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The AIDS epidemic started in the early 1980s. Since then, scientists have 
worked both to understand the disease and to develop treatments and a 
possible cure. Geneticist Gabriella Knowler highlights the key events in 
the story of HIV, and looks at the future of HIV/AIDS treatments

Gabriella Knowler

Thirty-five years of 
HIV/AIDS

Artist’s impression of HIV 
virus in the bloodstream

2 Biological Sciences Review  April 2017
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I
n June 1981, a research paper linked pneumonia 
and rare skin cancers to a deficiency of the 
immune system. Patients had very low levels of 
white blood cells and could not fight off even 

minor infections. The condition was mostly found 
in homosexual men, injecting drug users and those 
who had received blood transfusions, suggesting 
that it is transferred by contact with infected blood 
or other body fluids.

In the same year, six men in New York set up an 
advice hotline to support those with the disease. 
The Gay Men’s Health Crisis (GMHC) was the first 
AIDS charity and received 100 calls on its first day. 
So little was known about the disease that the only 
help they could provide was organising funerals 
and travel for families to say goodbye. By the end 
of the year there were 270 cases and 121 people had 
died in New York alone. The cause of the disease — 
a virus — was identified in 1983 (see Box 1) and the 
term we use today — acquired immune deficiency 
syndrome (AIDS) — was introduced in 1986. 

Thirty-five years on, HIV/AIDS is still a worldwide 
epidemic (see Box 2), but the number of new cases 

has begun to fall. Before therapies were developed, HIV/AIDS was a 6-year 
death sentence. Nowadays, with treatment, it is a chronic but manageable 
disease with normal life expectancy. But the epidemic is not over.

What is HIV?
The virus that causes AIDS is the human immunodeficiency virus (HIV). Early 
stage HIV either has no symptoms or they are like flu. Untreated, it progresses to 
AIDS in about 3 years. Like all viruses, HIV can only replicate within a host cell. 
HIV infects and destroys a subset of white blood cells called CD4+ cells. These 
cells are part of the immune system and include T-cells and macrophages. All 
CD4 cells have CD4 receptors on their cell surface membrane.

HIV is a retrovirus — its genetic code is single-stranded RNA. The RNA 
is protected inside a capsid coat. The outside of the virus is a lipid membrane 
covered in antigens. These antigens are made of glycoproteins that allow the 
virus to interact with, and invade, other cells (see Figure 1).

There are two major strains of HIV that can lead to AIDS — HIV-1 and HIV-2. 
These strains have different origins. HIV-1 originated in chimpanzees and 
HIV-2 originated in the sooty mangabey, a monkey from Ghana and Senegal. 
Both strains are thought to have crossed to humans via the bushmeat trade in 
Africa when hunters came into contact with infected blood.

What is AIDS?
AIDS is the disease caused by prolonged infection with HIV. HIV destroys white 
blood cells and causes a deficiency over time. AIDS arises when the level of 
white blood cells becomes so low that the body cannot fight off even minor 

HIV
AIDS
Epidemic
Gene editing

Retrovirus
RNA
DNA

Key words 

Antigen  A molecule on the surface of pathogens that triggers the immune response.

Glycoprotein  A protein with one or more carbohydrate side chains.

Macrophage  A white blood cell that engulfs pathogens.

Programmed cell death  An intracellularly regulated process that leads to cell 
death.

Retrovirus  A virus that has an RNA genome and uses reverse transcriptase.

Reverse transcriptase  An enzyme that catalyses production of DNA from an RNA 
template.

Stem cell  An unspecialised cell that can self-renew and produce multiple different 
cell types.

T-cell  A white blood cell that detects pathogens and activates other immune cells.

Terms explained 

Box 1 Who got there first?

The cause of AIDS was identified in Paris in 1983. 
Luc Montagnier, working at the Pasteur Institute, 
suspected it was viral and eventually isolated the 
virus from a patient. At the same time, Robert 
Gallo, a scientist in the USA, also identified the 
virus and proved it was the cause of AIDS. The two 
teams argued about who first discovered HIV until 
1986 when the presidents of the two countries 
met to agree. They decided that Montagnier would 
be credited with discovering the virus, and Gallo 
would be recognised for proving the link to AIDS. 
That year the virus was officially named the human 
immunodeficiency virus (HIV).

Box 2 HIV/AIDS today

• 78 million people globally have been infected with 
HIV since 1981.
• Nearly 37 million people are living with HIV.
• 5500 new people are infected by HIV every day.
• Less than 40% of people in low-income or middle-
income countries have access to therapy.
• Since 2004, HIV-related deaths have fallen by 42% 
per annum.

Protease

Reverse
transcriptase

Capsid
coat

RNA

Lipid
membrane

Antigen

Figure 1 Structure of HIV
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Advertising campaigns have helped to reduce the spread of HIV 
worldwide
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infections. Patients do not die of AIDS, but of opportunistic infections, such 
as pneumonia. The symptoms of AIDS can include repeated infections, rapid 
weight loss, fevers, diarrhoea, pneumonia and bruise-like blotches on or under 
the skin.

How does HIV cause AIDS?
HIV invades white blood cells by binding to two receptors on the cell surface 
membrane. The virus uses surface antigens to first bind to CD4 receptor 

proteins and then to a second receptor, called CCR5 
(see Figure 2). Once it has bound to both receptors, 
HIV is engulfed by the cell.

Once inside the cell, the virus is replicated. First 
its capsid coat is removed to reveal the genetic 
material. An enzyme present in the virus, reverse 
transcriptase, copies the viral RNA into DNA. 
This DNA is then inserted into a host chromosome 

HIV invading a white blood cell The CCR5 mutant is resistant to HIV

HIV invading the cell

Antigen
HIV bound to CD4 and CCR5

CCR5
receptor

CD4
receptor

No CCR5 for HIV 
to bind to

Figure 2 HIV needs CCR5 to bind to and invade a white blood cell. When CCR5 is absent the HIV cannot bind

6595_Biology_29_4_press2.indd   4 23/02/2017   14:28



5www.hoddereducation.co.uk/biologicalsciencesreview

using another viral enzyme — integrase. Then, 
when the cell makes normal proteins it also makes 
a viral protein that has everything needed to form 
a new virus. Final maturation of the virus particles 
involves another enzyme — protease — that cuts 
the viral protein into smaller parts so that the virus 
can be assembled as it leaves the cell. Mature HIV 
is then free in the blood and can infect other cells.

During this process, HIV destroys white blood 
cells by initiating a process called programmed 
cell death. This process can be triggered at 
three points of the HIV cycle — when viral DNA 
is created, when the viral DNA is integrated into 
the host chromsome, or when HIV protease 
is active.

However, sometimes the cell survives and HIV remains dormant inside. This 
is one of the reasons why there is currently no cure for HIV, because the virus 
may reactivate at any time — even when it appears to have gone.

How can we treat HIV/AIDS?
By knowing how HIV leads to AIDS, drugs can be created to inhibit 
various stages of the cycle. These drugs are called anti-retrovirals. One of 
the first drugs was AZT, which inhibits reverse transcriptase and stops the 
transcription of viral RNA to DNA. Combination therapy is the best current 
treatment available for HIV and includes at least three different drugs targeting 
different stages of the cycle. Two of these are reverse transcriptase inhibitors 
like AZT and one inhibits viral protease. A combination of drugs is used to 
avoid HIV becoming resistant to any of the drugs.

Drug therapy can reduce the amount of virus in the body, but this is not a 
cure. To stop dormant HIV from reactivating, anti-retrovirals must be taken 
every day for the rest of the patient’s life.

Will there ever be a cure for HIV/AIDS?
There is currently no cure once a person is infected with HIV. However, some 
rare cases have inspired research that could potentially discover a cure. In 
2006, an HIV-positive patient called Timothy Ray Brown received a bone 
marrow transplant (to treat leukaemia) from a donor who was resistant to 
HIV. Brown was deemed functionally cured in 2009 as he no longer needed to 

More historical information: www.news-medical.
net/health/History-of-AIDS.aspx

World Health Organization information on AIDS: 
www.who.int/hiv/en

Further reading Further reading
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take anti-retroviral drugs. But he still had some dormant viruses in his body. 
In 2012, it was agreed that Brown is completely cured as there is no sign of HIV 
in his white blood cells.

The HIV-resistant donor who gave bone marrow to Brown had a mutation 
in his/her CCR5 receptor gene. More than 10% of Europeans naturally have a 
mutation in the CCR5 gene that stops it from appearing on the surface of CD4+ 
cells. If this mutation is homozygous, it makes the person HIV resistant because 
the virus cannot bind to and infect these cells. Fortunately, this mutation does 
not have any major negative effects, so scientists are trying to recreate it in 
patients.

One way to create a mutation is using gene editing. Gene editing techniques 
can change the DNA sequence of a cell. Two molecular tools are used. The first 
tool searches and locates the gene. The second tool acts like a pair of scissors 
to cut out a part of the gene, and replaces it with the desired sequence (for 
the mutated gene). These tools make up a technique called CRISPR-Cas9 (see 
pp. 10–13).

Gene editing was used to treat HIV patients in a clinical trial in 2014. White 
blood cells were taken from 12 patients and gene editing was used to create 
the CCR5 mutation in these cells. The cells were infused back into the patients 
and they maintained low or undetectable levels of HIV even without their anti-
retroviral medication. 

The treatment only lasted 12 weeks because our blood is normally replaced 
every 3 months. To create a long-lasting effect, scientists are attempting the 
same technique to make the CCR5 mutation in the blood stem cells in 
the bone marrow. This will create a constant supply of HIV-resistant white 
blood cells.

Prevention is better than cure
As there is currently no cure for HIV, the best 
way to control the epidemic is prevention. This 
is mostly done by educating the population 
and implementing strategies to prevent new 
infections (see Box 3). HIV is transmitted during 
blood–blood contact with an infected individual, 
most commonly by sexual contact. So the most 
effective way to prevent transmission is by 
using condoms.

The timeline of the HIV/AIDS story is a long 
one (see Figure 3), and the disease remains a huge 
threat. However, it has taught us important lessons 
about managing new viral outbreaks, including bird 
flu, Ebola and most recently the Zika virus.

Topic for discussion
 ■ The AIDS crisis was not addressed until it became 

an epidemic. What lessons can we learn to prevent a 
similar epidemic in the future?

Box 3 Preventing HIV infection

Educating people about prevention remains the best approach to control the AIDS 
epidemic. In 1988 in the USA, the word ‘condom’ was printed for the first time 
as part of an advertising campaign. Since the 1980s, a range of strategies and 
advertising campaigns have been introduced to reduce the likelihood of transmission 
(see Table 1.1).

Table 1.1

Mode of transmission Control method

Unprotected sexual contact Campaigns to promote condom use

Contaminated blood transfusions Compulsory testing of all donated blood

Sharing hypodermic needles Needle and syringe replacement  
programmes to provide sterile equipment

Mother to baby during birth Anti-retroviral drugs to limit transmission

Gabriella Knowler has a BSc (Hons) in genetics 
with industrial experience from The University of 
Manchester. She now works in marketing for the 
biotechnology industry.

• The HIV/AIDS epidemic was first detected 35 years 
ago.
• The HIV virus infects white blood cells, replicates, 
and then destroys the cells by triggering programmed 
cell death.
• Prolonged infection with HIV causes AIDS by 
severely weakening the immune system.
• Current drug therapies can inhibit disease 
progression, but prevention is important to stop its 
spread.
• A mutation in a receptor called CCR5 makes some 
people resistant to HIV infection.
• Gene editing to recreate the CCR5 mutation is 
being investigated as a potential cure for HIV/AIDS.

Key points 

1981
The New York Times
reports a rare cancer
has been found in 41
homosexual men

HIV, the cause
of AIDS, is
discovered
1983

1985
President Reagan
�rst uses the 
acronym AIDS
publicly in a
press conference

AZT, the �rst
antiretroviral
drug for AIDS
is released
1987

1988
The word
‘condom’ is �rst
printed in a safe
sex campaign to
help prevent the 
spread of HIV

The HIV 
resistance
mutation in
CCR5 is 
discovered
1996

1997
HIV deaths
begin to fall
thanks to the
combination
therapy

Timothy Ray
Brown is 
functionally 
cured of
HIV/AIDS
2009

2012
CRISPR, the gene
editing tool, is
discovered. It
quickly becomes
an area of interest
for HIV therapy

Gene editing
is used to treat
HIV patients
in a short
term trial
2014

Figure 3 Timeline of HIV/AIDS
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Pawprints in the sand so fresh 
you can see every detail, 

even in the rain. Claw marks in 
trees with sap still oozing from 
them. A distinctive pungent 
scent, reminiscent of sweat and 
cooked onions. A primal shiver 
runs through you as you realise 
a jaguar has passed through just 
minutes before. Tortuguero National Park (see Box 1) is one 
of the few places in the world where these big cats prey on 
sea turtles, dragging them from the beach into the jungle 
as they come ashore to nest. Coastal Jaguar Conservation 
(CJC) studies this unusual relationship between an apex 
predator and its reptilian prey in Tortuguero National Park, 
on the Caribbean coast of Costa Rica.

Jaguars are listed as Near Threatened by the International 
Union for the Conservation of Nature (IUCN), and their 

Working on 
conservation’s 
frontline

 impact 

global numbers are declining due to continued habitat loss from threats 
such as commercial logging and slash-and-burn agriculture. Despite efforts 
to protect the species, competition with, and persecution by, humans 
remains a problem. Jaguars are often shot on sight or even lured into 
ambushes in the interest of protecting livestock, reducing competition 
for game to hunt, or selling jaguar body parts illegally. Their numbers are 
shrinking in many areas, but in Tortuguero, the population is stable at 
high density.

