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Creating Lifelong Learners

BIOZONE encourages the development of the 
AP 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 or biological knowledge, 
to plan and evaluate their work, and to think critically and 
independently. We have addressed five key competencies (the 
five Es) relating to these competencies. BIOZONE's books 
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. Implicit in 
achieving these aims is the requirement for a flexible resource; 
one that can be used in a variety of ways, alongside the 
many other resources that are now be available to teachers in 
various topic areas. BIOZONE's books provide this flexibility, 
with activities that can be used in a variety of ways.

ENGAGE:
Highly visual activities

Use activities in class to engage a student when introducing a topic, or to consolidate 
student understanding and summarize 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. This is also the 
phase in which students might provide evidence for changes to their understanding.

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 AP biology program is organized into four underlying big 
ideas. The guide below lists the enduring understandings 

for each big idea, and identifies where the material is 
located in AP Biology 1 (blue) or AP Biology 2 (black).

AP Biology Guide

* 4.C.1 and 4.C.2 also see Sources of Variation

Big Idea 1:  The process of evolution drives the diversity and unity of life

1A: Change in the genetic makeup of a population over time is evolution

1.A.1
Natural selection is a major mechanism 
of evolution

Genetic Change in Populations1.A.2
Natural selection acts on phenotypic 
variations in populations

1.A.3
Evolutionary change is also driven by 
random processes

1.A.4
Biological evolution is supported by 
scientific evidence from many disciplines

Evidence for Biological 
Evolution

1B: Organisms are linked by lines of descent from common ancestry

1.B.1
Organisms share many conserved core 
processes and features that have evolved

The Relatedness of Organisms

1.B.2
Phylogenetic trees and cladograms are 
graphical models of evolutionary history

1C: Life continues to evolve within a changing environment

1.C.1
Speciation and extinction have occurred 
throughout the Earth's history

Speciation and Extinction
1.C.2

Speciation may occur when populations 
become reproductively isolated

1.C.3 Populations continue to evolve

1D: The origin of living systems is explained by natural processes

1.D.1 Hypotheses about the natural origin of life

The Origin of Living Systems
1.D.2

Scientific evidence from different 
disciplines supports models of life's origin

Big Idea 2:  Biological systems utilize free energy and molecular building 
blocks to grow, to reproduce and to maintain dynamic homeostasis

2A: Growth, reproduction and maintenance of the organization of living systems 
require free energy and matter

2.A.1 All living systems require energy
Energy in Living Systems, 
Homeostasis & Energy 
Allocation

2.A.2
Organisms capture and store free energy  
for use in biological processes

Energy in Living Systems,
Energy Flow & Nutrient Cycles

2.A.3 Energy exchange maintains life processes The Biochemistry of Life

2B: Growth, reproduction and dynamic homeostasis require that cells create and 
maintain internal environments that are different from their external environments

2.B.1 Cell membranes are selectively permeable

Cell Structure and Processes
2.B.2

Movement of molecules across membranes 
maintains growth and homeostasis

2.B.3
Internal membranes in eukaryotic cells 
partition the cell into specialized regions

2C: Organisms use feedback mechanisms to regulate growth and reproduction, and 
to maintain dynamic homeostasis

2.C.1
Organisms used feedback mechanisms to 
maintain internal environments

Homeostasis & Energy 
Allocation

2.C.2
Organisms respond to change in their 
external environments

Homeostasis & Energy 
Allocation, 
Timing & Coordination

2D: Growth & dynamic homeostasis are influenced by changes in the environment

2.D.1
Biotic and abiotic factors affect biological  
systems

Populations & Communities

2.D.2
Homeostatic mechanisms reflect both 
common ancestry and divergence due to 
adaptation in different environments

Homeostasis & Energy Allocation, 
Plant Structure & Adaptation, 
Comparing Animal Systems, 
Interactions in Physiological 
Systems, The Diversity & Stability 
of Ecosystems (2.D.3 only)

2.D.3
Biological systems are affected by 
disruptions to their dynamic homeostasis*

