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Meeting Key Competencies

BIOZONE encourages the development of an 
independent learner profile using the 5 Es model

The Five Es
Engage: make connections between past and 

present learning experiences. 

Explore: become actively involved in the activity.

Explain: communicate the learning experience.

Elaborate: expand on the concepts learned.

Evaluate: assess understanding of the concepts.

We want today's biology students to be self-motivated, lifelong learners, 
to develop a sound grasp of biological knowledge, to plan and evaluate 
their work, and to think critically and independently. In developing CIE 
Biology 2, we have utilised the 5Es instructional model as a basis for 
developing materials to specifically address the CIE Biology syllabus. 
By successfully completing the activities, which make up the bulk of the 
student workbook, students can demonstrate competence in skills and 
knowledge. BIOZONE's workbooks and associated products provide a 
varied and interesting suite of resources which, if used effectively, can 
help your students achieve key competencies in all areas of biology. 

ENGAGE:
Highly visual activities

Use activities in class to engage a student when introducing a topic, or to consolidate 
student understanding and summarise the material covered by other methods. Using 
activities in class provides valuable opportunities for peer-to-peer learning.

ENGAGE:
A connected plan of 
study

The check-box format of the contents pages and the chapter introductions provides a 
focus for planning achievement.

EXPLORE: 
Independent, self 
directed study

Activities are self-contained so students are encouraged to be independent learners and 
seek the answers to questions posed by the activity. Capable students can work quickly 
and independently through the material and can use the time for extension. Less able 
students can review or finish activities at home. Most activities are supported by web-
based resources in the form of animations and video clips.

EXPLAIN:
Communicating is the 
key to consolidation

All activities first engage the student with a key idea and a visually inviting delivery of 
content. Student engagement with this material leads them to the questions in which they 
must communicate their understanding of the content. Students are encouraged to use 
appropriate biological terms as referenced in the chapter introduction (key terms).

ELABORATE:
Building up

Most introductory activities are supported by activities in which students apply their 
understanding of ideas to a new situation. These 'follow-on' activities often involve data 
analysis, and support science practices.

EVALUATE:
Easy assessment

Encourage self assessment with chapter reviews (these can be graded if desired) or use 
specific activities to evaluate a student's skills and understanding or ideas.

WHAT ABOUT 
HOMEWORK?

Assign activities as homework to review a completed topic, explore a related concept, or 
introduce a topic prior to in-class practical work.
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The contents pages are not merely a list of the activities in the workbook. They serve as a planning tool for the programme 
of work to be completed. Students can identify the activities they are to complete and then tick them off when completed. 
The teacher can also see at glance how quickly the student is progressing through the assigned material.
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Energy and respirationTopic 12

Key terms
acetyl coA

aerobic respiration

anaerobic metabolism

ATP

ATP synthase

cellular respiration

chemiosmosis

cristae

decarboxylation

dehydrogenation

electron transport 
chain

ethanol

FAD

fermentation

glycolysis

Krebs cycle

lactic acid

link reaction

matrix

mitochondrion

NAD

oxidative 
phosphorylation

pyruvate

respirometer

substrate level 
phosphorylation

triose phosphate

12.1 Energy Activity 
number

Learning outcomes

c 1 Explain why organisms require energy, as illustrated by examples, e.g. anabolic 
reactions, active transport, movement, and regulation of body temperature. 

1      

c 2 Describe how ATP's structure enables it to act as the universal energy currency. 
Explain ATP generation by substrate-linked phosphorylation.

2

c 3 Outline the roles of the coenzymes NAD, FAD, and coenzyme A in respiration. 6

c 4 Explain how the synthesis of ATP is associated with electron transport in the 
membranes of mitochondria and chloroplasts.

6  7  19

c 5 Describe and explain the relative energy values of carbohydrates, lipids, and 
proteins as respiratory substrates. Describe how respiratory quotients (RQ) can 
be used to determine the respiratory substrate being utilised. Calculate and 
interpret RQ values for organisms in different conditions.

4

c 6 PRAC  Use simple respirometers to determine the RQ of living organisms. 5

12.2 Respiration Activity 
number

Learning outcomes

c 7 Identify the four stages of aerobic respiration and their location.  3

c 8 Outline glycolysis and recognise it as the major anaerobic pathway in cells. State 
the net yield of ATP and NADH2 from glycolysis.

6

c 9 Describe the link reaction to include decarboxylation of pyruvate, reduction of 
NAD, and formation of acetyl coenzyme A.

6

c 10 Outline the Krebs cycle including reference to the stepwise oxidation of 
intermediates and the importance of decarboxylation, dehydrogenation, 
reduction of NAD and FAD, and substrate level phosphorylation. 

6

c 11 Explain oxidative phosphorylation in the electron transport chain to include the 
roles of electron carriers in the mitochondrial cristae and the role of oxygen as 
the terminal electron acceptor.

6

c 12 Describe the relationship between structure and function of the mitochondrion 
using diagrams and electron micrographs.

6

c 13 Describe chemiosmotic theory as an explanation for ATP generation in oxidative 
phosphorylation and photophosphorylation (in photosynthesis).

7

c 14 Compare aerobic and anaerobic pathways for ATP generation in eukaryotes 
to include alcoholic fermentation in yeast and lactic acid fermentation in 
mammalian muscle, including the concept of oxygen debt. Compare and explain 
the differences in ATP yield from aerobic respiration and from fermentation.

8

c 15 PRAC  Investigate factors affecting fermentation in yeast using a redox indicator. 9  10

c 16 Explain how rice is adapted to grow in anaerobic conditions with reference to its 
tolerance for ethanol and the presence of aerenchyma tissue.

8

c 17 PRAC Use a simple respirometer to investigate the effect of temperature on the 
respiration rate of germinating seeds or small invertebrates.

11

Dartmouth College EIIMasur

This identifies the 
part of the course 
to which this 
chapter applies.  

The list of key terms 
can be used to create 
a glossary for revision 
and encourages 
appropriate use of the 
correct terms when 
answering questions. 

Activities that cover 
practical skills are 
identified. 

The activities in the workbook 
with the activities pertaining to 
these key knowledge outcomes

For students:

Key knowledge and 
skills are drawn from 
the study design. 
They are purposefully 
brief, with enough 
information to provide 
a framework, but not so 
much that students are 
overwhelmed. 
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1. Why do organisms need to respire?

2. (a) Describe the general role of mitochondria in cell respiration:

 (b) Explain the importance of compartmentalisation in the mitochondrion: 

3.  Explain why thermoregulation is associated with energy expenditure:

The Role of ATP in Cells

ATP powers metabolism

The energy released from 
the removal of a phosphate 
group of ATP is used to 
actively transport molecules 
and substances across 
the cellular membrane. 
Phagocytosis (left), which 
involves the engulfment of 
solid particles, is one such 
example. 

Solid particle

ATP is required when 
bacteria divide by binary 
fission (left). For example, 
ATP is required in DNA 
replication and to synthesise 
components of the 
peptidoglycan cell wall. 

Cell division (mitosis), as 
observed in this onion cell, 
requires ATP to proceed. 
Formation of the mitotic 
spindle and chromosome 
separation are two aspects 
of cell division which require 
energy from ATP hydrolysis 
to occur. 

Mitotic spindle

Chromosomes

Maintaining body temperature 
requires energy. To maintain 
body heat, muscular activity 
increases (e.g. shivering). 
Cooling requires expenditure 
of energy too. For example, 
sweating is an energy 
requiring process involving 
secretion from glands in 
 the skin.

Adenosine triphosphate (ATP)
The ATP molecule consists of three components; a purine 
base (adenine), a pentose sugar (ribose), and three 
phosphate groups which attach to the 5' carbon of the 
pentose sugar. The structure of ATP is described below.

The mitochondrion
Cellular respiration and ATP production occur in mitochondria. 
A mitochondrion is bounded by a double membrane. The inner 
and outer membranes are separated by an intermembrane 
space, compartmentalising the regions where the different 
reactions of cellular respiration take place. The folded inner 
membranes provide a large surface area for reactions.

W
M

U

Amine oxidases on the 
outer membrane surface

Phosphorylases 
between the inner 
and outer membranes

ATP synthases on the 
inner membranes (cristae)

Soluble enzymes for 
the Krebs cycle and 
fatty acid degradation 
floating in the matrix

C
D

C
C

D
C

The bonds between the phosphate 
groups contain electrons in a high 
energy state which store a large 
amount of energy. The energy is 
released during ATP hydrolysis. 
Typically, hydrolysis is coupled to 
another cellular reaction to which 
the energy is transferred. The 
end products of the reaction are 
adenosine diphosphate (ADP) and 
an inorganic phosphate (Pi).

Note that energy is released  
during the formation of bonds 
during the hydrolysis reaction,  
not the breaking of bonds  
between the phosphates (which 
requires energy input).

Adenine

Phosphate groups

Ribose

1
Key Idea: ATP transports chemical energy within the cell for 
use in various metabolic processes.
All organisms require energy to be able to perform the 
metabolic processes required for them to function and 
reproduce. This energy is provided by cellular respiration, 
a set of metabolic reactions that ultimately convert 

biochemical energy from 'food' into the nucleotide adenosine 
triphosphate (ATP). ATP is considered to be a universal 
energy carrier, transferring chemical energy within the cell 
for use in metabolic processes such as biosynthesis, cell 
division, cell signalling, thermoregulation, cell motility, and 
active transport of substances across membranes.

LINK

2
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1. (a) How does ATP supply energy to power metabolism?  

 (b) In what way is the ADP/ATP system like a rechargeable battery?  
 

 

2. What is the immediate source of energy for reforming ATP from ADP?  

3. Which enzyme catalyses the hydrolysis of ATP?:  

4. Explain why highly active cells (e.g. sperm cells) have large numbers of mitochondria:  

Key Idea: ATP is the universal energy carrier in cells. Energy 
is stored in the covalent bonds between phosphate groups.
The molecule ATP (adenosine triphosphate) is the universal 
energy carrier for the cell. ATP can release its energy quickly 
by hydrolysis of the terminal phosphate. This reaction is 

catalysed by the enzyme ATPase. Once ATP has released 
its energy, it becomes ADP (adenosine diphosphate), a 
low energy molecule that can be recharged by adding a 
phosphate. The energy to do this is supplied by the controlled 
breakdown of respiratory substrates in cellular respiration.

ATP and Energy

Note! The phosphate bonds in ATP are often referred to as 
high energy bonds. This can be misleading. The bonds contain 
electrons in a high energy state (making the bonds themselves 
relatively weak). A small amount of energy is required to break 
the bonds, but when the intermediates recombine and form new 
chemical bonds a large amount of energy is released. The final 
product is less reactive than the original reactants.

ATP

A + B AB

ADP + Pi

In many textbooks the reaction series above is simplified and the 
intermediates are left out:

How does ATP provide energy?
ATP releases its energy during hydrolysis. Water is split and 
added to the terminal phosphate group resulting in ADP and Pi. 
For every mole of ATP hydrolysed 30.7 kJ of energy is released. 
Note that energy is released during the formation of chemical 
bonds, not from the breaking of chemical bonds.

P P PAdenosine

P PAdenosine PiA

Pi BA

BA

The enzyme ATPase is able to couple the 
hydrolysis of ATP directly to the formation 
of a phosphorylated intermediate A-Pi. 

In reality these 
reactions occur 
virtually simultaneously.

ATP is reformed during the 
reactions of cellular respiration 
(i.e. glycolysis, Krebs cycle, and 

the electron transport chain). 

Hydrolysis is the addition of 
water. ATP hydrolysis gives 
ADP + Pi (HPO4

2-) + H+.

Inorganic phosphate

Mitochondrion

A-Pi is more reactive 
than A. It is now able 
to react with B.

A-Pi reacts with B 
and Pi is released.

The reaction of A + B is endergonic. 
It requires energy to proceed and 
will not occur spontaneously.

ATPase

+

+

2

LINK

1
LINK

3
LINK

7
WEB
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Follow with an activity 
expanding on that concept

Introduce the concept 
with a grounding activity

Mark the check boxes of 
the objectives to complete 
and tick off when finished.

✓

Introducing the CIE Biology 2 Content
Each chapter in CIE Biology 2 is prefaced with a one page introduction, providing students with an overview of the chapter 
content and organisation. Each of the numbered learning outcomes pertains to a point of key knowledge or a skill, and is 
matched to one or more activities. A list of key terms for the chapter is also included. The comprehensive, but accessible, list 
of learning outcomes encourages students to approach each topic confidently. Familiarity with the scientific terms used in 
each topic is implicit in this.



5

© 2016 BIOZONE International

Finding Your Way Around

KNOW 

3

© 2015 BIOZONE International
 ISBN: 978-1-927309-32-2
 Photocopying Prohibited

1. (a) How does ATP supply energy to power metabolism?  

 (b) In what way is the ADP/ATP system like a rechargeable battery?  
 

 

2. What is the immediate source of energy for reforming ATP from ADP?  

3. Which enzyme catalyses the hydrolysis of ATP?:  

4. Explain why highly active cells (e.g. sperm cells) have large numbers of mitochondria:  

Key Idea: ATP is the universal energy carrier in cells. Energy 
is stored in the covalent bonds between phosphate groups.
The molecule ATP (adenosine triphosphate) is the universal 
energy carrier for the cell. ATP can release its energy quickly 
by hydrolysis of the terminal phosphate. This reaction is 

catalysed by the enzyme ATPase. Once ATP has released 
its energy, it becomes ADP (adenosine diphosphate), a 
low energy molecule that can be recharged by adding a 
phosphate. The energy to do this is supplied by the controlled 
breakdown of respiratory substrates in cellular respiration.

ATP and Energy

Note! The phosphate bonds in ATP are often referred to as 
high energy bonds. This can be misleading. The bonds contain 
electrons in a high energy state (making the bonds themselves 
relatively weak). A small amount of energy is required to break 
the bonds, but when the intermediates recombine and form new 
chemical bonds a large amount of energy is released. The final 
product is less reactive than the original reactants.

ATP

A + B AB

ADP + Pi

In many textbooks the reaction series above is simplified and the 
intermediates are left out:

How does ATP provide energy?
ATP releases its energy during hydrolysis. Water is split and 
added to the terminal phosphate group resulting in ADP and Pi. 
For every mole of ATP hydrolysed 30.7 kJ of energy is released. 
Note that energy is released during the formation of chemical 
bonds, not from the breaking of chemical bonds.

P P PAdenosine

P PAdenosine PiA

Pi BA

BA

The enzyme ATPase is able to couple the 
hydrolysis of ATP directly to the formation 
of a phosphorylated intermediate A-Pi. 

In reality these 
reactions occur 
virtually simultaneously.

ATP is reformed during the 
reactions of cellular respiration 
(i.e. glycolysis, Krebs cycle, and 

the electron transport chain). 

Hydrolysis is the addition of 
water. ATP hydrolysis gives 
ADP + Pi (HPO4

2-) + H+.

Inorganic phosphate

Mitochondrion

A-Pi is more reactive 
than A. It is now able 
to react with B.

A-Pi reacts with B 
and Pi is released.

The reaction of A + B is endergonic. 
It requires energy to proceed and 
will not occur spontaneously.

ATPase

+

+
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Weblinks
This grey tab indicates a weblink. 
Bookmark the weblinks page:

www.biozone.co.uk/weblink/CIE-2-9322 

Access the external URL for the activity by 
clicking the link next to its number.

Links
These blue tabs indicate activities that 
provide content which is related to or 
builds on the content on the page. 

The content of the CIE Biology 2 is organised into 8 chapters, each one beginning with an introduction and concluding with 
a student's self-test of understanding and vocabulary. Inviting, concept-based activities make up the bulk of each chapter, 
with each activity focussing on the student developing an understanding of a concept, applying that understanding to 
another scenario, and/or developing an essential skill, such as graphing, data analysis, or biological drawing. An important 
feature of each activity is the key idea, which encapsulates the main focus of the content provided. Clear annotated 
diagrams and photographs are a major part of almost all activities and the student's understanding of the information is 
tested through a series of questions and/or data handling and interpretation tasks. The tabs for each activity identify the 
nature of the activity, and identify related material and external weblinks, which provide support for the activity. 
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1. (a) How does ATP supply energy to power metabolism?  

 (b) In what way is the ADP/ATP system like a rechargeable battery?  
 

 

2. What is the immediate source of energy for reforming ATP from ADP?  

3. Which enzyme catalyses the hydrolysis of ATP?:  

4. Explain why highly active cells (e.g. sperm cells) have large numbers of mitochondria:  

Key Idea: ATP is the universal energy carrier in cells. Energy 
is stored in the covalent bonds between phosphate groups.
The molecule ATP (adenosine triphosphate) is the universal 
energy carrier for the cell. ATP can release its energy quickly 
by hydrolysis of the terminal phosphate. This reaction is 

catalysed by the enzyme ATPase. Once ATP has released 
its energy, it becomes ADP (adenosine diphosphate), a 
low energy molecule that can be recharged by adding a 
phosphate. The energy to do this is supplied by the controlled 
breakdown of respiratory substrates in cellular respiration.

ATP and Energy

Note! The phosphate bonds in ATP are often referred to as 
high energy bonds. This can be misleading. The bonds contain 
electrons in a high energy state (making the bonds themselves 
relatively weak). A small amount of energy is required to break 
the bonds, but when the intermediates recombine and form new 
chemical bonds a large amount of energy is released. The final 
product is less reactive than the original reactants.

