos/Mediscan/Martin Shields/Aflo 
Company Ltd/Alamy Stock Photo

Editorial assistant: Max Drakeley 
Publishing editor: Sheila Tarrant 
Artwork: Ken Vail Graphic Design 
Printed in Great Britain

BIOLOGICAL SCIENCES REVIEW is abstracted in Science 
and Technology Abstracts and Information 
Resources (STAIR).

All website addresses in the magazine are correct 
at the time of going to press. BIOLOGICAL SCIENCES 
REVIEW takes no responsibility for the content of 
any recommended sites.

How to subscribe
For details of prices and ordering information go to  
www.hoddereducation.co.uk/magazines or contact  
magazine subsciptions, Bookpoint Ltd, 130 Park Drive,  
Milton Park, Abingdon, Oxfordshire OX14 4SE 
tel: 01235 827827, fax: 01235 400401

e-mail: subscriptions@bookpoint.co.uk

For support with access to BIOLOGICAL SCIENCES REVIEW online archive 
e-mail: customerservicemags@philipallan.co.uk

Editorial Board
Professor Liz Sheffield (Chairman)
Plant Sciences 
University of Liverpool

Dr Ceri Harrop
Cell and Tissue Biology 
The University of Manchester

Professor Catherine McCrohan
Animal Sciences 
The University of Manchester

Professor Kevin O’Dell
Genetics 
University of Glasgow

Professor Kevin Moffat
Biomedical Sciences 
The University of Warwick

Martin Rowland
Consultant Editor

e-mail: biolrev@liverpool.ac.uk

website (editorial): www.liverpool.ac.uk/bsr

e-mail: biolrev@liverpool.ac.uk 
website (editorial): www.liverpool.ac.uk/bsr

BIOLOGICAL SCIENCES REVIEW 
is also available as an 
eMagazine:

 Downloadable to any 
two devices

 Lets you add, edit and 
organise personal notes

 Ongoing access to the 
whole volume  
(no expiry date)

Student subscriptions can be purchased 
and set up through your school at:
www.hoddereducation.co.uk/magazines

eMagazines

Why you shouldn’t 
write all you know 
in exams!

6957_Biology_30_4_CC_Print.indd   2 21/02/2018   16:10



IN THIS ISSUE CONTENTS

Free online resources
No log-in required. For this issue’s extras go to:
www.hoddereducation.co.uk/bioreviewextras

 Trinucleotide repeat disorders 
Revise: the structure of nucleic acids; DNA 
replication and transcription; and inheritance and 
control of gene expression

 How to display data clearly in Excel
A step-by-step guide for A-level biology students

 Poster: fuel from plants
Download and display

 2 Young people get arthritis too
Simon Stones

 6 Upgrade  
When writing all you know is wrong
Martin Rowland

 9 Catastrophe for Kermit: the decline of 
amphibian populations
Lauren Kurzman

 14 Bioethics  
Huntington’s disease: would you  
want to know?
Jonathan Roberts

 18 Vital statistics  
Sampling: the importance of not  
taking every measurement
Robert Spooner

 20 Fuel from plants
Rachel Clewes and Liz Sheffield

 22 Inflammatory bowel disease:  
the E. coli story
Danielle Gash

 26 Outside the box  
Human walking: mechanics and  
muscles
Zoe Self Davies

 31 Impact  
Sharks, rays and the application of 
conservation genetics
Samantha Hook

 36 Cancer stem cells: the seeds of a  
tumour
Victoria Wang

 41 Index to Volume 30

 42 Images of biology  
Batman pericytes
Jessica Eyre

CONTENTSIN THIS ISSUE
Biological Sciences Review

Volume 30    Number 4    April 2018

...and more

36

Volume 30    Number 4    April 2018Volume 30    Number 4    April 2018

36
How understanding cancer stem 
cells is leading the way for new 
treatments

Look out for Biological Sciences Review 
update: a topical article and activities  

by Liz Sheffield e-mailed FREE  
in October, December and March. 

To receive yours register today at  
www.hoddereducation.co.uk/magazines

6957_Biology_30_4_CC_Print.indd   3 21/02/2018   16:10



2 Biological Sciences Review  April 2018

Y 
ou may be surprised to learn that some 
young people live with arthritis. Arthritis 
is a common condition that causes pain 
and inflammation in joints. Around 

10 million people in the UK are affected by arthritis 
— a musculoskeletal condition, of which there are 
over 200 different types. One form of arthritis is 
juvenile idiopathic arthritis (JIA), which is the most 
common childhood disease of the musculoskeletal 
system. It is not a single disease but a group of disorders involving arthritis in 
one or more of the joints. Joints that are commonly affected include those in 
the hands, feet and knees. However, every joint in the body can be affected.

JIA first occurs before the age of 16 years, and young people with JIA display 
some common signs of arthritis. These include joints that are red, warm, 
painful and stiff. A number of other signs can also suggest that a young person 
has arthritis, such as a recurrent fever and an unexplained, non-itchy skin rash, 
which comes and goes in parallel with joint inflammation.

The cause of JIA remains a mystery, but it is thought that a combination 
of environmental triggers and genetic defects provoke the immune system to 
attack cells and tissues in the body, especially those of the joints (see Box 1).

The immune system should protect us from harm
Our immune system protects our bodies from infection. In doing so, our 
immune system distinguishes our own tissues from potentially damaging 

pathogens, including viruses and bacteria. It does 
this by recognising antigens. Antigens are molecules 
that are capable of inducing an immune response. 
They are usually proteins and are present on the 
surface of pathogens. Our tissues also express 
antigens, referred to as self-antigens. In a healthy 
individual, it is important that the immune system 
recognises, but does not respond to, self-antigens.

The immune system can produce two classes of 
response — the innate response and the adaptive 
immune response. Cells within these two classes 
work together to remove pathogens from the body 
(see Figure 1). The innate and adaptive immune 
responses are also connected by a type of antigen-
presenting cell called the dendritic cell. Dendritic 
cells engulf pathogen-derived antigens, process 
them and transport them to their cell surface 
membranes, where they can be presented to T cells 
which are then activated.

Cells of the innate immune response also secrete 
chemicals called cytokines, which influence a 
biological process known as inflammation. In the 
short-term, inflammation is beneficial for fighting 
infection. It promotes the entry of proteins and 

Juvenile idiopathic  
   arthritis
Immune system
Inflammation
Cytokine
Synovial membrane

Key words Key words

Young people 
get arthritis 
too

Simon Stones

Juvenile idiopathic arthritis affects 1 in 1000 children in 
the UK. It is an autoimmune disease, in which the immune 
system attacks the body. Simon Stones, child and family 
health researcher, explains that unless the disease 
is properly controlled, young people live with pain, 
stiffness, poor energy levels and a life-long disability
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cells from the blood into infected tissues. This 
helps to directly destroy and remove pathogens. 
In turn, cytokines activate the adaptive immune 
response, by recruiting T cells and B cells to the 
site of infection. However, when inflammation 
is sustained for a long time, as in JIA, cells of the 
immune system can damage our tissues.

When the immune system goes into self-destruct mode
B cells and T cells are produced in response to a specific antigen that is presented 
on, or in, a pathogen. B and T cells are highly specific, in that one cell can only 
recognise components of one antigen. When B and T cells are being developed 
during a response to an infection, a mechanism called self-tolerance is used by 
the body to prevent them from responding to self-antigens. However, in JIA and 
other autoimmune diseases, the mechanisms of self-tolerance fail, resulting in 
the production of B and T cells that recognise and respond to self-antigens, such 
as those belonging to the synovial membrane of the joint.

One group of T cells, called T helper cells (Th cells), plays a key role in the 
development of JIA. There are different subtypes of T helper cells and in JIA, the 
T helper cell subset 1 (Th1) is particularly important. Th1 cells can stimulate 
B cells to differentiate into plasma cells, which are capable of producing 
autoantibodies against the synovial membrane. Two autoantibodies called 
rheumatoid factor (RF) and antinuclear antibody (ANA), which contribute to 
inflammation, are sometimes found in young people with JIA through a blood 

Box 1 What makes a movable joint?

Most joints are mobile, which allows bones to move relative to each other. There are 
several types of movable joints in the body. These include:
• hinge joints (such as the knees, fingers, elbows and toes)
• ball-and-socket joints (such as the shoulders and hips)
• pivot joints (such as the neck)
• ellipsoidal joints (such as the wrists)

Femur

Medial ligament

Lateral ligament

Synovial membrane

Cartilage

Cruciate ligaments

Semilunar cartilages

Fibula
Tibia

Joint  capsule

Synovial �uid

 
Figure 1.1 Structure of the knee joint — front view, left leg

A number of additional components are needed for the joint to move (see Figure 1.1):
1 Cartilage covers the bone surface at a joint. Cartilage helps to reduce friction when 
joints move.
2 Tendons are found on each side of a joint. Tendons attach to muscles, to help joints 
move.
3 Ligaments are an elasticated tissue that surrounds a joint. Ligaments provide 
support and limit excessive movement of joints.
4 Synovial membrane is a lining of the joint that seals it into a joint capsule. The 
synovial membrane secretes synovial fluid into the joint cavity formed by the joint 
capsule, acting as a lubricant for when the joint moves.

Joints that do not move, such as those in the skull, are called fixed joints.
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Monocytes are found in 
the blood. When they 
enter the tissue, they grow 
in size and turn into 
macrophages

Macrophages can engulf 
pathogens and also destroy 
damaged and dead cells 
in the body

Basophils play a role in 
allergic reactions. They 
release histamine to make 
blood vessels leaky and 
attract other immune cells

Eosinophils play a role in 
allergic reactions and are
involved in killing parasites

Neutrophils are one of the 
body’s main defences 
against pathogens, and 
account for most of the 
immune cells in the body

Dendritic cells are a special 
type of cell that help to act 
as a bridge between the 
innate and adaptive 
immune cells. They are 
known as a type of ‘antigen 
presenting cell’. They can 
activate T cells and can 
stimulate the growth of 
B cells

B cells become antibody-
secreting plasma cells or 
memory cells

T cells can become helper 
T cells or cytotoxic T cells, 
once they recognise an 
antigen that is presented 
by an antigen presenting 
cell like dendritic cells
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Figure 1 Cells of the immune system. (a) Innate 
immune response cells attack and destroy pathogens 
in a non-specific manner. (b) Adaptive immune 
response cells provide specific long-term memory for 
antigens. B cells become antibody-secreting plasma 
cells or memory cells; T cells become helper or 
cytotoxic T cells. Dendritic cells bridge the innate and 
adaptive immune responses
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test. The roles of these autoantibodies are unknown, but they probably trigger 
the formation of immune complexes of antigens and antibodies, which can be 
recognised by macrophages. This results in the degradation of cells in the joint, 
causing pain, swelling and stiffness for young people living with JIA.

Chemical messengers involved in JIA
In JIA, cells of the immune system are attracted 
to the synovial membrane by cytokines. Some 
common cytokines involved in the development 
of JIA include interleukin 1 and 6 (IL-1 and IL-6) 
and tumour necrosis factor (TNF-α). IL-1, IL-6 
and TNF-α contribute to a positive feedback loop, 
causing further cells of the immune system to enter 
the synovial membrane, and additional cytokines to 
be produced. This promotes further inflammation, 
causing the synovial membrane to thicken. In doing 
so, this disrupts the synovial fluid that lubricates 
the joint, contributing to the pain, swelling and 
stiffness that young people with JIA experience 
(see Figure 2).

Treating young people who have JIA
Our understanding of the immunological basis 
of JIA has helped to advance treatment for the 
disease. Historically, JIA was difficult to treat, and 
many young people grew into adulthood with 
severe joint damage. Monoclonal antibodies and 
fusion proteins have since transformed the way 
that young people live with JIA (see Box 2). These 
treatments are now used routinely in clinical 
practice if young people fail to respond to less costly 
anti-inflammatory treatments. However, we have 
limited long-term data about the safety of these 
newer treatments, and since they dampen down 
the immune response, there are some concerns 
about how they increase people’s susceptibility to 
infection.

Despite the potential negatives of new 
treatments, they have drastically transformed the 
lives of young people with JIA for the better. Thanks 
to an increasing understanding of the disease, it is 
clear that a combination of molecules and cells of 
the immune system contribute to an imbalance in 
the immune system, resulting in the destruction 
of the joint tissues and bone. JIA is suspected to 

Box 2
Antibodies and fusion proteins are used to treat JIA

New treatments for JIA attempt to reduce active disease in order to prevent joint 
damage — see the Arthritis Research UK website at https://tinyurl.com/yc5uy63e. 
Once the roles of IL-1, IL-6 and TNF-α in JIA were discovered, scientists began to 
use biological treatments in the form of monoclonal antibodies and fusion proteins 
against these inflammatory molecules.

Monoclonal antibodies are derived from a single clone of cells, so that they only 
bind to one type of molecule. An example of a monoclonal antibody that binds to 
TNF-α is infliximab, and one that binds to IL-6 is tocilizumab. These drugs reduce 
the inflammatory actions of the cytokines. Fusion proteins act in a similar way to 
monoclonal antibodies, but instead, act as decoy receptors to molecules, such as 
TNF-α, essentially ‘mopping’ up the potentially damaging cytokines. An example 
of a fusion protein that binds to TNF-α is etanercept, which is a fusion of the TNF 
receptor with immunoglobulin G.