CJC, with the collaboration of staff and volunteers from Global Vision 
International (GVI), studies jaguars and other wild cats, such as ocelots 
and pumas, and their prey species. Camera traps are positioned on trails 
regularly used by the animals, set up to take photos or videos when 
movement triggers an infrared sensor. The footage can then be used 
to record cats and their prey, which includes agouti, brocket deer and 
curassow. Individual wild cats can be identified from the unique pattern 
of the rosettes in their fur.

The organisations also conduct surveys on Tortuguero beach to collect 
data on jaguar presence and activity in this coastal habitat. Their project 

At a remote field station in Tortuguero National Park, Costa Rica, volunteers work to 
preserve endangered wildlife and an ecosystem recovering from intense human exploitation. 
Global Vision International staff member Raphaël Coleman explains the work of the 
conservation organisations involved

Conservation
National Park
Wildlife
Biodiversity
Camera trapping
Mark–recapture

Key words Key words

7

A female jaguar caught on a camera 
trap in Tortuguero. Her eyes shine 
bright green as the camera’s light 
bounces off the tapetum lucidum, 
a reflective layer at the back of the 
eye which enhances her night vision

7www.hoddereducation.co.uk/biologicalsciencesreview
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studies jaguar predation on the four species of marine turtle that nest in 
the National Park (see Box 2), and has discovered unusual social behaviour 
in Tortuguero’s jaguars. There is an abundance of turtle prey during the 

nesting season, and some of the cats share kills — extremely 
surprising for a species known as a solitary carnivore. CJC’s 
research shows that jaguars are responsible for predating less 
than 2% of the nesting green turtle population, and so the 
jaguars are not considered a threat. The jaguars’ adaptation 

IUCN Marine Turtle Specialist Group: 
www.iucn-mtsg.org

IUCN listing for the jaguar: 
www.iucnredlist.org/details/15953/0

Find out more about volunteering in Costa Rica:
www.gvi.co.uk/location/jalova

www.conserveturtles.org/costarica.php?page=research

To find more about Coastal Jaguar Conservation visit: 
www.facebook.com/JaguarConservationCostaRica

Read the following paper about the jaguars of Tortuguero 
National Park, including camera trap images: http://tinyurl.
com/hjjkj27

Further reading 
Box 1 Tortuguero National Park

The Park was established in 1975. Cultivated fields of coconuts and bananas 
and logging operations were abandoned, and the commercial hunting of 
mammals and sea turtles fell as a result of the protection of the wildlife. 
Tropical (‘secondary’) rainforest quickly recolonises clear-cut spaces, so the 
land was soon reclaimed by lush jungle, teeming with wildlife. 

Today, towering native trees spread their canopies over dense undergrowth 
and still swamps. This mature secondary forest ends abruptly in 40-metre 
high walls of vegetation where it meets the banks of the wide, calm canals 
that cut through the forest. Once used to ship goods harvested from the land 
further into the country via the river systems, the waterways are now the 
only means of entry to the park for tourists, who enter by boat, as well as 
important habitat for wildlife such as dolphins, manatees, crocodiles, caiman, 
and even the occasional bull shark.

One small coconut plantation remains in the southern tip of the park, near 
the mouth of the Jalova river. Here lies Jalova Biological Station, manned by 
the staff, interns and volunteers of GVI. Some of the research and conservation 
projects focus on species which are known to be indicators of ecosystem 
health, such as peccaries (wild boar) and spider monkeys, listed by the Costa 
Rican Ministry of Environment and Agriculture. Data are also collected on the 
focus species of partner organisations — jaguars and sea turtles. The park 
is famous for having the largest nesting population of green sea turtles in 
the world. The beach is also a nest site used by leatherback, hawksbill, and, 
rarely, loggerhead turtles. All four species are currently listed as Vulnerable, 
Endangered or Critically Endangered on the IUCN Red List (see BIOLOGICAL 
SCIENCES REVIEW, Vol. 29, No. 3, pp. 28–30).

Apex predator  The predator at the top of the food chain, not 
preyed upon by any other animals in its ecosystem.

Climax community  An assemblage of species reached in the 
final stage of biological succession, when an ecosystem and the 
populations of animals and plants contained within it become 
stable relative to each other.

Terms explained 

A red brocket deer wades past a scent station (upturned stick with plastic bottle raincover). Scent 
stations have a small piece of cloth sprayed with either Chanel No. 5 or Calvin Klein Obsession. 
Both perfumes contain cat pheromones which encourage wildcats to pause and sniff in front of 
the camera traps, reducing blurring of their coat patterns and thus helping to identify individuals
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to the coastal habitat may be the key to their success in the 
area as, unlike elsewhere in the world, Tortuguero’s jaguars 
continue to thrive.

Bursting with life
Two surveys in the jungle are never the same — we come 
across different wildlife every day. The Forest Biodiversity 
project conducts visual and audio encounter surveys, 
identifying all the vertebrates the teams see or hear. These 
range from lizards, frogs, snakes and monkeys to rarely seen 
animals such as armadillos or tapirs. Volunteers are trained, 

using pictures, audio recordings and observations in the field, to identify 
common vertebrates from their appearance and calls. The volunteers then 
participate as spotters assigned to scan a specific sector of the visual field 
as the team moves along the trail, recording animals identified to species 
level in as much detail as possible. Data records include sex, adult/juvenile 
status, breeding status and canopy height.

The Canal Bird project involves similar techniques. Volunteers carefully 
scan the banks for birds through binoculars, while drifting quietly along 
the waterways in a canoe. Huge fish — royal tarpon — often break the 
surface as herons, kingfishers, toucans and trogons flit past. Both the bird 
and forest projects evaluate species diversity and abundance in the south 
of the park. They also track how the species present change as the forest 
ages, progressing towards a climax community, and several new species 
are recorded in the park every year. The Ministry of Environment and 
Agriculture in Costa Rica then uses habitat and biodiversity monitoring 
reports, made by Jalova’s project leaders, to make decisions about the 
management of the park and surrounding areas.

A place to learn
Jalova is not simply about hearing or spotting animals. Volunteers learn 
about local species in the training for each project, and gain practical 
field experience in conservation and research. They also learn many 
other useful jungle skills, from emergency first aid to how to handle a 
machete, and from husking coconuts to cooking for a whole camp without 
electricity, a fridge, or an oven.

Jobs in conservation are competitive, often requiring a university degree 
and several years’ field experience. Doing an internship at GVI provides 
field skills that are vital for careers working with wildlife, including 
species identification, team-leading and presenting biological knowledge 
to an audience. This intensely varied and rewarding learning experience 
opens doors to jobs with GVI and other conservation organisations, and 
continues to attract people from around the world. See pages 20–21 for 
more images from Tortuguero National Park.

Raphaël Coleman wrote this during his year of industrial/professional 
experience as part of his zoology BSc (Hons) degree at The University of 
Manchester.

A jaguar’s deep 
clawmarks gouged 
into the bark of a tree. 
Jaguars scratch trees 
to sharpen their claws, 
and possibly to mark 
their territory

Box 2 A day in the life of a green turtle

One blink and I might have missed her. Walking past on patrol, 
I see a head and a corner of shell poking out of the sand. My 
heart sinks as I take in her dull eyes and parched skin. She’s 
half-buried where she dug her nest, trapped under a sodden 
driftwood log. It must have crushed her, or she’s died of 
dehydration by now. The vultures will be pecking the eyes out 
of her carcass soon.

But as I step close enough for the sea turtle’s poor vision to 
make out movement, she huffs like a bellows, raising her head 
slightly. My eyes widen — she’s still alive! I call out to my 
volunteers, Charlotte and Becca — ‘come on, we need to get 
this off her.’

But between the three of us we haven’t the strength to move 
the heavy, embedded log. Frenziedly, we start digging the sand 
out from either end. By the time the log starts shifting the 
turtle is getting anxious, arching her neck as she tries to free 
her flippers. If she keeps struggling, collapsing sand could bury 
her completely. We strain to heave the log free of her shell, 
sending sand cascading into the cavity. We can’t hold it up for 
long, but it’s enough time for her to haul herself out.

Slow and weak but determined, she drags herself down the 
beach towards the sea. We can see from her dry skin, the salt 
crystals crusted on her shell and the sand stuck around her eyes 
that she’s been trapped for hours. Charlotte and Becca pour 
the last of their water over her. As the first waves hit her, she 
pauses. If ever I’ve seen a turtle look blissful, it was then. When 
her shell quietly submerges under the foam, we punch the air 
and shout, exchanging high fives. There’s no feeling that comes 
close to saving a life.

The author climbs out 
from a sandy crater 
after freeing a green 
turtle trapped under 
a log
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In the late 1980s, research revealed that 
small bits of bacterial genomes are repeated 

at brief intervals. The repeated sections were 
palindromes — they read the same in both 
directions. This gave rise to the term CRISPR — 
pronounced ‘crisper’ — Clustered Randomly 
Interspersed Short Palindromic Repeats. 
In 2002, a set of genes was found that were 
next to the repeated CRISPR sequences and these were unimaginatively 
called CRISPR-associated genes, or cas for short. Intriguingly, the proteins 
produced by the cas genes include enzymes that unravel DNA (called 
helicases) and snip it up (these enzymes are called nucleases).

The sequences between the repetitive CRISPR chunks were found to 
be from viruses that attack bacteria. This was not strictly a surprise — all 
genomes contain the remnants of viral infection. About 50% of your DNA 
is made up of sequences from viruses. But the virus DNA in the CRISPR 
sequences was different in that it was intact.

In 2007, CRISPR was shown to act like a bacterial immune system. 
By incorporating viral DNA, the bacterial cell can recognise an invading 
virus and mobilise the enzymes encoded by the cas genes against it. 
Because this result was so surprising, it was published in one of the leading 
scientific journals. This was pure research, with no apparent prospect of 
any potential useful application.

From microbiology to biotechnology
In 2011, the cas nuclease enzyme was shown to be guided to cut a specific 
DNA sequence by RNA produced from the viral sequences in the CRISPR 
part of the bacterial genome. This opened the possibility of using the tools 
of molecular genetics to replace the viral DNA with another sequence, 
which could be chosen by the researcher. The CRISPR package could 
apparently be used to cut up DNA to order.

By 2013, CRISPR and the cas genes had been used to alter human DNA, 
and the DNA manipulation floodgates opened. In 2013, around 270 

scientific articles involving CRISPR were published and over 
2500 were published in 2016. CRISPR has now been applied 
to dozens of different species, and it works in all of them.

Over the last 3 years a series of increasingly imaginative 
and powerful studies have been carried out:

 ■ In human cell lines, each of our 20 000 or so genes has 
been disabled one by one, enabling researchers to see how 
different drugs interact with our genes. In principle, this 
could transform drug development.

 ■ Transplanting pig kidneys into humans — a form of 
xenotransplantation — could save thousands of lives, 
but the pig genome contains dormant viruses that become 
active in contact with human tissue. CRISPR has been used 

The brave 
new world 
of CRISPR

Gene
Genome
DNA
Nuclease
Gene therapy

Key words Key words

 what is…?

Genome  The complete set of genetic material in an organism.

Sickle cell disease  A recessive genetic disease in humans 
that makes the red blood cells form sickle shapes. It causes 
anaemia and other severe symptoms when the carrier has two 
copies of the sickling gene. Heterozygotes with one copy of the 
normal gene and one copy of the sickling gene are protected 
against malaria.

Stem cells  Undifferentiated cells that can produce many 
copies of themselves, each of which can produce a wide variety 
of specialised cell types.

Xenotransplantation  Transplantation of an organ, tissues 
or cells from one species into another. This is used widely 
in medical research, where human cells are studied in mice. 
Practical applications of xenotransplantations on human 
recipients are limited by problems associated with rejection of 
the donated organ by the recipient’s immune system, and the 
presence of potential infectious agents in the donor organ.

Terms explained 

CRISPR is a new gene editing technique that has swept through 
biological research and is about to undergo its first clinical 
trials. Zoologist and historian of science Professor Matthew Cobb 
explains how, in just 3 years, CRISPR has become a potential 
game-changer in biology, medicine and ecology
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to remove these viruses, potentially opening a new era in 
kidney and other organ transplants.

 ■ cas genes have been engineered so they insert a chosen 
sequence, rather than cutting DNA. Researchers can correct 
faulty sequences or reveal the tissues where a gene is expressed 

by inserting a fluorescent protein gene. We can even control 
whether a gene is expressed by inserting a control sequence 
linked to a light-detecting molecule. By activating this 
control sequence with light, CRISPR literally enables us to 
turn genes on at the flick of a switch.

Box 1 How CRISPR works in bacteria

A virus lands on the surface of a bacterium (Figure 1.1a). Its DNA 
is attacked by a cas nuclease, and the cell inserts a portion of the 
sequence into the bacterial genome. This sequence is found between 
the clustered randomly interspersed short palindromic repeats 
(triangles) which give CRISPR its name. If the cell is infected again 

(Figure 1.1b), RNA from this viral sequence is used by other cas proteins 
(cas II and cas III in this case) to produce what is called a crRNA or 
CRISPR RNA , which targets a cas nuclease to the sequence of viral 
DNA that was inserted into the bacterial genome, thereby inactivating 
the infection.

cas
cas

CRISPR sequences

Insertion of viral DNA
into bacterial genome

cas genes

Double-stranded viral DNA

cas protein complex
Cell surface membrane

Virus

Figure 1.1

(a)

cas lll

CRISPR sequences

cas genes

Double-stranded viral DNA

Inactivation of viral DNA

Cell surface membrane

Virus

cas lll

cas ll

cas ll

cas crRNA complex

Targeting of viral DNA

Processed crRNAs

Transcription

(b)
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Manipulating genes, curing disease
Because the CRISPR biochemical machinery can be programmed to 
change a DNA sequence in a defective gene, or in a particular kind of 
cancer, dramatic new cures may be possible.

There are two ways to alter genes, each of which raises ethical and 
technical problems. Somatic therapy involves changing genes only in 
affected tissues — these genetic changes will not be passed on to any 
future children. Germ-line therapy changes the genes in an embryo or 
in a patient’s egg or sperm — these changes will be passed on to the next 
generation.