ATP

A + B AB

ADP + Pi

In many textbooks the reaction series above is simplified and the 
intermediates are left out:

How does ATP provide energy?
ATP releases its energy during hydrolysis. Water is split and 
added to the terminal phosphate group resulting in ADP and Pi. 
For every mole of ATP hydrolysed 30.7 kJ of energy is released. 
Note that energy is released during the formation of chemical 
bonds, not from the breaking of chemical bonds.

P P PAdenosine

P PAdenosine PiA

Pi BA

BA

The enzyme ATPase is able to couple the 
hydrolysis of ATP directly to the formation 
of a phosphorylated intermediate A-Pi. 

In reality these 
reactions occur 
virtually simultaneously.

ATP is reformed during the 
reactions of cellular respiration 
(i.e. glycolysis, Krebs cycle, and 

the electron transport chain). 

Hydrolysis is the addition of 
water. ATP hydrolysis gives 
ADP + Pi (HPO4

2-) + H+.

Inorganic phosphate

Mitochondrion

A-Pi is more reactive 
than A. It is now able 
to react with B.

A-Pi reacts with B 
and Pi is released.

The reaction of A + B is endergonic. 
It requires energy to proceed and 
will not occur spontaneously.

ATPase

+

+

2
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The key idea provides a focus for each activity. It 
summarises the focus of the activity and provides a 
clear take-home message for the student.
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1. (a) How does ATP supply energy to power metabolism?  

 (b) In what way is the ADP/ATP system like a rechargeable battery?  
 

 

2. What is the immediate source of energy for reforming ATP from ADP?  

3. Which enzyme catalyses the hydrolysis of ATP?:  

4. Explain why highly active cells (e.g. sperm cells) have large numbers of mitochondria:  

Key Idea: ATP is the universal energy carrier in cells. Energy 
is stored in the covalent bonds between phosphate groups.
The molecule ATP (adenosine triphosphate) is the universal 
energy carrier for the cell. ATP can release its energy quickly 
by hydrolysis of the terminal phosphate. This reaction is 

catalysed by the enzyme ATPase. Once ATP has released 
its energy, it becomes ADP (adenosine diphosphate), a 
low energy molecule that can be recharged by adding a 
phosphate. The energy to do this is supplied by the controlled 
breakdown of respiratory substrates in cellular respiration.

ATP and Energy

Note! The phosphate bonds in ATP are often referred to as 
high energy bonds. This can be misleading. The bonds contain 
electrons in a high energy state (making the bonds themselves 
relatively weak). A small amount of energy is required to break 
the bonds, but when the intermediates recombine and form new 
chemical bonds a large amount of energy is released. The final 
product is less reactive than the original reactants.

ATP

A + B AB

ADP + Pi

In many textbooks the reaction series above is simplified and the 
intermediates are left out:

How does ATP provide energy?
ATP releases its energy during hydrolysis. Water is split and 
added to the terminal phosphate group resulting in ADP and Pi. 
For every mole of ATP hydrolysed 30.7 kJ of energy is released. 
Note that energy is released during the formation of chemical 
bonds, not from the breaking of chemical bonds.

P P PAdenosine

P PAdenosine PiA

Pi BA

BA

The enzyme ATPase is able to couple the 
hydrolysis of ATP directly to the formation 
of a phosphorylated intermediate A-Pi. 

In reality these 
reactions occur 
virtually simultaneously.

ATP is reformed during the 
reactions of cellular respiration 
(i.e. glycolysis, Krebs cycle, and 

the electron transport chain). 

Hydrolysis is the addition of 
water. ATP hydrolysis gives 
ADP + Pi (HPO4

2-) + H+.

Inorganic phosphate

Mitochondrion

A-Pi is more reactive 
than A. It is now able 
to react with B.

A-Pi reacts with B 
and Pi is released.

The reaction of A + B is endergonic. 
It requires energy to proceed and 
will not occur spontaneously.
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Annotated diagrams, sometimes including photo panels, 
explain the content of the page, providing the information 
necessary to complete the activity. 

Understanding of content is tested through questions, 
data handling, analysis, prediction, or summary. Students 
are often required to apply their understanding to a 
new scenario or make connections to related content. 
Students must interact with the information on the page 
in order to complete the activity. It is this interaction 
that provides the valuable learning experience and 
reinforcement and explanation of the key idea.

Related content is identified through the tab system. This 
activity also has a weblink assigned to it (see below).

THE ACTIVITY CODING SYSTEM

Main focus of the activity is:

DATA  = data handling and interpretation

KNOW  = content you need to know

PRAC  = a paper practical or a practical 

focus 

REFER  = reference - use this for information

REVISE = review the material in the section

SKILL = a specific skill to be demonstrated

TEST  = test your understanding

EXT  = Extension activity
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Practical Investigations

Topic 13

Key terms
absorption spectrum

accessory pigment

action spectrum

ATP

ATP synthase

Calvin cycle

carotenoid

cellular respiration

chemiosmosis

chloroplast

chlorophyll

cyclic 
photophosphorylation

glycerate 3-phosphate 
(G3P or GP)

grana

light dependent phase

light independent 
phase

NADP

Non-cyclic 
photophosphorylation

photolysis

photosynthesis

photosystem

ribulose bisphosphate 
(RuBP)

RuBisCo

stroma

stroma lamellae

thin layer

thylakoid discs

triose phosphate

Photosynthesis

13.1 Photosynthesis as an energy transfer process Activity 
number

Learning outcomes

c 1 Outline the events in the two stages of photosynthesis and their interdependence. 14  15  

c 2 Identify the sites of the two stages of photosynthesis. 15

c 3 Explain the role of chlorophyll a and b and accessory pigments in light capture 
in the grana. Include reference to the photosystems (the protein complexes 
involved in the absorption of light and the transfer of energy and electrons).

15  16  17

c 4 Interpret absorption and action spectra for chloroplast pigments. 17

c 5 PRAC  Use chromatography to separate and identify chloroplast pigments. 
Investigate differences in chloroplast pigments in different plants.

18

c 6 Describe the light dependent reactions, including the absorption of light by the 
photosystems, transfer of excited electrons between carriers in the thylakoid 
membranes, the generation of ATP and NADPH, and the photolysis of water.

19

c 7 Compare and contrast cyclic and non-cyclic photophosphorylation. 19

c 8 Describe the light independent reactions (Calvin cycle), including reference to 
the role of the enzyme RuBisCo: (1) the carboxylation of ribulose bisphosphate 
(RuBP) to form glycerate 3-phosphate (GP), (2) reduction of GP to triose 
phosphate using NADPH and ATP, (3) the regeneration of RuBP using ATP.

20

c 9  Describe the fate of the triose phosphate generated in the Calvin cycle. 21

13.2 Investigation of limiting factors Activity 
number

Learning outcomes

c 10 Explain the term limiting factor in relation to photosynthesis. 22

c 11 Explain the effects of changes in  carbon dioxide concentration, light intensity, 
and temperature on the rate of photosynthesis.

22  

c 12 With reference to limiting factors, explain how controlled environments (e.g. 
glasshouses) can be used to increase crop yields. 

23

c 13 PRAC  Use a redox indicator and a suspension of chloroplasts to investigate the 
effect of light intensity or light wavelength on the rate of photosynthesis.

24  25

c 14 PRAC  Investigate the effect of light intensity, CO2 concentration, and 
temperature on the rate of photosynthesis in whole plants, e.g. Cabomba.

26

13.3 Adaptations for photosynthesis Activity 
number

Learning outcomes

c 15 Describe the relationship between structure and function of the chloroplast 
using diagrams and electron micrographs

15

c 16 Explain how the anatomy and physiology of the leaves of C4 plants are adapted 
for high photosynthetic rates at high temperatures. Include reference to the 
spatial separation of initial carbon fixation from the light dependent stage and 
the high optimum temperatures of the enzymes involved.

27  

Kristian Peters Dartmouth College KNOW 
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Separation of Pigments by Chromatography18
Key Idea: Photosynthetic pigments can be separated from a 
mixture using chromatography.
Chromatography involves passing a mixture dissolved in 
a mobile phase (a solvent) through a stationary phase, 
which separates the molecules according to their 

specific characteristics (e.g. size or charge). In thin layer 
chromatography, the stationary phase is a thin layer of 
adsorbent material (e.g. silica gel or cellulose) attached to a 
solid plate. A sample is placed near the bottom of the plate 
which is placed in an appropriate solvent (the mobile phase).

Separation of photosynthetic pigments
The four primary pigments of green plants can be easily separated and identified using thin layer chromatography. The pigments 
from the leaves are first extracted by crushing leaves, together with acetone, using a mortar and pestle. The extract is dotted on to 
the chromatography plate, which is the stationary phase (a thin layer of coated card). Acetone is used as the mobile phase (solvent). 
During thin layer chromatography, the pigments separate out according to differences in their relative solubilities. Two major classes 
of pigments are detected: the two greenish chlorophyll pigments and two yellowish carotenoid pigments. 

Solvent front

A

B

C

D

Sample 
application 
point

1. (a) Calculate the Rf values for the pigments A-D on the chromatography 
plate shown left.  

 (b) Use the Rf values to identify the pigments:

  A:  Rf value:  

   Pigment:  

  B:  Rf value:  

   Pigment:  

  C:  Rf value:  

   Pigment:  

  D:  Rf value:  

   Pigment:  

2. A student carried out a chromatography experiment on a plant adapted 
for shade and a plant adapted for high levels of sunlight. Use your 
knowledge of plant photosynthetic pigments and the information on this 
page to predict the outcome of the two chromatography experiments in 
terms of the pigments that will appear on the chromatography paper and 
their relative darkness (indicating the amount of pigment).

y

x

Distance travelled by the solvent (y) 

Distance travelled by the spot (x)

Rf =

To identify the substances in a mixture an Rf 

value is calculated using the equation:

These Rf values can then be compared with Rf 
values from known samples or standards, for 
example Rf values for the the following 
photosynthetic pigments are:   

 Carotene’s Rf value  = 0.93
 Chlorophyll a’s Rf value = 0.46
 Chlorophyll b’s Rf value = 0.42
 Xanthophyll’s Rf value = 0.17 - 0.41

Determining Rf values

LINK

17
WEB

18

Cling wrap or tin 
foil to seal beaker

Leaf extract

Original 
solvent front

Solvent

Chromatography 
plate

KNOW 

30

© 2015 BIOZONE International
 ISBN: 978-1-927309-32-2
 Photocopying Prohibited

Experimental Evidence for Photosynthesis24
Key Idea: Hill's experiment using isolated chloroplasts and 
Calvin's "lollipop" experiment provided important information 
on the process of photosynthesis.
In the 1930s Robert Hill devised a way of measuring 

oxygen evolution and the rate of photosynthesis in isolated 
chloroplasts. During the 1950s Melvin Calvin led a team 
using radioisotopes of carbon to work out the steps of the 
light independent reactions (the Calvin cycle).

Calvin's lollipop experiment

Calvin and his colleges placed 
the algae Chlorella vulgaris 
in a thin bulb shaped flask to 
simulate a leaf (the lollipop).

Radioactive 14C 
labelled CO2 
was bubbled 
into the flask at 
precise times.

The samples were 
analysed to work 
out which molecules 
the 14C was 
incorporated into. 

Samples were taken 
two seconds apart 
and were placed 
directly into boiling 
ethanol which stops 
any reactions.

Two-dimensional chromatography was used to separate 
the molecules in each sample. The sample is run in one 
direction, then rotated 90 degrees and run again with a 
different solvent. This separates out molecules that might be 
close to each other.

By identifying the order that the molecules incorporating the 
14C  appeared it was possible to work out the steps of the 
now called Calvin cycle. This could only be done by taking 
samples only seconds apart.

Leaves are homogenised to form a slurry. The slurry is filtered to 
remove any debris. The filtered extract is then centrifuged at low 
speed to remove the larger cell debris and then at high speed to 
separate out the chloroplasts.

Robert Hill's experiment
The dye DCPIP (2,6-dichlorophenol-indophenol) is blue. It is 
reduced by H+ ions and forms DCPIPH2 (colourless). Hill made use 
of this dye to show that O2 is produced during photosynthesis even 
when CO2 is not present.

The chloroplasts are resuspended in a buffer. The blue dye DCPIP is 
added to the suspension. In a test tube left in the dark, the dye remains 
unchanged. In a test tube exposed to the light, the blue dye fades 
and the test tube turns green again. The rate of colour change can be 
measured by measuring the light absorbance of the suspension. The 
rate is proportional to the rate at which oxygen is produced.

Dark Light

Power Speed
BBT Inc.

RPM0

1000

2000

On/OffSpeed Timer

Light

First solvent front

Second 
solvent front

Direction 
of first run

Direction of 
second run

Original sample

1. Write an equation for the formation of DCPIPH2 from DCPIP:  

2. What important finding about photosynthesis did Hill's experiment show?     

3. Why did the samples in Calvin's lollipop experiment need to be taken just seconds apart?  

Hill's experiment showed that water must be the source of 
oxygen (and therefore electrons). It is split by light to produce 
H+ ions (which reduce DCPIP) and O2- ions. The equation below 
summarises his findings:

H2O + A → AH2 + ½ O2

where A is the electron acceptor (in vivo this is NADP+)

LINK

19
WEB

24
LINK

20
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Investigating Photosynthetic Rate
Key Idea: Measuring the production of oxygen provides a 
simple means of measuring the rate of photosynthesis. 
The rate of photosynthesis can be investigated by measuring 
the substances involved in photosynthesis. These include 

measuring the uptake of carbon dioxide, the production of 
oxygen, or the change in biomass over time. Measuring the 
rate of oxygen production provides a good approximation of 
the photosynthetic rate and is relatively easy to carry out.

26

The aim
To investigate the effect of light intensity on the rate of 
photosynthesis in an aquatic plant, Cabomba aquatica. 

1. Complete the table by calculating the rate of oxygen production (bubbles of oxygen gas per minute):

2. Use the data to draw a graph of the bubble produced per minute vs light intensity:

3. Although the light source was placed set distances from the Cabomba stem, light intensity in lux was recorded at each 
distance rather than distance per se. Explain why this would be more accurate:

4. The sample of gas collected during the experiment was tested with a glowing splint. The splint reignited when placed in 
the gas. What does this confirm about the gas produced?

5. What could be a more accurate way of measuring the gas produced in the experiment?     
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Cabomba aquatica, 
a common aquarium plant

The method
 ► 0.8-1.0 grams of Cabomba stem were weighed on a balance. 

The stem was cut and inverted to ensure a free flow of 
oxygen bubbles. 

 ► The stem was placed into a beaker filled with a solution 
containing 0.2 mol L-1 sodium hydrogen carbonate (to supply 
carbon dioxide). The solution was at approximately 20°C.  A 
funnel was inverted over the Cabomba and a test tube filled 
with the sodium hydrogen carbonate solution was inverted on 
top to collect any gas produced. 

 ► The beaker was placed at distances (20, 25, 30, 35, 40, 
45 cm) from a 60W light source and the light intensity 
measured with a lux meter at each interval. One beaker was 
not exposed to the light source (5 lx).

 ► Before recording data, the Cabomba stem was left to 
acclimatise to the new light level for 5 minutes. Because the 
volumes of oxygen gas produced are very low, bubbles were 
counted for a period of three minutes at each distance. 

The results

Light intensity / 
lx  (distance)

Bubbles counted 
in three minutes

Bubbles per 
minute

5 0

13  (45 cm) 6

30  (40 cm) 9

60 (35 cm) 12

95 (30 cm) 18

150 (25 cm) 33

190 (20 cm) 35

LINK
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26

Students can complete the 
activity to understand the use 
of chromatography to separate 
photosynthetic pigments.

Students can use data 
provided to evaluate the effect 
of light on photosynthetic rate.

The basic techniques and skills required for practical work and mathematical 
skills are addressed throughout the workbook. Activities that support practical 
investigations are identified in the introduction of the relevant chapters. 

PRAC 
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1. Write a brief hypothesis for this experiment:

2. Use the grid below to draw a line graph of the change in 
absorbance over time of each of the  tubes tested.

3. (a) What was the purpose of tube 4?  
 

 (b)  What was the purpose of tube 5?  
 

4. Why was the absorbance of tube 3 only measured at the start and end of the investigation?  

5. Why did the absorbance of tubes 4 and 5 vary?  

6. Write a conclusion for the investigation:  

Investigating Enzymes in Photosynthesis25
Key Idea: Replacing NADP+ with DCPIP as the electron 
acceptor allows the effect of light on the rate of the light 
dependent reactions to be measured indirectly.
NADP+ is the electron acceptor for the light dependent 

reaction. By substituting the dye DCPIP, which fades from 
blue to colourless as it accepts electrons, it is possible to 
indirectly measure the rate of the light dependent reactions 
and therefore the rate of enzyme activity during the reactions.

Background
Dehydrogenase enzymes play a role in the transport of 
electrons through the photosystem pathways of the light 
dependent reactions. The final acceptor of the electron is 
NADP+, forming NADPH. By substituting DCPIP to accept 
H+, the rate of enzyme activity can be measured.

The aim
To investigate the effect of light intensity on the rate of 
dehydrogenase activity in the light dependent reactions in 
isolated chloroplasts.