2.D.4
Plants and animals have chemical 
defenses against infections

Internal Defense, 
Plant Structure & Adaptation

2E: Many biological processes involved in growth, reproduction & dynamic 
homeostasis include temporal regulation & coordination

2.E.1
Timing and coordination of events are
regulated and necessary for development

Regulation of Gene Expression

2.E.2
Multiple mechanisms regulate timing & 
coordination of physiological events 

Timing & Coordination

2.E.3
Timing and coordination are regulated 
and are important in natural selection

Big Idea 3:  Living systems store, retrieve, transmit & respond to 
information essential to life processes

3A: Heritable information provides for continuity of life

3.A.1
DNA, and in some cases RNA, is the 
primary source of heritable information

DNA and RNA

3.A.2
In eukaryotes, heritable information is 
passed on via the cell cycle and mitosis 
or meiosis plus fertilization

Chromosomes & Cell Division

3.A.3
The chromosomal basis of inheritance 
gives an understanding of transmission 
of genes from parent to offspring

Chromosomes & Cell 
Division, The Chromosomal 
Basis of Inheritance

3.A.4
The inheritance pattern of many traits is 
not explained by Mendelian genetics

The Chromosomal Basis of 
Inheritance

3B: Expression of genetic information involves cellular and molecular mechanisms

3.B.1

3.B.2

Gene regulation results in differential 
gene expression and cell specialization
Signals mediate gene expression

Regulation of Gene 
Expression

3C: Processing of genetic information is imperfect and a source of genetic variation

3.C.1
3.C.2
3.C.3

Genotype changes can alter phenotype
Processes that increase genetic variation
Viral replication and genetic variation

Sources of Variation

3D: Cells communicate by generating, transmitting and receiving chemical signals

3.D.1 
3.D.2
3.D.3
3.D.4

Commonalities in cell communication
Signaling by direct contact or chemicals
Signal transduction pathways
Changes to signal transduction pathways

Cellular Communication

3E: Transmission of information results in changes within and between systems

3.E.1 Communicating information with others
Communicating & Responding

3.E.2 Nervous systems and responses

Big Idea 4:  Biological systems interact, and these systems and their 
interactions possess complex properties

4A: Interactions within biological systems lead to complex properties

4.A.1
Properties of a molecule are determined 
by its molecular construction

The Biochemistry of Life, 
DNA and RNA

4.A.2
The structure and function of subcellular 
components, and their interactions, 
provide essential cellular processes

Cell Structure and Processes

Energy in Living Systems

4.A.3
Gene expression results in specialization 
of cells, tissues and organs

Regulation of Gene 
Expression

4.A.4
Organisms exhibit complex properties 
due to interactions between their parts

Plant Structure & Adaptation,
Comparing Animal Systems,
Interactions in Physiological 
Systems

4.A.5
Communities are composed of 
populations that interact in complex ways

Populations and Communities

4.A.6 Movement of matter and energy

Populations & Communities,
Energy Flow & Nutrient Cycles, 
The Diversity and Stability of 
Ecosystems

4B: Competition and cooperation are important aspects of biological systems

4.B.1
Interactions between molecules affect 
their structure and function

Enzymes & Metabolism

4.B.2
Cooperative interactions within 
organisms promote efficiency

Plant Structure & Adaptation,
Comparing Animal Systems,
Interactions in Physiological 
Systems

4.B.3
Population interactions influence species 
distribution and abundance

Populations & Communities, 
The Diversity & Stability of 
Ecosystems

4.B.4 Ecosystem distribution changes over time
The Diversity & Stability of 
Ecosystems

4C: Naturally occurring diversity among and between components within biological 
systems affects interactions with the environment

4.C.1*
Variation in molecular units provides cells 
with a wider range of functions

Internal Defense

4.C.2*
Environmental factors influence the 
expression of the genotype

The Chromosomal Basis of 
Inheritance

4.C.3
4.C.4

Variation in populations affects dynamics
Diversity may influence ecosystem stability

Populations & Communities, 
The Diversity & Stability of 
Ecosystems
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Monomers as
buildng blocks