One ethical issue involved with somatic therapy is whether the 
technique is safe. In the 1990s, earlier versions of gene therapy were 
abandoned when a patient died as a result of the way the corrected gene 
had been introduced. One challenge for somatic therapy is to ensure that 
the relevant molecular components are delivered to the desired tissue. 
Diseases that affect blood are amenable to somatic gene therapy because 

our blood cells are produced by stem cells that are relatively 
easy to access and manipulate. Other types of gene therapy 
have been used to clear patients of the HIV virus that causes 
AIDS. In principle, it should be even easier to use CRISPR 
for such treatments.

Sickle-cell disease, a debilitating genetic disease that 
affects hundreds of millions of people, primarily those 
of Afro-Caribbean descent, could be treated by CRISPR. 
A single base-pair change in the DNA of the cells that 
produce red blood cells, which CRISPR could provide, would 
transform lives.

Changing the future
The possibility of using CRISPR to change the germ-line 
of humans has led some people to suggest we could create 
highly intelligent and beautiful individuals. The function 
of most human genes is unknown, however, and only in 
a few cases could we change a gene and be certain that it 
would have only the desired effect. Engineering a baby to be 
super-intelligent would not be possible: intelligence is not 
completely genetically controlled, and the number of genes 
involved runs into the hundreds, possibly thousands, each 
with a very small effect.

In December 2015, researchers from around the world 
met in the USA to discuss the ethical problems associated 
with germ-line gene therapy. They agreed that although 
experimentation on early embryos should be allowed, no 
genetically manipulated embryos should be implanted into 
a woman. However, this decision was not legally binding. 
Different countries have different legal frameworks, and 
it seems likely that in the next few years the world’s 
first CRISPR baby will be born. With luck, no harm will 
be done.

CRISPR in agriculture and in the wild
CRISPR can be used to alter genes in domesticated species. 
New crops are currently developed by randomly mutating 
them and then selecting variants showing the desired 
characteristic. CRISPR gene editing enables scientists to 

Editing Life, a BBC Radio 4 programme on CRISPR, presented 
by Matthew Cobb: www.bbc.co.uk/programmes/b06zr3zj

More on altering pigs to resist swine fever: http://tinyurl.com/
zx4n3ar

Further information 

Bacterial
genome

cas9

cas genes CRISPR sequences

Viral sequences that are now
in the bacterial genome

Figure 1 How the CRISPR–cas genes are arranged in the bacterial genome

Figure 2 CRISPRed pig at the Roslin Institute (University of Edinburgh). This 
pig has had a gene altered so it should be able to resist African swine fever
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harness their knowledge of plant genomes and direct those 
mutations to the genes involved in a desired plant character.

CRISPR may transform farming around the world. For 
example, there is little pig farming in Africa because pigs are 
susceptible to African swine fever — a lethal tick-transmitted 
viral disease. African warthogs, which are closely related to 
pigs, are immune to the virus. Scientists identified the tiny 
genetic change involved in this resistance and used CRISPR 
to edit the relevant gene in pigs. These animals are now being 
tested to see if they too are resistant.

Brave new world
Probably the most serious issue raised by CRISPR is 
the possibility of manipulating species in the wild. By 
associating CRISPR with a process called a gene drive, gene 
sequences can be changed at will and can spread rapidly 
throughout a population (see Box 2).

Scientists are studying the possibility of using CRISPR-
based gene drives to make vectors of diseases, such as 
mosquitoes, sterile. This works in the laboratory, and 
CRISPRed mosquitoes could be released, perhaps heralding 
the eradication of malaria or the Zika virus. It might be 
possible to use a CRISPR-based gene drive to eliminate 
damaging invasive species, such as the cane toad in Australia, 
by making them sterile.

It may not be so simple, however. Ecological systems 
are incredibly complicated and it is hard to predict the 
consequences of even small changes. Once released, a 
gene drive cannot be recalled. While it might be possible 
to undo a genetic change that went wrong by releasing a 
second version, we might be not able to restore a damaged 
ecosystem.

It is not even clear who should decide if such a biological 
bomb should be released. Pests can move rapidly around the 
globe and a solution in one part of the world might generate 
a major problem elsewhere. On the other hand, 500 000 
children currently die of malaria each year. Some of those 
lives might be saved by a CRISPR gene drive.

The world needs a global agreement for managing this 
amazing technology so it can be safely employed, just like 

we have global regulation of potentially dangerous technologies such 
as air transport or nuclear power. The pioneers of CRISPR research have 
had to learn to turn their attention from fundamental research first to 
biotechnology and then to understanding the planet-wide ethical issues 
raised by this amazing discovery.

Whatever the future holds, CRISPR is here to stay. It is transforming 
biology and medicine, and could alter whole ecosystems. We all need to 
understand its power, and its potential dangers.

Points for discussion
 ■ Should there be any limits on using CRISPR to change humans? Who 

should decide? Is there a danger of creating a master race using CRISPR?
 ■ Should we use CRISPR gene drives to eliminate disease vectors, such as 

mosquitoes? How would we know it is safe? What kind of studies should 
we do before carrying out a release of CRISPRed organisms? What is the 
cost of not doing anything?

 ■ What does the example of CRISPR tell us about how science progresses? 
If you were in charge of the country’s limited science budget, what kind 
of research would you support and why? Who should decide our scientific 
priorities?

Things to do
 ■ Watch this brief explanation of how CRISPR works: 

www.youtube.com/watch?v=2pp17E4E-O8
 ■ Or watch an engaging musical explanation of CRISPR: 

www.youtube.com/watch?v=k99bMtg4zRk
 ■ Watch CRISPR co-discoverer Jennifer Doudna discuss the science and 

ethics of CRISPR: www.youtube.com/watch?v=TdBAHexVYzc
 ■ Watch CRISPR researcher George Church discuss ‘augmenting’ human 

beings: www.youtube.com/watch?v=GSVIKC4R2Zo

Matthew Cobb is professor of zoology at The University of Manchester. 
His latest book is Life’s Greatest Secret: The Race to Crack the Genetic 
Code.

Box 2 Gene drives

Gene drives are used in sexually reproducing diploid species 
(most animals and many plants). Through a special enzyme, 
gene drives ensure that once a specified DNA mutation has 
been introduced into a chromosome, that change is copied 
onto the homologous chromosome. This makes the organism 
homozygous for the mutation. Through this copying process, 
every gamete in the organism has the mutated gene. When 
this organism mates with a wild-type, unchanged, organism, 
the same thing happens in their offspring — the mutated 
gene copies itself onto the homologous chromosome inherited 
from the wild-type parent. This produces another homozygous 
mutant individual. The number of homozygous mutant 
individuals therefore doubles each generation, leading to the 
mutation spreading exponentially through the population.

Could CRISPR help 
eradicate malaria?
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The investigation of genomes — genomics — is proving to be a game 
changer in our understanding of genetic disease. Medical researcher Daniel 
White explains how genomics is leading to improved diagnosis, which 
should allow the provision of better, and ultimately personalised, treatment

Daniel White

The 100,000 
Genomes  
Project

14 Biological Sciences Review  April 2017
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O
ur genomes 
contain all 
the genes 
needed to 

build and maintain 
our bodies. Each gene 
contains information 
for our cells, to make 
a protein, a peptide or RNA. In turn, each of these 
molecules usually has a job, or set of jobs, to do 
within our cells.

Perhaps surprisingly, given their importance, 
there are only about 20 000 protein-encoding 
genes in humans and they make up only a 
small proportion of our genome — just 1.5%. In 
contrast, around 75% of our genome is at some 
point ‘biochemically active’, meaning that it is 
transcribed into RNA. What proportion of this is 
functional is still unknown. Much is yet to be learnt 
about the genome but it is clear that, as well as the 
protein/peptide encoding genes, RNA genes and 
the non-coding regions might also have important 
roles to play in normal cell function and for disease 

processes. The DNA sequence of our entire genome therefore represents not 
only each person’s complete set of genetic instructions, but may well inform 
us more about an individual’s potential health risks and likely success of 
particular medical treatments.

Reading all 3.2 billion nucleotides in the human genome was achieved 
in 2003. It had taken hundreds of scientists over a decade and cost around 
£3 billion. Since then, however, technological advances mean a person’s 
genome can be sequenced in a week for just a few thousand pounds. This ability 
to rapidly sequence people’s genomes was a pivotal step in revolutionising 
medicine.

Genetic basis of disease
Many medical conditions are caused by mutations in our DNA. By identifying 
the mutations causing genetic disease, we can learn about the biology of a 
disease, improve diagnosis and ultimately develop new and more effective 
treatments.

For example, breast cancer can be caused by mutations in the BRCA2 gene. 
The BRCA2 gene codes for a protein that works in our cells, protecting our DNA 
from damage. Mutations in the BRCA2 gene disrupt its function, leading to the 
accumulation of DNA damage. This in turn drives the development of breast 
cancer. Around 45% of women who inherit a faulty BRCA2 gene will develop 
breast cancer. Knowing this, at-risk women can be screened for mutations in the 
BRCA2 gene and treated accordingly, often with a prophylactic mastectomy.

Cancer
Genomes
Genetic disease
Diagnosis
Improved treatment

Key words Key words

Box 1 Analysing genome sequence data to diagnose rare disease

A girl was born with a medical condition characterised by 
developmental delay and a complex range of physical abnormalities. 
Based on the family history, doctors suggested this was a recessive 
genetic condition. The family pedigree (see Figure 1.1) shows the 
affected child (black circle), the unaffected father (open square), 
who carries one mutant allele, and the unaffected mother (open 
circle), who also carries the mutation. Whole genome sequencing 
was performed on the three family members to identify the mutation 
causing the disease. A subsection of the results is shown in Table 1.1 
in which four gene variants are identified.

By analysing the consequence of the genetic variant on the protein, 
its inheritance pattern and, importantly, the frequency in the normal 
population, we can identify the disease-causing mutation. The variant 
in the MECOM gene is excluded because the change to the DNA 
sequence does not change the protein amino acid sequence. The 
CYP26B1 mutation leads to a change in the protein and fits a recessive 
pattern of inheritance, but is common in people without the disease. 

Figure 1.1 Family pedigree

The RAD52 variant disrupts the protein function, but doesn’t fit with 
a recessive inheritance pattern. The UBE3B variant, on the other 
hand, disrupts protein function, is inherited in a recessive manner 
and has not been seen in healthy people. The UBE3B mutation is a 
good candidate for causing the disease, allowing doctors to make a 
diagnosis of Kaufman oculocerebrofacial syndrome. This syndrome has 
been clinically characterised by mental retardation as well as a large 
number of morphological defects with the skull and face and other 
muscle and skeletal problems.

Table 1.1

Genome variant 
(chromosome: nucleotide 
number, nucleotide change)*

Gene 
affected

Consequence (amino 
acid change)

Genotype Patient genotype 
seen in healthy 
population?Mother Father Affected

3:168834268,  
C → T

MECOM None (synonymous) 
(p.Pro341Pro)

C/T C/T T/T No

2:72361960,  
A → G

CYP26B1 Missense (p.Leu264Ser) A/G A/G G/G Yes

12:109921417,  
G → T

UBE3B Protein truncation 
(p.Glu21Ter)

G/T G/T T/T No

12:1023072,  
G → A

RAD52 Protein truncation 
(p.Gln395Ter)

G/A G/G G/A No

*Nucleotide number describes the position of the genetic variant in the string of nucleotides that make up a chromosome. For example, 8:1000, 
C → T would indicate that a cytosine to thymine change has occurred at the thousandth nucleotide from the beginning of chromosome 8.
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Alternatively, mutations affecting another gene, HER2, can cause too much 
of the HER2 protein to be expressed. Such mutations are found in about 20% 
of breast cancer cases. Too much HER2 promotes the growth of cancer cells. 
Fortunately, HER2-positive breast cancer patients can be treated effectively 
using a drug called Herceptin. Knowing which mutation underlies a person’s 
breast cancer is therefore critical in treatment decisions.

In the past, genetic screening was limited to 
just one or a few genes. While the BRCA2 and 
HER2 genes have well-known genetic links to 
breast cancer, what about other DNA regions, other 
peptide encoding genes, other functional RNAs 
perhaps? Sequencing the entire genome allows 
us to look at the entire landscape of mutations 
within an individual or a population with a genetic 
disease. Scientists recently employed whole genome 
sequencing to investigate breast cancer. Data from 
over 500 patients revealed driver mutations in 
93 different genes, including genes not previously 
known to cause the disease.

The 100,000 Genomes Project and 
genomic medicine
In the UK, clinicians, scientists and the government 
have come together in the 100,000 Genomes Project, 
currently the world’s largest national sequencing 
project. It will be a powerful combination of 
genomic technologies and the National Health 
Service’s unique medical records.

The Project aims to sequence genomes from 
around 70 000 people with severe disease, along 
with their closest relatives. The project is focused on 
cancers and rare diseases because genetic changes 
are often the cause of these conditions.

Rare diseases are, by definition, uncommon, but 
collectively they affect around 3 million people in 

De novo mutation  A genetic mutation that is 
present for the first time in one family member as a 
result of a mutation in an egg or a sperm of one of 
the parents, or one that arises in the fertilised egg 
itself during embryogenesis, not inherited through 
normal parental egg or sperm.

Driver mutation  A mutation causally implicated in 
the development of cancer.

Genetic variant  A change in the genome of an 
individual or population.

Genotype  Either the complete genetic makeup of 
an organism or the alleles present for a particular 
characteristic/trait.

Nucleotides  The thymine (T), cytosine (C), 
adenine (A) and guanine (G) molecules that make up 
our DNA.

Phenotype  The observable physical properties of an 
organism, such as its appearance, development, or 
behaviour.