The method
Pieces of spinach leaf were blended using a standard food 
processor. The pulp was filtered through a muslin cloth into 
four centrifuge tubes kept in an ice bath. The filtered extract 
was spun down to produce a pellet and supernatant. The 
supernatant was discarded and each pellet resuspended 
with a medium of cold sucrose solution in a boiling tube. In 
tube 1 and 2 the dye DCPIP was added. In tube 3 DCPIP 
was added then the tube was covered in foil to exclude 
light. In tube 4 no DCPIP was added. In a fifth tube DCPIP 
and sucrose medium were added without any leaf extract. 
Tubes 1 and 3 were exposed to high intensity light. Tube 2 
was exposed to a lower intensity light. The absorbance of all 
the tubes was measured using a colorimeter at time 0 and 
every minute for 15 minutes. The absorbance of tube 3 was 
measured at the beginning and end of the experiment only.

Results

Tube number / absorbance

Time / min 1 2 3 4 5

0 5.0 5.0 5.0 0.3 5.0

1 4.8 5.0 - 0.3 5.0

2 4.7 4.9 - 0.3 5.0

3 4.6 4.8 - 0.3 5.0

4 4.3 4.8 - 0.4 5.0

5 4.0 4.7 - 0.3 4.9

6 3.8 4.6 - 0.4 4.9

7 3.4 4.6 - 0.2 4.9

8 3.0 4.5 - 0.3 5.0

9 2.6 4.4 - 0.4 5.1

10 2.2 4.4 - 0.3 5.0

11 1.9 4.3 - 0.2 4.9

12 1.4 4.1 - 0.2 5.0

13 0.9 4.0 - 0.3 4.8

14 0.6 4.0 - 0.3 5.0

15 0.5 3.8 4.7 0.4 5.0

LINK

24
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Students can use raw data 
to study the effect of light on 
enzyme activity.
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www.biozone.co.uk/weblink/CIE-2-9322

Hyperlink to the 
external website page.

Bookmark weblinks by typing in the address: it is not accessible directly from BIOZONE's website
Corrections and clarifications to current editions are always posted on the weblinks page 

This WEBLINKS page provides links to external web sites with supporting information for the activities. Almost 
exclusively, they are narrowly focussed animations and video clips relevant to the activity on which they are cited. 
They offer great support to aid student understanding of basic concepts, especially for visual learners.

Making Use of Weblinks
The tab system at the base of each activity identifies if there is a 
weblink available to support the activity's content. The weblinks are 
distinct from the general Biolinks area of BIOZONE's website. They 
are coded with the activity number and are only accessible through a 
specific url (below), so bookmark the address at the beginning of your 
teaching year and always have them on hand. The weblinks comprise 
short video clips or animations aimed specifically at the activity 
content. These are external sites from a wide range of reputable 
sources and are invaluable as support to explain content or view an 
animation of a process such as diffusion or active transport. It's easy 
and we've done the hard work for you. Just click and view.

KNOW 
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1. Why do organisms need to respire?

2. (a) Describe the general role of mitochondria in cell respiration:

 (b) Explain the importance of compartmentalisation in the mitochondrion: 

3.  Explain why thermoregulation is associated with energy expenditure:

The Role of ATP in Cells

ATP powers metabolism

The energy released from 
the removal of a phosphate 
group of ATP is used to 
actively transport molecules 
and substances across 
the cellular membrane. 
Phagocytosis (left), which 
involves the engulfment of 
solid particles, is one such 
example. 

Solid particle

ATP is required when 
bacteria divide by binary 
fission (left). For example, 
ATP is required in DNA 
replication and to synthesise 
components of the 
peptidoglycan cell wall. 

Cell division (mitosis), as 
observed in this onion cell, 
requires ATP to proceed. 
Formation of the mitotic 
spindle and chromosome 
separation are two aspects 
of cell division which require 
energy from ATP hydrolysis 
to occur. 

Mitotic spindle

Chromosomes

Maintaining body temperature 
requires energy. To maintain 
body heat, muscular activity 
increases (e.g. shivering). 
Cooling requires expenditure 
of energy too. For example, 
sweating is an energy 
requiring process involving 
secretion from glands in 
 the skin.

Adenosine triphosphate (ATP)
The ATP molecule consists of three components; a purine 
base (adenine), a pentose sugar (ribose), and three 
phosphate groups which attach to the 5' carbon of the 
pentose sugar. The structure of ATP is described below.

The mitochondrion
Cellular respiration and ATP production occur in mitochondria. 
A mitochondrion is bounded by a double membrane. The inner 
and outer membranes are separated by an intermembrane 
space, compartmentalising the regions where the different 
reactions of cellular respiration take place. The folded inner 
membranes provide a large surface area for reactions.

W
M

U

Amine oxidases on the 
outer membrane surface

Phosphorylases 
between the inner 
and outer membranes

ATP synthases on the 
inner membranes (cristae)

Soluble enzymes for 
the Krebs cycle and 
fatty acid degradation 
floating in the matrix

C
D

C
C

D
C

The bonds between the phosphate 
groups contain electrons in a high 
energy state which store a large 
amount of energy. The energy is 
released during ATP hydrolysis. 
Typically, hydrolysis is coupled to 
another cellular reaction to which 
the energy is transferred. The 
end products of the reaction are 
adenosine diphosphate (ADP) and 
an inorganic phosphate (Pi).

Note that energy is released  
during the formation of bonds 
during the hydrolysis reaction,  
not the breaking of bonds  
between the phosphates (which 
requires energy input).

Adenine

Phosphate groups

Ribose

1
Key Idea: ATP transports chemical energy within the cell for 
use in various metabolic processes.
All organisms require energy to be able to perform the 
metabolic processes required for them to function and 
reproduce. This energy is provided by cellular respiration, 
a set of metabolic reactions that ultimately convert 

biochemical energy from 'food' into the nucleotide adenosine 
triphosphate (ATP). ATP is considered to be a universal 
energy carrier, transferring chemical energy within the cell 
for use in metabolic processes such as biosynthesis, cell 
division, cell signalling, thermoregulation, cell motility, and 
active transport of substances across membranes.

LINK

2
WEB

1
LINK

7
LINK

3

Chapter in the 
workbook

Activity in the 
workbook

Weblinks exist for most of the activities in the 
workbook, from cells to evolution.
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Energy and respirationTopic 12

Key terms
acetyl coA

aerobic respiration

anaerobic metabolism

ATP

ATP synthase

cellular respiration

chemiosmosis

cristae

decarboxylation

dehydrogenation

electron transport 
chain

ethanol

FAD

fermentation

glycolysis

Krebs cycle

lactic acid

link reaction

matrix

mitochondrion

NAD

oxidative 
phosphorylation

pyruvate

respirometer

substrate level 
phosphorylation

triose phosphate

12.1 Energy Activity 
number

Learning outcomes

c 1 Explain why organisms require energy, as illustrated by examples, e.g. anabolic 
reactions, active transport, movement, and regulation of body temperature. 

1      

c 2 Describe how ATP's structure enables it to act as the universal energy currency. 
Explain ATP generation by substrate-linked phosphorylation.

2

c 3 Outline the roles of the coenzymes NAD, FAD, and coenzyme A in respiration. 6

c 4 Explain how the synthesis of ATP is associated with electron transport in the 
membranes of mitochondria and chloroplasts.

6  7  19

c 5 Describe and explain the relative energy values of carbohydrates, lipids, and 
proteins as respiratory substrates. Describe how respiratory quotients (RQ) can 
be used to determine the respiratory substrate being utilised. Calculate and 
interpret RQ values for organisms in different conditions.

4

c 6 PRAC  Use simple respirometers to determine the RQ of living organisms. 5

12.2 Respiration Activity 
number

Learning outcomes

c 7 Identify the four stages of aerobic respiration and their location.  3

c 8 Outline glycolysis and recognise it as the major anaerobic pathway in cells. State 
the net yield of ATP and NADH2 from glycolysis.

6

c 9 Describe the link reaction to include decarboxylation of pyruvate, reduction of 
NAD, and formation of acetyl coenzyme A.

6

c 10 Outline the Krebs cycle including reference to the stepwise oxidation of 
intermediates and the importance of decarboxylation, dehydrogenation, 
reduction of NAD and FAD, and substrate level phosphorylation. 

6

c 11 Explain oxidative phosphorylation in the electron transport chain to include the 
roles of electron carriers in the mitochondrial cristae and the role of oxygen as 
the terminal electron acceptor.

6

c 12 Describe the relationship between structure and function of the mitochondrion 
using diagrams and electron micrographs.

6

c 13 Describe chemiosmotic theory as an explanation for ATP generation in oxidative 
phosphorylation and photophosphorylation (in photosynthesis).

7

c 14 Compare aerobic and anaerobic pathways for ATP generation in eukaryotes 
to include alcoholic fermentation in yeast and lactic acid fermentation in 
mammalian muscle, including the concept of oxygen debt. Compare and explain 
the differences in ATP yield from aerobic respiration and from fermentation.

8

c 15 PRAC  Investigate factors affecting fermentation in yeast using a redox indicator. 9  10

c 16 Explain how rice is adapted to grow in anaerobic conditions with reference to its 
tolerance for ethanol and the presence of aerenchyma tissue.

8

c 17 PRAC Use a simple respirometer to investigate the effect of temperature on the 
respiration rate of germinating seeds or small invertebrates.

11
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1. Why do organisms need to respire?

2. (a) Describe the general role of mitochondria in cell respiration:

 (b) Explain the importance of compartmentalisation in the mitochondrion: 

3.  Explain why thermoregulation is associated with energy expenditure:

The Role of ATP in Cells

ATP powers metabolism

The energy released from 
the removal of a phosphate 
group of ATP is used to 
actively transport molecules 
and substances across 
the cellular membrane. 
Phagocytosis (left), which 
involves the engulfment of 
solid particles, is one such 
example. 

Solid particle

ATP is required when 
bacteria divide by binary 
fission (left). For example, 
ATP is required in DNA 
replication and to synthesise 
components of the 
peptidoglycan cell wall. 

Cell division (mitosis), as 
observed in this onion cell, 
requires ATP to proceed. 
Formation of the mitotic 
spindle and chromosome 
separation are two aspects 
of cell division which require 
energy from ATP hydrolysis 
to occur. 

Mitotic spindle

Chromosomes

Maintaining body temperature 
requires energy. To maintain 
body heat, muscular activity 
increases (e.g. shivering). 
Cooling requires expenditure 
of energy too. For example, 
sweating is an energy 
requiring process involving 
secretion from glands in 
 the skin.

Adenosine triphosphate (ATP)
The ATP molecule consists of three components; a purine 
base (adenine), a pentose sugar (ribose), and three 
phosphate groups which attach to the 5' carbon of the 
pentose sugar. The structure of ATP is described below.

The mitochondrion
Cellular respiration and ATP production occur in mitochondria. 
A mitochondrion is bounded by a double membrane. The inner 
and outer membranes are separated by an intermembrane 
space, compartmentalising the regions where the different 
reactions of cellular respiration take place. The folded inner 
membranes provide a large surface area for reactions.

W
M

U

Amine oxidases on the 
outer membrane surface

Phosphorylases 
between the inner 
and outer membranes

ATP synthases on the 
inner membranes (cristae)

Soluble enzymes for 
the Krebs cycle and 
fatty acid degradation 
floating in the matrix

C
D

C
C

D
C

The bonds between the phosphate 
groups contain electrons in a high 
energy state which store a large 
amount of energy. The energy is 
released during ATP hydrolysis. 
Typically, hydrolysis is coupled to 
another cellular reaction to which 
the energy is transferred. The 
end products of the reaction are 
adenosine diphosphate (ADP) and 
an inorganic phosphate (Pi).

Note that energy is released  
during the formation of bonds 
during the hydrolysis reaction,  
not the breaking of bonds  
between the phosphates (which 
requires energy input).

Adenine

Phosphate groups

Ribose

1
Key Idea: ATP transports chemical energy within the cell for 
use in various metabolic processes.
All organisms require energy to be able to perform the 
metabolic processes required for them to function and 
reproduce. This energy is provided by cellular respiration, 
a set of metabolic reactions that ultimately convert 

biochemical energy from 'food' into the nucleotide adenosine 
triphosphate (ATP). ATP is considered to be a universal 
energy carrier, transferring chemical energy within the cell 
for use in metabolic processes such as biosynthesis, cell 
division, cell signalling, thermoregulation, cell motility, and 
active transport of substances across membranes.

LINK

2
WEB

1
LINK

7
LINK

3

Engage, Explore, Explain, Elaborate, and Evaluate
In developing CIE Biology 2, we have focussed on the key knowledge and skills requirements identified in the CIE 
Biology syllabus. The activities in CIE Biology 2 have been specifically written to address this content. Our focus is 
student engagement through the use of a concept-based, highly visual design and opportunity to demonstrate skills and 
understanding. 

Engage, explain, elaborate, and evaluate: Activities are nested. An 
introductory activity introduces and builds understanding of a specific core 
idea, and a subsequent activity involves applying that understanding to a new 
situation, e.g. analysing data, finding a solution, or interpreting new information.

The introduction to each chapter provides 
a summary of the learning outcomes 
and appropriate practicals, presented as 
a series of short student learning aims. 
The students achieve understanding 
of each statement by completing its 
corresponding activity.

Activities are written and presented so 
that students progressively extend and 
deepen their understanding, using what 
they have learned in earlier activities to 
complete later related activities and to 
solve new problems. 
Energy and respirationTopic 12

Key terms
acetyl coA

aerobic respiration

anaerobic metabolism

ATP

ATP synthase

cellular respiration

chemiosmosis

cristae

decarboxylation

dehydrogenation

electron transport 
chain

ethanol

FAD

fermentation

glycolysis

Krebs cycle

lactic acid

link reaction

matrix

mitochondrion

NAD

oxidative 
phosphorylation

pyruvate

respirometer

substrate level 
phosphorylation

triose phosphate

12.1 Energy Activity 
number

Learning outcomes

c 1 Explain why organisms require energy, as illustrated by examples, e.g. anabolic 
reactions, active transport, movement, and regulation of body temperature. 

1      

c 2 Describe how ATP's structure enables it to act as the universal energy currency. 
Explain ATP generation by substrate-linked phosphorylation.

2

c 3 Outline the roles of the coenzymes NAD, FAD, and coenzyme A in respiration. 6

c 4 Explain how the synthesis of ATP is associated with electron transport in the 
membranes of mitochondria and chloroplasts.

6  7  19

c 5 Describe and explain the relative energy values of carbohydrates, lipids, and 
proteins as respiratory substrates. Describe how respiratory quotients (RQ) can 
be used to determine the respiratory substrate being utilised. Calculate and 
interpret RQ values for organisms in different conditions.

4

c 6 PRAC  Use simple respirometers to determine the RQ of living organisms. 5

12.2 Respiration Activity 
number

Learning outcomes

c 7 Identify the four stages of aerobic respiration and their location.  3

c 8 Outline glycolysis and recognise it as the major anaerobic pathway in cells. State 
the net yield of ATP and NADH2 from glycolysis.

6

c 9 Describe the link reaction to include decarboxylation of pyruvate, reduction of 
NAD, and formation of acetyl coenzyme A.

6

c 10 Outline the Krebs cycle including reference to the stepwise oxidation of 
intermediates and the importance of decarboxylation, dehydrogenation, 
reduction of NAD and FAD, and substrate level phosphorylation. 

6

c 11 Explain oxidative phosphorylation in the electron transport chain to include the 
roles of electron carriers in the mitochondrial cristae and the role of oxygen as 
the terminal electron acceptor.

6

c 12 Describe the relationship between structure and function of the mitochondrion 
using diagrams and electron micrographs.

6

c 13 Describe chemiosmotic theory as an explanation for ATP generation in oxidative 
phosphorylation and photophosphorylation (in photosynthesis).

7

c 14 Compare aerobic and anaerobic pathways for ATP generation in eukaryotes 
to include alcoholic fermentation in yeast and lactic acid fermentation in 
mammalian muscle, including the concept of oxygen debt. Compare and explain 
the differences in ATP yield from aerobic respiration and from fermentation.

8

c 15 PRAC  Investigate factors affecting fermentation in yeast using a redox indicator. 9  10

c 16 Explain how rice is adapted to grow in anaerobic conditions with reference to its 
tolerance for ethanol and the presence of aerenchyma tissue.

8

c 17 PRAC Use a simple respirometer to investigate the effect of temperature on the 
respiration rate of germinating seeds or small invertebrates.

11
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Key Idea: Homeostasis refers to the (relatively) constant physiological 
state of the body despite fluctuations in the external environment.

Organisms maintain a relatively constant physiological state, called 
homeostasis, despite changes in their environment. Any change in the 
environment to which an organism responds is called a stimulus and, 
because environmental stimuli are not static, organisms must also adjust 
their behaviour and physiology constantly to maintain homeostasis.  
This requires the coordinated activity of the body's organ systems. 
Homeostatic mechanisms prevent deviations from the steady state and 
keep the body's internal conditions within strict limits. Deviations from 
these limits can be harmful.

An example of homeostasis occurs when you exercise (right). Your body 
must keep your body temperature constant at about 37.0°C despite the 
increased heat generated by activity. Similarly, you must regulate blood 
sugar levels and blood pH, water and electrolyte balance, and blood 
pressure. Your body's organ systems carry out these tasks.

To maintain homeostasis, the body must detect stimuli through 
receptors, process this sensory information, and respond to it 
appropriately via effectors. The responses provide new feedback to the 
receptor. These three components are illustrated below. 