Reactions of
life occurred

in a suitable medium

Signal
transduction

pathways

Signal
transduction

pathways

Metabolic
pathways

Communication
is adaptive

BIG IDEA 1
The process of evolution drives the 

unity and diversity of life

1.B.
Organisms are 

linked by lines of 
descent from 

common ancestry

1.D.
The origin of living 

systems is 
explained by 

natural processes

1.C.
Life continues to 
evolve within a 

changing 
environment

1.A.
Change in the 

genetic makeup of a 
population over time 

is evolution

BIG IDEA 3
Living systems, store, retrieve, transmit, and respond to 

information essential to life’s processes

3.A.
Heritable 

information 
provides for 

continuity of life

3.B.
Expression of 

genetic information 
involves cellular 
and molecular 
mechanisms

3.C.
The processing 

of genetic 
information is 

imperfect and is a 
source of genetic 

variation

3.D.
Cells 

communicate by 
generating, 

transmitting, and 
receiving 

chemical signals

3.E.
Transmission of 

information results 
in changes within 

and between 
biological systems

BIG IDEA 2
Biological systems use free energy and molecular building 

blocks to grow, reproduce, and maintain homeostasis

2.A. 
Growth, 

reproduction, and 
maintenance of the 

organization of 
living systems 

require free energy 
and matter

2.B.
Growth, 

reproduction, and 
dynamic 

homeostasis 
require that cells 

create and 
maintain internal 

environments.

2.C.
Organisms use 

feedback 
mechanisms to 

regulate growth and 
reproduction, and 
maintain dynamic 

homeostasis 

2.D.
Growth and 

dynamic 
homeostasis of a 
biological system 
are influenced by 

changes inthe 
system’s 

environment 

BIG IDEA 4
Biological systems interact, and these systems and their 

interactions possess complex properties

4.A.
Interactions within 
biological systems 

lead to complex 
properties

4.B.
Competition and 
cooperation are 

important aspects of 
biological systems

4.C.
Naturally occurring 

diversity among 
and between 

components within 
biological systems 
affects interactions 

with the 
environment

2.E.
Many processes

involved in growth, 
reproduction, and 

homeostasis 
include temporal 
regulation and 
coordination 

Variation is subject
to natural selection

Mitochondria

Chloroplasts

Energy
allocation

Properties of
membranes

Molecular diversity
and range
of function

Molecular diversity
and range
of function

Compartments
in cells Species

interactions

Food chains
and webs

Antibodies and
immune response

Ecosystem stability
and change

Human impact
on ecosystems

DNA and RNA

Viral replication
and life cycles

Sexual reproduction
and variation

Variation is subject
to natural selection

Cellular
differentiation

Species
interactions

Compartments
in cells

Signal
transduction

pathways

 fThe concept map in the introductory section of BIOZONE's AP Biology books provides an overview of the program content.

 fThe map provides an overall structure and the "big picture" approach helps students to make the conceptual connections 
between different parts of the program. 

 fStudents can make their own connections between ideas on the concept maps as they work through the topics. This helps 
to reinforce the connectedness of the program content. 

The Concept Maps

Students can make 
their own connections.

A single concept map 
provides a visual summary 
allowing students to easily 
see connections between 
the Big Ideas and their 
Enduring Understandings 
in both books.
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KEY TO SYMBOLS

Enduring 
Understanding

Make your own connections as you work through the material in the AP Biology program

Concept and content connections

AP
BIOLOGY 1

AP
BIOLOGY 2
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The Contents: A Plan of Action
The contents pages are not merely a list of the activities in the student edition. Encourage your students to use them as a 
planning tool for their program of work. Students can identify the activities they are to complete and then tick them off when 
completed. The teacher can also see at a glance how quickly the student is progressing through the assigned material. 