By blocking the actions of inflammatory molecules, biological medicines have 
revolutionised the way that young people with JIA are treated. These drugs have 
been proven to reduce disease activity, prevent joint damage, and improve the 
quality of life of young people living with JIA.
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Figure 2.1 Monoclonal antibodies bind to cytokines, thus preventing them 
from binding to their complementary receptors; fusion proteins act as decoy 
receptors, thereby ‘mopping up’ cytokines

Bone-destroying cell

Semilunar 
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These molecular mediators
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production of other molecular 
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membrane tissue breakdown
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Figure 2 The mechanisms by which immune cells contribute to JIA
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be caused by genetic and environmental factors, 
and research continues to be conducted to better 
understand the mechanisms by which the disease 
begins. While young people with JIA are likely to 
grow into adulthood with the condition requiring 
lifelong monitoring and treatment to keep the 
disease under control, the future certainly looks 
brighter for them now than it did 20 years ago.

Things to do
 ■ Find out more about how the immune system works: www.mig.ls.manchester.

ac.uk/resources
 ■ Discover what research into arthritis and similar conditions is ongoing at The 

University of Manchester: 
http://research.bmh.manchester.ac.uk/Musculoskeletal

 ■ Go to the Arthritis Research UK website to find out how young people with 
juvenile idiopathic arthritis are living their lives to the full:

https://tinyurl.com/ya4at2np

X-ray showing inflamed joints in the fingers

• Juvenile idiopathic arthritis is a long-term condition, diagnosed under the age 
of 16.
• Juvenile idiopathic arthritis is likely to be caused by a combination of genetic and 
environmental factors.
• In juvenile idiopathic arthritis, the immune system attacks self-antigens in the 
synovial membrane of joints.
• Cytokines are important chemicals that attract cells of the immune system to the 
joint. Cytokines also activate cells of the immune system in the joint, where they 
promote inflammation.
• Biological medicines, using monoclonal antibodies and fusion proteins, can be 
used to reduce the actions of cytokines in young people with juvenile idiopathic 
arthritis. This reduces disease activity, and can improve quality of life.

Key points 

Simon Stones is a PhD student in child and family health at the University 
of Leeds. He works across the UK and Europe with non-governmental 
organisations, including the European League Against Rheumatism, to 
improve the quality of life of young people with arthritis, as well as raising 
awareness of musculoskeletal conditions in young people.

Arthritis  A common disease that causes inflammation 
and pain in one or more joints.

Autoantibody  An antibody produced by plasma cells 
that is directed against an individual’s own proteins or 
self-antigens.

Autoimmune  Immune cells and antibody that are 
produced by the body and attack self-antigens.

Idiopathic  A term used to describe a disease for 
which the cause is unknown.

Immunoglobulin G  The most common type of 
antibody found in humans.

Inflammation  A protective response triggered by 
infection or injury, which should be short acting but 
can become long acting in arthritis.

Self-tolerance  Mechanisms used to prevent 
an immunological response to self-antigens. A 
breakdown of self-tolerance can lead to autoimmune 
diseases.

Terms explained Terms explained
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I t’s April and in colleges and sixth forms 
students will be thinking seriously about 

revision. Many will start by revising key 
terms and definitions, using ‘f lash cards’, 
notes on the wall or by asking someone to 
keep testing them. These are all forms of 
rote learning. Rote learning can enable 
retrieval from memory, sometimes useful 
for quick recall. But it is not dependent on understanding, and 
therein lies a pitfall. Here is a quotation from one examiner’s report 
of an A-level biology paper from summer 2017:

‘ There was evidence of rote learning, with next to no understanding of 
the work, which meant marks were lost in the application of knowledge 
to questions in the paper.

 
’What is behind this comment is something that most examiners 

experience. Students write something that they have learnt by heart 

but which does not relate directly to the question in the 
examination paper.

Testing your recall
Examiners might set questions that test your ability 
to recall what you might have learnt by rote learning. 
Often, one of these questions will appear at the start of a 
longer question. Here it is intended to give you a ‘gentle’ 
introduction to a question that will go on to test other 
skills.

Three examples of questions testing simple recall are 
shown in Box 1. Despite their different styles, a common 
feature of these questions is a low mark tariff. Have you 
ever wondered why?

There are three assessment objectives that examiners 
must test. Simple recall is just one part of assessment 
objective 1 (AO1), which, in full, is the ability to ‘demonstrate 

 upgrade

Question analysis
Command word
Mark tariff
Answer planning
Rote learning

Key words Key words

 upgrade upgrade upgrade upgrade

When writing 
all you know 
is wrong

Each year, examiner reports of A-level biology examinations contain the same 
comment. To paraphrase: ‘once again students answered a question that had not 
been set’. This usually refers to answers involving extended prose. Former senior 
examiner Martin Rowland examines how you can avoid this common error
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knowledge and understanding of scientific ideas, processes, 
techniques and procedures’.

It is far more important that an A-level biology 
student understands what he or she has learnt rather 
than recalls it, parrot-fashion, with no understanding. 
To test understanding, examiners offer you a chance to 
write extended prose and, consequently, give a higher 
mark tariff.

Questions that require answers with extended 
prose
All GCE boards include some questions in their biology 
examinations that involve extended prose. In most cases, the 
mark tariff is between 4 and 10 marks. It is when answering 
this type of question that many students seem to want 
to write everything about a topic that they have learnt by 
rote learning. It is almost as though the question contains 
a word from a topic they learnt thoroughly and students 
are determined to show examiners what they know about 
that topic. Box 2 contains such a question and one student’s 
answer that demonstrates what I mean.

Read the student’s answer. Much of it is good biology, and 
it is written in a clear, logical sequence using terminology 
that you would expect of an A-level biology student. I 
wonder how many of the available 5 marks you think it 
would gain?

Unfortunately, examiners would not give any marks for 
this answer. Can you see why? This student has told them 
about how a cell makes mRNA, but the question asked 
about how a cell uses mRNA. Marking the same examination 
paper, the examiners noted that many answers started like 
the answer in Box 2 but then went on to describe translation, 
involving mRNA, tRNA and ribosomes. As a result, they were 
awarded marks for these correct descriptions. As with the 
student in Box 2, however, these students had wasted time by 
writing a great deal of material that could not be rewarded.

Don’t waste valuable time in an examination
I don’t wish to criticise the student who wrote the answer 
in Box 2. We have all shared the experience of being in an 
exam, under pressure to perform well and having a limited 
amount of time. Time so limited that you cannot afford to 
waste it by misunderstanding a question. If you compare the time available for one of your exam papers and the maximum marks for 

that paper, you will find you have about 1.3 minutes per mark. Allowing 
time for reading, thinking and checking answers, you probably have 1 
minute per mark. Well in advance of the examinations, you should train 
yourself to ensure that every minute you spend writing in the exam gains 
you marks.

Focus on the question
The following strategy is one that will help you to avoid wasting time in 
examinations by ensuring you focus only on the question that has been 
asked. If you wish to adopt it, you can practise it when answering each 
question you attempt during your coursework.

Analyse the question
Spend a moment looking carefully at the question. First, look at the 
command word. If it is ‘explain’ or ‘evaluate’, you will not gain marks for 

Command word  The word used by an examiner that tells you 
what you must do in your answer to a question, e.g. calculate, 
describe, evaluate, explain.

Extended prose  Sometimes called extended writing — an 
answer to a question that requires you to write at least several 
sentences.

Mark tariff  The number of marks allocated for each question.

Rote learning  Learning something in order to be able to 
repeat it from memory, rather than in order to understand it.

Synopsis  Relating to a common theme material from more 
than one specification topic.

Terms explained 

Box 1 Simple recall questions

1 Define the term species. [2 marks]
2 Part of a molecule of mRNA has the base sequence AUGCAG. 

Tick the box that shows the corresponding base sequence on the template 
DNA strand from which this mRNA was formed. [1 mark]

 AUGCAG     ATGCAG     UACGUC     TACGTC

3 The photograph shows a mitochondrion. 
Name the structure labelled A. [1 mark]

Coloured transmission 
electron micrograph of a 
mitochondrion ×170 000

A
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Box 2 Extended prose question

Question
Describe how a eukaryotic cell uses messenger RNA (mRNA) to produce 
proteins. [5 marks]

Student’s answer
At the site of a gene, the hydrogen bonds between DNA bases are 
broken and the two strands of the double-stranded DNA separate. This 
exposes bases on the template strand. Complementary base pairing 
lines up free RNA nucleotides in a sequence that is complementary 
to the sequence of bases on the template DNA strand. The enzyme 
RNA polymerase then forms phosphodiester bonds between these 
nucleotides to form a molecule of pre-mRNA. This pre-mRNA contains 
RNA copies of the introns which are removed and the remaining exons 
are then spliced together to form mature mRNA.

Box 3 Analysing the question

Question (including the student’s annotations)
Explain three ways in which the gills of a fish are adapted to allow efficient 
gas exchange. [3 marks]

Student’s answer
A gas exchange surface is efficient if it allows the rapid diffusion of 
gases.

A fish has several gills on each side of its head. Each gill has several 
filaments and each filament has large numbers of lamellae sticking out 
from its upper and lower surfaces. This gives a very large surface area 
to volume ratio which speeds up the diffusion of gases.

The lamellae are very thin and this makes the distance for diffusion 
of gases short and so speeds up their rate of diffusion.

The blood in the capillaries in each lamella goes in the opposite 
direction to the water that goes over the lamella. This means the 
concentration of gases in the blood and in the water never reach an 
equilibrium and so there is always a diffusion gradient of oxygen from 
the water into the blood.

Dr Martin Rowland has taught and examined A-level 
biology for many years. He is the author of several 
biology textbooks, which you can find by visiting 
www. hoddereducation.co.uk

a simple description. If the question says, ‘Use the information given’, you 
will not gain marks if you fail to relate your answer directly to the given 
information. Next, look at the context of the question. This will tell you 
where your answer should start. The answer in Box 2 shows how easily a 
student under pressure can choose the wrong starting point for their answer.

With practice, this analysis should take only seconds during an exam.

Plan your answer
Having analysed the question, you can plan how you will answer it. 
Again, this should not take more than a few seconds but it will ensure you 
think about your answer before beginning to write.

Be guided by your question analysis when planning. You should also 
take the following into consideration.

 ■ The mark tariff. If 2 marks are on offer, your answer should be much
shorter than if 6 marks are on offer. As a guide, each mark covers one
biological component of the answer.

 ■ The space allocated for your answer. The allocated space takes into
consideration what the examiner anticipates is needed for a complete
answer — and even allows for very large handwriting. If you find you
regularly need additional space, ask yourself, ‘is my answer focusing on
the question that the examiner has set?’

Write your answer
Unless you confuse similar words, e.g. ‘glycogen’ and 
‘glucagon’, or try to disguise the fact you are not sure of 
the correct word, e.g. ‘meitosis’, examiners are not overly 
concerned about spelling. They do, however, require you 
to write legibly, to write logically and to use scientific 
terminology from the specification. It is, therefore, 
important that you do this throughout the exam. Also, don’t 
allow yourself to lose track of your analysis and planning as 
you write. It might sound obvious, but it is easy to do under 
exam pressure.

Box 3 shows another student’s approach to answering 
an examination question. They had clearly analysed the 
question. The highlighting shows what they thought were 
the important aspects they had to address:

 ■ the command word, in this case requiring an explanation
 ■ the need to address adaptation and not just describe the

gas exchange system of a fish
 ■ how gas exchange is made efficient, not just that it occurs

As a result, their answer, even though not in perfect
English, gives three explanations and gains full marks.

Essays
Only two GCE boards include an essay in their biology 
examinations. It is important to remember that the essay 
title will never be, ‘Write all you know about…’. Yet many 
students answer as though it is.

In the summer of 2017, the following was one of the essay 
titles in an A-level biology examination paper:

Write an essay on one of the following topics.

The importance of diffusion in living organisms. [25 marks]

This essay title encourages synopsis. The temptation is 
to write all you have learnt about diffusion, e.g. diffusion 
during gas exchange in fish gills, insect tracheoles, 
mammalian lungs and plant leaves, or facilitated diffusion 
during the reabsorption of ions in a kidney’s proximal 
tubules or in the production of an action potential. You 
probably won’t be surprised that the examiner’s report 
for this paper told us that many students gave rote-learnt 
answers that failed to address the context of the question, 
i.e. the importance of diffusion. Unless students had focused
on that single word, ‘importance’, they had no chance of
gaining the highest marks.

In summary
Rote learning is fine for remembering technical terms and 
definitions. It is not fine to rote learn answers to questions 
from previous papers or to imaginary questions.

We can all make mistakes when we are under the pressure 
of an examination. If you practise analysing questions, 
your examination answers are more likely to address what 
was asked.
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A 
mphibians are extremely diverse, and 
their habitats range from sweltering 
deserts to frozen Alaska. There are 
currently about 7530 known species 

and approximately 100 new species are discovered 
every year. Amphibians are divided into three 
orders. Frogs and toads (Anurans) are the largest 
group, making up 88%. Newts and salamanders make up 9%. The lesser known 
caecilians (see BIOLOGICAL SCIENCES REVIEW, Vol. 24, No. 4, pp. 17–23) represent 
only 3%.

All amphibians undergo metamorphosis, the 
key change of which is the loss of gills as they 
transform from aquatic larvae into terrestrial 
adults with lungs. Once they reach adulthood they 
continue to rely on fresh water, even if only for 
reproduction. Their ability to exploit both the land 
and water has helped them to thrive for millions 
of years. However, a consequence of this is that 
amphibians are vulnerable to changes in either 
environment.

Amphibian
Extinction
Biodiversity
Conservation

Key words Key words

Catastrophe 
for Kermit

Lauren Kurzman

Amphibian populations are in rapid 
decline and over 30% of species are 
threatened with extinction. But why? 
Zoology graduate Lauren Kurzman 
explains the three biggest factors — 
disease, loss of habitat and climate change

The decline of 
amphibian 
populations
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Amphibian decline was first reported in the 1970s in North and Central 
America and northern Australia. In Central America a study found that 
since the 1970s there had been a 75% decline in population density. Now 
amphibian populations are in decline worldwide, with more being declared 
threatened or extinct each year.