Homeostasis30

1. What is homeostasis?  

2. What is the role of the following components in maintaining homeostasis:

 (a) Receptor:  

 (b) Control centre:  

 (c) Effector:  

How homeostasis is maintained 

The analogy of a thermostat on a heater is a good 
way to understand how homeostasis is maintained. 
A heater has sensors (a receptor) to monitor room 
temperature. It also has a control centre to receive 
and process the data from the sensors. Depending 
on the data it receives, the control centre activates 
the effector (heating unit), switching it on or off. When 
the room is too cold, the heater switches on. When 
it is too hot, the heater switches off. This maintains a 
constant temperature.

Sense organ 
(e.g. eye)

Brain and 
spinal cord

Muscles and 
glands

Effector
Responds to the 
output from the 
control centre.

Control centre

Receives the message and 
coordinates a response. Sends an 

output message to an effector.

Receptor
Detects change and 

sends a message to the 
control centre.
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Maintaining Homeostasis31
Key Idea: The body's organ systems work together to 
maintain homeostasis.
Homeostasis relies on monitoring all the information received 
from the internal and external environment and coordinating 
appropriate responses. This often involves many different 

organ systems working together to ensure proper functioning 
of the whole organism. Most of the time an organism's body 
systems are responding to changes at the subconscious 
level, but sometimes homeostasis is achieved by changing a 
behaviour (e.g. finding shade if the temperature is too high).  

Oxygen must be delivered to all cells and carbon dioxide (a waste product 
of cellular respiration) must be removed. Breathing brings in oxygen and 
expels CO2, and the cardiovascular and lymphatic systems circulate 
these respiratory gases (the oxygen mostly bound to haemoglobin). The 
rate of breathing is varied according to oxygen demands (as detected by 
CO2 levels in the blood).

Oxygen demand 
changes with 
activity level and 
environment  
(e.g. altitude). 

CO2 production 
changes with activity 
level and environment. 

Muscular activity 
increases oxygen 
demand and carbon 
dioxide production.

Capacity for O2 
transport depends on 
blood haemoglobin. 

Regulating respiratory gases

All of us are under constant attack from pathogens (disease causing 
organisms). The body has a number of mechanisms that help to prevent 
the entry of pathogens and limit the damage they cause if they do enter 
the body. The skin, the digestive system, and the immune system are all 
involved in the body’s defence, while the cardiovascular and lymphatic 
systems circulate the cells and antimicrobial substances involved. 

Infections of the 
reproductive system 
(STIs)  from yeasts, 
viruses, and bacteria.

Attack on skin and 
mucous membranes 
from fungal pathogens.

Attack by pathogens 
inhaled or eaten with 
food and drink.

Lymph tissue

Coping with pathogens

Damage to body tissues triggers the inflammatory response and white 
blood cells move to the injury site. The inflammatory response is started 
(and ended) by chemical signals (e.g. from histamine and prostaglandins) 
released when tissue is damaged. The cardiovascular and lymphatic 
systems distribute the cells and molecules involved.

Wounds result in bleeding. 
Clotting begins soon after 
and phagocytes prevent 
the entry of pathogens.

Muscle and tendon 
injuries through 
excessive activity.

Bone fractures caused 
by falls and blows.

Hernias can be 
caused by strain 
as in heavy lifting.

Repairing injuries

Food and drink must be taken in to maintain the body's energy 
supplies. The digestive system makes these nutrients available, and the 
cardiovascular system distributes them throughout the body. Food intake 
is regulated largely through nervous mechanisms while hormones control 
the regulation of cellular uptake of glucose.

Digestion in the gut 
provides the building 
materials for the body to 
grow and repair tissue.

Water must be 
reabsorbed from the 
digested material.

The solid waste 
products of digestion 
(faeces) must be 
eliminated.

Food and drink 
provides energy 
and nutrients, but 
supply is pulsed at 
mealtimes with little 
in between. 

Maintaining nutrient supply
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Maintaining Homeostasis31
Key Idea: The body's organ systems work together to 
maintain homeostasis.
Homeostasis relies on monitoring all the information received 
from the internal and external environment and coordinating 
appropriate responses. This often involves many different 

organ systems working together to ensure proper functioning 
of the whole organism. Most of the time an organism's body 
systems are responding to changes at the subconscious 
level, but sometimes homeostasis is achieved by changing a 
behaviour (e.g. finding shade if the temperature is too high).  

Oxygen must be delivered to all cells and carbon dioxide (a waste product 
of cellular respiration) must be removed. Breathing brings in oxygen and 
expels CO2, and the cardiovascular and lymphatic systems circulate 
these respiratory gases (the oxygen mostly bound to haemoglobin). The 
rate of breathing is varied according to oxygen demands (as detected by 
CO2 levels in the blood).

Oxygen demand 
changes with 
activity level and 
environment  
(e.g. altitude). 

CO2 production 
changes with activity 
level and environment. 

Muscular activity 
increases oxygen 
demand and carbon 
dioxide production.

Capacity for O2 
transport depends on 
blood haemoglobin. 

Regulating respiratory gases

All of us are under constant attack from pathogens (disease causing 
organisms). The body has a number of mechanisms that help to prevent 
the entry of pathogens and limit the damage they cause if they do enter 
the body. The skin, the digestive system, and the immune system are all 
involved in the body’s defence, while the cardiovascular and lymphatic 
systems circulate the cells and antimicrobial substances involved. 

Infections of the 
reproductive system 
(STIs)  from yeasts, 
viruses, and bacteria.

Attack on skin and 
mucous membranes 
from fungal pathogens.

Attack by pathogens 
inhaled or eaten with 
food and drink.

Lymph tissue

Coping with pathogens

Damage to body tissues triggers the inflammatory response and white 
blood cells move to the injury site. The inflammatory response is started 
(and ended) by chemical signals (e.g. from histamine and prostaglandins) 
released when tissue is damaged. The cardiovascular and lymphatic 
systems distribute the cells and molecules involved.

Wounds result in bleeding. 
Clotting begins soon after 
and phagocytes prevent 
the entry of pathogens.

Muscle and tendon 
injuries through 
excessive activity.

Bone fractures caused 
by falls and blows.

Hernias can be 
caused by strain 
as in heavy lifting.

Repairing injuries

Food and drink must be taken in to maintain the body's energy 
supplies. The digestive system makes these nutrients available, and the 
cardiovascular system distributes them throughout the body. Food intake 
is regulated largely through nervous mechanisms while hormones control 
the regulation of cellular uptake of glucose.

Digestion in the gut 
provides the building 
materials for the body to 
grow and repair tissue.

Water must be 
reabsorbed from the 
digested material.

The solid waste 
products of digestion 
(faeces) must be 
eliminated.

Food and drink 
provides energy 
and nutrients, but 
supply is pulsed at 
mealtimes with little 
in between. 

Maintaining nutrient supply
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The KEY IDEA provides a focus for 
each activity. The key ideas through a 
chapter provide a concise summary 
of the chapter content. 

Students become actively involved 
in the learning activity by interacting 
with the material, answering the 
question and completing the set 
tasks. Many activities are suitable 
as assessment tasks. 

Engage, explore and explain Elaborate
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The Biochemistry of Respiration

(a)

Krebs cycle

2NADH + 2H+

CoA

O2

Water2H+

1
2

e- e-

NADH + HH+

NADH + H+

Glucose (6C)

Pyruvate*

2 ADPFats Glycerol

Glycogen

Proteins

Amino acids

Fatty acids

2 ATP

Acetyl Coenzyme A

(f)

(d)

(e)

(c)

(b)

α-ketoglutarate

citrate

oxaloacetate

  

phosphorylated
6C sugar
(hexose

bisphosphate)

2 x 3C
triose

phosphate

NADH + H+

4 ATP are produced
but 2 are used in
the process

1C lost as
carbon dioxide

2C lost as
carbon dioxide

ATP

*FADH2

17 ADP 17 ATP

NAD+ and FAD are hydrogen
acceptors, transporting hydrogens to
the electron transport chain (below). 
NAD+ is reduced to NADH + H+ 
(sometimes simply written as  
NADH). FAD is reduced to FADH2. 

Electron transport chain
Oxygen is used
as a terminal
electron acceptor

Other molecules (above)
When glucose is in short supply, 
other organic molecules can provide 
alternative respiratory substrates. 
Respiratory substrates are molecules 
that are used in cell respiration to 
derive energy through oxidation.

Total ATP yield per glucose
Glycolysis: 2 ATP, Krebs cycle: 2 ATP, Electron transport: 34 ATP

Glycolysis (cytoplasm)
The first part of respiration that involves the 
breakdown of glucose in the cytoplasm. Glucose 
(a 6-carbon sugar) is broken into two molecules 
of pyruvate (also called pyruvic acid), a 3-carbon 
acid. A total of 2 ATP and 2NADH + 2H+ are 
generated from this stage. No oxygen is required 
(the process is anaerobic).

Link reaction  (mitochondrial matrix)
The link reaction is also called the transition 
reaction. Pyruvate enters the mitochondrion and 
carbon dioxide is removed. Coenzyme A (CoA) 
picks up the remaining 2-carbon fragment of the 
pyruvate to form acetyl coenzyme A.

Krebs cycle  (mitochondrial matrix)
The acetyl group passes into a cyclic reaction 
and combines with a 4-carbon molecule to form 
a 6-carbon molecule. The CoA is released for 
reuse. Successive steps in the cycle remove 
carbon as carbon dioxide.

Electron transport chain  (mitochondrial cristae)
Hydrogen pairs are transferred to the electron transport chain, a series 
of hydrogen and electron carriers, located on the membranes of the 
cristae. The hydrogens or electrons are passed from one carrier to 
the next, in a series of redox reactions, losing energy as they go. The 
energy released in this stepwise process is used to phosphorylate 
ADP to form ATP. Oxygen is the final electron acceptor and is reduced 
to water (hence the term oxidative phosphorylation).
Note FAD enters the electron transport chain at a lower energy level 
than NAD, and only 2ATP are generated per FADH2.

Two molecules of pyruvate are produced 
per glucose molecule. From this stage, the 
processing of only one pyruvate is shown.

7
Key Idea: During cellular respiration, the energy in glucose 
is transferred to ATP in a series of enzyme controlled steps. 
The oxidation of glucose is a catabolic, energy yielding 
pathway. The breakdown of glucose and other organic fuels 
(such as fats and proteins) to simpler molecules releases 
energy for ATP synthesis. Glycolysis and the Krebs cycle 
supply electrons to the electron transport chain, which 
drives oxidative phosphorylation. Glycolysis nets two ATP. 
The conversion of pyruvate (the end product of glycolysis) 

to acetyl CoA links glycolysis to the Krebs cycle. One "turn" 
of the cycle releases carbon dioxide, forms one ATP, and 
passes electrons to three NAD+ and one FAD. Most of the 
ATP generated in cellular respiration is produced by oxidative 
phosphorylation when NADH + H+ and FADH2 donate 
electrons to the series of electron carriers in the electron 
transport chain. At the end of the chain, electrons are passed 
to molecular oxygen, reducing it to water. Electron transport 
is coupled to ATP synthesis.
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Chemiosmosis8

1. Summarise the process of chemiosmosis:  

2. Why did the addition of protons to the treated mitochondria increase ATP synthesis? 

3. Why did the suspension of isolated chloroplasts become alkaline when illuminated? 

4. (a) What was the purpose of transferring the chloroplasts first to an acid then to an alkaline medium?  

 (b) Why did ATP synthesis occur spontaneously in these treated chloroplasts?  

ATP
synthase

H+

H+H+H+
H+

H+ H+

H+

H+

H+
H+H+

H+

e -

e -

H+

H+

H+
H+

H+

INTERMEMBRANE 
SPACE

MITOCHONDRIAL 
MATRIX

2H+ + 1/2 O2 H2O

The energy from the 
electrons is used to 
transport hydrogen ions 
across the membrane.

Reduced NAD (NADH + H+) 
provides electrons:

NADH + H+ → NAD+ + 2e-

The flow of protons down their 
concentration gradient via ATP 
synthase gives energy for:

ADP + Pi → ATP

The evidence for chemiosmosis

The British biochemist Peter Mitchell proposed the chemiosmotic hypothesis in 1961. 
He proposed that, because living cells have membrane potential, electrochemical 
gradients could be used to do work, i.e. provide the energy for ATP synthesis. Scientists 
at the time were sceptical, but the evidence for chemiosmosis was extensive and came 
from studies of isolated mitochondria and chloroplasts. Evidence included:

 The outer membranes of mitochondria were removed leaving the inner membranes 
intact. Adding protons to the treated mitochondria increased ATP synthesis.

 When isolated chloroplasts were illuminated, the medium in which they were 
suspended became alkaline.

 Isolated chloroplasts were kept in the dark and transferred first to a low pH medium 
(to acidify the thylakoid interior) and then to an alkaline medium (low protons). They 
then spontaneously synthesised ATP (no light was needed). The intermembrane spaces can be seen (arrows) in this 

transverse section of mitochondria.
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Key Idea: Chemiosmosis is the process in which electron 
transport is coupled to ATP synthesis.
Chemiosmosis occurs in the membranes of mitochondria, 
the chloroplasts of plants, and across the plasma membrane 
of bacteria. It involves establishing and using a proton 
gradient to drive ATP synthesis. Chemiosmosis has two key 
components: an electron transport chain sets up a proton 
gradient as electrons pass along it to a final electron acceptor, 
and an enzyme, ATP synthase, uses the proton gradient to 

catalyse ATP synthesis. In respiration, electron carriers on 
the inner mitochondrial membrane oxidise NADH + H+ and 
FADH2. The energy released from this process is used to 
move protons against their concentration gradient, from the 
matrix into the intermembrane space. The return of protons 
to the matrix via ATP synthase is coupled to ATP synthesis. 
A similar process occurs Similarly, in the chloroplasts of 
green plants, ATP is produced when protons pass from the 
thylakoid lumen to the chloroplast stroma via ATP synthase.
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ATP Production in Cells

1. Describe precisely in which part of the cell the following take place:

 (a) Glycolysis:  

 (b) The link reaction:  
 

 (c) Krebs cycle reactions:  

 (d) Electron transport chain:  

2. How does ATP generation in glycolysis and the Krebs cycle differ from ATP generation via the electron transport chain?

ATP

Krebs
cycle

ATP ATP

Electron Transport Chain
and oxidative

phosphorylation

Glycolysis
The cytoplasm

Glucose Pyruvate

Electrons carried by
NADH and FADH2

1

Link
reaction

Electrons
carried via

NADH

The matrix of the
mitochondria

Cristae (folded
inner membranes)
of mitochondrion

Matrix (fluid space)
of mitochondrion

The inner membranes
(cristae) of the mitochondria

An overview of ATP production in cells
Respiration involves three metabolic stages (plus a link reaction) summarised below. The first two 
stages are the catabolic pathways that decompose glucose and other organic fuels. In the third 
stage, the electron transport chain accepts electrons from the first two stages and passes these 
from one electron acceptor to another. The energy released at each stepwise transfer is used to 
make ATP. The final electron acceptor in this process is molecular oxygen.

 Glycolysis. In the cytoplasm, glucose is broken down into two molecules of pyruvate.

 The link reaction. In the mitochondrial matrix, pyruvate is split and added to coenzyme A.

 Krebs cycle. In the mitochondrial matrix, a derivative of pyruvate is decomposed to CO2.

 Electron transport and oxidative phosphorylation. This occurs in the inner membranes of 
the mitochondrion and accounts for almost 90% of the ATP generated by respiration.

Oxidative 
phosphorylation

Substrate-level 
phosphorylation

Substrate-level 
phosphorylation

In substrate-level phosphorylation, an 
enzyme transfers a phosphate group directly 
from a phosphorylated substrate to ADP.

In oxidative phosphorylation, glucose is oxidised in a 
series of reduction and oxidation (redox) reactions that 
provide the energy for the formation of ATP.

34 ATP2 ATP2 ATP

Key Idea: Cellular respiration is the process by which the 
energy in glucose is transferred to ATP.
Cellular respiration can be aerobic (requires oxygen) or 
anaerobic (does not require oxygen). Some plants and 
animals can generate ATP anaerobically for short periods 

of time. Other organisms (anaerobic bacteria) use only 
anaerobic respiration and live in oxygen-free environments. 
Cellular respiration occurs in the cytoplasm and mitochondria. 
The overall process is summarised by the word equation: 
glucose + oxygen  carbon dioxide + water + ATP. 
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Photosynthesis

1. Distinguish between the two different regions of a chloroplast and describe the biochemical processes that occur in each:

 (a) 

 (b) 

2. State the origin and fate of the following molecules involved in photosynthesis:

 (a) Carbon dioxide:
 
 (b) Oxygen:

 (c) Hydrogen:

3. Discuss the potential uses for the end products of photosynthesis:

15
Key Idea: Photosynthesis is the process by which light energy 
is used to convert CO2 and water into glucose and oxygen.
Photosynthesis is of fundamental importance to living things 
because it transforms sunlight energy into chemical energy 
stored in molecules, releases free oxygen gas, and absorbs 
carbon dioxide (a waste product of cellular metabolism). 

Photosynthetic organisms use special pigments, called 
chlorophylls, to absorb light of specific wavelengths and 
capture the light energy. Photosynthesis involves reduction 
and oxidation (redox) reactions. In photosynthesis, water is 
split and electrons are transferred together with hydrogen 
ions from water to CO2, reducing it to sugar. 

ATP

NADPH

Sunlight

Chloroplast

triose phosphate
(a 3-carbon sugar)

Summary of Photosynthesis in a C3 Plant

Converted via a
number of steps to:

Overall equation for photosynthesis

O C

be con

to form disaccharides 

Cellulose
Glucose is used as a

building block for
creating cellulose, a
component of plant

cell walls.