Prophylactic mastectomy  Surgery to remove one 
or both breasts to reduce the risk of developing breast 
cancer.

Reference genome  A mosaic of the genomes from 
many individuals compiled by scientists to represent 
the typical/average genome.

Terms explained Terms explainedBox 2 The art of big genomics data

One of the great challenges of the genomics era has been how to analyse the vast 
amount of biological data generated — sequencing a single person’s genome 
generates information on 3.2 billion nucleotides. Biologists, clinicians and computer 
scientists have come together and developed new ways to visualise and understand 
these data. Figure 2.1 is an example of how genomic data can be displayed. 
This shows genetic variation and structural characteristic of the human genome. 

Each wedge represents a chromosome with features including genes superimposed 
on top of it. The bands outside the chromosomes indicate regions of genetic variation 
— green indicates the single nucleotide changes and orange shows larger structural 
variants. The lines within the circle connect chromosome regions sharing a particular 
trait. The grey lines connect genes from the same biochemical pathway and coloured 
lines connect a subset of segmental duplications — repeat regions within the 
genome that are associated with chromosomal instability and genetic disease — 
see the CIRCOS link in further reading for a more detailed explanation. Analysis of 
genomic data has generated beautiful images bridging art and science.

Figure 2.1 Genomic data display

The 100,000 Genomes Project:  
www.genomicsengland.co.uk/the-100000-genomes-project

100,000 genomes in the news: http://tinyurl.com/zxat8qc

Visualising genomic data: http://circos.ca/intro/genomic_data

Further reading 
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the UK. This is because there are so many different 
rare diseases, up to 8000 by some estimates. The 
Project will sequence the genome of around 17 000 
people with a rare disease, along with the genomes 
of two close blood relatives — another 34 000 
genomes. Comparing the genome of the patients 
with that of blood relatives who are unaffected 
will allow the identification of the disease-causing 
mutation or mutations in any part of the genome. 
Box 1 shows an example of how genomic data can 
be used to diagnose a rare disease.

Genetic changes in a cell anywhere in the body 
can cause it to change and become cancerous. By 
sequencing the genome of both the cancer cells and 
normal cells from the same patient and comparing 
the two, we can identify the acquired mutation or 
mutations causing the disease. The Project will do 
this for 25 000 people with various types of cancer 
— another 50 000 genomes in total.

Genomic variation and big data
The identification of disease-causing mutations 
using whole genome sequence data is complicated. 
This is mainly because of the huge amount of 
normal genetic variation between individuals’ 
genomes. This is what makes each of us unique. A 
typical genome differs from the reference genome 
at between 4 million and 5 million DNA sites. In 
total, around 100 million genetic variants have 
been identified in humans (see Box 2). Picking out 
the disease-causing mutations within this sea of 
normal variation is a great challenge for genomic 
medicine.

One way to distinguish normal genetic 
variation from disease-causing mutations is by 
looking at genetic variation in normal and diseased 
populations. For example, if a particular genetic 
variant is seen only in people with a particular 
genetic disease then it is worthy of further 
investigation. In contrast, if a genetic variant is 
present in a person with a severe childhood disease, 
but is also common in healthy adults, it is unlikely 
to be causing that disease. Understanding the link 
between gene variation (genotype) and clinical 
features (phenotype) provides a powerful tool to 
better understand genetic changes.

We need to be able to link genome sequence data 
with detailed phenotypic information. In the case of 
human disease, this means using medical records. 
This is where the 100,000 Genomes Project comes 
in. The UK is in a unique position to undertake 
this type of study, because the NHS holds medical 
records (phenotypic data) of large numbers of 
people. Looking at so many genomes of people with 
disease along with their medical records will allow 
us to better establish the link between phenotype 
and genotype and in turn to better predict which 
mutations cause which diseases.

Project successes and future goals
Although the Project is ongoing, the first successes have already been 
announced. Two unrelated girls, Georgia and Jessica, with undiagnosed genetic 
conditions were enrolled in the Project. Now both have been given a genetic 
diagnosis. This ends the anxiety of having an undiagnosed genetic condition 
and also has direct practical implications. In Jessica’s case, doctors were able to 
recommend dietary changes to help manage her condition. Georgia’s disease 
was shown to be caused by a de novo mutation, rather than inherited from 
either parent. So Georgia’s parents know that any children they have in the 
future would not be at risk of inheriting this mutation.

The Project will provide many more successes like these. Genomic medicine 
is driving a revolution in precision medicine, where treatment is tailored to 
each patient based on the specific genetic change causing their disease. In time, 
this improved knowledge of the underlying causes of genetic disease will drive 
the development of new drugs and treatments, even possibly correcting gene 
defects (see pp. 10–13), further improving treatment outcome.

Dr Daniel White is a researcher in genomic medicine at The University of 
Manchester. 

• Recent technological developments mean a person’s genome can now be rapidly 
sequenced.
• Certain mutations in our genome can cause genetic diseases, such as cancer and 
many rare childhood disorders.
• Sequencing the genomes of people with genetic disease enhances our 
understanding of the disease, leading to improved diagnosis and the development of 
new treatments.
• The UK-based 100,000 Genomes Project aims to transform the way people with 
genetic disease are cared for.

Key points 

A mammogram indicating 
breast cancer
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In our research group at The University 
of Manchester, we study the interaction 

between plants and soil on grasslands in 
the UK. We are interested in whether we 
can improve soil quality by planting specific 
plant species that have beneficial effects 
on the soil. For example, legumes, such as 
peas and beans, have nodules on their roots 
filled with bacteria. These nitrogen-fixing 
bacteria take nitrogen from the air and 
incorporate it into organic molecules that can be used by the plant. 
These organic molecules are also released into the soil and benefit 
neighbouring plants.

But other organisms have big effects too. We are just beginning to 
understand the importance of soil microbes in these systems. Each plant 
has a species-specific community of bacteria, fungi and invertebrates in 
its root system (see BIOLOGICAL SCIENCES REVIEW, Vol. 29, No. 1, pp. 22–26 
and Vol. 28, No. 4, pp. 37–40). These communities influence the nutrient 
uptake, plant water use and gas exchange of the entire grassland — 
collectively known as ‘ecosystem functions’. So how could your A-level 
practicals prepare you for this research?

Objective 1
Investigating the effect of an environmental factor on 
the distribution of a species (practical 12 from the AQA 
specification)
In field ecology, investigating the effect of an environmental 
factor on the distribution of a species is a fundamental 
research area, particularly with the growing interest in 
climate change and pollution. Our aim is to find out 
whether certain species will change their distribution if an 
event such as severe drought occurs. This is fairly simple 
with plants — we can just mark out areas of land and 
impose a treatment (see Box 1). We can then compare this 

Digging for the truth
You may sometimes wonder what relevance your A-level studies have to real research. University 
researcher Ellen Fry explains how some of the practical techniques taught at A-level underpin some 
of the cutting edge science going on in our universities and research institutes

 practicals in practice

A-level practical
Grassland
Soil
Plant
Ecosystem
Colorimeter
Statistical tests

Key words Key words

Box 1 An experiment on Salisbury 
Plain, UK

Rain shelters (see Figure 1.1) are used to exclude all rain for 
a period of time to mimic a drought event. Each shelter has 
a matched control, which is a roof with holes to allow rain 
through. This is important because it controls for warming and 
differences in light penetration and humidity caused by the 
shelters. Good experimental design means that you control as 
many variables as possible so that you can be reasonably sure 
that the effects you are seeing are because of your treatment 
and not something else.

Figure 1.1 Rain shelters
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with areas that have not been treated to see if any species 
have disappeared, or if they cover less (or more) area than 
untreated areas.

With large areas, random quadrat placement is a standard 
technique. We place the quadrat in a number of locations 
randomly across our site and then record what we find 
within the quadrat. We can’t measure the whole area, so a 
sub-sample is used.

Objective 2
Use of instruments to record quantitative measurements 
(practical 5 from the OCR specification)
In our laboratory, we have a continuous flow colorimeter 
that measures nitrogen- (N) and phosphorus- (P) containing 
compounds in solution (see Box 2). Nitrate, ammonia and 
phosphate are essential nutrients for plants, and we are 
investigating how microbes make them available for plant 

Dr Ellen Fry is a research associate at The University of Manchester. She 
works on chalk grassland on Salisbury Plain, investigating which plants 
can help to restore grassland to its natural state after it has been used 
for farming.

Plantlife aims to protect our natural plant heritage: 
www.plantlife.org.uk/wild_plants/habitats/grasslands

Find out how the FAO is protecting soils across the world: 
www.fao.org/soils-2015/en

Further reading 

Quadrat  A wire square (often 1 m2 or 50 cm2) used to delineate a certain area 
of ground for sampling.

Term explained 

Box 2 Continuous flow colorimeter

Figure 2.1

The samples are placed in test tubes in the rack on the left (see 
Figure 2.1), and a needle samples each one in turn. The sample 
passes through the machine and is mixed with chemicals to 
give a colour reaction. The results appear on a computer screen 
(see Figure 2.2). The first six peaks are the calibration (C) curve 
and the subsequent peaks are from our samples (S). The bigger 
the peak the more N or P in the sample. The height of the 
sample peaks should be between the biggest and smallest 
calibration peak so that we can be confident that our samples 
are correctly measured. 

Figure 2.2

uptake. We mix soil with various solutions to wash the nutrients from 
the surface of the soil. Water will do for some, but others need potassium 
chloride or potassium sulphate — this is because ammonia in its available 
form is charged and binds to the soil surface.

The solution is filtered through filter paper to remove the soil, then 
analysed in the colorimeter. We use a number of different reagents that 
change colour when mixed with the sample. The brighter the colour, the 
more N- or P-containing compound in the soil. The colorimeter calculates 
the amount for us.

This calculation is based on a calibration curve that is created before 
adding the samples. The calibration curve is generated using a series of 
known concentrations of the substance to be measured, and is run before 
the samples. We use a high concentration that will be slightly higher than 
our highest sample measurement, and a low one that will be lower than the 
smallest, then a few in between. The software then compares our samples 
to this curve to give an accurate reading. This must be done very accurately, 
or the calibration curve will be unreliable, and so will our calculations.

From the results we can find out if our experimental treatments have led 
to changes in the soil. For example, if plants cannot take up nitrate because 
it is too dry after drought, there might be a build-up of nitrate in the 
soil. When it rains, this would be lost into the groundwater, with serious 
consequences, such as excess nitrate in streams and lakes (see BIOLOGICAL 
SCIENCES REVIEW, Vol. 28, No. 4, pp. 22–25). This can result in huge blooms 
of pondweed and cyanobacteria.

Objective 3
Statistical tests (practical 12 from the OCR specification)
Statistics are crucial for determining whether our treatments have shown 
a real effect, or whether no change has occurred. There are many useful 
free software packages available, where you can upload your data and 
carry out a wide range of statistical tests. While these can be arduous, 
and understanding how they work can involve a steep learning curve, it is 
hugely satisfying to discover that the experiment you have spent months 
or years on has shown a significant change in your variable of interest.

To determine cause and effect, we often use statistics, to find out if a 
change in the treatment (independent variable) has resulted in a change 
in the variable we are interested in (dependent variable). For example, we 
might be interested in whether drying the soil reduces photosynthesis. We 
can also account for variables that we are not interested in but which we 
cannot control, such as light intensity. By doing this, we are more likely to 
find out if there are any effects of the treatment.

C

C

C

C

C

C
S

S
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All in a day (and night’s) work
Exotic animals like these may seem a distant dream to many readers, 
but to the conservation workers and rangers in Tortuguero, seeing 
them is an everyday reality. Spotting wildlife is an essential part of 
the data collection effort — the observational data collected on and 
off surveys helps Jalova’s project leaders to non-invasively monitor 
vertebrate species’ numbers and diversity in the protected area. Only 
nesting female turtles are tagged to record individual survival and 
nesting success over the seasons.

More stunning images from Tortuguero National Park (see Impact, pp. 7–9)

A chestnut-mandibled toucan foraging for beans in a 
tree above the volunteers’ dorm. Their strange calls, 
which sound a little like a bent squeaky wheel turning 
on a bike, often echo quietly through the jungle

A freshly hatched green turtle making its dash to the sea 
pauses over a jaguar pawprint. Sea turtles cross paths with 
numerous predators throughout their lives, from birds of prey 
and sharks picking off hatchlings the moment they leave the 
nest, to jaguars dragging off nesting mothers

An eyelash palm-pitviper resting on a palm leaf 
stem. These small but venomous tree-dwelling 
snakes come in a variety of attractive colours, 
such as pale blue, yellow, pink, red and green
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All in a day (and night’s) work
Although this can be a paradise for wildlife and those who seek to 
protect it, living here is tough. Work often starts before dawn and 
finishes long after the sun sets, and is often physically strenuous, 
particularly in the hot, humid weather. Many volunteers struggle 
with the remoteness, basic living conditions, and biting insects. 
Nevertheless, most of those lucky enough to work here leave saying 
they have had the experience of a lifetime.

A red-eyed tree frog eyeing up its next leap. These brightly 
coloured frogs, found only in Central America, camouflage 
themselves in the day, curling up to conceal all but their 
green backs as they rest on leaves

A male green basilisk perches 
precariously in the understorey at 
night. The large crests along the spine 
and head are used for displays

The mouth of the Jalova river at dawn. Manatees, 
bull sharks, bottlenose dolphins and royal tarpon 
come in here from the sea to forage in the canals

Raphaël Coleman

Go online for a printable pdf of this poster to display in the 
classroom:   
www.hoddereducation.co.uk/biologicalsciencesreviewextras

BiologicalSciencesReviewExtras
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Michael McKenna

A
erobic respiration is vital for most 
living organisms. It is coordinated 
by proteins — polymers of amino 
acids that fold into complex tertiary 

structures. Studying their tertiary structure is key 
to understanding how proteins work. However, 
‘looking’ at a protein is no easy task.