Disease 
Chytrid fungus causes a disease that is currently spreading rapidly through 
amphibian populations. The infection causes the skin to harden because of 
changes to the molecular structure of the keratin in amphibian cells. Unlike 
most other groups of animals, amphibians absorb most of their water through 
their skin. As the fungus causes the skin to harden, the animals become 
extremely dehydrated. Chytrid fungus has been implicated in the serious 
decline or extinction of over 200 species of frogs and toads, and this number 
is increasing (see Box 1). 

Chytrid fungus is devastating as it spreads so quickly. The fungus travels 
via either water or direct contact with another infected individual. Humans 
have also been implicated in its spread. It is believed the fungus originally 
spread from South Africa via the trade of African clawed frogs (Xenopus 
laevis) for the pet trade and scientific research. These frogs have a greater 
tolerance to chytrid fungus than most species. This means they can carry 

chytrid fungus for long periods without coming to 
much harm. They can then transmit the fungus to 
other more susceptible species, potentially leading 
to their death.

Box 1 Rabbs’ fringe-limbed tree frog: extinction via disease

This frog lived in the canopy of Panama’s rainforests and used its webbed hands and feet to glide down through the trees. However, chytrid 
fungus caused an epidemic and the last known individual died in captivity in September 2016.

Wake, D. B. and Vredenburg, V. T. (2008) ‘Are we in 
the midst of the sixth mass extinction? A view from 
the world of amphibians’, PNAS: www.pnas.org/
content/105/Supplement_1/11466.full

Visit the Amphibian Survival Alliance for interesting 
amphibian information: www.amphibians.org

Amphibiaweb can tell you about the decline of 
amphibian populations: www.amphibiaweb.org

The Amphibian Rescue and Conservation Project 
website has information on the latest re-releases of 
captive bred amphibians in Panama:  
http://amphibianrescue.org

The BBC has information and videos about 
amphibians: www.bbc.co.uk/nature/life/Amphibian

Further information 

Rabbs’ fringe-limbed treefrog 
(Ecnomiohyla rabborum)
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Desiccation  The process of becoming dry.

Endemic  A species that is only found in a particular 
area.

Epidemic  A widespread occurrence of an infectious 
disease occurring at a particular time.

Keratin  A fibrous protein. In mammals it forms 
structures such as hair, nails and horns.

Metamorphosis  The transformation of an immature 
form into a distinctly different adult form.

Population  All the organisms of a single species 
living in a specific location at a specific time.

Terrestrial  On dry land.

Terms explained Terms explained

Box 2 Natterjack toads: decline via habitat loss

The natterjack (Bufo calamita) is a toad native to British coastlines. Habitat loss due to the construction of coastal defences such as seawalls, 
agricultural pollution, urbanisation and the acidification of water systems by acid rain has resulted in natterjack populations declining by 75% in 
the last century.

Habitat loss
Deforestation, the dredging of wetlands for 
agriculture, and concreting large areas to build 
cities are just a few ways we are dramatically altering 
the planet and significantly reducing available 
amphibian habitat (see Box 2). This reduced area of 
available habitat cannot support the same levels of 
biodiversity seen previously. As a result, the number 
and variety of amphibians is declining.

Habitats become polluted from industrial and 
agricultural processes leaking into the natural 

environment. As amphibians inhabit both the land and water during their 
life, the contamination of water, air or land can poison them. Unlike other 
vertebrates, amphibians do not need to ingest or inhale a pollutant for them 
to become contaminated — their permeable skin allows substances to pass 
through easily.

Climate change
Climate change is caused by release of greenhouse gases into the 
atmosphere, mostly due to human activity. Greenhouse gases prevent 
solar energy from escaping back out of the atmosphere, resulting in rising 
global average temperatures. This has many knock-on effects, including 
more extreme weather conditions and changes to the rate and distribution 
of precipitation.

Amphibians are sensitive to changes in temperature and humidity, not only 
due to their permeable skin but also because they are ectothermic. This means 
that their temperature changes with that of the environment, rather than 
their body self-regulating, like us endotherms. Their eggs are also vulnerable 
because, unlike those of birds, they do not have a hard shell. Their eggs are 
therefore susceptible to desiccation where global warming causes the water 
pools in which the eggs are laid to dry out.

Species that live near the equator are particularly vulnerable to the effects 
of climate change. The Earth is tilted on its axis. This means that countries 
closer to the poles experience much greater seasonal changes in temperature 
and weather conditions than those at the equator, where seasonal changes are 
minimal. Species that evolved near the equator are not adapted for sudden 
or extreme changes in temperatures or weather conditions, making them 
more vulnerable to the effects of climate change. Unfortunately the greatest 
amphibian diversity is found close to the equator.

Natterjack toad
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The lifespan of most amphibians is only a few years, so where global 
warming results in no new individuals being born to replace those dying, it 
doesn’t take long for an entire population to become extinct (see Box 3) 

The deadly combination
Many factors are harming amphibian populations and together they are having 
a more deadly effect than one factor alone.

Chytrid fungus appears to be the leading cause of the current mass decline in 
amphibians. It has infected 30% of amphibian species and is rapidly spreading. 
However, most scientists agree that this disease would not be as dangerous 
if amphibians were not already weakened by the destruction, pollution and 
fragmentation of their habitat, as well as continued climatic changes.

Loss of habitat causes amphibians to migrate into densely populated areas, 
increasing the chance of interactions with infected individuals. Climate change 
is also accelerating the chytrid epidemic. The fungus cannot survive in colder, 
drier regions. This climatic sensitivity is partly why tropical regions currently 
contain the most infected species. As temperatures rise, the fungus migrates 
into new regions. Central America, New Zealand and several other island 
countries have the highest percentage of threatened endemic species.

Rescue project
Many species of amphibians will need our help if they are going to survive. 
Unless steps are taken now to conserve them, many will be lost forever. Two 
methods are being implemented.

Conservation in the wild

Conservation in the wild (in situ) preserves 
amphibians in their natural habitat. Very little 
is known about many of the endangered species, 
which makes establishing the cause of their 
decline hard. In-situ conservation often starts by 
studying the species to establish its range, habitat, 
behaviour and diet. To conserve and maintain 
all or part of the species’ natural environment, 
protected areas are set up. But this method can 
cause great financial loss for local people, since it 
often involves limiting access and use of resources 
from the area. Educating local communities 
about eco-tourism and conservation, and how 
they can contribute and benefit from it, has 
therefore become an important part of in-situ 
conservation.

Conservation in captivity
Conservation in captivity (ex situ) involves breeding 
captive populations for later release into the wild. 
This is usually only implemented when in-situ 
conservation is not possible and there is a high risk 
of extinction. Released animals can be fitted with 

Box 3 Golden toad: extinction via climate change

The golden toad (Bufo periglenes) was found on a Costa Rican mountain. Before 1988, hundreds were seen in ponds during mating seasons. In 
1990 not a single toad could be found. The extinction of these toads has been linked to extremely high temperatures and low humidity during 
these two years, leading to few suitable spawning locations. Similar weather conditions are predicted for many locations around the world as 
global warming continues.
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• Over 30% of amphibian species are threatened with extinction.
• Changes to both land and water can affect amphibian survival.
• The greatest diversity of amphibian species is found in tropical rainforests.
• Chytrid fungus has infected many amphibians. This disease would not be so 
devastating if amphibians were not under stress from changes to their environment.
• Both in-situ and ex-situ conservation are essential in amphibian conservation. More 
knowledge about amphibians is needed in order to make both methods more effective.

Key points 

radio transmitters so their survival and ranges can 
be monitored.

In 2006, the Amphibian Ark (AArk) was set up to 
allow conservationists to share their expertise and 
develop a captive breeding programme whereby 
they shared frogs. This project effectively makes 
the captive breeding population larger. The larger 
a breeding population is, the better, as it reduces 
the chance of inbreeding depression. Inbreeding 
depression is caused by related individuals mating. 
This increases the chance of two harmful genes, 
passed down through the family, coming together 
in their offspring.

Scientists can use ex-situ animals to learn the 
type of environment they prefer. This information 
can then be used in in-situ conservation to help 
understand why they are in decline and what, if 
anything, can be changed.

Topics for discussion
 ■ How important is climate change likely to be in 

the future for the survival of amphibians?
 ■ What is the best method of conservation — in 

situ or ex situ?

How you can help
 ■ Download the Amphibian and Reptile Conservation Trust (ARC) app 

(www.arc-trust.org) and record your sightings. ARC is also looking for 
volunteers to help maintain UK nature reserves.

 ■ Volunteer for Froglife (www.froglife.org) on their ‘Toads on Roads’ initiative 
to keep migratory routes safe.

 ■ Try to reduce your carbon footprint. Visit www.carbonfootprint.com 
for ideas.

 ■ Find out if your local zoo is involved in ex-situ conservation programmes. 
Visit and take your friends and family. Public knowledge is vital in conservation.

Kihansi spray toads live in the spray from Kihansi Falls, Tanzania. In 2000 a dam was built upstream, which 
reduced the waterfall’s spray. This change to their environment caused their extinction in the wild. However, 
an ex-situ population had been established. Since then a sprinkler system has been built to return spray to the 
toads’ environment. In 2012, 2000 individuals were released and so far appear to be doing well

Lauren Kurzman gained a BSc (Hons) in zoology from the University of 
Manchester and now works for Kaplan Financial as a student experience 
supervisor.
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Huntington’s disease
Would you want to know?
Huntington’s disease is a debilitating inherited condition. After genetic testing, patients 
receive genetic counselling — helping them understand and adapt to the medical, 
psychological and familial implications. Genetic counsellor Jonathan Roberts explains 
the condition and explores the ways Huntington’s disease can impact people’s lives

H untington’s disease is a progressive, 
inherited neurological disorder that 

causes problems with movement, cognition 
and behaviour. It affects 5–10 people out of 
100 000 in the UK.

The disease causes a wide range of 
symptoms and people are not all similarly 
affected. Movement problems include trouble 
with coordination, involuntary jerking or 

Huntington’s disease
Genetic counselling
Ethics
Trinucleotide repeat  
   disorder
Autosomal dominant  
   inheritance

Key words Key words twitching movements (known as chorea), and, as the 
disease progresses, patients have problems with swallowing. 
Cognitive and behavioural symptoms include difficulties in 
learning new information, depression, personality changes, 
mood disorders, hallucinations and a progressive decline in 
thinking and reasoning abilities. The age of onset is variable. 

Adult-onset Huntington’s disease is the most common 
form. Symptoms normally begin in a person’s 30s or 
40s, although about 25% of patients don’t experience 
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symptoms until after the age of 50. Adult-onset sufferers 
usually live 15–20 years after signs and symptoms begin. 
About 10% of people with Huntington’s disease have the 
juvenile onset version, defined as affecting people under 
the age of 20. While treatments are available to manage the 
symptoms, there is currently no cure and no way to halt 
disease progression. This may change in the future as there 
is promising research called ‘gene silencing’ that may prove 
able to slow the progress of the disease.

The disease is caused by changes to the HTT gene, located 
on chromosome four. HTT encodes for a protein called 
huntingtin. Although all the functions of this protein are 
not known, it has an important role in neurones in the 
brain. HTT contains a CAG trinucleotide repeat (CAG CAG 
CAG CAG). If this trinucleotide is repeated over 36 times, 
the protein encoded by the HTT gene becomes abnormally 
large. A larger number of repeats is correlated with earlier 
onset of Huntington’s disease; more than 60 repeats results 
in juvenile Huntington’s.

How Huntington’s is inherited
Men and women can inherit Huntington’s disease, which is 
inherited in an autosomal dominant pattern (see Box 1). 
This means that the children of a person with Huntington’s 
disease have a 50% (1 in 2) chance of inheriting a copy of 
the causative allele of the gene.

However, different expansions of the CAG trinucleotide 
repeat can have different effects (see Figure 1). Expansions 
of 27–35 are ‘intermediate’. A person with one allele this 
size (and one normal) will not develop Huntington’s 
disease. There is a small chance that when producing 
gametes (sperm or eggs) the expansion will get bigger in 
these cells. This means that someone without Huntington’s 
disease might have some gametes that carry an expansion 
big enough to cause Huntington’s disease in their children. 
Intermediate expansions are more likely to get bigger when 
passed on by men. This is because the CAG trinucleotide 
repeat is unstable during sperm production.

Two fictional stories of couples seeking genetic testing 
for Huntington’s disease follow, drawn from my clinical 
experience.

1 Predictive testing: would you want to know?
Six months ago, Matthew and Susan attended their father 
Peter’s funeral. Peter died, aged 51, from Huntington’s 
disease. Matthew and Susan knew the disease is inherited 
and decided to attend an appointment with a genetic 
counsellor to find out if they have the condition.

26 or fewer

Normal

Not at risk of HD

27−35

Intermediate

Not at risk of HD

Small risk of expansion 
in next generation

36−39

Expanded

At risk of HD

May not develop symptoms
in normal lifespan

40 or more

Expanded

At risk of HD

Will develop symptoms
in normal lifespan

Huntingtin (HTT) gene

Figure 1 The effects of different expansion sizes of the CAG trinucleotide repeat in the gene HTT

Box 1 Autosomal dominance explained

Most humans have 46 chromosomes. Chromosomes 1–22 come in pairs, 
one inherited from each parent. So we have two copies of all the genes on 
chromosomes 1–22. Most people have two sex chromosomes, either two X 
chromosomes (women) or an X and a Y chromosome (men). ‘Autosomal’ refers 
to genes found on chromosomes 1–22. ‘Dominant’ refers to a version of a gene 
(allele) that will always be expressed if present. So an ‘autosomal dominant’ 
condition affects both men and women (it is not sex linked) and is caused 
by having only one faulty copy of the gene. The chance of a person with an 
autosomal dominant gene passing this on to an offspring is 1 in 2 or 50% (see 
Figure 2.1). This is because there are two possibilities each time they have a 
child. They will either pass on a copy of the allele that causes the condition or 
a copy that doesn’t.