Starch
Stored as a reserve
supply of energy in

starch granules, to be
converted back into

glucose when required.

Monosaccharides
Glucose is the fuel for
cellular respiration and

supplies energy for
metabolism. Glucose can

verted to fructose.

Disaccharides
Monosaccharides join

 e.g. fructose and
glucose form sucrose,
found in sugar cane.

LD

LI

=

= Light dependent
phase

Light independent
phase

Carbon fixation via the
Calvin cycle

Capture of photons to
provide energy

LD

LI

Grana are stacks of 
thylakoid membranes 
that contain chlorophyll. 
They  are site of the 
light dependent phase.

Oxygen gas (from the 
break-up of water 
molecules) is given off 
as a waste product.

Hydrogen (from the 
break-up of water 
molecules) is used 
as a raw material.

Carbon dioxide 
from the air provides 
carbon and oxygen 
as raw materials.

Stroma, the liquid interior 
of the chloroplast, in which 
the light independent phase 
takes place. It is also the 
location of choloplast DNA.

Water from cell 
sap is used as a 
raw material.

Water is given 
off as a waste 
product.

Chlorophyll

Light

  6CO2 + 12H2O   C6H12O6 + 6O2 + 6H2O
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Chloroplasts

1. Label the transmission electron microscope image of a chloroplast below:

2. (a) Where is chlorophyll found in a chloroplast?

 (b) Why is chlorophyll found there?

3. Explain how the internal structure of chloroplasts helps absorb the maximum amount of light:

4. Explain why plant leaves appear green:

Key Idea: Chloroplasts have a complicated internal membrane 
structure that provides the sites for the light dependent 
reactions of photosynthesis.
Chloroplasts are the specialised plastids in which 
photosynthesis occurs. A mesophyll leaf cell contains 
between 50-100 chloroplasts. The chloroplasts are generally 
aligned so that their broad surface runs parallel to the cell wall 

to maximise the surface area available for light absorption. 
Chloroplasts have an internal structure characterised by 
a system of membranous structures called thylakoids 
arranged into stacks called grana. Special pigments, called 
chlorophylls and carotenoids, are bound to the membranes 
as part of light-capturing photosystems. They absorb light of 
specific wavelengths and thereby capture the light energy. 

16

(a)

(b)

(c)

(d)

(e)

(f)(c)

Chloroplasts visible in plant cells
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Chloroplasts

Cell wall

Image: Dartmouth College

The structure of a chloroplast

TEM image of a single chloroplast

Grana (sing. granum) are 
stacks of thylakoids

Liquid stroma contains 
the enzymes for the 
light independent phase. 
It also contains the 
chloroplast's DNA.

Stroma lamellae connect the 
grana. They account for 20% of 
the thylakoid membrane.

Thylakoid membranes provide a large 
surface area for light absorption. They are 
the site of the light dependent phase and 
are organised so as not to shade each other.

Chloroplast is enclosed by a 
double membrane envelope 
(inner and outer membrane)

Starch granule

Lipid droplet
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Explore: SEMs are used 
to identify structures.

Students then explore the chloroplast 
and the sites of the light dependent and 
independent reactions. 

Students apply their 
understanding to the identification 
of structures in the chloroplast.
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14
Key Idea: Photosynthesis uses energy from the sun to 
produce glucose. Glucose breakdown produces ATP, which is 
used by all cells to provide the energy for metabolism. 
A summary of the flow of energy within a plant cell is 
illustrated below. Heterotrophic cells (animals and fungi) have 

a similar flow except the glucose is supplied by ingestion or 
absorption of food molecules rather than by photosynthesis. 
The energy not immediately stored in chemical bonds is 
lost as heat. Note that ATP provides the energy for most 
metabolic reactions, including photosynthesis.

Energy in Cells

Light energy

Carbon dioxide 

Photosynthesis Glucose
Other uses 
of glucose

Oxygen

Chloroplast

Oxygen

Water

Photosynthesis is a process 
that captures light energy 
and stores it in molecules 
such as glucose as chemical 
potential energy.

Note: Animals and other 
heterotrophic organisms ultimately 
get their glucose from plants and 
other photosynthetic organisms.

In cellular respiration, 
the step-wise chemical 
breakdown of glucose 
provides the energy to 
form ATP from ADP  
and inorganic 
phosphate (Pi) (PO4

3-).

Some energy 
from ATP is 
lost as heat. Cellular respiration

Carbon dioxide

Water

Water

Summary of energy transformations in a photosynthetic plant cell

P P PAdenosine

Pi Pi

P PAdenosine

The molecule ATP (adenosine 
triphosphate) is the universal 
energy carrier in cells.

The energy released by 
hydrolysis of ATP can be 
used to power chemical 
reactions inside the cell.

Hydrolysis of ATP forms ADP 
(adenosine diphosphate),which has less 
available energy. It can be recharged by 
adding a phosphate (PO4

3-).

30.7 kJ 
mol-1

Mitochondrion

1. (a) What are the raw materials for photosynthesis?  

 (b) What are the raw materials for respiration?  
 

 

2. What is the immediate source of energy for reforming ATP from ADP?  

3. What is the ultimate source of energy for plants?  

4. What is the ultimate source of energy for animals?  
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Engage the student with 
what is familiar to them

Explain

This activity begins by engaging the 
student with something familiar (glucose 
is used in respiration) and introduces the 
concept of photosynthesis. 
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AA

aa

A'A

AA

AA

AA

AA

aa

aa

Aa

Aa

Aa Aa

Aa

Aa

Aa

Aa
Aa

Aa

Emigration: Genes
may be lost to other
gene pools. Emigration
is an aspect of gene flow.

AA
aa

aa

aa
aa

aa

aa
Aa Aa

Aa

Aa

Aa Aa

Aa

Aa
Aa

Aa

Aa

Boundary of
gene pool

AA

aa

AA

aa

Deme 1

Deme 2

Key to genotypes and phenotypes

A'A

Mottled
Homozygous

dominant (mutant)

AA

Black
Homozygous

dominant

Aa

Black
Heterozygous

aa

Pale
Homozygous

recessive

aa

Immigration: Populations can gain alleles 
when they are introduced from other gene 
pools. Immigration is one aspect of gene flow.

Mutations: Spontaneous mutations can create new alleles. Mutation 
is very important to evolution, because it is the original source of 
genetic variation that provides new material for natural selection.

Natural selection: Selection against unfavourable 
allele combinations may reduce survival or reproductive 
success. Natural selection accumulates and maintains 
favourable genotypes in a population. It tends to reduce 
genetic diversity within the gene pool and increase 
differences between populations.

Gene flow: Genes are exchanged with other gene 
pools as individuals move between them. Gene flow is 
a source of new genetic variation and tends to reduce 
differences between populations that have accumulated 
because of natural selection or genetic drift.

A deme is a local population that is 
genetically isolated from other 
populations of the species. 

Geographical barriers isolate the 
gene pool and prevent regular gene 
flow between populations.

Mate choice (non-random mating): 
Individuals may not select their mate 
randomly and may seek out particular 
phenotypes, increasing the frequency of 
the associated alleles in the population.

Genetic drift: Chance events cause the allele frequencies of small populations to ‘drift’ (change) 
randomly from generation to generation. Genetic drift has a relatively greater effect on the 
genetics of small populations and can be important in their evolution. Small populations may occur 
as a result of the founder effect (where a small number of individuals colonise a new area) or 
genetic bottlenecks (where the population size is dramatically reduced by a catastrophic event) .

Gene Pools and Evolution
Key Idea: The proportions of alleles in a gene pool can be 
altered by the processes that increase or decrease variation.
This activity portrays two populations of a beetle species. 
Each beetle is a 'carrier' of genetic information, represented 
by the alleles (A and a) for a gene that controls colour and has 
a dominant/recessive inheritance pattern. There are normally 

two phenotypes: black and pale. Mutations may create new 
alleles. Some of the microevolutionary processes (natural 
selection, genetic drift, gene flow, and mutation) that affect 
the genetic composition (allele frequencies) of gene pools 
are shown below. Simulate the effect of these using the Gene 
Pool Exercise.
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Changes in a Gene Pool

1. For each phase in the gene pool below fill in the tables provided as follows; (some have been done for you):

 (a) Count the number of A and a alleles separately. Enter the count into the top row of the table (left hand columns).
 (b) Count the number of each type of allele combination (AA, Aa and aa) in the gene pool. Enter the count into the top 

row of the table (right hand columns).
 (c) For each of the above, work out the frequencies as percentages (bottom row of table):

    Allele frequency   =    No. counted alleles  ÷  Total no. of alleles  x  100

AA

Aa

Aa

Aa

Aa

Aa

Aa

Aa

AaAa

aa Aa

Aa
Aa

Aa

AA

AA

AA

AA

AA

AA

AAaa

aa

AA Aa aa

No.

%

A a

AA

aa

AA

AA
AA

AA

AA

AA
aa

aa

aa aa

AaAa

AaAa

AAAAAA aa

AA Aa aa

No.

%

A a

2727

5454

77

2828

Black Pale

Allele types Allele combinations

Black

AaAaAa

AaAa
Aa

AaAa

AaAa

AaAaAa
AaAa

Aa

AaAa

AaAa

AaAa

aa AA

AA
AA

aa

aa

aa

Aa

Aa

Aa

Aa

AaAa

Aa

Aa

Aa

AA Aa aa

No.

%

A a
AA

AA

AA

Aa

Aa

Aa

aa

Aa

AA

This individual is leaving 
the population, removing its 
alleles from the gene pool.

Two pale individuals died. Their alleles 
are removed from the gene pool.

This individual is entering the 
population and will add its 
alleles to the gene pool.

Phase 1: Initial gene pool

Phase 2: Natural selection
In the same gene pool at a later time there was a 
change in the allele frequencies. This was due to 
the loss of certain allele combinations due to natural 
selection. Some of those with a genotype of aa were 
eliminated (poor fitness).

These individuals (surrounded by small white arrows) 
are not counted for allele frequencies; they are dead!

Phase 3: Immigration and emigration
This particular kind of beetle exhibits wandering 
behaviour. The allele frequencies change again due 
to the introduction and departure of individual beetles, 
each carrying certain allele combinations.

Individuals coming into the gene pool (AA) are counted 
for allele frequencies, but those leaving (aa) are not.

No.

%

No.

%

Key Idea: Natural selection and migration can alter the allele 
frequencies in gene pools.
The diagram below shows an hypothetical population of 
beetles undergoing changes as it is subjected to two ‘events’. 
The three phases represent a progression in time (i.e. the 

same gene pool, undergoing change). The beetles have two 
phenotypes (black and pale) determined by the amount of 
pigment deposited in the cuticle. The gene controlling this 
character is represented by two alleles A and a. Your task is 
to analyse the gene pool as it undergoes changes.
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1. A population of hamsters has a gene consisting of 90% M alleles (black) and 
10% m alleles (grey). Mating is random. 

 Data: Frequency of recessive allele (10% m) and dominant allele (90% M).

 Determine the proportion of offspring that will be black and the proportion 
that will be grey (show your working):

 

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

(p + q)    =    p  + 2pq + q    =   12 2 2

Frequency of allele types

p = Frequency of allele A

q = Frequency of allele a

Frequency of allele combinations

p2 = Frequency of AA (homozygous dominant)

2pq = Frequency of Aa (heterozygous)

q2 = Frequency of aa (homozygous recessive)a

A

aA

AA

aa

Aa

A a
Punnett square

Frequency of allele
combination AA in
the population is
represented as p2

Frequency of allele
combination aa in
the population is
represented as q2

Frequency of allele combination
 Aa in the population (add these
together to get 2pq)

How To solve Hardy-Weinberg problems

In most populations, the frequency of two alleles of interest 
is calculated from the proportion of homozygous recessives 
(q  2), as this is the only genotype identifiable directly from its 
phenotype. If only the dominant phenotype is known, q 2 may 
be calculated (1 – the frequency of the dominant phenotype). 
The following steps outline the procedure for solving a 
Hardy-Weinberg problem:

Remember that all calculations must be carried out using 
proportions, NOT PERCENTAGES!

1. Examine the question to determine what piece of 
information you have been given about the population. In 
most cases, this is the percentage or frequency of the 
homozygous recessive phenotype q2, or the dominant 
phenotype p2 + 2pq (see note above).

2. The first objective is to find out the value of p or q, If this 
is achieved, then every other value in the equation can be 
determined by simple calculation.

3. Take the square root of q2 to find q.

4. Determine p by subtracting q from 1 (i.e. p = 1 –  q).

5. Determine p2 by multiplying p by itself  (i.e. p2 = p x p).

6. Determine 2pq by multiplying p times q times 2.

7. Check that your calculations are correct by adding up the 
values for p2 + q2 + 2pq (the sum should equal 1 or 100%).

Worked example

Among white-skinned people in the USA, approximately 
70% of people can taste the chemical phenylthiocarbamide 
(PTC) (the dominant phenotype), while 30% are non-tasters 
(the recessive phenotype).

Determine the frequency of: Answers

(a) Homozygous recessive phenotype(q2). 30% -  provided

(b) The dominant allele (p). 45.2%

(c) Homozygous tasters (p2). 20.5%

(d) Heterozygous tasters (2pq). 49.5%

Data:  The frequency of the dominant phenotype (70% tasters) 
and recessive phenotype (30% non-tasters) are provided.

Working:
Recessive phenotype:  q2  = 30%
    use 0.30 for calculation
 therefore: q   = 0.5477
    square root of 0.30
 therefore: p = 0.4523
    1 – q = p
    1 – 0.5477 = 0.4523

Use p and q in the equation (top) to solve any unknown:  

Homozygous dominant p2  =  0.2046
    (p x p  =  0.4523 x 0.4523)
Heterozygous: 2pq =  0.4953

(p + q)2   =    p2+ 2pq + q2   = 1

Frequency of allele types

p = Frequency of allele A

q = Frequency of allele a

Frequency of allele combinations

p2 = Frequency of AA (homozygous dominant)

2pq = Frequency of Aa (heterozygous)

q2 = Frequency of aa (homozygous recessive)

The Hardy-Weinberg equation is applied to populations with a simple genetic 
situation: dominant and recessive alleles controlling a single trait. The 
frequency of all of the dominant (A) and recessive alleles (a) equals the total 
genetic complement, and adds up to 1 or 100% of the alleles present  
(i.e. p + q = 1).

Hardy-Weinberg Calculations112
Key Idea: The Hardy-Weinberg equation is a mathematical 
model used to calculate allele and genotype frequencies in 
populations.
The Hardy-Weinberg equation provides a simple mathematical 

model of genetic equilibrium in a gene pool, but its main 
application in population genetics is in calculating allele and 
genotype frequencies in populations, particularly as a means 
of studying changes and measuring their rate. 
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1. Graph population changes: Use the data in the first 3 columns of the table above to plot a line graph. This will show 
changes in the phenotypes: numbers of grey and white (albino) squirrels, as well as changes in the total population. Plot: 
grey, white, and total for each year:

Key Idea: Allele frequencies for real populations can be 
calculated using the Hardy-Weinberg equation. Analysis of 
those allele frequencies can show how the population's gene 
pool changes over time.  
In Olney, Illinois, there is a unique population of albino (white) and 
grey squirrels. Between 1977 and 1990, students at Olney Central 
College carried out a study of this population. They recorded the 
frequency of grey and albino squirrels. The albinos displayed 
a mutant allele expressed as an albino phenotype only in the 
homozygous recessive condition. The data they collected are 
provided in the table below. Using the Hardy-Weinberg equation, 
it was possible to estimate the frequency of the normal 'wild' allele 
(G) providing grey fur colouring, and the frequency of the mutant 
albino allele (g) producing white squirrels when homozygous.
Thanks to  Dr. John Stencel, Olney Central College, Olney, Illinois, US, for providing the data for this exercise.

 (a) Determine by how much (as a %) total 
population numbers have fluctuated over the 
sampling period:

 (b) Describe the overall trend in total population 
numbers and any pattern that may exist:

Grey squirrel, usual colour form Albino form of grey squirrel

Population of grey and white squirrels in Olney, Illinois (1977-1990)

Year Grey White Total GG Gg gg Freq. of g Freq. of G

1977 602 182 784 26.85 49.93 23.21 48.18 51.82

1978 511 172 683 24.82 50.00 25.18 50.18 49.82

1979 482 134 616 28.47 49.77 21.75 46.64 53.36

1980 489 133 622 28.90 49.72 21.38 46.24 53.76

1981 536 163 699 26.74 49.94 23.32 48.29 51.71

1982 618 151 769 31.01 49.35 19.64 44.31 55.69

1983 419 141 560 24.82 50.00 25.18 50.18 49.82

1984 378 106 484 28.30 49.79 21.90 46.80 53.20

1985 448 125 573 28.40 49.78 21.82 46.71 53.29

1986 536 155 691 27.71 49.86 22.43 47.36 52.64

1987 No data collected this year

1988 652 122 774 36.36 47.88 15.76 39.70 60.30

1989 552 146 698 29.45 49.64 20.92 45.74 54.26

1990 603 111 714 36.69 47.76 15.55 39.43 60.57
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Engage

Explore

Elaborate and 
evaluate

Groups of activities build knowledge and 
understanding by giving students the 
chance to learn and apply their knowledge 
in a series of linked activities.