Most of the reactions that make up the 
metabolism of cells are endergonic — they require 
an input of energy. These endergonic reactions 
are coupled to exergonic reactions — reactions that release energy. The most 
common exergonic reaction is the hydrolysis of ATP to produce ADP and 
inorganic phosphate (see Figure 1).

Adenosine triphosphate (ATP) is often described 
as the ‘universal energy currency’ of cells. Without 
ATP, a cell’s metabolism would stop. This doesn’t 
happen because cells constantly regenerate ATP. In 

Biochemist Michael McKenna discusses techniques borrowed from physicists 
that are being used to look inside proteins, and describes how this has helped 
us to figure out how adenosine triphosphate — our body’s energy currency — 
is produced

Protein structure
Aerobic respiration
Mitochondrion
Adenosine triphosphate 
(ATP)
Cryo-electron microscopy
X-ray crystallography

Key words Key words

Glucose

Glucose phosphate

ATP

ADP

Figure 1 The hydrolysis of ATP

How do you  
get your energy?
Taking a closer look 
at ATP synthase

Go online for a summary presentation 
and a worksheet with answers on ATP:   
www.hoddereducation.co.uk/ 
biologicalsciencesreviewextras

BiologicalSciencesReviewExtras
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most organisms, ATP is generated during aerobic 
respiration:

ADP + Pi + glucose + oxygen → 
ATP + water + carbon dioxide

The majority of events involved in aerobic 
respiration occur in the mitochondria and are 
summarised in Box 1. The final step is the passage 
of protons through a protein complex called ATP 
synthase, resulting in the production of ATP. The 
discovery of this key role for ATP synthase was a 
huge step forward in our understanding of what 
goes on during aerobic respiration. However, 
scientists soon realised that to understand exactly 
how ATP is made, we had to take a closer look at 
ATP synthase and how it works.

Seeing the invisible
How do we examine the structure of a protein? 
Proteins cannot be seen with the naked eye or 
even with a light microscope. This is because 
the ability of our eyes and light microscopes to 
distinguish two points on an image — a property 
called resolution — is limited by the wavelength of 
light. The best light microscopes have a resolution 

of about 100 nanometres (10−7 m), meaning they can resolve two points that 
are 100 nanometres apart or more. They can be used to study bacterial cells, 
for example, but nothing much smaller (see Figure 2). An average protein is 
around 5–10 nanometres long. That’s almost 10 000 times smaller than the size 
of the full stop at the end of this sentence. What’s more, to fully understand 
the function of a protein, we need to delve even deeper and look at its atomic 
structure, getting down to around 0.3 nanometre resolution. To achieve this, 
we need to use waves with much shorter wavelength than light.

Box 1 Aerobic respiration

Aerobic respiration takes place over the four main stages shown 
in Figure 1.1. First, during glycolysis, glucose is broken down to 
pyruvate (1). These pyruvate molecules pass into the matrix of the 
mitochondrion, where the second stage, the link reaction, happens 
(2). In this stage, molecules of pyruvate are converted into molecules 
of acetyl coenzyme A (acetyl CoA). Still in the matrix, the third 
stage — the Krebs cycle — happens (3). This cycle of reactions 
takes up acetyl CoA and produces carbon dioxide, the excretory 
product that organisms lose across their gas exchange surfaces, 
and some ATP. The fourth stage of aerobic respiration — oxidative 

phosphorylation (4) — then follows.
During oxidative phosphorylation, electrons (e−) from reduced 

coenzyme molecules made during glycolysis and the Krebs cycle 
are passed through a series of proteins embedded in the inner 
mitochondrial membrane, finally being taken up by oxygen (5). 
Passage of electrons from protein to protein releases energy that 
enables a mitochondrion to pump protons (H+) from its matrix into its 
intermembrane space (6). These protons re-enter the matrix through 
a key protein complex called ATP synthase (7). This model of ATP 
production is called chemiosmosis. 

e− e−

H+ H+H+

e− H+ H+
H+ H+H+ H+

H+

H+

H+

H+

H+

H+

O2 H2O
ADP + Pi ATP

ATP synthaseElectron 
transport chain

Intermembrane space

(5)

(6)

(7)

Matrix

Protein

Intermembrane
space

Mitochondrial
matrix

Inner
mitochondrial

membrane

Outer
mitochondrial

membrane

Link 
reaction

(2) (3)Krebs 
cycle

Mitochondrion Cell

Cytoplasm
Glycolysis (1)

Oxidative phosphorylation (4)

Figure 1.1 The major events of aerobic respiration

Chemiosmosis  The movement of ions across a semi-permeable membrane, down 
their electrochemical gradient, leading to the production of ATP.

Diffraction pattern  The way in which waves (e.g. X-rays or electrons) are scattered 
after colliding with a sample.

Direct electron detector  A machine that can detect scattered electron beams 
directly during cryo-electron microscopy, leading to improved resolution.

Mitochondrion  An organelle that is the main site of ATP production during aerobic 
respiration.

Oxidative phosphorylation  The final stage of aerobic respiration in which 
protons are pumped out of the mitochondrial matrix before re-entering through ATP 
synthase, catalysing the production of ATP.

Structural biology  A branch of biology that deals with the structure of 
macromolecules such as proteins.

Terms explained 
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One solution is to use X-rays, which have a wavelength 10 000 times shorter 
than visible light. Proteins are dynamic — they change their shape over time 
— which makes it difficult for us to look at them using X-rays. However, under 
certain conditions they can form crystals, essentially pausing them in time. This 
approach is therefore called X-ray crystallography. The crystals are bombarded 
with X-rays, which produce diffraction patterns. The way a protein crystal 

diffracts the X-rays is determined by its structure, 
so a structural map of the protein can be generated 
once its diffraction patterns are fed into a computer 
(see Figure 3a). X-ray crystallography has been used 
to look at the structures of many proteins to atomic 
resolution.

ATP synthase: a closer look
We knew that ATP synthase uses the f low of 
protons to generate ATP. However, it wasn’t until 
the English scientist John E. Walker decided to look 
at ATP synthase using X-ray crystallography that we 
realised that getting our energy currency is far more 
complex and coordinated than a trip to the bank.

Walker’s laboratory used X-rays to study the 
structure of ATP synthase. They found that 
the protein consisted of two different parts, or 
‘domains’: an ‘FO domain’ that is embedded in 
the inner mitochondrial membrane, and an ‘F1 
domain’ made up of six smaller parts (alternating 
‘alpha’ (α) and ‘beta’ (β) subunits), that extend 
into the mitochondrial matrix. These components 
are joined together by a ‘gamma’ (γ) subunit (see 
Figure 4). The three β subunits of the F1 domain 
are not the same shape as each other. One β subunit 
is bound to a molecule of ATP, another is bound 
to ADP and an inorganic phosphate (Pi), while 
the third subunit is empty (see Figure 4b). Walker 
assumed that a β subunit could switch between 
these three structures, and that no two subunits 
could have the same structure at any one time. We 
now know that proton flow causes the γ subunit 
of ATP synthase to rotate, and that its interactions 
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Figure 2 Scales comparing the size of different objects and the wavelengths of different types of electromagnetic radiation

Computer

X-ray
generator

X-ray
beam

Crystallised protein
sample

Diffraction
pattern

Computer

Electron beam
generator

Electron
beam

Frozen protein
sample

Diffraction 
pattern

(a)

(b)

Figure 3 Overview of (a) X-ray crystallography and (b) cryo-electron microscopy
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with the β subunits during its rotation causes them 
to change shape, catalysing the conversion of ADP 
to ATP — like a molecular conveyor belt.

Cryo-electron microscopy
X-ray crystallography can be used to look at a 
protein’s structure in enough detail to figure out 
how it works. However, to do their job, most 
proteins must continuously change shape. Since 
X-ray crystallography requires the protein to be 
in the form of crystals that cannot change shape, 
it only gives us a single snapshot of the protein’s 
structure.

Cryo-electron microscopy (cryo-EM) is a 
different way of looking at a protein’s structure that 
does not require protein crystallisation. Instead, 
protein samples are frozen in liquid nitrogen (hence 
the ‘cryo’ in the name). Rather than using X-rays, 
cryo-EM fires an electron beam at the protein 
sample and uses the pattern of electron scattering to 
work out its structure (see Figure 3b). Importantly, 
these frozen samples contain a range of shapes 
that the protein can adopt so we can get more than 
just one snapshot of a protein doing its job. Lots of 
images can, in theory, be pieced together to create a 
‘molecular movie’ of the working protein.

So why have scientists favoured X-ray 
crystallography over cryo-EM for so long? A 
persistent problem of cryo-EM was that it could 
not match the resolution of X-ray crystallography 

— proteins often looked like fuzzy blobs. However, in 2012, the development 
of direct electron detectors meant that diffracted electrons could now be 
detected with fewer errors, leading to hugely improved cryo-EM resolution. 
This has been hailed as a ‘revolution’ in structural biology, with the number 
of high resolution (0.4 nanometres or lower) protein structures solved by 
cryo-EM increasing from only four in 2012 to over 100 in 2015, and doubling 
again in 2016.

25

Video from the laboratory of Nobel laureate Venki Ramakrishnan showing how 
proteins are made, based on his research into the structure of the ribosome:  
http://tinyurl.com/hf4vh6h

Video showing how ATP synthase works: http://tinyurl.com/jcx4sko

Blog article by Dr Francis Collins about the potential of cryo-EM:  
http://tinyurl.com/hn8a56u

Video of a working protein (V-ATPase) showing how structural changes cause it to 
rotate:  http://tinyurl.com/hyjj3xc

Further reading 

α

ADP 
+ Pi

F1

FO

γ

α αβ β

Matrix

(b)

(a)

Intermembrane space

α α

γ

ATP

ATP

β

β β

Figure 4 (a) Structure of ATP synthase and (b) a bird’s 
eye view of the F1 domain to show the three different 
β subunit structures that are crucial to ATP synthesis

Coloured cryo-electron micrograph of a microtubule (pale blue) 
in a cell undergoing mitosis. The tubule is made of the protein 
tubulin and is only 25 nanometres (25 × 10−9 metres) in diameter

Coloured transmission electron 
micrograph of a mitochondrion ×87 500
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When conservationists kill
L

ionfish are native to reefs in the Pacific Ocean. Since the 
1990s, however, these spectacular animals have spread like 
wildfire through the warmer parts of the Atlantic and 
Mediterranean. No-one knows how they arrived, but 

in Florida the suspicion is that they were dumped in the sea 
by aquarium owners. Lionfish are notorious for eating all the 
other animals in their aquaria, and they grow quickly. They 
can reach 45 cm in length and weigh up to 1.3 kilograms.

They are voracious predators — a single lionfish on one 
reef reduced the juvenile reef fish population by 79% in one 
season. They are also extremely aggressive to fish the same size 
or even larger than themselves, so drive species they cannot eat 
into less favourable habitats. This means that lionfish are causing 
havoc to the food chains in the reefs that they invade. In some 
locations, so many native fish species have been wiped out that the 
lionfish have turned into cannibals, and are eating their own juveniles. 
This makes little impact on their numbers, however, as they are prolific 
breeders — females can release 15 000 eggs every 3 days.

They also have up to 18 venomous spines that can kill or paralyse any 
would-be predators (or unwary divers — the venom is unlikely to kill you, but 
as a fellow diver once told me, if you get stung you will wish you had died!).

So invasive lionfish are an ecological disaster, and conservationists are 
tackling the problem using a variety of methods. In Florida there is an annual 
lionfish derby, with a prize for the most lionfish killed. One diver killed 

more than 3000 of the invaders last summer. 
Divers are encouraged to obtain a licence to spear 
or net lionfish in the ‘no-take’ Florida Marine 
Sanctuary. Because divers cannot penetrate the 
great depths occupied by some lionfish, a robot has 
been designed that can recognise and kill lionfish 
with an electric current. In Honduras, divers are 
even attempting to train sharks to attack lionfish. 
Lionfish jewellery is one of the latest developments 
to encourage people to catch the fish, which are also 
quite tasty. Lionfish finger anyone?

Liz Sheffield

Go online for weblinks to movies and further reading on lion�sh: 
www.hoddereducation.co.uk/biologicalsciencesreviewextras

BiologicalSciencesReviewExtras
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• ATP is the main unit of energy currency in cells.
• Most ATP is made during the final stage of aerobic 
respiration — oxidative phosphorylation.
• ATP synthase is key to ATP production.
• ATP synthase’s function is due to its special three-
dimensional structure.
• Techniques such as X-ray crystallography and cryo-
electron microscopy are used to examine protein 
structure.
• Solving a protein’s structure tells us how it works, 
and allows us to design drugs that specifically 
target it.

Key points 

Michael McKenna has a degree in biochemistry 
from The University of Manchester and was on 
the winning team of University Challenge in 
2012. He is currently in the final year of a PhD 
investigating protein transport in cells. 

The structural biology revolution means that molecular movies are no 
longer just theoretical. In 2015, a laboratory in Toronto used cryo-EM to create 
a video of a working protein called V-ATPase, showing how structural changes 
cause it to rotate. V-ATPase is similar to ATP synthase, and work continues, 
using cryo-EM, to give a more complete view of how ATP synthase works. 

The future 
Cryo-EM may seem like the solution to all our structural problems, but it is 
still a work in progress. The energy of the electron beam, and therefore the 
resolution it gives, is theoretically unlimited, but high-energy beams can 
damage proteins. Changes may therefore need to be made to the way samples 
are prepared to protect proteins from damage. Another hurdle is that cryo-EM 
is very expensive — it can cost up to £1000 a day just to run the electron 
microscopes in one laboratory.