Affected
father

Unaffected
mother

Affected
son

Affected
daughter

Unaffected
daughter

Unaffected
son

Unaffected

Affected

Figure 2.1 The possible outcomes when a man with an autosomal 
dominant condition has children with a woman who is unaffected
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When Peter was in his early 30s, his wife began to notice some changes 
in his behaviour. He suffered from depression, began having trouble 
remembering things and also developed twitches. Aged 35, Peter was 
diagnosed with Huntington’s disease (see Box 2).

In the years that followed, Matthew and Susan saw their father’s 
condition get progressively worse. Some prescribed medications helped 
with his movement problems and with his depression. He also had 
physiotherapy to help with his movement and balance. The doctors could 
do nothing to halt the progress of the disease.

As Matthew and Susan grew up, they took on more responsibility in 
helping their mother to care for their father. When Peter was 48, he went 
into a care home, where he died at the age of 51. Matthew was 23 and 
Susan 26 years old when their father died. Neither had any symptoms 
of the condition but they decided that it was the right time to find out if 
they were at risk.

Their GP referred them to Ann, a genetic counsellor with a specialism 
in Huntington’s disease. She told them how the disease is inherited. She 
explained that the chance of inheriting the gene change that causes the 
disease from their father is 50%, or 1 in 2 — the same odds as you get 
with the toss of a coin. Ann pointed out that neither result will affect the 
other. So, for example, if Matthew were found to have a copy of HTT that 
causes Huntington’s disease, Susan’s risk would remain 50%.

Ann chose her words carefully, avoiding calling potential test results 
‘good’ or ‘bad.’ Ann remembered families with Huntington’s disease 
where the person who didn’t inherit the Huntington’s disease gene was 
then in the challenging position of having to take on a caring role for 
other family members who had inherited the disease.

Instead, Ann focused on control. She pointed out to Matthew and 
Susan that if they chose to have the genetic test, they could then plan their 
lives using this knowledge. If they decided they did not want to be tested, 
the chance of them developing Huntington’s disease remained 50%. From 
her experience, Ann knew that, for some people, choosing uncertainty is 
choosing hope. Some people feel there is power in deciding not to know.

Both Matthew and Susan decided to wait for predictive testing. This 
is genetic testing for people who are asymptomatic — they do not have 
symptoms of Huntington’s disease — but are at risk of inheriting it 
because they have an affected relative. This differs from diagnostic testing, 
which tests people who have symptoms to confirm the diagnosis. Adults 
with a family history of Huntington’s disease are offered predictive testing 
(available from the age of 18) but only about 1 in 5 (20%) choose to go 
ahead and have the test.

2 A bolt from the blue
Ronnie’s story is very different. He had no family history of Huntington’s 
disease but after experiencing depression, memory trouble and some 
movement problems, his GP recommended a neurological assessment 

(see Box 2). The neurologist suspected Huntington’s disease 
and referred Ronnie for genetic testing. The result confirmed 
that he had an altered copy of the HTT gene — a diagnosis 
of Huntington’s disease. The diagnosis came as a shock to 
Ronnie and his partner, Anya. Finding out that Huntington’s 
disease is inherited was especially troubling for them as, at 
the time of Ronnie’s diagnosis, their daughter was 4 years 
old and Anya was 7 weeks pregnant.

Ann, the specialist Huntington’s disease genetic 
counsellor, met with Ronnie and Anya and helped them 
understand the diagnosis. She explained how everyone 
inherits two copies of a gene called HTT (one from their 
mother, one from their father) and that this gene contains a 
section that can become expanded, meaning that the gene 
doesn’t work as it should. If one of a person’s two copies 
contains such an expansion, it can lead to Huntington’s 
disease. Ann explained that people with large expansions 
in this gene develop Huntington’s disease. People with 
small expansions do not. In rare cases, some people have 
‘intermediate’ expansions. They are not at risk of developing 
Huntington’s disease themselves but in their sperm or 
eggs these ‘intermediate expansions’ are at a small risk of 
expanding to sufficient size to cause Huntington’s disease. 
This means they could pass on a copy of the HTT gene 
that causes Huntington’s disease even though they are 
unaffected themselves.

Ann told Ronnie that this is why Huntington’s disease 
sometimes happens with no family history. For Ronnie, it 
felt like a bolt from the blue. The likely explanation is that 
one of Ronnie’s parents carried an intermediate expansion. 
In either Ronnie’s father’s sperm or mother’s egg, this 
expansion got bigger, meaning he inherited a version of the 
gene that caused Huntington’s disease.

Ann also addressed concerns regarding their children. 
She explained that, as Ronnie has inherited an expanded 
copy of the HTT gene, this means the inheritance for all 
his children will follow an autosomal dominant pattern. So 
there is a 50% risk of his children inheriting Huntington’s 
disease. Ann told them that it is rare to test children for 
adult-onset disorders such as Huntington’s disease. Testing 
is a very personal decision that people need to make for 
themselves. When their daughter is approaching the age of 
18, she could come for an appointment to find out whether 
she wants genetic testing.

Ann did, however, discuss the option of testing their 
fetus. If a test showed that the fetus carries the expanded 
copy of HTT, Ronnie and Anya could choose to end the 
pregnancy. However, if Ronnie and Anya thought they 
would continue with the pregnancy even if it was found to 
carry an expanded copy of HTT, they were advised against 
prenatal testing. This is because Huntington’s disease is 
largely an adult-onset condition. As such, genetic testing 
during the pregnancy would be deemed to have violated 
the autonomy of their future child. That is, it would 
take away their child’s choice in the future not to have 
predictive testing.

This is a decision that is extremely hard for Ronnie and 
Anya to make and they are still trying to decide what to do. 

Box 2 How Huntington’s disease is diagnosed

A diagnosis may be suspected in the presence of symptoms such as progressive 
motor disability featuring chorea, cognitive decline, and changes in personality 
(including depression). If the neurologist — a specialist physician who deals 
with brain disorders — suspects Huntington’s disease, the diagnosis can be 
confirmed using diagnostic genetic testing. A test for Huntington’s disease 
will have many implications for a patient and for their family, so patients are 
offered genetic counselling to help them make sense of the genetic information 
provided by the test.
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The role of the genetic counsellor is to provide them with 
accessible and accurate information, to understand their 
beliefs and then try to help them as they make a decision 
that is right for them.

So Huntington’s disease is a very challenging condition. 
With genetic testing, there is not a clear right or wrong 
decision to be made. This is the role of genetic counsellors — 
to help people facing genetic testing come to a decision that 
is right for them. While there is no cure for Huntington’s 
disease, research is ongoing to develop effective treatment. 
New drugs are being researched that could reduce the levels 

in the cell of the harmful version of huntingtin (the protein encoded 
by the HTT) caused by having an expanded copy of HTT. This is done 
by targeting messenger RNA (mRNA), which transcribes the genetic 
information from DNA. CRISPR gene editing (see BIOLOGICAL SCIENCES 
REVIEW, Vol. 29, No. 4, pp. 10–13) has been used to eliminate deleterious 
mutations that cause Huntington’s disease in mice and this technique 
might one day work in humans. For now, at least genetic testing empowers 
patients to decide if and when they want to know whether they have 
inherited Huntington’s disease.

Points for discussion
 ■ Prenatal testing, especially in the case of Huntington’s disease, provides 

an opportunity to think about the nature of genetic knowledge and the 
value of autonomy. Why don’t parents have the right to test their children 
for Huntington’s disease?

 ■ What if a relative won’t disclose their diagnosis of a genetic disease? Should 
doctors have a duty to break confidentiality and tell other family members, 
so that they can have testing? This is an active area of debate subject to a 
court case. Vicky Chico (see www.youtube.com/watch?v=-Cn15k-UeuI) 
discusses her research. Radio 4’s Inside the Ethics Committee 
(www.bbc.co.uk/programmes/b07nrxd4) also covers this topic.

Jonathan Roberts trained as a genetic counsellor at Cardiff University 
and has worked at Addenbrooke’s Hospital and Moorfields 
Eye Hospital. He is currently a PhD student, researching family 
communication and genetics at the Wellcome Genome Campus and 
King’s College London.  
www.sanger.ac.uk/people/directory/roberts-jonathan

More information about Huntington’s disease:  
https://ghr.nlm.nih.gov/condition/huntington-disease

An excellent webpage about genomics with a page about 
Huntington’s disease: www.yourgenome.org

The Huntington’s Disease Association has accessible and 
reliable information and resources: http://hda.org.uk

Read a personal account of how Huntington’s disease has 
affected a family: https://tinyurl.com/yagy728r

‘Still Alice’ is a powerful drama about a woman diagnosed with 
familial Alzheimer’s (also inherited in an autosomal dominant 
pattern): www.imdb.com/title/tt3316960

CRISPR reverses Huntington’s disease in mice:  
https://tinyurl.com/yc5pp8gc

Further reading 
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Did you know we publish all these A-level 
magazines to help you get the grades you need?

From as little as £3.75 an issue, each print magazine 
stretches your subject knowledge and gives you focused 
topical content for your studies, in print and online!
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direct by emailing subscriptions@bookpoint.co.uk
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You have been tasked with determining the average length of frogs in 
two fields, testing the null hypothesis that they are the same size in 

fields surrounded by wildflower-borders as in a monoculture crop. You 
design a beautiful experiment, wishing to be as accurate as possible. Your 
plan might include the following points.

 ■ Hire a bulldozer, scrape the contents of each field into mesh sieves.
 ■ Capture all the frogs (most will die during capture).
 ■ Euthanise the living frogs.
 ■ Line up the frogs end to end.
 ■ Measure the total length.
 ■ Divide by the number of frogs to calculate the averages.

Following submission of your plan, you have a dawning sense of 
realisation. You would ruin two fields, kill and displace countless 
organisms, gain a massive bulldozer bill and likely a magistrate’s 
summons for breaking the Wildlife and Countryside Act, 1981…for just 
an accurate historical record. You would do better to sample parts of the field 
and estimate the size of the frogs, rather than counting every one. Better 
still, design a non-destructive assay.

The key point is that statistics is based on estimation of population 
characteristics by sampling. If you have a good sampling strategy, the 
results can give a reasonably accurate description of the population, while 
reducing time and effort.

Random sampling
The best sampling strategy is random sampling. Here every member in 
the population (every frog in a field, every basketball player in the USA, 
every shoe in a factory) has an equal chance of being selected and is 
independent, that is, the selection of one member does not influence the 
selection of any other.

Figure 1(a) shows the number of diagnoses of gonorrhoea made in the 
USA in the year 2015, taken from publicly available data compiled by the 
Centers for Disease Control and Prevention. In total, 393 524 cases were 
diagnosed in people aged between 5 and 64. If we randomly sampled 
just 400 members of this population, would a description of the sample 
population be a reasonable description of the total diagnosed cases 
(the test population)? To demonstrate this I gave every person in this 
population a unique number (from 1 to 393 524) and, using a random 

number generator, 400 were selected and grouped (binned) 
into age categories (see Figure 1b). Even a cursory glance 
shows that the diagnosis rate of this sample, sorted by age 
group, looks very similar to that of the test population. 
Both have a right-skewed distribution with a clear peak 
(modal) age at diagnosis (15–24 years old). The average 
(mean) age at diagnosis of the total population was 26 years 
and 11 months, while that of the sampled population was 
26 years and 3 months.

Similarly, if you take random samples from an unknown 
population, a description of this sampled population 
is likely to be a reasonably accurate description of the 
unknown population. The description of the sample 
population would not be exactly the same as that of the 
test population: sampling error causes differences. In a 
well-designed experiment or survey, sampling error should 
be small. In this example (see Figure 1b), there is an 
under-representation of the 55–64 year-olds and a slight 
over-representation of the 15–24 year-olds in the sampled 

 vital statistics

Sampling
The importance of not  
taking every measurement
Senior teaching fellow Robert Spooner explains 
why random sampling from a test population 
is a better approach than measuring every 
single member of the test population

Binning  The grouping of data into categories.

Confirmation bias  Interpreting new data to confirm existing 
theory.

Independent  The selection of one individual does not affect 
the probability of the selection of another.

Random sampling  Every member of the population has an 
equal chance of being sampled.

Sampling error  Error caused by the differences of sample 
population to test population.

Sample population  A proportion of the test population to 
make deductions from.

Selection bias  Choosing a non-random sample population.

Test population  The population you wish to know about.

Terms explained 

Snapdragon plants
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population, and that has resulted in a slight reduction in the 
estimate of mean age at diagnosis in the sample.

Other sampling strategies may introduce bias
Sampling an unknown population in a truly random 
manner is not always possible, meaning your description 
of the population will not be accurate, ultimately biasing 
your results.

Samples of convenience are samples that are readily 
available. It is more convenient to assay the amount of 
pectin (a complex carbohydrate important for making jam) 
in apples by buying a bag from your supermarket than 
to trudge through an orchard in wet weather, selecting 
at random. However, that convenient sample is skewed 
by selection bias, resulting in some members of the test 
population being less likely (or more likely) to be included 
than others. Which apples have the most pectin? The good-
looking supermarket products or the wild and the scabby?