Engage: visualise the concept of a gene 
pool

Explore: relate changes in 
allele frequencies to 
microevolutionary processes

Elaborate: calculate allele frequencies 
from provided data

Evaluate: apply understanding of the 
Hardy-Weinberg principle to the 
analysis of allele frequencies in 
a real population 
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Key Idea: Beneficial mutations increase the fitness of the 
organisms that possess them. Beneficial mutations are 
relatively rare. 
Beneficial mutations are mutations that increase the 
fitness of the organisms that possess them. Although 
beneficial mutations are rare compared to those that are 
harmful, there are a number of well documented beneficial 
mutations in humans. Some of these mutations are not 

very common in the human population. This is because 
the mutations have been in existence for a relatively short 
time, so the mutations have not had time to become 
widespread in the human population. Scientists often 
study mutations that cause disease. By understanding the 
genetic origin of various diseases it may be possible to 
develop targeted medical drugs and therapies against them.

Italy

Limone

Brescia

Verona

Lake Garda

Until 1932, the only way to 
reach the town was over 
steep mountains or across 
the lake by boat.

Beneficial Mutations93

Apolipoprotein A1-Milano is a well documented mutation to 
apolipoprotein A1 that helps transport cholesterol through the blood. 
The mutation causes a change to one amino acid and increases the 
protein's effectiveness by ten times, dramatically reducing incidence 
of heart disease. The mutation can be traced back to its origin in 
Limone, Italy, in 1644. Another mutation to a gene called PCSK9 
has a similar effect, lowering the risk of heart disease by 88%.

Lactose is a sugar found in milk. All infant mammals produce an 
enzyme called lactase that breaks the lactose into the smaller 
sugars glucose and galactose. As mammals become older, their 
production of lactase declines and they lose the ability to digest 
lactose. As adults, they become lactose intolerant and feel bloated 
after drinking milk. About 10,000 years ago a mutation appeared 
in humans that maintained lactase production into adulthood. This 
mutation is now carried in people of mainly European, African and 
Indian descent.

Malaria resistance results from a mutation to the hemoglobin gene 
(HbS) that also causes sickle cell disease. This mutation in beneficial 
in regions where malaria is common. A less well known mutation 
(HbC) to the same gene, discovered in populations in Burkina Faso, 
Africa, results in a 29% reduction in the likelihood of contracting 
malaria if the person has one copy of the mutated gene and a 93% 
reduction if the person has two copies. In addition, the anemia that 
person suffers as a result of the mutation is much less pronounced 
than in the HbS mutation.

it:
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The village of Limone, Italy

Malarial 
parasite

Red blood cell containing 
hemoglobin

1. Why is it that many of the recent beneficial mutations recorded in humans have not spread throughout the entire human 
population?

2. What selection pressure could act on Apolipoprotein A1-Milano to help it spread through a population?

3. Why would it be beneficial to be able to digest milk in adulthood?  

LINK

91
LINK

114
WEB

93KNOW 

116

© 2015 BIOZONE International
 ISBN: 978-1-927309-32-2
 Photocopying Prohibited

Gene Mutations

1. Explain what is meant by a frame shift mutation:

2. Some gene mutations are more disruptive to an organism than others.

 (a) Identify which type of gene mutations are the most damaging to an organism:

 (b) Explain why they are the most disruptive:

 (c) Describe what type of gene mutation is least likely to cause a change in protein structure and explain your answer:  

3. A substitution mutation to a DNA sequence resulted in a change in the third base of a codon. The amino acid encoded 
by the new sequence did not change:

 (a) What is the term for this type of mutation?

 (b) What is the likely consequence to the organism of this mutation? Explain your answer:

 (c) How could a record of these types of changes be used by evolutionary biologists?

91

Normal
DNA

Mutated
DNA

mRNA

Mutated
DNA

mRNA

Mutated
DNA

mRNA

Deletion of C

mRNA

Insertion of C

SUBSTITUTION MUTATION T instead of C

INSERTION MUTATION

DELETION MUTATION

NO MUTATION

Phe Tyr Glu ValGluAmino
acids

Amino
acids Phe Tyr Lys Glu Val

Amino
acids Phe Tyr Gly Arg Gly

Amino
acids Phe Tyr Arg PheLys

Amino acid sequence forms a normal 
polypeptide chain.

Polypeptide chain with wrong amino acid.

The insertion creates a large scale movement 
(called a frame shift) resulting in a completely 
new sequence of amino acids. The resulting 
protein is unlikely to have any biological activity.

Large scale movement resulting in a completely 
new sequence of amino acids. The resulting 
protein is unlikely to have any biological activity.

Key Idea: Gene mutations are localised changes to the DNA 
base sequence.
Gene mutations are small, localised changes in the base 
sequence of a DNA strand caused by a mutagen or an error 
during DNA replication. The changes may involve a single 
nucleotide (a point mutation) or a change to a triplet. Point 

mutations can occur by substitution, insertion, or deletion of 
bases. These changes alter the mRNA transcribed from the 
mutated DNA. A point mutation may not alter the amino acid 
sequence because more than one codon can code for the 
same amino acid. Mutations that result in a change in the 
amino acid sequence will most often be harmful.
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The Nature of Mutation92
Key Idea: A mutation is any change to the DNA sequence. 
Most mutations are harmful, but if a mutation causes no 
change in the amino acid sequence, it is said to be silent. 
Occasionally a mutation produces a new and useful protein.
A mutation is a change in the genetic sequence of a genome.  
Only those affecting gametic cells will be heritable. Mutations 
may occur spontaneously, as a result of errors during meiosis 
or DNA replication, or they may be induced. Induced mutations 
are the result of agents called mutagens, which increase the 
natural mutation rate. These agents include ionising radiation, 

some viruses, and chemicals such as formaldehyde, coal tar, 
and components of tobacco smoke. While changes to DNA 
are likely to be harmful, there are many documented cases 
of mutations conferring a survival advantage. Mutations that 
cause no change in the amino acid sequence are called 
silent. Until recently, it was supposed that these were also 
neutral, i.e. carried without effect until subjected to selection 
pressure at a later time. However, recent research indicates 
that even these silent mutations may alter mRNA stability and 
affect the accuracy of protein synthesis.  

1. Using an example, describe how mutagens damage DNA and explain the possible consequences of this:  

2. Explain how somatic mutations differ from gametic mutations and comment on the significance of the difference:

3. Explain why the mutation seen in the red delicious apple (above right) will not be inherited:  

Gametic Somatic Gametic mutations Somatic mutations The effect of mutagens on DNA

UV Light
Thymine dimer

DNA of tumour
suppressor geneFertilisation

Fetus

Infant

Cleavage,
prior to
implantation

.

Egg
EggSperm Sperm

Mutation

Mutation

Cells of tissues
affected by the mutation

Gametic mutations occur in the 
testes of males and the ovaries of 
females and are inherited.

Somatic mutations occur in body 
cells. They are not inherited but may 
affect the person during their lifetime.

In some cases, mutations trigger the onset of cancer by 
disrupting the normal controls regulating the cell cycle. 
After exposure to UV light (a potent mutagen), adjacent 
thymine bases in DNA become cross-linked to form a 
'thymine dimer'. This disrupts the normal base pairing 
and throws the controlling gene's instructions into chaos. 

If they occur in a body cell 
after the organism has 
begun to develop beyond 
the zygote stage, then they 
may give rise to a chimaera 
(an organism with a mix of 
genetically different cells). 

Only mutations taking place 
in the cells that produce 
gametes are inherited. 

The photo above shows an example of a somatic 
mutation in a red delicious apple. A mutation occurred in 
the part of the flower that eventually developed into the 
fleshy part of the apple. The seeds would not be mutant.

Mutant 
phenotype 
(gold colour)

Normal 
phenotype 
(red colour)

The location of mutations

LINK

91
LINK

93
WEB

92

Gene Mutations
Understand what causes 
mutations, different types 
of mutation, and examples 
of harmful and beneficial 
mutations.

EXAMPLE

LINKS - Making Connections

EXAMPLE
Sampling
Understand the features 
of different types of 
sampling,  and examine 
the use quadrat sampling 
in more depth. Apply this 
understanding in a sampling 
simulation of rocky shore 
populations.
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Measuring Distribution and Abundance147
Key Idea: Random sampling using an appropriate technique 
provides unbiased information about the distribution and 
abundance of species in a community. 
Most practical exercises in ecology involve collecting data 
about the distribution and abundance of one or more species 
in a community. Most studies also measure the physical 
factors in the environment as these may help to explain the 

patterns of distribution and abundance observed. The use of 
random sampling methods, in which every possible sample of 
a given size the same chance of selection, provides unbiased 
data. As long as the sample size is large enough and the 
sampling technique is appropriate to the community being 
studied, sample data enables us to make inferences about 
aspects of the whole population. 

B
H

Distribution and abundance
Ecological sampling collects data about where organisms are found and 
how they are distributed in the environment. This information can be used 
to determine the health and viability of a population and its ecosystem. 
When investigating populations it is useful to monitor:

 Species distribution (where the species are located)

 Species abundance (how many of a species there are)

The methods used to sample communities and their constituent 
populations must be appropriate to the ecosystem being investigated. 
Communities in which the populations are at low density and have a 
random or clumped distribution will require a different sampling strategy 
to those where the populations  are uniformly distributed and at higher 
density. There are many sampling options (below), each with advantages 
and drawbacks for particular communities. 

1. Distinguish between distribution and abundance:

2. Name a sampling technique that would be 
appropriate for determining:

 
 (a) Percentage cover of a plant species in pasture:

 (b) Change in community composition from low to 
high altitude on a mountain:

 (c) Association of plant species with particular soil 
types in a nature reserve:

3. Why is it common practice to also collect 
information about the physical environment when 
sampling populations?

Sampling designs and techniques

Random Systematic 
(grid)

Point sampling 
Individual points are chosen (using a grid 
reference or random numbers applied to a 
map grid) and the organisms are sampled 
at those points. Point sampling is most 
often used to collect data about vegetation 
distribution. It is time efficient and good 
for determining species abundance and 
community composition, however, organisms 
in low abundance may be missed.

Area sampling using quadrats 
A quadrat is a sampling tool that provides a known unit 
area of sample (e.g. 0.5 m2). Quadrats are placed randomly 
or in a grid pattern on the sample area. The presence and 
abundance of organisms in these squares is noted. Quadrat 
sampling is appropriate for plants and slow moving animals 
and can be used to evaluate community composition. 

Line transects 
A tape or rope marks the line. The species occurring on the 
line are recorded (all along the line or at regular points). Lines 
can be chosen randomly (left) or may follow an environmental 
gradient. Line transects have little impact on the environment 
and are good for assessing the presence/absence of plant 
species. However, rare species may be missed.

Belt transects 
A measured strip is located across the study area and 
quadrats are used to sample the plants or animals at 
regular intervals along the belt. Belt transects provide 
information on abundance and distribution as well as 
presence/absence. Depending on the width of the belt 
and length of the transect, they can be time consuming.

Mark and recapture sampling 
Animals are captured, marked, and released. 
After a suitable time, the population is 
resampled. The number of marked animals 
recaptured in a second sample is recorded 
as a proportion of the total.  Mark and 
recapture is useful for highly mobile species 
which are otherwise difficult to record. 
However, it is time consuming to do well.

First sample:
marked

Second sample:
proportion 
recapture

0.5 m
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Quadrat-Based Estimates Sampling a Rocky Shore Community153
Key Idea: The estimates of a population gained from using 
quadrat sampling may vary depending on where the quadrats 
are placed. Larger samples can account for variation.
The diagram (next page) represents an area of seashore with 

its resident organisms. The distribution of coralline algae and 
four animal species are shown. This exercise is designed to 
prepare you for planning and carrying out a similar procedure 
to practically investigate a natural community.

8. (a) In this example the animals are not moving. Describe the problems associated with sampling moving organisms.  
Explain how you would cope with sampling these same animals if they were really alive and very active:

 (b) Carry out a direct count of all 4 animal species and the algae for the whole sample area (all 36 quadrats).  Apply the 
data from your direct count to the equation given in (7) above to calculate the actual population density (remember 
that the number of quadrats in this case = 36):

  Barnacle: Oyster borer: Chiton: Limpet: Algae:
  
  Compare your estimated population density to the actual population density for each species:

1. Decide on the sampling method
 For the purpose of this exercise, it has been decided that 

the populations to be investigated are too large to be 
counted directly and a quadrat sampling method is to be 
used to estimate the average density of the four animal 
species as well as that of the algae.

2. Mark out a grid pattern
 Use a ruler to mark out 3 cm intervals along each side of 

the sampling area (area of quadrat = 0.03 x 0.03 m). Draw 
lines between these marks to create a 6 x 6 grid pattern 
(total area = 0.18 x 0.18 m). This will provide a total of 36 
quadrats that can be investigated.

3. Number the axes of the grid
 Only a small proportion of the possible quadrat positions 

will be sampled.  It is necessary to select the quadrats in 
a random manner. It is not sufficient to simply guess or 
choose your own on a ‘gut feeling’. The best way to choose 
the quadrats randomly is to create a numbering system 
for the grid pattern and then select the quadrats from a 
random number table. Starting at the top left hand corner, 
number the columns and rows from 1 to 6 on each axis.

4. Choose quadrats randomly
 To select the required number of quadrats randomly, use 

random numbers from a random number table. The random 
numbers are used as an index to the grid coordinates.  
Choose 6 quadrats from the total of 36 using table of 
random numbers provided for you at the bottom of the next 
page. Make a note of which column of random numbers 
you choose. Each member of your group should choose a 
different set of random numbers (i.e. different column: A–D) 
so that you can compare the effectiveness of the sampling 
method.

 Column of random numbers chosen:  ______    

 NOTE: Highlight the boundary of each selected quadrat 
with coloured pen/highlighter.

5. Decide on the counting criteria
 Before the counting of the individuals for each species is 

carried out, the criteria for counting need to be established. 

There may be some problems here. You must decide before 
sampling begins as to what to do about individuals that are 
only partly inside the quadrat.  Possible answers include:

 (a) Only counting individuals that are completely inside the 
quadrat.

 (b) Only counting individuals with a clearly defined part of 
their body inside the quadrat (such as the head).

 (c) Allowing for ‘half individuals’ (e.g. 3.5 barnacles).
 (d) Counting an individual that is inside the quadrat by half 

or more as one complete individual.

 Discuss the merits and problems of the suggestions 
above with other members of the class (or group). You may 
even have counting criteria of your own. Think about other 
factors that could cause problems with your counting.

6. Carry out the sampling
 Carefully examine each selected quadrat and count the 

number of individuals of each species present. Record 
your data in the spaces provided on the next page.

7. Calculate the population density
 Use the combined data TOTALS for the sampled quadrats 

to estimate the average density for each species by using 
the formula:

   Density   =

      Total number in all quadrats sampled

     Number of quadrats sampled   X   area of a quadrat

 Remember that a total of 6 quadrats are sampled and each 
has an area of 0.0009 m2. The density should be expressed 
as the number of individuals per square metre (no. m –2).

 Plicate Snakeskin
 barnacle: chiton:

 Oyster: Coralline algae:
 borer

 Limpet: 
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Estimated 
average density

Total number of individuals counted

Number of quadrats  X  area of each quadrat
=

Guidelines for quadrat use:

1. The area of each quadrat must be known. Quadrats 
should be the same shape, but not necessarily square.

2. Enough quadrat samples must be taken to provide 
results that are representative of the total population.

3. The population of each quadrat must be known. Species 
must be distinguishable from each other, even if they 
have to be identified at a later date. It has to be decided 
beforehand what the count procedure will be and how 
organisms over the quadrat boundary will be counted.

4. The size of the quadrat should be appropriate to the 
organisms and habitat, e.g. a large size quadrat for trees.

5. The quadrats must be representative of the whole area. 
This is usually achieved by random sampling (right).

The area to be sampled is 
divided up into a grid pattern 
with indexed coordinates

1 2 3 4 5 6 7 8 9 10

1

2

3

4

5

6

7

8

9

10

Quadrats are applied to the 
predetermined grid on a random 
basis. This can be achieved by 
using a random number table.

Each quadrat was a 
hexagon with a diameter 
of 30 cm and an area of 
0.08 square meters.

The number in each 
hexagon indicates how 
many centipedes were 
caught in that quadrat.

0 2 0 0

1 0 2 0

0 0 0 0

0 2 0 1

2

0

1 1

2

2

1 1 0 0 3 1

0 3 1 2 0

1 0 1 0

Sampling a centipede population

A researcher by the name of Lloyd (1967) sampled centipedes in Wytham 
Woods, near Oxford in England. A total of 37 hexagon–shaped quadrats 
were used, each with a diameter of 30 cm (see diagram on right). 
These were arranged in a pattern so that they were all touching each 
other. Use the data in the diagram to answer the following questions. 

1. Determine the average number of centipedes captured per quadrat:

2. Calculate the estimated average density of centipedes per square 
metre (remember that each quadrat is 0.08 square metres in area):

3. Looking at the data for individual quadrats, describe in general terms 
the distribution of the centipedes in the sample area:

4. Describe one factor that might account for the distribution pattern:

Quadrat Sampling

Centipede

151
Key Idea: Quadrat sampling involves a series of random 
placements of a frame of known size over an area of 
habitat to assess the abundance or diversity of organisms.  
Quadrat sampling is a method by which organisms in 
a certain proportion (sample) of the habitat are counted 
directly. It is used when the organisms are too numerous 
to count in total. It can be used to estimate population 
abundance (number), density, frequency of occurrence, 
and distribution. Quadrats may be used without a transect 
when studying a relatively uniform habitat. In this case, the 
quadrat positions are chosen randomly using a random 
number table.
The general procedure is to count all the individuals (or 
estimate their percentage cover) in a number of quadrats 
of known size and to use this information to work out the 
abundance or percentage cover value for the whole area. 