Advances in structural biology have already paid off — not just in terms 
of Nobel prizes for the scientists (20 Nobel prizes were awarded for this area 
of research up to 2016), but for everyone else too. For example, solving the 
structure of the ribosome — the organelle responsible for making all proteins 
in the cell (see BIOLOGICAL SCIENCES REVIEW, Vol. 28, No. 1, p. 26) — has allowed 
researchers to develop new antibiotics that target just the bacterial versions of 
ribosomes. Similarly, detailed knowledge of a protein’s structure can help us 
to develop drugs that specifically target that protein when it doesn’t work as it 
should. This means that techniques such as X-ray crystallography and cryo-EM 

not only feed our scientific curiosity, but also are 
useful weapons in our fight against disease.
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If you wait outside a maternity 
ward, you’ll see parents 

emerging with roughly equal 
numbers of boy and girl babies. 
Why? In mammals, whether 
a mother produces a boy or a 
girl is determined by which sex 
chromosome is carried by the 
sperm that fertilises her egg. Whether sperm are carrying 
an X or a Y chromosome, they have equal opportunity to 
fertilise the egg. So, the outcome is random and each sex 
should occur at equal frequencies, like flipping a coin. This 
happens in humans, but is this the case for all animals? 

Sex balance in populations
Many animal populations have a ratio of one male to one 
female. It has been suggested that this happens because, 
if the numbers of one sex falls, parents that produce the 
rarer sex (which will be more in demand when it comes 
to reproduction) will have more grand-offspring, therefore 
passing on more copies of their genes. Imagine if your 
sons were going to be highly successful and produce many 
offspring, but your daughters were not — it’s clear that 
producing sons would be best for your ‘fitness’ (your genetic 
contribution to the next generation). Any genetic tendency 
for producing the rarer sex should therefore spread, until 
it becomes the more common sex. Then, the benefits of 
producing the other sex ought to increase again.

The theory suggests that the benefits of producing one 
sex over the other will vary over time. But is it possible for 
animal mothers to adjust the sex ratio of their offspring? 
There is growing evidence in nature that the sex ratio each 
mother produces may be less random — and more under 
mother’s control — than was previously thought. Several 
mammals have been shown to vary offspring sex ratio, but 
we know relatively little about how mothers might do it, and 
whether all species are able to, as variation in sex ratio from 
ovulation to conception to birth is notoriously difficult to 
test. Rodents, for example, can resorb fetuses in utero and 
may do so selectively, based on sex. Alternatively, varying 

Finding the balance
Sex ratio variation in vertebrates
Can animal mothers vary the sex ratio of their offspring? This question has fascinated scientists 
for decades, as theory predicts that the benefits of producing males and females varies. Zoologist 
Kirsty MacLeod investigated sex ratio variation in birds and mammals and found that in most cases, 
balance appears to be best

 outside the box

Sex ratio
DNA
Genetics
Cooperation
Vertebrates

Key words Key words

www.hoddereducation.co.uk/biologicalsciencesreview 27

Kalahari meerkats live in socially cooperative 
groups in which one dominant female breeds. 
The dominant female has been radio collared 
to allow the sort of close monitoring that 
made my study possible
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levels of maternal sex hormones or glucose at conception may favour the 
survival of male or female embryos.

I have investigated whether and how a mother’s environment — the 
individuals in her social group, how good her diet is — influence the 
sex ratio of the offspring she produces. I explored sex ratio variation 
in the Kalahari meerkat — an omnivorous mongoose from southern 

Africa  — and, the hihi, an endangered songbird from 
New Zealand. I chose these particular species because, in 
both cases, long-term data from multiple generations were 
available, allowing me to see how patterns of offspring sex 
ratio changed over time.

Sex variation in meerkat populations
Meerkats live in groups of up to 40 individuals, but only 
one dominant female — usually the largest — produces 
offspring. This means that most females produce no or 
very few offspring in their lifetime, while the few that fight 
their way to becoming dominant produce many offspring. 
According to the Trivers-Willard theory (see Box 1), a 
dominant mother should produce more females, which 
are likely to inherit her large size and become dominant 
themselves. To test this hypothesis, I used data on litter 
sex ratios collected at the Kuruman River Reserve in South 
Africa. Researchers there have ‘habituated’ the meerkat 
population — meaning the meerkats are used to the 
presence of people, and have been monitored for their whole 
lives. The researchers are able to tell each meerkat apart, 
and weigh them by coaxing them onto electronic scales in 
return for a small food reward. This meant that I could look 
at whether body condition (assessed on how big a female is 
for her age, which is known thanks to the close monitoring 
of this population) and dominance status influenced the 
number of male and female pups a female produced.

Contrary to the Trivers-Willard theory, dominant female 
meerkats did not produce litters with more females, and the 
population conformed to a stable 1:1 ratio. So why don’t 
dominant females produce more dominant daughters? There 
are several reasons why it might not be beneficial to produce 
more daughters than sons. Dominant females can remain 
dominant for up to a decade. To keep her place at the top, 
the dominant female has to deter subordinate females from 
breeding. She does this by fighting with them and driving 
them out of the group, which takes a lot of energy. If she 
produces many good quality daughters that will compete 
with her when they reach sexual maturity, she will be 
making her own life harder further down the line.

How does diet affect sex ratios?
The hihi provided an opportunity to test the influence 
of nutrition on offspring sex ratio. Like many birds in 
Australia and New Zealand, hihi are endangered due to the 
effects of introduced predators and disease. Understanding 
how dietary components, such as antioxidants, influence 
hihi health and reproduction is important, because 
this is something we may be able to vary through food 
supplementation experiments. Understanding whether 

Box 1 The Trivers-Willard theory

In species where one sex has to compete with other individuals to mate, the 
reproductive success of that sex (how many offspring each individual produces) 
is likely to be more variable between individuals. For example, in red deer, 
males compete with each other for access to mates, with the result that a 
small number of dominant males produce the majority of the offspring in a 
population, while females of all condition have roughly the same reproductive 
success because they all mate and do not have to compete with each other to 
do so.

The Trivers-Willard theory states that if one sex has higher reproductive 
variance than the other (i.e. if some males produce many offspring and some 
produce none, while all females produce roughly the same number), mothers 
that are in good condition should produce more offspring of the more variable 
sex. If a mother is in good condition, she will maximise the number of grand-
offspring she has by producing males (see Figure 1.1), which will inherit her 
high quality and will be able to outcompete poorer quality males. If mothers 
are in poor condition, on the other hand, it is advantageous for them to 
produce females, as even poor-quality daughters will mate and produce more 
offspring than poor-quality sons. This effect has been shown in red deer on the 
Scottish island of Rum.

Many Few

High Quality Low

Mothers

Offspring

Grand-
offspring

=

Figure 1.1

Dominance status In meerkat groups, only one female 
produces offspring while other individuals help to raise them 
and do not produce offspring of their own. The breeding 
female is socially ‘dominant’, while the others are ‘subordinate’.

Term explained 
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these components influence offspring sex ratio also allows 
us to gain insight into how such interventions may affect 
population dynamics.

Hihi are sexually dimorphic, meaning that males look 
different from females. Males are larger and have distinctive 
plumage, including yellow bars on their wings. The colour 
of these bars comes from dietary carotenoids — pigments 
with antioxidant properties (see BIOLOGICAL SCIENCES REVIEW, 
Vol. 29, No. 2, p. 29) that not only confer yellow and red 
coloration, but are also important in maintaining a healthy 
immune system in birds.

Carotenoids cannot be made by the birds and so have to 
be taken in through their diet (much like our bodies can’t 
create vitamin C, so we have to obtain it from our food). 
The brightness and intensity of the yellow bars of a male 
hihi, which are important in territorial and sexual displays, 
are influenced by the carotenoids that their mothers passed 
on in their eggs. These pigments therefore determine his 
likelihood of successfully holding a territory and a mate. So, 
if a female is able to produce eggs with high concentrations 
of carotenoids (when her food has been supplemented with 
carotenoids), she could maximise her fitness by producing 
males that will be brightly coloured, and which will 
successfully produce many offspring themselves.

Unfortunately, many hihi die as embryos in their eggs, 
or as tiny chicks in the nest when they are still too young 
to see sex differences. Challenges in accurately working out 
the sexes of chicks that did not survive to fledging (leaving 
the nest) have been a major barrier to studying sex ratio 
variation in birds in the past. However, researchers on Tiritiri 
Matangi Island doing a long-term study of hihi collect tissue 
from dead embryos and chicks by quickly removing dead 
nestlings or unhatched eggs from the nest. This meant that 
I could extract DNA from hihi tissue samples in order to 

Dr Kirsty MacLeod is a zoologist interested in how animals interact 
with each other and their environment, and how social interactions 
contribute to the evolution of behaviours. She has a PhD from The 
University of Cambridge, and is currently studying lizards in the USA at 
Pennsylvania State University.

Box 2 Determing sex from DNA

From each of the hihi samples, I took a small amount of tissue in order 
to extract DNA. I amplified the DNA using the polymerase chain reaction, 
which takes a small sample of DNA and copies it over and over, so you end up 
with much more than you started with (see BIOLOGICAL SCIENCES REVIEW, Vol. 27, 
No. 2, p. 4). I used gel electrophoresis to allow me to identify whether each 
sample contained male or female DNA. This process works by using an electric 
current to separate molecules of different sizes in a gel. DNA is negatively 
charged and as male and female sex chromosomes (for example, our X and Y) 
contain molecules that differ in size and mass, they travel different distances 
at different speeds. When the DNA is stained in the gel, you see either one 
band (indicating the sample contained two X chromosomes that moved the 
same distance), or two bands (indicating the presence of two chromosomes of 
different size — in humans, X and Y). Birds differ from humans in that females 
are the sex that has two different chromosomes — the Z and W chromosomes 
— while males just have one chromosome Z. So, when I ran my hihi samples 
on the gel, I saw two bands for a female, and one band for a male.

determine the sex of around 100 chicks that died before their sex became 
obvious (see Box 2). My study was the first to be able to test whether dietary 
carotenoids influence the sex ratio of all chicks in a nest (they don’t!) — 
not just the ones that survived.

Evolutionary biologists and conservation scientists are interested in 
knowing the sex ratio of offspring, social groups, and populations for 
many reasons. Understanding how the numbers of male and female hihi 
might change over time helps us to predict how their population will 
grow, and how best to manage it. Finding out how the social structure of 
a meerkat group might influence litter sex ratios (or not) helps us to learn 
more about how group living and cooperation evolved.

Male hihi have brightly coloured plumage 
which serves to attract mates and scare 
other males from their territory

Sample DNA is placed in these wells in the 
agarose gel – electric current pushes molecules 
to the other end of the gel

Lanes like these with 
one band show samples 
from male birds, which 
only have one sex 
chromosome

Lanes like these with 
two bands show 
samples from female 
birds, which have two 
sex chromosomes

This lane contains many 
molecules of known 
mass for comparison, 
so we know where to 
expect bands
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S trychnos nux-vomica — the ‘poison nut tree’ 
— is a plant with an interesting history. 

Tribal natives of South America traditionally 
use extracts of this and related species on the 
tips of their hunting arrows. Yet strychnine 
also has a long-standing and well-documented 
use as a medicine. Victorian pharmacists kept 
the seeds as part of their stock medicine cabinet and it was easy to obtain 
over the counter. Jars and boxes of these specimens can still be found in 
museums.

Strychnine
Strychnine is a notorious poison, obtained from fruits of the strychnine tree. It kills by disrupting the 
muscle contraction pattern required for breathing. Plant experts Josh Nolan, Rachel Webster and Liz 
Sheffield explain how this toxin works, and why, despite a ban on its use as a pesticide, people are 
still dying after ingesting it

Breathing
Alkaloid
Botanical
Neurotransmission

Key words Key words

 interface 

Photograph of Materia 
Medica samples of 
Strychnos nux-vomica 
seeds from the 
Manchester Museum 
Herbarium’s collection. 
The seeds are stored 
in labelled jars and 
boxes, as they would 
have been by Victorian 
chemists

Strychnine was used to treat health conditions ranging 
from insomnia and eye disease to venomous snakebites, 
and further including depression and even liver cancer. 
The medicines were prepared by processing the dried seeds 
and making powdered extracts. While they were used 
medicinally, on a darker note they have been used by people 
to kill themselves and others. Strychnine has also been sold 
as a poison to kill rats and moles. Its sale was finally banned 
in the UK in 2006 as its effects were deemed too inhumane 
to kill pests.

Strychnine is an alkaloid (see Box 1) and it directly affects 
the central nervous system. Strychnine poisoning causes 
frequent and violent muscle spasms, respiratory failure and 
hence death by asphyxiation. To understand what it does to 
the mammalian body we first need to understand how the 
muscles of the ribcage and diaphragm coordinate to help us 
breathe. Central to this is the control of these muscles by 
the brain and the way strychnine interferes with the neural 
impulses that control these muscles.

How strychnine works
Certain molecules in our brains — neurotransmitters — 
are used to send impulses between neurones and between 
neurones and muscles. Some act to stimulate neurones and 
muscles, for example acetylcholine and the amino acid 

glutamate. If you wanted to kick a ball then part of 
your brain — certain neurones in your motor cortex 
— send impulses using glutamate to your motor 

neurones (those that stimulate your muscles). These 
in turn would send impulses to your muscles, 

using acetylcholine. The appropriate muscles 
would then contract to allow you to kick the 
ball.

Other molecules in your body do the opposite 
of stimulatory neurotransmitters. The amino acid 

glycine is one such molecule. It leads to an inhibition 
of neurotransmission. It does this by interacting with 

glycine receptors on neurones. When a glycine receptor 
is bound by glycine, chloride ions diffuse into the 
neurone. This stops the neurone from generating an 
action potential, thus terminating neurotransmission 
(see Figure 1). This is not necessarily a bad thing — 
sometimes it is helpful that impulses are stopped.