Confirmation bias results from ignoring data that 
do not support a hypothesis or only including data that 
do support the hypothesis. For example, if you observe 
offspring of your snapdragon plants (Antirrhinum majus) 
and you estimate that about a quarter of the offspring 
have white flowers, you might decide that the original 
cross was between two pink-flowered heterozygotes (Pp) 

where pink (P) is dominant and white (p) is recessive. You now set out 
to prove there is a 3:1 ratio of pink:white, and happily ignore the fact 
that about a quarter of the offspring are dark pink, and that the ratio of 
offspring is really 1:2:1 dark pink:pink:white, (PP:Pp:pp) (a clear case 
of incomplete dominance).

Conclusions and next steps
Random sampling is powerful, and a description of the sampled 
population gives a good description of the test population, but there will 
always be differences because of sampling error and any biases will skew 
your interpretations. The descriptions of random samples from two or 
more populations can be compared. If the descriptions are similar, you 
may conclude that there is no real difference in the test populations. If 
the descriptions of the samples differ, you may conclude that the test 
populations really are different. This is the basis of hypothesis testing, 
which we will explore in a subsequent article.

Dr Robert Spooner is a senior teaching fellow in the School of Life 
Sciences at the University of Warwick.

Look at the real statistics from the Centers for Disease Control:  
www.cdc.gov/std/stats15/tables/21.htm

Practise displaying the data in Excel from the online resources 
(‘How to display data clearly in Excel’) and use the online 
random number generator to practice your own sampling: 
www.random.org

Further activities 
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Figure 1 The power of sampling. (a) Total recorded cases (393 524) of gonorrhoea diagnosed in the USA in 2015, separated by 
age group. (b) A distribution obtained by random sampling of 400 individuals from the total population 

Go online for help on displaying data clearly with 
Excel and for the  answers to the test questions: 
www.hoddereducation.co.uk/bioreviewextras

BiologicalSciencesReviewExtras

Test questions
1 Do the data in Figure 1(a) reflect the prevalence of gonorrhoea in the USA 
in 2015?
2 Do the data in Figure 1(b) give an accurate estimation of the diagnosed 
population in Figure 1(a)?
3 For a class project, you are asked to measure the wingspan of red admiral 
butterflies captured (and then released) in June and July in a field behind your 
school. You decide that rather than spend hours chasing butterflies in wet 
fields, you can contribute to the class data by visiting your local museum and 
measuring the wingspan of red admirals collected by Victorians. Do your data 
skew the class results?
4 The classic measure of tree size is ‘girth at chest height’. Here, the diameter 
of the trunk is measured with a tape measure held at chest height.  Examining 
a map of your local woodland, you and your partner (who is 30 cm shorter than 
you) divide it into 100 sectors, select five of these using a random number 
generator, and then measure all the oak trees in these five selected sectors. 
Have you eliminated all biases from your experimental plan?
5 To estimate the numbers of herring in the North Sea, you are employed 
as an observer on a successful fishing boat, where you document the sizes of 
catches. Are your results unbiased?
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Fuel from plants
Fossil fuel
All of the food we eat contains chemical energy initially derived 
from sunlight. We know that it is photosynthesis that transfers 
energy from light into chemical energy, and we are used to 
talking about ‘calories’ in our food. You may have estimated 
the amount of chemical energy in a foodstuff or a plant using 
a calorimeter (see Figure 1). This instrument measures the heat 
released when a sample is burnt. The greater the amount of 
heat energy released, the higher the calorific (chemical energy) 
content of the material. Combustion of fossil fuels to provide us 
with heat relies on the chemical energy stored in plants when 
they were alive (see Figure 2). With an ever-decreasing supply 
of fossil fuels, however, we are constantly on the lookout for 
alternative sources of energy.

‘Algal biofuels’, Royal Society of Biology: 
https://tinyurl.com/y8wjtfgg

‘The amazing sight as tourists frolic in tons of seaweed that has 
covered beaches in eastern China’, Mail Online, 25 July 2015: 
https://tinyurl.com/hef2f4z

‘Jersey monitors threat from toxic sea lettuce fumes’, Guardian, 
16 Jan 2017: https://tinyurl.com/h6gmmr9

Further reading 

Thermometer

Copper spiral

Water jacket containing 
large volume of water

Stirrer

Crucible 
containing

sample

Heating coil to
ignite sample

Oxygen

Figure 1 Diagram of a calorimeter, used to measure the heat released 
when a sample is burnt, which gives a measure of the chemical energy the 
sample contains

Figure 2 How coal was formed from Carboniferous forests that thrived around 300 million years ago (1). The dense vegetation grew in 
swamps where decay did not keep up with the deposition of plant material so it accumulated and became buried (2). Over time and with 
increasing pressure from deposits above, the material became condensed and compacted into coal (3)

Go online for a printable pdf of this poster to display:   
www.hoddereducation.co.uk/bioreviewextras

BiologicalSciencesReviewExtras

Decreasing moisture

Time

Ancient (coal
swamp) forest

Increasing heat and pressure

coal

(1)

(3)

(2)
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Figure 3 Biofuel sources: (a) wheat, (b) maize, (c) sugar cane

Biofuel
Wind, wave and solar power are dependent 
on unpredictable natural elements, and they 
and nuclear power are controversial. So we are 
increasingly turning to biofuels — fuels derived 
from modern-day plants. Crops including wheat, 
maize and sugar cane can be used as biofuels 
(see Figure 3). The sugar, starch, or vegetable oil 
obtained from the crops is converted into biodiesel 
or ethanol. These are known as first generation 
biofuels, as their use is based on plant species we 
have long harvested for food. Their production 
therefore reduces both the availability of the 
foodstuffs and land suitable for cultivation of food 
crops. Second generation biofuels get around this 
disadvantage. These are derived from plant matter 
that is not normally used — biomass such as the 
parts left behind when grains have been extracted 
from a crop. However, second generation biofuels 
have their own disadvantage in that it is usually 
difficult and environmentally unfriendly to extract 
the fuel from such sources. A long series of physical 
and chemical treatments is required.

Biofuel of the future
There has been recent research into third generation biofuels. These are based on biomass that has not been produced on arable land, such as algae 
grown in bioreactors (see BIOLOGICAL SCIENCES REVIEW, Vol. 29, No. 1, p. 17), in waste-water treatment ponds, or that grow naturally around our shores. 
Harvesting the latter would potentially be sustainable indefinitely, and sea lettuce (Ulva) is a candidate. This green seaweed is found in coastal waters 
worldwide (see Figure 4). It can grow in such profusion that its accumulation on beaches can cause environmental problems. It does not form complex 
tissues, so can grow considerably more rapidly than land plants, and the annual yield of sea lettuce per unit area can be nearly five times that of land-
based energy crops.

The carbohydrate content is also considerably greater than that of land plants, meaning a higher proportion of the material can be used to produce 
biofuels. Each tonne of algae also removes 1.5 tonnes of CO2 from the atmosphere (but burning a tonne of biofuel returns about 4.5 tonnes of CO2 to 
the atmosphere). All of these features make Ulva a promising biofuel but research will be needed to determine suitable methods of growth, harvest 
and treatment to extract the compounds required for conversion into useable energy. So, the next time you see seaweed on the beach, just think, it 
could one day power your home.

Rachel Clewes, University of Warwick 
and Liz Sheffield, University of Liverpool 

could one day power your home.

Figure 4 Third generation biofuel source: sea lettuce

(a)

(b) (c)
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Inflammatory 
bowel disease
The E. coli story

Biochemist and scientific editor Danielle Gash explains what causes 
inflammatory bowel disease and how future therapies might be targeted
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A 
huge community of bacteria inhabits 
our gut. This gut microflora is essential 
for our wellbeing. As a member of this 
group of ‘friendly’ bacteria, Escherichia 

coli is not normally a bacterium to be feared. 
However, the E. coli that is present can turn into a 
more aggressive strain known as adherent invasive 
E. coli (AIEC). AIEC is a pathogen that can infect 
our body’s cells and cause intestinal inflammation.

If AIEC intestinal inflammation persists and becomes chronic, then an 
individual is likely to be diagnosed with inflammatory bowel disease (IBD). 
Symptoms include diarrhoea, intestinal bleeding, abdominal pain and weight 
loss. Many factors can contribute to the disease, such as age, diet and our genes. 
New therapies to treat IBD might target this AIEC as a novel way to treat the 
disease. To understand these potential therapies, we need to understand how 
AIEC is able to establish an infection and trigger inflammation.

AIEC
Two major factors contribute to AIEC infection:

 ■ An increase in the number of E. coli. This happens when the intestinal 
environment favours E. coli survival. We know that the typical Western diet, 
rich in fats and refined sugars, promotes the growth of E. coli and can lead to an 
increase in the E. coli population. The larger number of E. coli then outcompete 
the other species of bacteria for nutrients, which causes the number of E. coli 
to increase even more. This results in an imbalance in the groups of bacteria in 
our gut (see Box 1).

 ■ Transformation of the E. coli into pathogenic AIEC. Within the increased 
population of E. coli, a proportion of the bacteria can acquire virulence factors, 
which convert the E. coli into AIEC. This is by the transfer of plasmids containing 
virulence factor genes from other pathogens. These virulence factors allow AIEC 
to infect our gut cells and initiate inflammatory disease.

Cell invasion by AIEC
The high fat–high sugar diet of the Western world can render us more 
susceptible to infection by AIEC. Such a diet can cause the intestinal mucus 
layer to become thinner, making it easier for AIEC to get across to the epithelial 
cell lining of the gut. AIEC then begins its infection (see Figure 1), as it is able 
to adhere strongly to the epithelial cells. This allows the bacteria to gain access 

Bacterial pathogen
Immune response
Inflammatory bowel 
   disease
Probiotics

Key words Key words Box 1
How E. coli changes the gut bacteria

The gut microflora is made up of different groups of 
bacteria. Each group is a called a phylum. Bacteria 
that belong to the Firmicutes and Bacteroidetes phyla 
are present in the greatest numbers in a healthy 
individual, and these contribute the most to our 
good health. Small numbers of bacteria from the 
Proteobacteria phylum are also present (see Figure 2). 
This phylum includes species of bacteria that have the 
potential to cause disease, such as E. coli, but their 
numbers are generally kept low by competition for 
essential nutrients with the other bacteria.

However, when environmental factors, such as 
poor diet, allow E. coli and other bacteria from the 
Proteobacteria phylum to thrive at the expense of the 
remaining microflora, this changes the abundance of 
the different phyla. There is an increase in bacteria 
from the Proteobacteria phylum, and a decrease in 
bacteria from the Firmicutes and Bacteroidetes phyla. 
As Proteobacteria, such as E. coli, are more able to 
stimulate our immune system, their increase can 
contribute to inflammation of the gut and IBD.

Phagosome

Microvilli

Adherent invasive
E.coli (AIEC) adhere
to and invade the

epithelial cells 
lining the intestine

AIEC cross the epithelial
cell barrier and enter 
the underlying tissue

AIEC invade 
macrophages 
and replicate 

within the cells

Cell invasion stimulates
the release of chemicals

In�ammation

Continuous
in�ammation leads

to IBD

Tissue damage,
intestinal bleeding

AIEC produce toxins 
that damage cells

Figure 1 How AIEC infection leads to IBD

Inflammation  The body’s innate immune response to infection and injury. Fluid in 
the tissue is increased, and immune cells are recruited from the blood to remove any 
infectious agents.

Mucus  A gel-like substance made of protein and carbohydrates that acts as a 
protective blanket over epithelial cell surfaces.

Pathogen  A microorganism that can cause disease, e.g. a virus or bacterium.

Phagosome  A membrane-enclosed compartment that is formed around an absorbed 
particle (e.g. a pathogen) in a cell.

Phylum  A group of related organisms that share a common ancestor. The taxonomic 
rank below kingdom and above class.

Plasmid  A small, circular DNA molecule in a bacterial cell that is separate from 
chromosomal DNA.

Probiotics  Live bacteria and yeasts that are believed by some to boost our health.

Virulence factor  A molecule produced by a pathogen that enables it to cause 
disease.

Terms explained 
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and invade the cells, where each is contained within a membrane-enclosed 
compartment known as a phagosome. AIEC can then move through the 
epithelial barrier and into the underlying tissue, where immune cells known 
as macrophages attempt to kill AIEC. The first step is to engulf the bacteria, 
but the engulfed AIEC resist being killed by producing defensive proteins. 
This allows AIEC to survive and multiply inside the macrophages where it is 
more hidden from our immune system (see Figure 2). Thus AIEC can become 
a persistent inhabitant of our immune cells and also our epithelial cells.