Quadrat

Area being sampled
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EXAMPLE
Natural selection
Explore the mechanism 
of natural section and 
understand the characteristics 
of the three main types. An 
analysis of real population 
data involving directional 
section follows.
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In a bag of M&M's, there are many colours, which 
represents the variation in a population. As you and 
a friend eat through the bag of candy, you both leave 
the blue ones, which you both dislike, and return 
them to bag.

#1

The blue candy becomes more common...

#2

Eventually, you are left with a bag of blue M&M's. 
Your selective preference for the other colours 
changed the make-up of the M&M's population. 
This is the basic principle of selection that drives 
evolution in natural populations. 

#3

Mechanism of Natural Selection114

Natural selection is the term for the 
mechanism by which better adapted organisms 
survive to produce a greater number of viable 
offspring. This has the effect of increasing their 
proportion in the population so that they become 
more common. This is the basis of Darwin's 
theory of evolution by natural selection. 

We can demonstrate the basic principles of evolution 
using the analogy of a 'population' of M&M's candy.

Darwin's theory of evolution by natural selection

Variation
Individuals show variation:  

some variations more 
favourable than others

Individuals have different 
phenotypes (appearances) 
and therefore genotypes 
(genetic makeup). Some 
phenotypes have better 
survival and reproductive 
success in the environment.

Inherited
Variations are inherited:

the best suited variants leave more offspring

The variations (both favourable and unfavourable) are passed 
on to offspring. Each generation will contain proportionally more 
descendants of individuals with favourable characters.

Natural selection
Natural selection favours the individuals best suited to the 

prevailing environment (the environment at the time)

Individuals in the population compete for limited resources. Those 
with favourable variations will be more likely to survive. Relatively 
more of those without favourable variations will die.

Overproduction
Populations produce too many 

young: many must die

Populations generally produce 
more offspring than are 
needed to replace the parents. 
Natural populations normally 
maintain constant numbers. A 
certain number will die without 
reproducing.

Darwin's theory of evolution by natural selection is outlined below. It 
is widely accepted by the scientific community today and is one of 
founding principles of modern science. 

Key Idea: Natural selection is the mechanism by which 
organisms that are better adapted to their environment 
survive to produce a greater number of offspring.
Evolution is the change in inherited characteristics in a 
population over generations. Evolution is the consequence 

of interaction between four factors: (1) The potential for 
populations to increase in numbers, (2) Genetic variation as 
a result of mutation and sexual reproduction, (3) competition 
for resources, and (4) proliferation of individuals with better 
survival and reproduction.

1. Identify the four factors that interact to bring about evolution in populations:  
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Directional Selection in Darwin's Finches118
Seal

The finches on the Galápagos island (Darwin's 
finches) are famous in that they are commonly 
used as examples of how evolution produces new 
species. In this activity you will analyse data from 
the measurement of beaks depths of the medium 
ground finch (Geospiza fortis) on the island of 
Daphne Major near the centre of the Galápagos 
Islands. The measurements were taken in 1976 
before a major drought hit the island and in 1978 
after the drought (survivors and survivors' offspring).

Beak depth / 
mm

No. 1976  
birds

No. 1978 
survivors 

7.30-7.79 1 0

7.80-8.29 12 1

8.30-8.79 30 3

8.80-9.29 47 3

9.30-9.79 45 6

9.80-10.29 40 9

10.30-10.79 25 10

10.80-11.29 3 1

11.30+ 0 0

Beak depth of 
offspring / mm

Number 
of birds

7.30-7.79 2

7.80-8.29 2

8.30-8.79 5

8.80-9.29 21

9.30-9.79 34

9.80-10.29 37

10.30-10.79 19

10-80-11.29 15

11.30+ 2

1. Use the data above to draw two separate sets of histograms: 

 (a) On the left hand grid draw side-by-side histograms for the number of 1976 birds per beak depth and the number of 
1978 survivors per beak depth.

 
 (b) On the right hand grid draw a histogram of the beak depths of the offspring of the 1978 survivors.

2. (a) Mark the approximate mean beak depth on the graphs of the 1976 beak depths and the 1978 offspring.

 (b) How much has the average moved from 1976 to 1978?  

 (c) Is beak depth heritable? What does this mean for the process of natural selection in the finches?

3. The 1976 drought resulted in plants dying back and not producing seed. Based on the graphs, what can you say about 
competition between the birds for the remaining seeds, i.e. in what order were the seeds probably used up?

Key Idea: The effect of directional selection on a population 
can be verified by making measurements of phenotypic traits. 
Natural selection acts on the phenotypes of a population. 
Individuals with phenotypes that increase their fitness produce 

more offspring, increasing the proportion of the genes 
corresponding to that phenotype in the next generation. Many 
population studies have shown natural selection can cause 
phenotypic changes in a population relatively quickly.
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Types of Natural Selection

1. (a) In which type of environment is stabilising selection most likely to operate: stable  / changing (delete one)

 (b) Explain why this is the case:  

2. (a) In which type of environment is directional selection most likely to operate: stable  / changing (delete one)

 (b) Explain why this is the case:  

3. Disruptive selection can be important in the formation of new species:

 (a) Describe the evidence from the ground finches on Santa Cruz Island that provides support for this statement:

 (b) Predict the consequences of the end of the drought and an increased abundance of medium size seeds as food:
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Directional selection

Extreme variations are selected against 
and the middle range (most common) 
phenotypes are retained in greater numbers. 
Stabilising selection results in decreased 
variation for the phenotypic character 
involved. This type of selection operates 
most of the time in most populations and 
acts to prevent divergence of form and 
function, e.g. human birth weights.

The adaptive phenotype is shifted in one 
direction and one phenotype is favoured 
over others. Peppered moths occur naturally 
in light and dark forms. During the Industrial 
Revolution in England, directional selection 
shifted the most common phenotype from 
light to dark, as soot blackened trees 
made the lighter forms more susceptible to 
predation by birds.

Disruptive selection favours two phenotypic 
extremes at the expense of intermediate 
forms. During a prolonged drought on Santa 
Cruz Island in the Galápagos, it resulted 
in a population of ground finches that was 
bimodal for beak size. Competition for the 
usual seed sources was so intense that 
birds able to exploit either small or large 
seeds were favoured.

Key Idea: Natural selection acts on phenotypes and can  
favour for the most common phenotype or cause a shift in the 
most common phenotype in one or more directions.
Natural selection operates on the phenotypes of individuals, 
produced by their particular combinations of alleles. It results 
in the differential survival of some genotypes (and their 
phenotypes) over others. Over time, natural selection may lead 

to a permanent change in the genetic makeup of a population. 
Natural selection is always linked to phenotypic suitability 
in the prevailing environment so it is a dynamic process. 
It may favour existing phenotypes or shift the phenotypic 
median, as is shown in the diagrams below.  The top row of 
diagrams below represents the population phenotypic spread 
before selection, and the bottom row the spread afterwards.
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The LINK tabs help students to connect ideas between different topics in the CIE Biology syllabus. Connections may 
be made to activities that build on or develop an idea, utilise the same core principles in another biological context, or 
examine the evidence for a biological process. The connections help students to appreciate that the same core principles 
underlie many biological phenomena and there is evidence to support them. Understanding these core principles brings 
understanding to a wide range of contexts and situations, even if they are unfamiliar.
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Achieving effective differential instruction in classes is a teaching challenge. Students naturally have mixed abilities, varying 
backgrounds in the subject, and different language skills. Used effectively, BIOZONE's workbooks and supporting products 
can make teaching a mixed ability class easier. Here, we offer three approaches for differential instruction. 

Efficient Differential Instruction
• Use peer-to-peer learning for more challenging activities 

where the level of content is more difficult and the questions 
require students to draw on several areas of their knowledge 
to synthesise an answer.

• Stronger peers can assist weaker students and both groups 
benefit from verbalising their thoughts and presenting them 
to a group. ESL students can ask their peers to explain 
unfamiliar terms (both scientific and English) and this 
benefits both parties. Paper practicals (e.g. Modelling 
Meiosis, Sampling a Rocky Shore Community) are another 
ideal vehicle for this kind of peer-to-peer learning.

MAKING A START
Regardless of which activity you might be attempting in class, a 5-10 minute 
introduction to the task by the teacher is useful orientation for all students. 
For collaborative work, the teacher can then divide the class into appropriate 
groups, each with a balance of able and less able students. 
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4. Randomly align the homologous chromosome pairs to simulate alignment on the metaphase plate (as occurs in metaphase I). Simulate 

anaphase I by separating chromosome pairs. For each group of four sticks, two are pulled to each pole.

5. Telophase I: Two intermediate cells are formed. If you have been random in the previous step, each intermediate cell will contain a mixture 

of maternal and paternal chromosomes. This is the end of meiosis 1.

 Now that meiosis 1 is completed, your cells need to undergo meiosis 2. Carry out prophase II, metaphase II, anaphase II, and telophase II. 

Remember, there is no crossing over in meiosis II. At the end of the process each intermediate cell will have produced two haploid gametes 

(below).

6. Pair up with the partner you chose at the beginning of the exercise to carry out fertilisation. Randomly select one sperm and one egg 

cell. The unsuccessful gametes can be removed from the table. Combine the chromosomes of the successful gametes. You have created 

a child! Fill in the following chart to describe your child's genotype and phenotype for tongue rolling and handedness.
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Modelling Meiosis

Background

Each of your somatic cells contain 46 chromosomes. You received 23 

chromosomes from your mother (maternal chromosomes), and 23 

chromosomes from your father (paternal chromosomes). Therefore, 

you have 23 homologous (same) pairs. For simplicity, the number of 

chromosomes studied in this exercise has been reduced to four (two 

homologous pairs). To study the effect of crossing over on genetic 

variability, you will look at the inheritance of two of your own traits: the 

ability to tongue roll and handedness. 

Record your phenotype and genotype for each trait in the table (right). 

NOTE: If you have a dominant trait, you will not know if you are 

heterozygous or homozygous for that trait, so you can choose either 

genotype for this activity.

Dominant: Tongue roller Dominant: Right hand

Recessive: Non-roller Recessive: Left hand

Trait Phenotype Genotype

Handedness

Tongue rolling

Chromosome # Phenotype  Genotype

10 Tongue roller  TT, Tt

10 Non-tongue roller tt

  2 Right handed  RR, Rr

  2 Left handed  rr 

BEFORE YOU START THE SIMULATION: Partner up with a classmate. 

Your gametes will combine with theirs (fertilisation) at the end of the 

activity to produce a child. Decide who will be the female, and who will 

be the male. You will need to work with this person again at step 6.

1. Collect four ice-blocks sticks. These represent four chromosomes. 

Colour two sticks blue or mark them with a P. These are the 

paternal chromosomes. The plain sticks are the maternal 

chromosomes. Write your initial on each of the four sticks. Label 

each chromosome with their chromosome number (right).

 Label four sticky dots with the alleles for each of your phenotypic 

traits, and stick it onto the appropriate chromosome. For example, 

if you are heterozygous for tongue rolling, the sticky dots with have 

the alleles T and t, and they will be placed on chromosome 10. If 

you are left handed, the alleles will be r and r and be placed on 

chromosome 2 (right). 

2. Randomly drop the chromosomes onto a table. This represents a 

cell in either the testes or ovaries. Duplicate your chromosomes (to 

simulate DNA replication) by adding four more identical ice-block 

sticks to the table (below). This represents interphase. 

3. Simulate prophase I by lining the duplicated chromosome 

pair with their homologous pair (below). For each chromosome 

number, you will have four sticks touching side-by-side (A). At 

this stage crossing over occurs. Simulate this by swapping 

sticky dots from adjoining homologs (B).
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Key Idea: We can simulate crossing over, gamete production, 

and the inheritance of alleles during meiosis using ice-block 

sticks to represent chromosomes. 

This practical activity simulates the production of gametes 

(sperm and eggs) by meiosis and shows you how crossing 

over increases genetic variability. This is demonstrated by 

studying how two of your own alleles are inherited by the 

child produced at the completion of the activity. Completing 

this activity will help you to visualise and understand meiosis. 

It will take 25-45 minutes.
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Encourage students to 
consolidate ad extend their 
knowledge by visiting the 
weblinks for the activity. 

In Modelling Meiosis, 
students can collaborate 
in pairs to determine 
the outcome of a mating 
between two individuals 
with different traits. 
This tests and creates 
understanding by putting 
theory into practice.

Differential Instruction with BIOZONE
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2   Interactive revision of tasks in class
• Use the workbook PDFs with HIDE/SHOW answers on 

the Teacher's Digital Edition to review activities in class 
using a data projector or interactive whiteboard.

• Students benefit from the feedback in class, where 
questions can be addressed, and teachers benefit by 
having students self-mark their work and receive helpful 
feedback on their responses.

• This approach is particularly suited to activities with 
questions requiring a discussion, as students will be 
able to clarify some aspects of their responses. Stronger 
students can benefit by contributing to the explanatory 
feedback and class discussion.

Gaining Confidence
• The questions in BIOZONE's workbook activities have 

generally been written in a direct questioning style,  
e.g. "What are the differences between A and B", or 
"Why are A and B different?". This makes it easier for 
the students to understand what is required to answer 
the question. 

• Questions are also arranged so that simpler questions 
(describe, what, identify, name) are generally asked 
first, followed by questions demanding an explanation 
(explain, how, why, account for). This allows students 
to gain confidence from answering the simpler 
questions first before attempting the questions that 
require more comprehensive answers.

• This arrangement also allows teachers to direct 
students appropriately so that some may attempt only 
the simpler questions themselves and work with peers 
to attempt the more challenging questions.

Students A and B will work through 
simpler questions themselves but 
may require assistance with the more 
challenging questions in this activity.

Student C is capable. 
She completes all of this 
activity including the more 
challenging questions.

Student D (above) is capable and completes the set work 
quickly. She can assist her peers and demonstrate her 
understanding in the relevant section of the review sheets.

3

A

B

C

D

DATA 
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1. A population of hamsters has a gene consisting of 90% M alleles (black) and 
10% m alleles (grey). Mating is random. 

 Data: Frequency of recessive allele (10% m) and dominant allele (90% M).

 Determine the proportion of offspring that will be black and the proportion 
that will be grey (show your working):

 

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

(p + q)    =    p  + 2pq + q    =   12 2 2

Frequency of allele types

p = Frequency of allele A

q = Frequency of allele a

Frequency of allele combinations

p2 = Frequency of AA (homozygous dominant)

2pq = Frequency of Aa (heterozygous)

q2 = Frequency of aa (homozygous recessive)a

A

aA

AA

aa

Aa

A a
Punnett square

Frequency of allele
combination AA in
the population is
represented as p2

Frequency of allele
combination aa in
the population is
represented as q2

Frequency of allele combination
 Aa in the population (add these
together to get 2pq)

How To solve Hardy-Weinberg problems

In most populations, the frequency of two alleles of interest 
is calculated from the proportion of homozygous recessives 
(q  2), as this is the only genotype identifiable directly from its 
phenotype. If only the dominant phenotype is known, q 2 may 
be calculated (1 – the frequency of the dominant phenotype). 
The following steps outline the procedure for solving a 
Hardy-Weinberg problem:

Remember that all calculations must be carried out using 
proportions, NOT PERCENTAGES!

1. Examine the question to determine what piece of 
information you have been given about the population. In 
most cases, this is the percentage or frequency of the 
homozygous recessive phenotype q2, or the dominant 
phenotype p2 + 2pq (see note above).

2. The first objective is to find out the value of p or q, If this 
is achieved, then every other value in the equation can be 
determined by simple calculation.

3. Take the square root of q2 to find q.

4. Determine p by subtracting q from 1 (i.e. p = 1 –  q).

5. Determine p2 by multiplying p by itself  (i.e. p2 = p x p).

6. Determine 2pq by multiplying p times q times 2.

7. Check that your calculations are correct by adding up the 
values for p2 + q2 + 2pq (the sum should equal 1 or 100%).

Worked example

Among white-skinned people in the USA, approximately 
70% of people can taste the chemical phenylthiocarbamide 
(PTC) (the dominant phenotype), while 30% are non-tasters 
(the recessive phenotype).

Determine the frequency of: Answers

(a) Homozygous recessive phenotype(q2). 30% -  provided

(b) The dominant allele (p). 45.2%

(c) Homozygous tasters (p2). 20.5%

(d) Heterozygous tasters (2pq). 49.5%

Data:  The frequency of the dominant phenotype (70% tasters) 
and recessive phenotype (30% non-tasters) are provided.

Working:
Recessive phenotype:  q2  = 30%
    use 0.30 for calculation
 therefore: q   = 0.5477
    square root of 0.30
 therefore: p = 0.4523
    1 – q = p
    1 – 0.5477 = 0.4523

Use p and q in the equation (top) to solve any unknown:  

Homozygous dominant p2  =  0.2046
    (p x p  =  0.4523 x 0.4523)
Heterozygous: 2pq =  0.4953

(p + q)2   =    p2+ 2pq + q2   = 1

Frequency of allele types

p = Frequency of allele A

q = Frequency of allele a

Frequency of allele combinations

p2 = Frequency of AA (homozygous dominant)

2pq = Frequency of Aa (heterozygous)

q2 = Frequency of aa (homozygous recessive)

The Hardy-Weinberg equation is applied to populations with a simple genetic 
situation: dominant and recessive alleles controlling a single trait. The 
frequency of all of the dominant (A) and recessive alleles (a) equals the total 
genetic complement, and adds up to 1 or 100% of the alleles present  
(i.e. p + q = 1).