Contents
  Using the Student Edition  ...................................vi
  Using the Tab System  .....................................  viii
  BIOZONE's Online Resources ..........................  xii 
  Course Concept Map  ......................................... x 
  AP Biology Course Guide .................................  xii

  Science Practices
  Essential Skills for AP Biology 
  Essential knowledge  .........................................  1

 1 How Do We Do Science?  ..................................  2

 2  Systems and Systems Models ...........................  4

 3  Accuracy and Precision  .....................................  6

 4  Variables and Data .............................................  8

 5  Planning a Quantitative Investigation .................  9

 6  Working with Numbers  ....................................  11

 7  Fractions, Percentages, and Ratios  ................  12

 8  Logs and Exponents ........................................  13

 9  Properties of Geometric Shapes  .....................  14

 10  Practicing with Data  ........................................  15

 11  Apparatus and Measurement ...........................  16

 12  Using Table and Graphs  ..................................  17

 13	 Constructing Graphs  .......................................  18

 14 Interpreting Line Graphs ..................................  19

 15 Correlation or Causation? ................................  20

 16 Mean, Median, Mode .......................................  21

 17 Spread of Data .................................................  23

 18 Reliability of the Mean  .....................................  24

 19 Interpreting Sample Variability .........................  26

 20 Which Test to Use? ..........................................  28

  EK 2.A., 3.A.
  The Biochemistry of Life
  Essential knowledge  .......................................  29

 21 The Biochemical Nature of the Cell ..................  30

 22 The Role of Water ............................................  31

 23 The Properties of Water ...................................  32

 24 Organic Molecules  ..........................................  33

 25 Building an Organism .......................................  34

 26 Biochemical Tests .............................................  35

 27 Nucleotides ......................................................  36

 28 Nucleic Acids ....................................................  37

 29 Amino Acids  ....................................................  39

 30 Protein Structure ..............................................  40

 31 Protein Shape is Related to Function  ..............  41

 32 Comparing Fibrous and Globular Proteins  ......  42

 33 Modification of Proteins ....................................  44

 34 Lipids  ...............................................................  45

 35 Phospholipids  ..................................................  47

 36 Carbohydrate Chemistry ..................................  48

 37 Condensation and Hydrolysis of Sugars  .........  49

 38 Colorimetry  ......................................................  50

 39 Polysaccharides  ..............................................  51

 40 Cellulose and Starch ........................................  53

 41 Cell Sizes  ........................................................  54

 42 Limitations to Cell Size  ....................................  55

 43 Investigating the Effect of Cell Size  .................  56

 44 KEY TERMS AND IDEAS: Did You Get It?  ......  58

  EK 2.B., 4.A.
  Cell Structure and Processes
  Essential knowledge  .......................................  59

 45 Optical Microscopes  ........................................  61

 46 Preparing a Slide .............................................  63

 47 Staining a Slide  ...............................................  64

 48 Measuring and Counting Using a Microscope   65

 49 Calculating Linear Magnification  .....................  66

 50 Making Biological Drawings .............................  67

 51 Prokaryotic Cells ..............................................  69

 52 Animal Cells  ....................................................  70

 53 Identifying Structures in an Animal Cell  ..........  71

 54 Plant Cells  .......................................................  72

 55 Identifying Structures in a Plant Cell  ...............  73

 56 The Cell's Cytoskeleton  ...................................  74

 57 Cell Walls .........................................................  75

 58 Cell Structures and Organelles  .......................  76

 59 The Structure of Membranes  ..........................  78

 60 How Do We Know? Membrane Structure.........  80

 61 Cell Processes  ................................................  81

 62 Diffusion  ..........................................................  83

 63 Factors affecting Membrane Permeability ........  84

 64 Investigating Transport Across the Membrane .  86

 65	 Investigating Diffusion  .....................................  87

 66	 Osmosis  ..........................................................  88

 67	 Water Movement in Plant Cells  .......................  89

 68 Making Dilutions  ..............................................  91

 69 Estimating Osmolarity of Cells .........................  92

 70 Active Transport ................................................  93

 71 Ion Pumps ........................................................  94

 72 Disturbances to Ion Transport  .........................  95

 73 Membranes and the Export of Proteins  ..........  96

 74	 Endocytosis ......................................................  98

 75 Active and Passive Transport Summary  ..........  99

 76 KEY TERMS AND IDEAS: Did You Get It?  ..... 100

  EK 2.A., 3.A.
  Cellular Communication
  Essential knowledge   ....................................  101