How does our body react to AIEC invasion?
Cells infected by AIEC release chemicals that activate inflammation (see 
Figure 1). This causes immune cells, including macrophages and cells known as 

T cells, to enter the infected tissue from the blood, 
and these cells are activated to attack the bacteria. 
This inflammatory response is intensified by toxins 
released by AIEC. These are toxic molecules that 
damage the surrounding cells, which then release 
more pro-inflammatory chemicals. Subsequently, 
other immune cells also recognise the foreign 
toxins and activate the cycle of inflammation. 
Altogether, this overstimulation of the immune 
system causes the inflammatory response to spiral 
out of control, leading to the symptoms of IBD. 
The symptoms result from the excessive number of 
immune cells that are recruited to the area, which 
begin to attack the body’s own cells and tissues, 
leading to cell death and severe tissue damage. As 

Coloured scanning electron micrograph of 
bacteria in the human gut. There are over 
1000 species of bacteria present ×10 000 

Find out more about your gut microflora and how you 
can boost your gut health on this BBC iWonder guide: 
www.bbc.co.uk/guides/zq7nj6f

For detailed information on inflammatory bowel 
disease, watch the videos on this website: 
www.youandibd.com

Take a look at this New Scientist article to see how 
the latest advancements in probiotics are being used 
to treat disease:  
www.newscientist.com/article/mg22630240-500

Further reading and viewing Further reading and viewing
Harmful

Proteobacteria Bene�cial
Firmicutes and
Bacteroidetes

Healthy gut

Normal
micro�ora
community

Harmful
Proteobacteria

Bene�cial
Firmicutes and
Bacteroidetes

Micro�ora
imbalance

In�ammatory bowel
disease

A diet that
promotes

Proteobacteria
growth

Figure 2 Overgrowth of Proteobacteria such as E. coli disrupts the normal 
balance of bacteria in our gut which may contribute to IBD
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a result, open sores known as ulcers develop in 
the intestinal lining, which bleed into the lumen 
of the intestines and cause abdominal pain. Other 
negative effects of the inflammation during IBD 
are diarrhoea and abdominal cramps, due to large 
amounts of fluid and cells being lost from the gut.

Treatments for IBD
Pharmaceutical drugs are widely used to treat 
IBD. These include anti-inf lammatories and 
immunosuppressants, which aim to suppress the 
large inflammatory response that is ongoing during 
the disease, in order to reduce the symptoms. While 
these help to improve the quality of life for patients 
with IBD, the drugs are not a cure, and currently 
there is no cure for IBD. The conventional drug 
treatments are not very successful in treating IBD 
— approximately two-thirds of patients will still 
have an inflamed intestine after treatment. Some 
individuals therefore look to alternative therapies 
to help in the treatment of IBD.

Probiotics to the rescue?
Probiotics are considered by many to be a ‘natural 
remedy’ for the treatment of IBD. Probiotics 
consist of live bacteria and yeasts which, when 
ingested in sufficient amounts, may have health-
boosting effects in the gut. They are found in 
commercially available products, such as food and 
food supplement tablets. Although the effects of 
probiotics are disputed, they are proposed to aid in 
the treatment of IBD by reversing the imbalance in 
the gut microflora (see Box 1), and by reducing the 

overgrowth of AIEC. Probiotics are thought to increase the numbers of more 
beneficial bacteria that make up the gut microflora, which enhances their 
positive effects on our health. A recent analysis of probiotics in IBD from the 
University of Leeds supports the view that certain mixes of bacteria can prevent 
recurrence of IBD in some individuals, even though they found no evidence of 
curative effects for active attacks.

Future perspectives
Probiotics may one day be an effective supplementary therapy in the treatment 
of IBD. However, there have been few clinical trials of probiotics, and more 
clinical trials are needed to validate their effects. The idea of using probiotics 
to boost gut health has been around for a very long time. Cases of IBD are on 
the increase worldwide and as we understand more about the gut microflora, 
further analysis of our ‘friendly’ gut bacteria may lead to them being considered 
a valuable resource in the future as a remedy to help tackle the IBD epidemic.

Points for discussion
 ■ The actions of our own immune system are responsible for the symptoms 

in IBD. How do the more positive effects of the immune system outweigh the 
damaging effects that it has in IBD?

 ■ Check out which of the foods you eat have probiotics in them. Which 
probiotic organisms are present? How might they benefit your health?

Danielle Gash has a degree in biochemistry from the University of 
Manchester. She is a long-term conservationist with the Sheffield Wildlife 
Trust and is currently Deputy Managing Editor with the biomedical publishers 
Spandidos.

• The symptoms of inflammatory bowel disease (IBD) range from intestinal bleeding 
to diarrhoea.
• Adherent invasive E. coli (AIEC) can initiate IBD by infecting cells in the gut and 
triggering inflammation.
• AIEC arises in the gut when E. coli outgrows other gut bacteria and acquires 
infectious properties from other harmful microbes.
• Probiotics may help to treat IBD by boosting our healthy gut bacteria.

Key points 

Probiotic supplement tablets are widely available

E. coli bacteria ×22 500
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Understanding movement is an essential aspect of biology but it takes 
a multidisciplinary approach to appreciate how living organisms 

locomote and interact with their environment.
Biomechanics is the study of movement in living organisms. Within 

this field, there is a large area of study devoted to human walking, but 
is there really much to understand about walking? For most, walking is 
simply putting one foot in front of the other, but there are more factors 
to consider than you might first recognise. Imagine trying to explain 
walking to someone who doesn’t know how to walk. How big a step 
should they take? What angle should their legs be at? How quickly should 
they swing their legs? Which muscles should they use at each stage? This 
may seem like an unlikely scenario but following severe injuries and 
strokes, people learn to walk again every day.

Of course, it’s not only humans that need to learn to walk. Legged 
robots need detailed input to be able to walk, allowing them to go into 
areas that are not safe for humans. We also need to understand how 
limbs move in order to design prostheses. Being able to move is not 
the end of it either. Movement needs to be economical, efficient and 
stable. Clearly there is a lot to understand about ‘basic’ movement. The 

way researchers often deal with all the complexities of 
movement is to build conceptual models of mechanics. 
Researchers actually have a pretty good model of walking 
using knowledge of maths, mechanics (physics) and 
muscles.

May the ground reaction force be with you
Researchers often want to measure the forces associated 
with movement. To do this they use force plates that can be 
embedded in the floor. These measure the ground reaction 
force (GRF), which is the force of the ground pushing back 
on you as you push down on it (think back to Newton’s 
third law of motion — every force has an equal and opposite 
reaction). GRFs work in three directions: up–down, side-
to-side and forwards–backwards. Box 1 and Figure 1 show 
how a force plate records a footfall during walking. The 
forwards–backwards force shown in green is related to how 
much you speed up and slow down in each step, while the 
wiggly side-to-side purple line shows how much you rock 

 outside the box

Human walking
Mechanics and muscles
Biomechanics researcher Zoe Self Davies explains that while human walking may appear to be a 
simple task, there is a lot of fascinating biology, maths and physics going on behind the scenes
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from left to right and how much your foot rolls. The big 
up–down M-shaped trace, in pink, is related to body weight, 
which acts downwards due to gravity and this is the one 
we’re really interested in here. This is the biggest force and 
it’s what keeps you up. Being able to get this ‘right’ in our 
model is a really big step (pun intended) towards describing 
walking.

Maths and the fantastic Fourier
Analysing the forces experienced by the legs goes a long way to describing 
and explaining walking, but it can be hard to make sense of all those 
wavy lines. However, there’s a neat trick to describing these lines. Fourier 
analysis is a mathematical technique that allows complex curves to be 
broken down into a series of sine waves. This type of analysis grew from 
work by Joseph Fourier in the 1800s. Fourier analysis makes use of our 
understanding of basic sine waves that can be described in terms of their 

Box 1 Force plates

Force plates measure force in three dimensions as you push on 
them. The graph in Figure 1 shows force through time during 
one footfall. The forwards–backwards force (green) is related 
to how much you speed up or slow down in each step, while 
the side-to-side one (purple) shows how much you lean left to 
right. The big M-shaped trace (pink) is the vertical (up–down) 
force: this force increases as more body weight is loaded onto 
the leg, dips in the middle as the body vaults over the leg and 
then decreases as the leg is unloaded. When the foot is off the 
ground, all forces are zero.

Fx

Fz

Fy

−Fz

−Fx

−Fy

   Forces:

• Up−down (vertical or GRFz )

• Forward−backward (anterior−posterior or GRFy )

• Side-to-side (medio−lateral or GRFx )

Bodyweight

Fo
rc

e

Time

Figure 1 Footfall forces measured on a force plate. Green: 
forward–backward (anterior–posterior or GRFy ); purple: side-
to-side (medio–lateral or GRFx ); pink: up–down (vertical or 
GRFz )

Fourier analysis  Explaining a wave in terms of its component waves.

Ground reaction forces  The forces associated with hitting or pushing on the 
ground.

Mechanical work  The energy transfer as a result of a movement.

Power  The rate at which work happens.

Prostheses  Artificial body parts, in this example, limb replacements.

Terms explained 

Studying how humans walk allows 
engineers and computer scientists to build 
and program advanced walking robots
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Do young children have 
wonky walking traces because 
their legs are too short?

amplitude (how tall the waves are) and frequency (how close together the 
waves are), as shown in Box 2 and Figure 2.

The GRF trace for walking adults can be described by just two sine 
waves, as in Figure 2(a). However, the force traces seen for walking children 
are wonky. When looking at GRFs for children (< 5 years) walking, a third 
sine wave is needed to fully describe the trace, as in Figure 2(b). This 
shows that these seemingly complex biological measurements can be 
described in simple terms using mathematics, which is hugely important 
when building a mechanical model for walking, and that this model may 
be different for adults and children. We now know what the force traces 
look like and that they can be described using only three numbers, but 
why do they look like this?

Mechanics and the inverted pendulum
If you asked an engineer ‘what’s the best way of walking?’, they would 
suggest minimising mechanical work. Mechanical work is a measure of 
the energy transferred to lift or accelerate a mass. The engineer would 
suggest that you should be transferring the minimum energy for a given 
distance moved. The best way to do this would be to walk with a really 
stiff leg, because the mechanical work done by the muscles would be low 
as they (the legs or the muscles) wouldn’t have to change length a lot. 
One of the most important models of walking is the inverted pendulum 
model. In this model, we view the leg as being like the pendulum from a 
clock, but upside down. The ball at the top represents the body and vaults 
over a stick that represents the leg, as shown in Box 3 and Figure 3. The 

Right RightLeft Left

The body moves over the leg. 
It is slowest in the middle and 

fastest at the ends

Gravity acts
down the leg

Velocity

Leg length

g

Figure 3 The inverted pendulum model

Box 2 Sine waves

Sine waves can be described by an equation consisting of their amplitude (how 
tall) and frequency (how many humps), using the trigonometric function sin. 
The equation is in the format:

wave = amplitude × sin(π × frequency × time)

Sine waves can be added together to make new, more complex, waves. 
Describing a wave in terms of its component waves is called Fourier analysis.

Higher amplitude Higher frequency
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(a) The pink force trace is made
up of the purple sine wave
plus the green sine wave.

F = a1 sin(πtf) + a3 sin(3πtf)

(b) We have to add in the
extra orange wave for
children.

F wave = wave 1 + wave 2 
+ wave 3

Figure 2 Sine waves can be described by their amplitude a 
and frequency f

Box 3
We view walking as being a bit like an ‘inverted pendulum’. 
Imagine a pendulum in an old clock, and turn it upside-down. 
This is similar to how a leg behaves during walking, where the 
blob is the person’s mass and the stick is the leg. This model 
represents walking remarkably well and accounts for the 
energy exchanges that take place during walking and the limits 
to walking speeds. It also accurately predicts the measurements 
we take from real humans walking.

Right RightLeft Left

The body moves over the leg. 
It is slowest in the middle and 

fastest at the ends

Gravity acts
down the leg

Velocity

Leg length

g
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(a) With this big crash,
muscles would have 
to do a lot of work 

really fast (high power
requirement)

(b) It’s the hatched area
that’s important so we can
buy some time but still too

much power here

(c) But this is too much work (d) This one is just right

✓✗ ✗ ✗

Real force traces show the compromise between
work and power… and then for some reason 

the sharp edges get nicely rounded off

Figure 4 These GRF traces have been made square (unlike those we see in biology) to make this concept easier to visualise. Adjusting the 
area under the two peaks determines the work and power the muscles have to achieve in a step

1 This muscle gets pulled

2 Forces act straight
   through the joints

3 Now this muscle pulls

End of
footfall

Beginning of
footfall

Figure 5 During walking, the human foot allows the body to vault over the leg without muscle loading

problem we face with this view of walking is how to get 
from one stiff-limbed pendulum to the next without a big 
crash in the middle.

Muscles and the big trade-off
Walking is driven by the muscles in the leg. There are two 
factors to consider here: first, there is an energy cost to 
activating muscles, and second, muscles can only do so 
much work. Muscles can also only achieve a certain amount 
of power, which is the rate at which work is done. So, if you 
were to do the same amount of work in a shorter time, you 

would have higher mechanical power. But what does this mean for our 
walking model?

Figure 4 shows some generic GRF traces that have been made square 
to make this next concept easier to visualise. It turns out, from looking at 
the mechanics, that the engineer’s idea of minimising work would result 
in infinitely high GRFs (and that means infinitely high power, which 
we know muscles cannot exert) — see Figure 4(a). But we can buy some 
time by making those peaks a bit shorter and a bit wider (see Figure 4b) 
as it’s the hatched area that’s important. Adjusting this area is trading-
off between muscle work and power. The last trace (see Figure 4d) shows 
the ‘just right’ trade-off between too much work versus too much power.
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Zoe Self Davies is a post-doctoral researcher working with 
Jim Usherwood at the Royal Veterinary College, where she 
investigates comparative human and animal biomechanics. 
As well as researching, Zoe is working on a project to get 
more biomechanics into schools. During her PhD, Zoe 
studied the biomechanics of maximum speed galloping in 
racehorses.

So, what do we know from this model?
Ever wondered why you can’t just keep walking faster and faster without 
breaking into a run? The inverted pendulum model tells us that, as you 
get faster and faster, there is not enough gravity acting down your leg and 
so you take off into a run. This model also explains the big dip in the 
middle of the M-shaped curve. This dip gets lower as you walk faster and 
you break into a run when it hits zero. Similarly, there is a limit to how big 
a step you can take (about 1.5 times your leg length), beyond which your 
foot will drag along the floor. The muscle–force–cost insight explains why 
we have weird feet in comparison to some other species — our feet make 
sense for walking as they form the perfect lever system shown in Figure 5.