30
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Box 1 Alkaloids

Strychnine is an alkaloid. Alkaloids are secondary metabolites 
— substances not used in (primary) housekeeping metabolic 
processes. Alkaloids are usually harmless to the organism that 
produces them. It is only when introduced to another organism 
that unnatural, or toxic, effects are felt. Commonly encountered 
alkaloids include nicotine, a stimulant in cigarettes, and 
caffeine, a stimulant prevalent in coffee and tea, often added 
to energy drinks. Other alkaloids include morphine, the gold 
standard painkiller, and cocaine, another painkiller and highly 
addictive recreational drug.

The discovery of morphine had huge importance for modern 
medicine. Morphine is extracted from seed pods of the poppy 
plant, Papaver somniferum. In 1804, a German chemist 
extracted the first alkaloid compound from this plant, and 
called it morphium (after Morpheus, the Greek god of dreams, 
in light of its tendency to cause sleep). This opened up a new 
world of chemicals from plants — compounds that would go 
on to become the first modern medicines. Colchicine is another 
useful alkaloid, obtained from crocus plants. It prevents the 
polymerisation of microtubules, meaning that spindles cannot 
form during mitosis. This prevents chromosomes segregating 
and stops cell division — a property exploited heavily in 
genetic and cancer research. Quinine and Vincristine are 
alkaloids prized for their medicinal properties — an anti-
malaria and a cancer chemotherapy drug respectively.

Breathing is an example of a subconscious action. You don’t need to 
think about it to do it. When you breathe in, the contraction of your 
external intercostal muscles and your diaphragm muscles causes your ribs 
to be pulled up and out and your diaphragm downwards (see Figure 2). 
This increases your thoracic volume and decreases the air pressure in your 
alveoli to below that of atmospheric air pressure. Air flows from high-
pressure areas to low-pressure areas, so air moves from the outside into 
your lungs. This is reversed when you breathe out. The relaxation of the 
external intercostal muscles and your diaphragm muscles reduces your 
thoracic volume. This increases air pressure in the alveoli. Air flows from 
the high-pressure system in your lungs to the relatively low-pressure system 
in the environment. This is all done subconsciously. While your cerebrum 
can effect voluntary decisions to breathe, other parts of your brain (e.g. 
your medulla) normally dictate when to contract and relax the required 
muscles in order to supply your lungs with air, and subsequently your 
blood with oxygen.

Importantly, if there wasn’t a mechanism to stop your brain from 
stimulating all of your respiratory muscles at once, you wouldn’t be able 

Cl−

Glycine

Strychnine

Glycine

Outside neurone

Inside neurone

Outside neurone

Inside neurone

Figure 1 How strychnine works

Leaves and berries from a strychnine tree
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to breathe — they need to contract and relax in a rhythm. This is where 
strychnine comes in. It is called a competitive antagonist. When glycine 
acts as a neurotransmitter it binds to the glycine receptor, resulting in 
the opening of the receptor and the influx of chloride ions. However, 
strychnine binds to the same place on the glycine receptor, so, importantly, 
does not result in the opening of the receptor nor the influx of chloride ions 
(see Figure 1). The result is that glycine cannot block neurotransmission 
and the impulses to the muscles result in continual activation and spasms.

Strong, frequent and, importantly, involuntary muscle spasms spell 
disaster for the body. The spasms prevent the formation of the conditions 
required in order to trigger the process of breathing, leading to the victim 
desperately gasping for breath. As a result, the body cannot get enough air 

into the lungs and it quickly uses up all its oxygen. Without 
oxygen to fuel respiration, the body cannot function, owing 
to the lack of ATP production. The body starts to shut down, 
and in the absence of medical intervention this can be fatal. 
High doses (typically ingestion of over 100 mg) of strychnine 
can kill within 30 minutes. Lower doses can kill within 
24 hours.

Why ingest strychnine?
Given these frightening effects, it is at first difficult to 
understand why many people once voluntarily exposed 
themselves to this alkaloid, and some still do. The former 
becomes easier to understand when you know that caffeine 
also binds to glycine receptors. For almost a century, people 
took small amounts of strychnine as a pick-me-up, just 
as we might have a cup of coffee or tea today. The runner 
Thomas Hicks had two injections of strychnine during the 
marathon at the 1904 Olympic Games. They were reported 
to have ‘almost killed him’ by the end of the race but he did 
win the gold medal.

Some Pentecostal snake handlers in the USA claim to 
have drunk strychnine in order to demonstrate their faith, 
following the Biblical passage: ‘They shall take up serpents; 
and if they drink any deadly thing, it shall not hurt them’

Newspaper report on the trial of William Palmer, 1856. 
Palmer was a physician who was heavily in debt. He had 
been collecting money won on horse races for his friend 
John Parsons Cook, who was staying at the Talbot Arms. 
Cook died at the pub in the early hours of 20 November 
1855, convulsing in agony. Palmer was shown to have 
purchased strychnine and was convicted of Cook’s murder 
and hanged at Stafford prison

Inspiration Expiration

Air

Thoracic cavity
expands

External
intercostal
muscles contract

Diaphragm

Diaphragm
contracts

Diaphragm
relaxes

Thoracic cavity
reduces

External
intercostal
muscles relax

Figure 2 Diagram showing how we breathe
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In 1917 scientists noticed that rats injected with strychnine 
navigated mazes faster than rats injected with saline. Thus 
strychnine was one of the first performance-enhancing 
drugs, and in some countries it still finds favour as a 
medicine or herbal supplement. A 34-year-old woman in 

China recently died after ingesting a herbal powder in which the only 
active ingredient found was strychnine. In the West, involuntary victims of 
strychnine poisoning include drug abusers who self-administer (impure) 
cocaine intra-nasally. One recent case involved a 19-year-old man and a 
26-year-old woman. On admission to hospital they were found to have 
ingested approximately 120 and 60 milligrams of strychnine respectively. 
Both experienced intermittent and uncontrollable muscle spasms and 
accelerated heart rate. Probably as a consequence of the higher dose, 
the man’s body temperature also increased dramatically. He suffered 
prolonged muscle spasms and high levels of ATP consumption. Both were 
given Diazepam, a drug used to treat seizures and muscle spasms. The 
woman responded well and recovered within a few days, but the man 
did not respond to the Diazepam treatment. He had to be anaesthetised, 
provided with mechanical ventilation and his body cooled to stop the 
muscle spasms. He eventually recovered but experienced muscle weakness 
for the following 6 weeks.

So, like many other alkaloids we use medicinally, strychnine in small 
amounts can have beneficial effects. But in the absence of knowing just 
how small the amount needs to be for a particular individual to avoid the 
potentially lethal side effects, it is best left well alone.

‘Drink of death’: www.youtube.com/watch?v=xoWQmJBIG0o

Revealed: inside the secret deadly church services of 
Appalachia’s serpent handlers who lift rattlesnakes above their 
heads and drink poison all in the name of God. Daily Mail, 
3 June 2012: http://tinyurl.com/zyxjeg3

Strychnine: the notorious but rare poison at the heart of a 
modern mystery. Guardian, 17 March 2016:  
http://tinyurl.com/zlft8sg

Poisoned arrows from Assam and Burma:  
www.vam.ac.uk/content/articles/p/poisoned-arrows

Herbal medicine causing likely strychnine poisoning:  
www.ncbi.nlm.nih.gov/pubmed/12412642

The quality and safety of traditional Chinese medicines:  
www.australianprescriber.com/magazine/26/6/128/30

Poisoning due to ingesting rat poison in dogs:  
http://tinyurl.com/jo85fu2

‘Gateshead pet dies and others seriously ill after eating 
suspected banned rat poison’. Chronicle, 27 May 2015:  
http://tinyurl.com/grnjnah

Further reading 

Joshua Nolan wrote this during his genetics degree with industrial/
professional experience at The University of Manchester. He spent his 
placement year working at Manchester Museum’s Herbarium. There 
he assisted the curator, Dr Rachel Webster, and designed a public 
engagement event where they and Professor Liz Sheffield, Plant 
Sciences editor of BIOLOGICAL SCIENCES REVIEW, explained poisonous plants to 
members of the public.
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A
dult salmon and trout (collectively 
‘salmonids’) are famous for their 
reproductive migrations — the salmon 
runs. They often swim thousands of 

miles to reproduce in their original spawning 
grounds. This is a vitally important journey — 
not only for the fish. Migrating salmonids are a 
predictable food source and bring nutrients to rivers 
and lakes. Predators such as bears anticipate the 
arrival of this bounty and time their own lives around it. Salmonids are also 
an important economic resource for humans.

Every year, salmonids swim up rivers along fixed routes, navigating rapids 
and waterfalls. Males and females finally gather in the slow-flowing, shallow 
river tributaries and lakeshores of their own birth, and spawn. Females deposit 

eggs into the gravel, where they are fertilised by 
the males and then develop and hatch unattended. 
Many species undertake this migration only once, 
as they expend their energy and then die after 
spawning. Others retain enough energy to repeat 
the journey the following year. After hatching, the 
fry migrate down river to the sea to grow. When 
they reach maturity, they normally return to the 
river in which they hatched to reproduce, beginning 
the cycle again.

The timing of migration is largely genetically 
controlled within a population. This ensures that 
conditions at the spawning grounds are optimal 
for the eggs to develop. However, environmental 

Climate change and the modification of rivers by humans are putting the 
epic mass migrations of salmon and trout at risk and their numbers in the 
wild are dwindling. Reproductive biologist Miriam Fenkes describes the 
challenges faced by salmonids on their journey

Miriam Fenkes

Climate change and the modification of rivers by humans are putting the 

Salmon runs 
in hot 
water?

Salmonids
Migration
Climate change
Osmoregulation
Thermoregulation
Energy metabolism

Key words Key words

Salmon jumping up a waterfall
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cues, including the length of the photoperiod and 
the water temperature, are an important influence 
on migratory behaviour, and some of these cues 
may in turn be affected by climate change. But 
how does this determine or threaten the success 
of the salmonids? To answer this question, 
we have to understand three major challenges 
faced by migrating salmonids: osmoregulation, 
thermoregulation, and energy conservation.

Keeping hydrated: osmoregulation
Osmosis is the passive movement of water through 
a partially permeable membrane. Water moves 
from the side of higher water potential (also 
the side of lower solute concentration — hypo-
osmotic, ‘hypo’ = fewer solutes) to the side of lower 
water potential (hyperosmotic, ‘hyper’ = more 
solutes) until the two sides equilibrate. Cell surface 
membranes are partially permeable. Water flows 
into cells when they are surrounded by a hypo-
osmotic medium. Cells lose water and dehydrate 
when they are surrounded by a hyperosmotic 
medium. Osmoregulation is the process by which 
an organism actively adjusts the water content of its 
body fluids so as to counteract osmosis and keep 
the water potential of body fluids constant. For 
fish living in freshwater, osmoregulation means 
reversing the influx of water into the body, whereas 
in saltwater, it means reversing water loss. This 
is why saltwater fish drink a lot of water and 
freshwater fish don’t (see Box 1).

Osmoregulation works differently for freshwater 
and saltwater fish. Yet salmonids survive and thrive 
in both conditions. During their migration, they 
‘switch’ between saltwater living and freshwater 
living. They achieve this through changes in their 
physiology — adapting their osmoregulation to 
the new conditions. But at warmer temperatures, 
adaptation occurs more slowly and it takes longer 
to adjust to the new osmotic conditions. This can 
cause delays in migration that are detrimental to the 
growth of young salmonids and the reproduction 
of adults.

Keeping cool: thermoregulation
Salmonids cover great distances on their migrations 
and often experience large changes in temperature 
along the way. For example, in the summer, water 
temperatures can range from a favourable 10–12°C 
to temperatures above 20°C (near lethal for 

salmonids). Choosing the right time to migrate is therefore crucial for survival. 
So, despite the genetic control of migration times, salmonids retain a degree of 
flexibility. If it is too hot, salmonids will advance or delay their migration. This 
ensures that they are not faced with detrimental water temperatures en route. 
Once migration is underway, salmonids can also seek thermal refuges — cool 
river tributaries, deep pools or areas with cool groundwater seeps — until it is 
cool enough for them to continue their journey. These behaviours serve one 
purpose: thermoregulation — regulating core body temperature.

Animals show two types of thermoregulation. Mammals, such as humans, 
are endotherms, meaning our body temperature is regulated from within. As 
long as we expend energy to keep cool or warm, our temperature remains 
stable despite variations in the environmental temperature. Fish are ectotherms 
— the temperature of their environment determines their body temperature. 
Fish thermoregulate behaviourally, by avoiding or seeking certain thermal 
conditions. However, for migrating salmonids, this behaviour may delay 
migration. And this can come at a price. Arriving late at the spawning grounds 

Box 1 Principles of osmoregulation

Osmoregulation is very different for freshwater and saltwater fish (see Figure 1.1).
Fish in freshwater experience osmotic influx of water into their bloodstream. They 

counteract this by excreting a lot of dilute urine. They also lose salts, mainly sodium 
chloride, via passive diffusion from their gills. They actively take up replacement 
Na+ and Cl− ions from the water using ion channels, pumps and co-transporters 
in specialised cells — ionocytes — in their gills. This salt uptake requires energy 
released by the breakdown of ATP (see pp. 22–26).

Saltwater fish have the opposite problem. They experience osmotic water loss 
and diffusional salt uptake. They drink large amounts of saltwater and excrete very 
little, highly concentrated urine. The water they ingest contains a lot of salt, which 
is absorbed by the gut. Excess salt is actively excreted by the gill ionocytes, using 
processes similar to those of freshwater fish, but in the opposite direction.

Kidney

Gut High volume
Low Na+, Cl–

Na+, Cl–

Na+, Cl–

Na+, Cl–

H2O

Kidney

Gut
Low volume

Na+, Cl–, H2O

Na+, Cl–

Na+, Cl–

H2O

Ingest
seawater

Seawater: hyper-osmotic — more salt, less water

Freshwater: hypo-osmotic — less salt, more water

Figure 1.1 Osmoregulation in freshwater and saltwater fish. Dashed arrows 
show passive movement of water and ions; solid arrows show active transport 
using energy

Burst-swim  Period of fast swimming that is powered 
mainly by fast-twitch muscle and fuelled anaerobically.