Hardy-Weinberg Calculations112
Key Idea: The Hardy-Weinberg equation is a mathematical 
model used to calculate allele and genotype frequencies in 
populations.
The Hardy-Weinberg equation provides a simple mathematical 

model of genetic equilibrium in a gene pool, but its main 
application in population genetics is in calculating allele and 
genotype frequencies in populations, particularly as a means 
of studying changes and measuring their rate. 

LINK

xx
LINK

xx
LINK

xx
WEB

112
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2. You are working with pea plants and found 36 plants out of 400 were dwarf.
 Data: Frequency of recessive phenotype (36 out of 400 = 9%)

 (a) Calculate the frequency of the tall gene:

 (b) Determine the number of heterozygous pea plants:

 
3. In humans, the ability to taste the chemical phenylthiocarbamide (PTC) is 

inherited as a simple dominant characteristic. Suppose you found out that 
360 out of 1000 college students could not taste the chemical.

 Data:  Frequency of recessive phenotype (360 out of 1000).

 (a) State the frequency of the gene for tasting PTC:

 (b) Determine the number of heterozygous students in this population:
 

4. A type of deformity appears in 4% of a large herd of cattle. Assume the 
deformity was caused by a recessive gene.

 Data: Frequency of recessive phenotype (4% deformity).

 (a) Calculate the percentage of the herd that are carriers of the gene:

 (b) Determine the frequency of the dominant gene in this case:

5. Assume you placed 50 pure bred black guinea pigs (dominant allele) with 
50 albino guinea pigs (recessive allele) and allowed the population to attain 
genetic equilibrium (several generations have passed).

 Data: Frequency of recessive allele (50%) and dominant allele (50%).

 Determine the proportion (%) of the population that becomes white:

6. It is known that 64% of a large population exhibit the recessive trait of a 
characteristic controlled by two alleles (one is dominant over the other).

 Data:  Frequency of recessive phenotype (64%). Determine the following:

 (a) The frequency of the recessive allele: 

 (b) The percentage that are heterozygous for this trait:

 (c) The percentage that exhibit the dominant trait:

 (d)  The percentage that are homozygous for the dominant trait:

 (e) The percentage that has one or more recessive alleles:

7. Albinism is recessive to normal pigmentation in humans. The frequency of the albino allele was 10% in a population.
 Data: Frequency of recessive allele (10% albino allele).

 Determine the proportion of people that you would expect to be albino:

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

Recessive allele: q =

Dominant allele: p =

Recessive phenotype:  q2 =

Homozygous dominant:  p2 =

Heterozygous: 2pq =

REVISE
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Chapter Review142
Summarise what you know about this topic under the 
headings and sub-headings provided. You can draw 
diagrams or mind maps, or write short notes to organise 
your thoughts. Use the images and hints to help you and 
refer back to the introduction to check the points covered:

Natural selection

Gene pools

Selective breeding

Speciation

HINT: Define natural selection and Include  
examples of types of natural selection.

HINT:  How do gene pools change over time? What is 
the Hardy-Weinberg principle and how is it applied to 
the study of evolving populations.

HINT: Explain the process of selective breeding. 
Why is it important to maintain genetic diversity?

HINT: Describe speciation in allopatric and sympatric 
populations and explain the role of reproductive 
isolating mechanisms in the formation of species. 

Some students may 
need help to complete 
the calculations
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Monohybrid Crosses

Cross 4:

(a) Genotype frequency:

(b) Phenotype frequency:

BB
XBB

Homozygous black Homozygous black

Heterozygous black Heterozygous black

Bb
XBb

Cross 3:

(a) Genotype frequency:

(b) Phenotype frequency:

Cross 2:

(a) Genotype frequency:

(b) Phenotype frequency:

Heterozygous black
Homozygous black

BB
X

Bb

B
b

B
B

BB
BB

Bb
Bb

Homozygous white
Homozygous black

BB
Xbb

b
b

B
B

Bb
Bb

Bb
Bb

Possible

fertilisations

Gametes

Offspring (F1)

Cross 1:

(a) Genotype frequency:

(b) Phenotype frequency:

100% Bb

100% black

Parents

Cross 6:

(a) Genotype frequency:

(b) Phenotype frequency:

Cross 5:

(a) Genotype frequency:

(b) Phenotype frequency:

Homozygous white
Homozygous white

bb

Xbb

Homozygous white
Heterozygous black

Bb

Xbb

Key Idea: A monohybrid cross studies the inheritance 

pattern of one gene. The offspring of these crosses occur in 

predictable ratios.

In this activity, you will examine six types of matings possible 

for a pair of alleles governing coat colour in guinea pigs.  A 

dominant allele (B) produces black hair and its recessive 

allele (b), produces white. Each parent can produce two 

types of gamete by meiosis. Determine the genotype and 

phenotype frequencies for the crosses below. For crosses 

3 to 6, also determine the gametes produced by each parent 

(write these in the circles) and offspring genotypes and 

phenotypes (write these inside the offspring shapes).76

LINK

75LINK

77
WEB

76

Many of the workbook activities are ideal for homework or as vehicles for a quick synoptic assessment. Review activities 
are ideal as homework. They provide a way to review a topic that has recently been completed, while at the same time 
facilitating consolidation by presenting the material in a slightly different way. The information for review activities can be 
found within the chapter, although stronger students may not need to refer back to source material to complete the set work. 
Generally, homework activities should revise completed topics or provide a basic entry-level introduction.
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Chapter Review142
Summarise what you know about this topic under the headings and sub-headings provided. You can draw diagrams or mind maps, or write short notes to organise your thoughts. Use the images and hints to help you and refer back to the introduction to check the points covered:

Natural selection

Gene pools

Selective breeding

Speciation

HINT: Define natural selection and Include  examples of types of natural selection.

HINT:  How do gene pools change over time? What is the Hardy-Weinberg principle and how is it applied to the study of evolving populations.

HINT: Explain the process of selective breeding. Why is it important to maintain genetic diversity?

HINT: Describe speciation in allopatric and sympatric populations and explain the role of reproductive isolating mechanisms in the formation of species. 

KNOW 
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1. Identify each of the plant tropisms described in (a)-(f) above. State whether the response is positive or negative.

2. Describe the adaptive value of the following tropisms:

 (a) Positive geotropism in roots:  

 (b) Positive phototropism in coleoptiles:  

 (c) Positive thigmomorphogenesis in weak stemmed plants:  

 (d) Positive chemotropism in pollen grains:   

3. Explain the adaptive value of tropisms: 

 

Tropisms and Growth Responses
63

Key Idea: Tropisms are directional growth responses to 

external stimuli. They may be positive (towards a stimulus) or 

negative (away from a stimulus).

Tropisms are plant growth responses to external stimuli, in 

which the stimulus direction determines the direction of the 

growth response. Tropisms are identified according to the 

stimulus involved, e.g. photo- (light), geo- (gravity), hydro- 

(water), and are identified as positive (towards the stimulus) 

or negative (away from the stimulus). Tropisms act to position 

the plant in the most favourable available environment.

Sweet pea tendrils

Root mass in a hydroponically 

grown plant

Germinating pollen Thale cress bending to the light

Plant growth responses are adaptive in that they 

position the plant in a suitable growing environment, 

within the limits of the position in which it germinated. 

The responses to stimuli reinforce the appropriate 

growth behaviour, e.g. roots grow towards gravity and 

away from the light.

K
ris

tia
n 

P
et

er
s

(a) .......................
........................

........

A positive growth response to a chemical 

stimulus. Example: Pollen tubes grow 

towards a chemical, possibly calcium ions, 

released by the ovule of the flower.

(d) .......................
........................

..........

Growth responses to light, particularly 

directional light. Coleoptiles, young 

stems, and some leaves show a positive 

response.

(b) .......................
........................

.........

Stems and coleoptiles (the sheath 

surrounding the young grass shoot), grow 

away from the direction of the Earth's 

gravitational pull. 

(c) ......................
........................

...........

Growth response to water. Roots are 

influenced primarily by gravity but will also 

grow towards water. 

(e) .......................
........................

..........

Roots respond positively to the Earth's 

gravitational pull, and curve downward 

after emerging through the seed coat.

(f) ....................
........................

..............

Growth responses to touch or pressure. 

Tendrils (modified leaves) have a positive 

coiling response stimulated by touch.

LINK

64
LINK

65
WEB

63

Tailor your programme so that 
simpler activities are most often set 
as homework exercises, especially 
for less able students who may be 
easily discouraged.

Review activities can be used as a 
revision tool before synoptic tests. The 
review gives students direction in the 
important areas of that section of work.

Most students will have access to the 
internet. If they are having trouble 
understanding a subject or visualising 
a process, encourage them to visit 
the assigned weblinks where these 
are provided.  

Choosing Activities for Home Study
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Within all areas of science, scientific literacy is an important area of focus. With it, communication in the topic is more 
effective, more concise, and less cumbersome. BIOZONE's literacy and comprehension activities provide a vehicle for  
increasing the student's familiarity with the use of scientific terms in various contexts. Beginning with the list of KEY TERMS 
in the introduction to each chapter, students can create their own glossary of commonly used terms. They can learn to use 
these key terms appropriately by encountering them in context within the activities, and reinforce their understanding of the 
term by completing the literacy activities throughout the workbook. These take several forms:

Focus on Literacy

Crosswords provide a 
non-threatening way to 
improve vocabulary. 

TEST 
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2. Using examples, contrast the characteristics of directional and stabilising selection and their effects:

KEY TERMS AND IDEAS: Did You Get?143

 (a) The percentage of butterflies that are heterozygous:  

 (b) The frequency of homozygous dominant individuals:  

1. Match each term to its definition, as identified by its preceding letter code. 

allopatric speciation

allele frequency

founder effect

gene flow

gene pool

genetic bottleneck

genetic drift

Hardy-Weinberg principle

natural selection

polyploidy

mate choice

selective breeding

sympatric speciation

A The process by which heritable traits become more or less common in a population 
through differential survival and reproduction.

B An evolutionary event in which a significant proportion of the alleles in a population 
are lost. 

C The sum total of all genes of all breeding individuals in a population at any  
one time. 

D The process by which particular phenotypes are favoured through human 
intervention.

E A type of intersexual selection. Typically the female selects the male she will mate 
with.

F Speciation as a result of reproductive isolation without any physical separation of the 
populations, i.e. populations remain within the same range.

G The movement of alleles between populations as a result of migration. 

H Speciation in which the populations are physically separated.

I The loss of genetic variation when a new colony is formed by a very small number 
of individuals from a larger population.

J The principle of genetic equilibrium that describes the constancy of population allele 
frequencies in the absence of evolutionary influences.

K The proportion of an allele of a gene within a population relative to other alleles of 
the same gene

L The change in allele frequency in a population as a result of random sampling. The 
effect is proportionally larger in small populations.

M The heritable condition of having more than two complete chromosome sets. Rare in 
animals but important in the speciation events of many plants.

Blood 
type

Genotype
No. of 
individuals

Frequency

M MM 490 0.49

MN MN 420 0.42

N NN 90 0.09

4. Blood samples of 1000 individuals were typed for the MN blood group, 
which can be detected because the alleles are codominant. Using the 
results (right) calculate the frequency of each allele in the population:

 (a) Frequency of M:  
 

 (b) Frequency of N:  
 

 

3. Within a population of butterflies, brown colour (B) is dominant over white (b) and 40% of butterflies are white. Calculate:

TEST
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KEY TERMS AND IDEAS: Did You Get It?29

Raw
material

By-product

Process

(e)

Main product

(d)

(a) (b)

Solar
energy

(c)

1. Complete the schematic diagram of photosynthesis below:

2. (a) Write the process of photosynthesis as:
 
  A word equation:  

 
  A chemical equation:  

 (b) Where does photosynthesis occur?  

3. Test your vocabulary by matching each term to its correct definition, as identified by its preceding letter code.  

4. Label the following features of a chloroplast on the diagram below: granum, stroma, thylakoid disc, stroma lamellae

A The biochemical process that uses light energy to convert carbon dioxide and water 
into glucose molecules and oxygen.

B A 5-carbon molecule which acts as the primary CO2 acceptor in photosynthesis.

C Membrane-bound compartments in chloroplasts. They are the site of the light 
dependent reactions of photosynthesis.

D The phase in photosynthesis where chemical energy is used for the synthesis of 
carbohydrate. Also called the light independent phase. 

E The liquid interior of the chloroplast where the light independent phase takes place.

F The phase in photosynthesis when light energy is converted to chemical energy.

G The term to describe the light absorption of a pigment vs the wavelength of light.

H Plant pigments that absorb wavelengths of light that chlorophyll a does not absorb.

I A profile of the effectiveness of different wavelengths of light in fuelling photosynthesis.

J The green, membrane-bound pigment involved in the light dependent reactions of 
photosynthesis.

K The stacks of thylakoids within the chloroplasts of plants. 

absorption spectrum

accessory pigments

action spectrum

Calvin cycle

chlorophyll

grana

light dependent phase

photosynthesis

ribulose bisphosphate

stroma 

thylakoid discs  

TEST 
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KEY TERMS AND IDEAS: Did You Get?69
Across
4.  A self propagating nerve impulse is called an action  

_ _ _ _ _ _ _ _ _ .
6.  Extension of the nerve cell body specialised to receive 

stimuli.
8.  A specialised cell that detects stimuli and responds by 

producing a nerve impulse.
9.  Long extension of the nerve cell which transits the nerve 

impulse to another cell.
10. A cell specialised to transmit electrical impulses.
11. An organ system comprising a network of specialised 

cells or neurones, which coordinates responses and 
transmits signals between different parts of the body.

Down
1.  A temporary change in membrane potential caused by 

influx of sodium ions.
2.  The gap between neighbouring neurones or between a 

neurone and an effector.
3.  These synapses release acetylcholine.
5.  This lipid-rich substance surrounds and insulates the 

axons of nerves in the peripheral nervous system.
7.  Motor nerves carry impulses from the central nervous 

system to these.

1. Complete the crossword below:

2. (a) What is the name given to a plant growth response to directional light?  

 (b) What is the name given to a plant growth response to gravity?  

 (c) What is the name given to a plant response that is independent of stimulus direction?  

 (d) What plant hormone is principally responsible for the phototropic effect?  

3. (a) What responses are being shown by the orchid in the photo 
(right):

 (b) What is the stimulus involved?  

4. (a)  Put these in order from largest to smallest: myofribril, muscle tissue, myofilaments, muscle fibre, fascicles.

 (b) Identify the structure shown below:  

 (c) On the diagram above label the following: thin filament, thick filament, H zone.

5. Name the hormones involved regulating the menstrual cycle and ovulation:  

6. What are the hormones used in combined oral contraceptive pill:  

Ta
n

g
o

p
as

o

Literacy activities use a range of 
question types to test vocabulary 
and understanding of basic 
principles. Questions include 
analysis or completion of flow 
charts, drawings or photographs, 
mix and match definitions, cloze 
questions and other vocab 
builders, and multiple choice. 

Mix and match activities ask 
students to match each key term 
to its best definition. Finding the 
correct definition increases retention 
of the terms and their meanings.
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The Teacher's Digital Edition
The Teacher's Digital Edition is aimed primarily 
at extending the pedagogical tools at a teacher's 
disposal. Many of the features of this resource 
have been developed in response to requests 
from teachers themselves. 

A digital (PDF) version 
of the workbook (non-
printable). Use the 
interactive buttons to HIDE 
or SHOW the answers. 

This Classroom Guide is 
provided as a printable PDF. 

Link to Excel® 
spreadsheets for 
all activities with a 
graphing or data analysis 
component.

Access the Weblinks 
directly from this link for 
a range of animations 
and video clips to 
support the activities.

The answer provided in 
the electronic answer is 
the minimum expected 
answer. Sometimes, further 
explanatory details is included 
in the Model Answers booklet. 

Many activities with data 
handling are supported by 
working spreadsheets, which 
include all data and comments 
on graphical analysis.

Use the interactive buttons to 
reveal the answers as you work 
through the activity on-screen.

A BONUS sample 
from the Cell Biology 
and Biochemistry 
Presentation Media.

Digital copy of the Model 
Answers (non-printable). 
Suggested answers are 
provided to all activities. 
Some include explanatory 
detail.



16

© 2016 BIOZONE International

BIOZONE's web site should be the first stop for biologists. As well as providing all our product information (including 
shipping dates) and updates, www.biozone.co.uk provides quick access to the latest RSS newsfeeds and podcasts from 
around the world. You can also quickly link to the websites of publishers of references cited in the workbooks. Perhaps of 
greatest value to students and teachers is the BIOLINKS area of BIOZONE's website. The BIOLINKS pages are distinct 
from WebLinks (which are specific to each workbook edition) and provide a database of well organised hyperlinks pertaining 
to topics of interest in biology and environmental science. The database is updated regularly, so that outdated, not 
operational, or no longer relevant sites are removed and new sites are added as they appear.

Click on the link to access the 
named site. The brief description 
tells you how the site may be of 
interest, as well as any country 
specific bias, if this is relevant.

Click on each topic to see a list 
of all related biology links. Each 
topic has relevant subtopics to 
make searching easier and each 
link has a brief description.

Using BIOZONE's Website
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