Is there anything left to do?
Researchers have a good model for human walking but there are still some 
things we don’t know. One big question is whether this model is robust 
when looking at the population as a whole, and in order to answer this, 
scientists need to gather data from more people. In particular, we know 
from previous work that children have wonky traces for walking, but we 
don’t know whether this is because they are small (so it’s a leg length 
thing) or because they are young (so it’s a developmental thing). To find 
this out, scientists need to separate age from leg length in children. This 

might seem like an easy thing to do but it’s not simple at all: 
as children age, they get taller. While a lot more data would 
be useful, it may be that others in the animal kingdom can 
help us out here and we can make use of other two-legged 
species such as birds. Birds have a much greater range of 
sizes than humans (think sparrow vs ostrich) and this could 
allow us to tease out the leg-length–age conundrum.

All this information becomes important when scientists 
want to design robots that walk like humans, or help people 
to walk again following an injury. If we know what the 
forces should look like for a given leg length or age group, we 
can then say if the robot or patient is achieving a ‘normal’ 
walk. And if we know why they walk the way they do, we 
might have an idea how to improve them — with better 
shoes, training etc.

Experiment to try
Investigate whether there is a correlation between leg length 
(measure this to the hip joint rather than the top of the 
pelvis) and maximum walking speed (try timing each other 
to walk as fast as you can over a set distance).

For more about the past, present and future of walking: 
https://tinyurl.com/ybo5jxrh

Watch a video on the leg-length–age conundrum: 
https://tinyurl.com/y8zq7euw

Further reading 

Understanding how we walk is 
essential for people who have to 
learn to walk again
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Sharks, rays and skates are members of the Elasmobranchii. 
They are characterised by their skeletons, which are made 

from cartilage rather than bone. They have five to seven gills, 
rows of teeth that are continuously replaced and they lack 
swim bladders. They have a range of amazing morphologies, 
including ‘saws’ (sawfish), ‘hammers’ (hammerhead sharks) 
and ‘stings’ (stingrays). Some even glow in the dark — they 

are bioluminescent (lantern sharks). The largest individual in the group 
is the whale shark (Rhincodon typus), reaching more than 12.5 metres in 
length. The smallest, the dwarf lantern shark (Etmopterus perryi), is no 
longer than 21 centimetres (see Figure 1).

Some elasmobranchs are apex predators, such as the great white 
shark, and are key elements within food webs. Their presence is vital 
for the maintenance of the food chain. They help to maintain species 

Sharks, rays and 
the application of 
conservation genetics
Sharks and rays are at a particularly high risk of extinction. Many are on the IUCN Red 
List of threatened species but for nearly half of the 1038 known species we are ‘data 
deficient’, so the situation may be worse than we know. Marine biologist Samantha 
Hook explains how the application of DNA analysis can help conservation efforts

 impact 

Shark and a ray in a marine habitat
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diversity and are often keystone species. Apex predators can alter 
habitats and the disappearance of sharks has had a severe impact on 
coral reefs, seagrass beds and fisheries. Their absence causes an increase 
in abundance of other large predatory fish and the subsequent decline 
in herbivores leads to the expansion of seaweeds, preventing the 
development of coral reefs.

Several elasmobranch traits render them exceptionally 
vulnerable to overfishing. These include slow growth, late 
maturation and production of only a few young. Some of 
the most threatened species are unintentionally caught as 
bycatch while fishing for other species. But an estimated 
100 million sharks are directly and intentionally targeted 
by fisheries every year. Many are targeted for their fins, 
for use in shark fin soup. This frequently involves the 
wasteful method of finning, whereby the shark’s fins 
are removed but the rest of the carcass is dumped. In 
the UK, shark fin soup is sold in nearly every city. Many 
non-governmental organisations are working towards 
removing shark fin soup from the menu, and it has 
already been condemned in Cambridge and Bristol. 
The demand for meat, liver oil, and even gill-rakers — 
projections from the gill arches used during feeding 
— adds to the threat for several species.

Gill rakers are used as an ingredient in Chinese soup 
and supposedly can boost the immune system, cure cancer 
and solve fertility issues. However, none of these claims are 
supported by science.

Genetic diversity and conservation genetics
The International Union for Conservation of Nature (IUCN) 
recognises three aspects of biodiversity: species diversity, 

Predators as Prey: Why Healthy Oceans Need Sharks, points out the 
importance of shark protection. Sharks, rays and skates play an important role 
in the ecosystem. Oceana report, July 2008: https://tinyurl.com/y7tudl83

Why gill rakers are not effective medicinally and alternatives that are available: 
https://tinyurl.com/ya4grgbr

Watch the author explain how to help sharks using toothbrushes: 
www.youtube.com/watch?v=DLhuZ8DjtKU&t=3s

Visit the IUCN Shark Specialist Group: www.iucnssg.org

Learn some more basic biology of the elasmobranchs: 
www.sharktrust.org/en/education

Read the blogs from Environmental News Network, particularly the links 
between genetic and biodiversity: www.enn.com/wildlife/article/23391

The Shark Trust, Bite Back and Fin Fighters are non-governmental 
organisations working to ban shark fin soup: 
www.sharktrust.org    www.bite-back.com    www.finfighters.org

Further reading and weblinks Further reading and weblinks

Basking sharkWhale shark

Megamouth shark Great white shark

Great hammerhead shark

Oceanic white tip shark

Blue shark

Silky shark

Tiger shark

Thresher shark
Bull shark

Goblin shark Zebra shark

Nurse shark Lemon shark

Sand tiger shark

Dwarf lantern shark

Figure 1 Comparison of sizes of different types of sharks (drawn to scale)
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ecosystem diversity and genetic diversity. Genetic diversity 
is the least studied area in shark and ray conservation, with 
published genetic information for less than 7% of species.

Genetic diversity offers the means for populations to 
adapt to environmental changes. The likelihood of some 
individuals in a population having variants of alleles which 
offer a survival advantage is greater in populations with high 
genetic variation. A National Science Foundation project in 
2007 investigated the interdependence of genetic diversity 
and biodiversity. It concluded that diversity within a species 
(genetic diversity) is necessary to maintain diversity between 
species (biodiversity), and vice versa. Genetic studies within 
a population can therefore be a useful tool for collecting 
vital information regarding diversity and future viability. 
Diversity can be analysed by looking at the frequency of 
different alleles of genes in a population using the Hardy-
Weinberg principle or equilibrium.

The Hardy-Weinberg equilibrium (HWE), describes an ideal 
condition in which the allele and genotype frequencies in a population 
remain constant from one generation to the next in the absence of 
external influences. Assumptions are made that mating is random in 
a large population, and that there are no disruptive circumstances (e.g. 
overfishing, habitat destruction). HWE can be disturbed by a number 
of evolutionary forces, such as mutations (new alleles introduced into 

Alleles  Different forms of the same gene.

Allele frequencies  The relative frequency of alleles at a 
particular genomic locus in populations, expressed as a 
fraction, decimal or percentage.

Apex predator  The predator species that is found at the top of 
a food chain and upon which no other creatures prey, e.g. lions, 
humans and species of sharks.

Bycatch  The unwanted species caught in fishing methods of 
targeted fisheries, for example dolphins, birds, sharks and rays.

Diploid  A cell that has two copies of each chromosome, one 
from each parent.

Elasmobranchii  A subclass of cartilaginous fish including 
sharks, rays, skates and sawfish.

Genetic drift  The random change in allele frequencies in 
a population from generation to generation due to finite 
population size.

Genotype  The genetic makeup of an organism.

IUCN Red List  A list of threatened species. It is the world’s 
most authoritative list of known animal species that 
reviews and assigns species into one of six categories of 
conservation status: data deficient, least concern, near 
threatened, vulnerable, endangered, and critically endangered. 
Species found in least concern, or near threatened are 
further categorised as least threatened with extinction (or 
non-threatened), while species in vulnerable, endangered 
or critically endangered are classified as threatened with 
extinction (or threatened).

Keystone species  A species responsible for having major 
effects on its ecosystem.

Microsatellites  A piece of DNA consisting of very short 
nucleotide sequences repeated many times. The number of 
repeats can vary between members of a species, effectively 
representing molecular alleles.

PCR  Polymerase chain reaction — a method of amplifying 
fragments of DNA.

Studbooks  In animal husbandry, a list of animals within a 
specific breed, the parents of which are known.

Terms explained 

Hammerhead shark

Sawfish
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a population), natural selection, non-random mating, genetic drift 
and gene flow (new alleles coming in with migrants from another 
population). So HWE is most useful when studying genetic variations 
in wild populations. The most common genetic diversity measurement 
using HWE is comparing observed and expected heterozygosity (Hobs 
versus Hexp, see Box 1).

A conservation geneticist can sample DNA from sharks and rays and 
isolate defined short tandem repeats of base pairs (sequences) called 
microsatellites. In 165 black tipped reef sharks caught, sampled and 
released in French Polynesia, researchers analysed 11 microsatellites 
for heterozygosity frequencies (the number of times particular small 
sequences were found). The large deviation from HWE indicated that the 
species had gone through a genetic bottleneck (see Figure 2) and that a 
ban on black tipped reef shark hunting was urgently needed.

Dramatic reductions in a population, such as that caused by overfishing, 
can lead to a genetic bottleneck. This leads to a diverse population being 

superseded by a more genetically uniform one, as only a 
small number of survivors are left. Even if a population 
begins to re-expand, genetic diversity will still be low as 
fewer alleles exist than in the pre-bottleneck population. Any 
population with low genetic diversity is at risk of extinction. 
This is due to the lack of variability, which can mean 
individuals may not have enough genetic information to be 
able to overcome environmental pressures such as disease.

The original method of collecting DNA from sharks, rays 
and skates involved taking tissue or blood samples. New 
non-invasive techniques have recently been developed, 
such as taking mucus swabs. Here the skin of individuals is 

Figure 2 Population bottleneck represented over time. The 
coloured fish represent the diverse genetic population, the 
bottleneck reduces this variation and when the surviving 
population reproduces, the genetic diversity is drastically 
reduced

Big population

Bottleneck Tim
e

Loss of genetic
diversity

Box 1 Expected heterozygosity as a measure of
genetic diversity

Most vertebrates are diploid. Heterozygous individuals have two different 
alleles for a gene; the alleles of homozygous individuals are the same. High 
levels of heterozygosity indicate a population with high genetic diversity; 
low levels indicate low genetic diversity. At A-level you learn that if there are 
two alleles in a population (e.g. A and a), their frequency is measured by two 
parameters, p and q. The Hardy-Weinberg equation states that p + q = 1 and 
for a diploid organism p2 + 2pq + q2 = 1. So if the alleles lead to different 
phenotypes it is a simple matter to calculate the frequencies of alleles and 
see how they vary from predicted. For conservation geneticists measuring 
microsatellites, there may be more than one allele (number of repeats) and 
the equations get a little longer. Nonetheless, it is useful to compare observed 
heterozygosity with expected heterozygosity (Hexp) under HWE. If observed 
heterozygosity is lower than Hexp, inbreeding may have occurred, a common 
symptom of small populations. Generally, in all taxa, genetic diversity is lower 
in threatened species than in non-threatened species. 

A black-tipped reef shark 
(Carcharhinus melanopterus)
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Samantha Hook is a conservation geneticist studying sharks and rays at 
the University of Manchester. Her research involves undulate ray genetic 
research, which she aims to apply in conservation genetics to help save 
sharks and rays from extinction. 

brushed with a toothbrush or sponge to collect mucus (which contains 
sloughed-off skin cells with DNA). Analysis of environmental DNA 
(eDNA) is another recent advance in conservation genetics and is the 
process of collecting DNA from biological remains such as skin and faeces 
present in the water. Using such methods to measure genetic diversity 
will help us to understand how diverse elasmobranch populations are, 
and how they react to changing environmental conditions, information 
essential to their conservation.

Ironically, the symbol of impending doom for swimming humans in 
the film Jaws is in part a reason for the downfall of all sharks, as many 
have been killed because of it. Despite their media image, sharks are on 
average responsible for only five human deaths per year.

Box 2 Ray genetic research

Undulate rays have been researched since 2014 both in 
captivity and the wild. Pioneered by SEA LIFE and the 
University of Manchester, mucus swabs have been used to 
determine genetic diversity and parentage for studbooks of 
captive undulate rays in the UK and Europe. Mucus can be 
collected with a brush. The DNA is extracted from the skin cells 
and amplified using PCR for microsatellites. SEA LIFE was able 
to create family trees, and able to test the genetic diversity 
to establish that their undulate rays were not inbreeding. By 
conducting the same study in the wild, a comparison between 
genetic diversity levels was made. This research has helped to 
protect the undulate ray, maintained a healthy aquarium of 
animals and aided the ability to monitor the genetic health of 
wild populations. The species as of 2016 is now no longer listed 
as endangered on the IUCN Red List.

Whale shark, the largest of the 
Elasmobranchii

Undulate rays are microchipped when they are brought to 
the aquarium, or once they reach sexual maturity. This allows 
individual identification for health checks and DNA swabs
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Victoria Wang

Cancer stem cells
The seeds of a tumour

E
very human body is made of several 
trillion cells. Specialised cell types work 
together, form tissues and organs, and 
perform particular tasks. For example, 

skin cells act as a barrier to the outside world, red 
blood cells transport oxygen around the body, 
white blood cells defend us against pathogens. 
Some organs or organ systems have several roles. For example, the blood 
(haematopoietic) system contains several cell types. White blood cells, 
including B cells, T cells, macrophages and neutrophils, collectively make 

up the immune system. Platelets are important 
for blood clotting and red blood cells transport 
oxygen. All these different blood cells originate 
from a single kind of cell in the bone marrow 
called the adult haematopoietic stem cell 
(HSC, see Figure 1). 