Photoperiod  The period of time each day during 
which an organism is exposed to light.

Terms explained Terms explained
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may give a disadvantage to the offspring as conditions may not be optimal 
when they hatch. When salmonids migrate early, prolonged exposure to 
diseases and parasites that flourish in warm temperatures can lead to increased 
pre-spawning mortality in the adults.

Shifting the timing of migration used to be the 
exception for most salmonid populations. However, 
in recent decades, climate change has seen raised 
global air and water temperatures. The timing 
of salmon runs has become less predictable — 
sometimes occurring up to 4 weeks earlier or 
later. According to climate change researchers, 
temperatures are predicted to continue rising and, 
in conjunction with other disturbances caused by 
humans, the future of many salmonid populations 
is uncertain.

Keeping fit: energy conservation
Adult salmonid migration is extremely energy 
expensive. Fish accumulate extra energy reserves 
before setting off but, as soon as they start 
migrating,  they stop feeding and rely entirely on 
these reserves to fuel their journey. Some species 
travel thousands of miles against the current of 

Box 2 Swimming in hot water

Muscles require energy from ATP to contract. Cells can create ATP using two 
alternative pathways. When oxygen is available, ATP is created in the mitochondria 
via oxidative phosphorylation — oxidising nutrients such as glucose to release 
the energy necessary to generate ATP. ATP can also be created in the cytosol via 
glycolysis, in which conversion of glucose into pyruvate frees energy to create ATP. 
Glycolysis uses no oxygen (it is anaerobic), but it is not as efficient as oxidative 
phosphorylation. And it has another drawback — it generates lactate as a 
by-product. Lactate causes muscles to acidify and fatigue, causing pain and stiffness, 
and requires energy to be metabolised. Oxidative phosphorylation is the main 
process of ATP generation during endurance exercise. For fast-action movements 
such as sprinting, glycolysis is the main energy pathway.

When fish swim at optimal temperature, oxygen use is higher than at rest because 
ATP is needed to fuel muscle contraction. When temperature is elevated, oxygen use 
is increased even at rest. This is because all biochemical reactions, including those of 
energy metabolism, are accelerated at higher temperatures. When fish swim at high 
temperatures, this elevated energy use is exacerbated further — muscles, including 
the heart, use more energy. The heart struggles to pump enough oxygen to the 
muscles, which in turn use up so much oxygen that there is even less available for 
the heart. At extreme temperatures and during prolonged swimming, this can lead 
to cardiac restriction. The muscles switch to anaerobic glycolysis and lactate builds 
up, causing fatigue. The fish has to stop or risk cardiac arrest. Even then, energy is 
required to metabolise the lactate. The end result is loss of energy and condition, 
which can be very serious for migrating salmonids.

For more information on the challenges faced by 
salmonids due to climate change, see the IUCN Red 
List of Threatened Species:  
http://tinyurl.com/zcjfn6a

For an interactive model of freshwater versus 
saltwater ionocytes (‘chloride cells’):  
www.bio.umass.edu/biology/mccormick/Cl_cell.
html

Further reading Further reading

Fish ladder next to a weir. The fish can 
swim up the ladder to bypass the dam
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large and strong rivers, negotiating rapids and even 
jumping up waterfalls. By the time they arrive 
at their destination, some will have used nearly 
80% of their energy reserves. They have just about 
enough energy to spawn before they die.

The energy margin is very slim, so if they use 
too much, they may die prematurely and miss 
their only chance to pass on their genes. High 
temperatures in river water increase the energetic 
costs of swimming (see Box 2), so salmonids tend 
to avoid swimming when it is too hot. They also 
detect and orientate into slow-flowing areas along 
river bends, where friction slows the water down. 
By moving from one slow-flowing area to the next, 
they follow an energetically optimal path, thus 
conserving energy.

When faced with rapids they cannot avoid, 
salmonids burst-swim through them as quickly 
as possible. These strategies help them reach their 
destination. But human activity can change this. 
For centuries, humans have changed the course of 
rivers to meet their agricultural and other needs. 
Rivers have been straightened, removing the river 
bends that salmonids use to conserve energy. 
Vegetation is being removed, exposing rivers to 
direct sunlight, heating up the water and destroying 
thermal refuges. In addition, our growing need for 
electricity is partly met by building hydroelectric 
dams and power stations. Dams can block salmonid 
migration routes completely, but conservation 

efforts include the construction of fish ladders. Salmonids pass dams and 
weirs using these ladders, but at a price. Most fish ladders are fast flowing, 
requiring fish to burst-swim until they have passed through. This is expensive 
energetically and even more problematic if rivers are fitted with several ladders 
in succession.

Even if most salmonids still reach their spawning grounds, what does the 
increased energy loss mean for their reproductive success upon arrival? Can 
males still compete for females and successfully secure mates? Can females 
produce eggs of sufficient quality to ensure they will develop into healthy fry? 
And what about those salmonids that would normally reproduce more than 
once — will they be able to return from their spawning grounds? All these 
questions need to be answered if we are to preserve salmonids into the future.

Point for discussion
 ■ Salmonid stocks are dwindling in the wild and the demand for human 

consumption is increasingly met by breeding salmonids in fish farms. What are 
the potential benefits and dangers of this practice for wild salmonids?

• Salmonid migrations are vital for the salmonids as well as for the ecosystems 
through which they migrate.
• Migrating salmonids face three major challenges: osmoregulation, 
thermoregulation and energy conservation.
• Climate change and modifications to rivers threaten the success of salmonid 
migrations.

Key points 

Miriam Fenkes is a PhD student in the School of Biological Sciences at The 
University of Manchester. Her research investigates the impact of climate 
change on migratory fish reproduction.

Brown bear catching migrating salmon
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Dan Foulder explains how to calculate and use various types of average and measures of dispersion

Averages and dispersion

Biological data often show a great deal of variability. This means that 
repeat readings obtained in biological investigations often differ from 

each other. The processes studied in biology involve living organisms 
and the products of living organisms. As there is so much variability in 
living organisms, these investigations are much less predictable than 
investigations in chemistry and physics.

To allow us to analyse and draw conclusions from these variable data, 
we can use averages and measures of dispersion. The three types of average 
that you’ll come across in biology are the mean, the median and the mode 
(Figure 1).

Mean
The mean (usually denoted by –x) is calculated by adding all the individual 
values of a specific data class together and dividing this total by the 
number of values. It is the most commonly used average in biology and 
the one you will normally use in biological practical investigations.

The mean has some limitations. For example, anomalous ‘outlier’ data 
points can skew mean values. If such ‘outlier’ values are present in a set of 
data, it might be more appropriate to use another type of average.

Worked example
An investigation was carried out into the action of the enzyme catalase 
at different concentrations of hydrogen peroxide. The results are shown 
in Table 1. Calculate the mean time taken for the catalase-soaked disc 
to rise to the surface at each hydrogen peroxide concentration.

Find the total time at each concentration and then divide this total by 
the number of repeats (three in this case) — see Table 2.

 vital statistics

Median
The median is the middle value in a data set. To find the 
median, arrange all the data points in numerical order and 
pick out the middle value in the sequence. With an even 
number of data points, take the two in the middle and 
calculate their mean (i.e. add them together and divide 
by 2). The median is particularly useful for data with a large 
range, where exceptionally high or low values (outliers) in 
the data would skew the mean.

Worked example
The following temperatures were recorded during an 
ecological survey in the Gobi desert:

30°C, 5°C, 19°C, 16°C, 27°C, 8°C, 36°C, 12°C, 32°C 

Calculate the median temperature.

First put the temperatures in increasing order:

5°C, 8°C, 12°C, 16°C, 19°C, 27°C, 30°C, 32°C, 36°C

As there are nine values the middle value is the fifth one. 
The answer is 19°C.

Mode
The mode is the most common value in a data set. The mode 
can be used for non-numerical data or when the data points 
cannot be put in a linear order. If a data set does not contain 
any values that occur more than once, then it does not have 
a mode. This is not the same as saying the mode is zero — 
the mode would only be zero if 0 were the most common 
value in the data set.

Worked example
The blood groups of a sample of people are shown 
below: 

A, B, AB, AB, O, A, B, AB, O

What is the modal blood group?

Count the number of times each blood group occurs in 
the sample and the blood group that occurs the most often 
is the mode. AB occurs most often — three times — so is 
therefore the modal blood group.

Measures of dispersion
In biological investigations, in addition to finding the 
average of a set of data, it is important to get an idea of 
the spread, or dispersion, of the data. The precision of an 
average depends greatly on the dispersion of the data. The 

Table 1

Concentration of hydrogen 
peroxide solution/%

Time taken for catalase-soaked disc to 
rise to surface/s 

Replicate 1 Replicate 2 Replicate 3

20 95 60 39

40 25 41 32

60 19 15 12

80 6 3 10

100 3 2 5

Table 2

Hydrogen peroxide 
concentration (% stock solution) Total time/s Mean time/s 

20 194 65

40 98 33

60 46 15

80 19 6

100 10 3
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The range of a data set is easy to calculate. However, it can be skewed 
by outlier data. In the example of penguin heights in Table 4, the range is 
large because the data include the height for a juvenile, but the majority 
of the data values are close to the mean.

Table 4

Penguin height/m 102 99 87 91 42 84 100

Mean = 86 m     Range = 60 m

greater the spread of data around the mean, the less precise 
are the data.

There are two measures of dispersion that you need to 
know for AS and A-level biology:

 ■ range — the difference between the largest and smallest 
values. A large range indicates a large spread of data

 ■ standard deviation — a measure used to quantify the 
variation in a set of data. It is the sum of the squared 
deviations of each of the data values from the mean, divided 
by the number of data values minus 1

Standard deviation is calculated using the formula:

s =   ∑(x − –x)2

n – 1

where x = data value, n = number of data values and –x = the 
mean of the data.

Worked example
The data in Table 3 show the results of an investigation 
into the heights of adult emperor penguins.

Table 3

Height of 
penguin/cm

119 102 124 95 108 112

To find the range of these data, subtract the lowest value 
from the highest value:

range = 124 – 95 = 29 cm

39www.hoddereducation.co.uk/biologicalsciencesreview
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Figure 1 The graph shows how a skewed data set (dotted line) can lead to 
the mean, median and mode having very different values
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Standard deviation is more complicated to calculate but as it considers 
the distance of each data point from the mean it is not as affected by outlier 
data as the range.

The best way to calculate the standard deviation is by using a table.
Step 1: find the mean value (–x) of the penguin heights given in Table 3:

–x = (119 + 102 + 124 + 95 + 108 + 112)/6 = 110

Step 2: find the difference of each data value from the mean, x − –x. Then 
square each of these differences to get (x − –x)2.

Table 5

Height of penguin/cm 119 102 124 95 108 112

Deviation from the mean, 
x − –x

9 −8 14 −15 −2 2

Squared deviation from 
the mean, (x − –x  )2

81 64 196 225 4 4

A good way of checking if the deviations from the mean are correct is 
to sum them. This sum should always equal zero. 

Step 3: find the average squared difference, i.e. the variance s2, by adding 
up the squared deviations and dividing the sum by the total number of 
data values minus 1. 

∑(x − –x)2 = 574

s2 = 574/5 = 114.8
Step 4: calculate the square root of the variance to find the standard 

deviation.

s =   114.8 = 10.71

A small standard deviation indicates that the data points 
don’t deviate much from the mean, which suggests that the 
data are consistent. In this example, the standard deviation 
is fairly small, at 10.7140 cm. This, along with the relatively 
small range, indicates there is not a large amount of variation 
in the data. We can therefore have confidence that the data 
are robust.

Practice question
1 Table 6 shows the red blood cell counts of seven 

hospital patients.

 Table 6 

Patient 1 2 3 4 5 6 7 

Red blood 
cell count / 
million cells per 
microlitre) 

4.7 4.4 5.8 5.4 4.9 5.2 6.1 

 Calculate the mean, median, range and standard 
deviation of the data.
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In the Philippines, just off Malapascua Island, is a little-known 
seamount — a mountain arising from the seabed that doesn’t 
reach the surface. What separates this seamount from any other 
in the world? It is the only place on the planet where there are 
daily sightings of thresher sharks.

Thresher sharks are known for, and easily recognised by, their 
exceptionally long tails. There are three species of threshers and 
they belong to the family of mackerel sharks. Members of this 
family are among the fastest swimmers in our oceans. Threshers 
spend their time at depth (in excess of 200 m), using their large 
eyes to complement their plethora of other sensory tools, mostly 

Thresher 
sharks

to hunt for fish. They use their speed and agility to approach 
schooling fish, then wield their tail like axes to cut into the school 
before consuming the stunned fish.

These normally deep-water sharks enjoy a close relationship 
with cleaner wrasse. The wrasse congregate at cleaning stations, 
where they remove parasites from the threshers and get fed at 
the same time — relationships don’t get much better! There 
are many different cleaning stations around the edges of shoals 
(submerged ridges), each with its own set of cleaner fish waiting 
to service not only the sharks but other open sea fish and rays. 
The Philippine government, knowing that threshers are a national 
treasure (an emblem of a nation’s cultural heritage), have made 
Malapascua’s Monad Shoal the only shark and ray sanctuary 
in the country. Adding to its importance, all three species of 
threshers are now listed on the CITES II 2016 agreement as 
vulnerable. So all trade in thresher sharks is now banned. With 
this official recognition, one would hope that all sharks, not only 
threshers, will receive the recognition, respect and protection they 
deserve to maintain the sustainability of our oceans.

 images of biology

Stunning tail: thresher sharks evolved to slap and kill their prey, NBC 
News: http://tinyurl.com/hqucnyq

Further reading/viewing Further reading/viewing

Angus Thorburn, Thresher Shark Divers:  
http://malapascua-diving.com/ThresherSharks.html
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