Adult stem cells are crucial for the maintenance 
of the human body. These stem cells are able to self-
renew — make new copies of themselves for the 
lifetime of an individual — and also to differentiate 

Cancers contain many different cells, only some of which can start the 
growth of tumours. The latter, known as cancer stem cells, share several 
features with normal adult stem cells. Cancer researcher Victoria Wang 
shows how this understanding may lead to new ways to treat cancers

(Cancer) stem cells
Cancer treatment
Leukaemia
Colorectal cancer

Key words Key words

Coloured scanning electron micrograph of 
a mouse pancreatic cancer stem cell

2 µm
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— make the specialised cells of an organ. Adult stem 
cells maintain the body by balancing the number 
of times they self-renew or differentiate. When stem 
cells self-renew and proliferate too much, this can 
lead to cancer. If too many differentiate, the stem 
cells can be used up, which can lead to premature 
ageing. Adult stem cells also respond to injuries and 
repair damaged organs. For example, HSCs provide 
the right number and proportion of white and red 
blood cells and platelets, as well as ensuring that 
there are always backup cells that can replenish all 
cell types after blood loss.

Cancers contain cancer stem cells
Cancers — the uncontrolled proliferation of 
cells — are often thought of as large masses of 
identical malignant cells. However, researchers 
have suspected for decades that, just as in healthy 
organs, there can be a variety of different cancer 
cells in a single tumour. For instance, some cancer 
cells are more likely to metastasise, or are more 
resistant to anti-cancer drugs, or are more able 
to form new tumours. These observations have 
led scientists to propose that, like healthy organs, 
tumours may contain cancer stem cells (CSCs). 
These CSCs can self-renew as well as differentiate 
to produce the bulk of the cancer cells, which are 
malignant but cannot grow indefinitely. In other 
words, CSCs can lie at the heart of a cancer and can 
fuel its entire growth.

Evidence supporting the existence of CSCs came 
from human acute myeloid leukaemia (AML) cells. 
AML is a cancer of the haematopoietic system 

in which immature white blood cells proliferate too much, filling the bone 
marrow so that it can no longer produce healthy blood cells. The balance 
between self-renewal and differentiation becomes skewed in favour of self-
renewal.

In the 1990s, scientists injected patients’ AML  cells into immuno-
compromised mice. Only approximately 50 AML cells in a million were able 
to start the growth of a new leukaemia. There were two possibilities to explain 
why so few cells could make a new leukaemia: either every AML cell had a very 
low likelihood of re-growing the leukaemia in a mouse, or there was only a 
small subset of AML cells, the CSCs, that had a high likelihood of forming a 
new cancer (see Box 1). 

Monocyte

Macrophage

Basophil EosinophilNeutrophil

Plasma cell

B lymphocyteT lymphocyte

Small lymphocyteNatural killer cell

Common lymphoid progenitor

Haematopoietic
stem cell

Common myeloid progenitor

Red blood
cells Mast cell

Megakaryocyte

Platelets

Myeloblast

Figure 1 The adult haematopoietic system is organised as a hierarchy. The HSC at the top can generate all other, more differentiated, 
blood cells of an adult: the immune cells, platelets and red blood cells

Box 1 How a new tumour grows

There were two possibilities to explain why only some human AML cells formed new 
leukaemias in mice (see Figure 1.1). Either:
(a) all cells had a low capacity to form new tumours, or 
(b) only a small proportion of cells, the CSCs, had a high likelihood of growing new 
tumours

CSC

CSC

CSC

CSC

CSC

(a) (b)

Figure 1.1

These two possibilities could only be distinguished using protein markers and doing 
the sorting experiment. The lightning-shaped arrow indicates new mutations.
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To discriminate between these two options, 
scientists used protein markers found on the surface 
of some cells but not on others, to distinguish 
between the different cell types in a tumour. They 
used two protein markers called CD34 and CD38. 
It was already known that healthy HSCs have high 
levels of CD34 and low levels of CD38 on their 
surface. Then they physically separated the AML 
cells with CD34high;CD38low — up to 2% of the total 
sample — from the bulk of the patients’ AML cancer 
cells using a technique called fluorescence-activated 
cell sorting (see Box 2). When the two groups of 
cells were subsequently injected into mice, the 
CD34high;CD38low cells formed leukaemias, whereas 
the remaining AML cells did not. The experiments 
provided evidence that there is a specific group of 
AML cells, marked by high levels of CD34 and low 
levels of CD38, that contains CSCs and can initiate 
new leukaemias. 

The next question was whether CSCs also exist in 
solid tumours, such as breast, brain and colorectal 
cancer. By adapting the experiments explained 
earlier, and using different markers, the first CSCs 
in breast and brain cancer were discovered in 2003. 
A few years later, scientists found that colorectal 
CSCs are marked by yet another protein called Lgr5, 
which also characterises healthy adult intestinal 
stem cells. Research is still uncovering CSC markers 
in other cancers.

CSCs and cancer therapy
Currently, the most common ways of treating cancer 
are surgery to remove the cancer, and chemotherapy 
or radiotherapy to kill rapidly dividing cells. 
Chemotherapeutic drugs can be very effective 
at eliminating cancer cells. However, since these 
drugs target all of the body’s proliferating cells, 

CSC

CSC

CSC

Drugs that 
kill CSCs

Tumour should
lose its ability 
to generate

new cells

Tumour
completely
eradicated

Tumour shrinks
but grows back

Chemotherapy
or radiotherapy
kills tumour cells
but not cancer

stem cells

Figure 2 Most cancer therapies kill the bulk of 
tumour cells but may miss the CSCs. CSC-specific 
therapy is aimed at the CSCs with the goal of 
eventually killing all malignant cells by attacking the 
tumour at the top of the hierarchy

Box 2 Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) is a widely used technique in biological 
research that can physically separate cells with different properties (see Figure 2.1). 
First, a mixture of cells is labelled with one or more fluorescent antibodies that 
recognise specific cell surface marker proteins. Second, a flow cytometer machine 
(see photo on p. 40) analyses the labelled cells one by one. Each cell is contained 
in a liquid droplet and passes between the beam of a laser and a detection system, 
which measures the physical properties of the cell — such as size and overall shape 
— as well as whether it has been tagged with fluorescent antibody. Third, droplets 
containing the cells of interest are given an electric charge and then attracted by 
electromagnets so that they can be collected in separate tubes. The separated 
cells can then be used for further experiments, such as injections into immuno-
compromised mice.
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Cancer relapse  The re-growth of a cancer after initial, successful treatment.

Immuno-compromised mice  Mice with a weakened immune system; cancer cells 
from human patients can be injected into these mice without being rejected.

Malignant  Describes harmful cancer cells that are likely to spread to other parts of 
the body; opposite of benign.

Metastasis  Cancer cells growing at sites distant from the first tumour; metastases 
are often fatal.

Protein markers  Proteins expressed on the surface of some cells but not others; 
used to distinguish cells within a mixture.

Xenograft  Cells transplanted from one organism into another, often used to study 
human cells that cannot be analysed directly in a patient.

Terms explained 
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known about CSCs so far, the researchers hypothesised that deleting these 
cells would eventually lead to the disappearance of the tumours. When the 
mice were given drugs that killed the human CSCs, the xenografted tumours 
stopped growing. However, they did not become smaller. More traditional 
chemo/radiotherapy will be needed to shrink tumours at the same time as 
targeting CSCs to prevent cancer relapse.

Organs and tumours are complex systems
The experiments aimed at eliminating CSCs revealed another complication. 
Once the mice stopped receiving the drugs, the human Lgr5-expressing cells 

Light micrograph of a blood smear from a patient with acute myeloid leukaemia. The 
large, dark purple cells are white blood cells, while the smaller, pale purple cells are red 
blood cells. Myeloid leukaemia affects the white blood cell precursors (myeloblasts) ×1000

YouTube videos on cancer stem cells: 
www.youtube.com/watch?v=mnTQTjBZoAE 
www.youtube.com/watch?v=uLwpo9o94jQ

Introduction to flow cytometry:  https://tinyurl.com/y8vupyhn

BIOLOGICAL SCIENCES REVIEW, Vol. 16, No. 2, pp. 21–23.

BIOLOGICAL SCIENCES REVIEW, Vol. 29, No. 3, pp. 2–7.

BIOLOGICAL SCIENCES REVIEW, Vol. 30, No. 3, pp. 38–41.

Further reading 

they also kill healthy cells, such as hair follicle or 
intestinal cells, leading to side effects including 
hair loss and nausea. Furthermore, some cancer 
cells can survive chemotherapy and radiotherapy. If 
the CSCs survive then they can, later, initiate new 
tumours or leukaemias, leading to what is known 
as a cancer relapse.

If we knew which cells in a tumour are CSCs, 
it might be possible to develop drugs specifically 
aimed at them. These therapies might need to 
be applied together with conventional chemo/
radiotherapy, but would be expected to completely 
eliminate the cancer (see Figure 2).

CSC-specific treatments are not yet available, but 
scientists can test the strategy of eliminating CSCs 
using human cancer cell xenografts that have been 
transplanted into immuno-compromised mice. As 
mentioned earlier, CSCs in human colorectal cancer 
are marked by the protein Lgr5. Last year, two 
research groups deleted the human Lgr5-expressing 
CSCs growing as xenografts in mice. From what is 
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re-emerged and the tumours started growing again. The appearance of CSCs 
after they had been eliminated suggests that some of the non-CSCs in the 
tumour convert into CSCs under pressure from the anti-cancer treatment 
(see Figure 3). 

Similarly, healthy organs overcome stressful 
situations by converting cells back into stem cells. 
For example, when Lgr5-expressing intestinal stem 
cells are deleted in mice, these animals remain 
healthy: other, more differentiated cells in the 
intestine become Lgr5-expressing stem cells to 
keep the organ working properly. Since non-CSCs 
in colorectal cancers can also switch to being 
Lgr5-expressing CSCs, the cells in tumours 
are probably behaving in a similar way to the 
healthy organ system. Being a (cancer) stem cell 
is not a characteristic of a single cell in isolation. 
Somehow organs and tumours sense when the 
(cancer) stem cells have gone missing and form 
new ones. Researchers are trying to find out how 
these complex systems work, how cells detect and 
respond to their environment, how non-CSCs can 
turn into CSCs, and how CSCs evolve during the 
growth of a tumour, especially during anti-cancer 
treatments. Considering how long doctors and 
scientists have battled and studied cancers, CSCs 
are still a relatively new area of research and we are 
still learning about the heterogeneity in tumours.

Questions
1 Which other organs, apar t f rom the 
haematopoietic system, contain more than one cell 
type? 
2 What are the disadvantages of using cell surface 
protein markers to distinguish cancer stem cells 
from the rest of the cancer cells? 
See below for (some) answers

Victoria Wang has a BA/MSci in biochemistry 
from the University of Cambridge and is 
currently doing her PhD at The Francis Crick 
Institute in London, studying cancer stem cells in 
pancreatic cancer.

• Not all cells in an organ or a tumour are the same.
• (Cancer) stem cells have the ability to both self-
renew and differentiate, maintaining entire organs or 
tumours.
• Using drugs specifically to kill cancer stem cells, 
in combination with classical therapies, may benefit 
cancer patients in the future.

Key points 

(Some) answers
1 Skin, pancreas, intestine, nervous system, thyroid, 
kidneys.
2 E.g. using one marker does not exclude the 
possibility that other markers also mark (cancer) 
stem cells; for FACS, thousands of potential markers 
are missed because we focus on the proteins on the 
surface, but markers could be in the cytoplasm.
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Figure 3 When colorectal CSCs are killed, other non-CSCs can change to become 
CSCs, helping tumours to survive. This is called reversion. (a) For the first 20 days, 
while the CSCs in the mice are being killed by the drug treatment, the tumours do 
not grow. When the drugs are withdrawn, the tumours start growing at a similar 
rate as the placebo-treated tumours. (b) Left: tumours are growing without drug 
treatment or placebo drug treatment. Right: the CSCs are being killed by therapy, 
but the non-CSCs can convert into CSCs

Technician using a flow cytometer to examine a sample 
of blood stem cells tagged with a fluorescent antibody
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The small capillaries at the back of the retina in the human eye are 
usually supported by cells that wrap around them. The pericytes 
(peri — from the Greek word for ‘around’; cyte — from the 
Greek word for ‘cell’) in this image have made a shape similar to 
the Batman symbol. The pericyte cells also closely envelop the 
capillaries, just like Batman’s cape. In people with type II diabetes, 
however, these pericytes tend to unravel. We don’t yet understand 
why they do this, but where they detach, the capillary walls beneath 
become leaky.

Pericytes are found on the capillaries of most tissues but the 
retina has the most, with a 1:1 ratio of pericytes to every capillary 
endothelial cell. My research project involves growing human 
pericytes in culture so that we can study the cellular changes that 
happen in the retina during type II diabetes.

The pericytes in the main image have been grown on glass slides, 
fixed in methanol, stained with fluorescently tagged antibodies 
and imaged in a confocal microscope. The magenta antibodies 
have bound to the vascular signalling molecule Angiopoetin-2 and 
the green fluorescence reveals the contractile protein actin. The 
pericytes with actin have contractile properties, whereas the non-
green pericytes do not, even though they are the same cell-type. 
This highlights the pluripotent nature of these cells (see BIOLOGICAL 
SCIENCES REVIEW, Vol. 30, No. 3, pp. 38–41).

Batman pericytes

Jessica Eyre is a researcher in the Department of Eye and Vision 
Science at the University of Liverpool.
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