 77 Signals and Signal Transduction ....................  103

 78	 The Nature of Signaling Molecules  ...............  105

 79 Communication Among Unicellular Organisms . 106

 80 Types of Cell Signaling ...................................  108

 81 Cell to Cell Communication ............................  110

 82 Local Regulators ............................................  111

 83 Action of Insulin  .............................................  112

 84 Hormones are Regulated by Negative 
  Feedback .......................................................  113

 85	 Types of Signal Transduction (Overview)  ......  114

 86 Signal Transduction Using 
  Second Messengers ....................................... 116

 87	 Signal Transduction Involving 
  Protein Modification  .......................................  117

 88	 Cell Signaling and DNA Repair  .....................  118

 89	 Effect of Blocking Signals  ..............................  119

 90	 KEY TERMS AND IDEAS: Did You Get It?  ....  121

 91	 Synoptic Questions  .......................................  122

CODES:  Activity is marked:  to be done   when completed

The teacher can see at a glance 
how this student is progressing 
through this unit of work. Any 
concerns with progress can be 
addressed early.

Contents
  Using the Student Edition  ...................................vi
  Using the Tab System  .....................................  viii
  BIOZONE's Online Resources ..........................  xii 
  Course Concept Map  ......................................... x 
  AP Biology Course Guide .................................  xii

  Science Practices
  Essential Skills for AP Biology 
  Essential knowledge  .........................................  1

 1 How Do We Do Science?  ..................................  2

 2  Systems and Systems Models ...........................  4

 3  Accuracy and Precision  .....................................  6

 4  Variables and Data .............................................  8

 5  Planning a Quantitative Investigation .................  9

 6  Working with Numbers  ....................................  11

 7  Fractions, Percentages, and Ratios  ................  12

 8  Logs and Exponents ........................................  13

 9  Properties of Geometric Shapes  .....................  14

 10  Practicing with Data  ........................................  15

 11  Apparatus and Measurement ...........................  16

 12  Using Table and Graphs  ..................................  17

 13	 Constructing Graphs  .......................................  18

 14 Interpreting Line Graphs ..................................  19

 15 Correlation or Causation? ................................  20

 16 Mean, Median, Mode .......................................  21

 17 Spread of Data .................................................  23

 18 Reliability of the Mean  .....................................  24

 19 Interpreting Sample Variability .........................  26

 20 Which Test to Use? ..........................................  28

  EK 2.A., 3.A.
  The Biochemistry of Life
  Essential knowledge  .......................................  29

 21 The Biochemical Nature of the Cell ..................  30

 22 The Role of Water ............................................  31

 23 The Properties of Water ...................................  32

 24 Organic Molecules  ..........................................  33

 25 Building an Organism .......................................  34

 26 Biochemical Tests .............................................  35

 27 Nucleotides ......................................................  36

 28 Nucleic Acids ....................................................  37

 29 Amino Acids  ....................................................  39

 30 Protein Structure ..............................................  40

 31 Protein Shape is Related to Function  ..............  41

 32 Comparing Fibrous and Globular Proteins  ......  42

 33 Modification of Proteins ....................................  44

 34 Lipids  ...............................................................  45

 35 Phospholipids  ..................................................  47

 36 Carbohydrate Chemistry ..................................  48

 37 Condensation and Hydrolysis of Sugars  .........  49

 38 Colorimetry  ......................................................  50

 39 Polysaccharides  ..............................................  51

 40 Cellulose and Starch ........................................  53

 41 Cell Sizes  ........................................................  54

 42 Limitations to Cell Size  ....................................  55

 43 Investigating the Effect of Cell Size  .................  56

 44 KEY TERMS AND IDEAS: Did You Get It?  ......  58

  EK 2.B., 4.A.
  Cell Structure and Processes
  Essential knowledge  .......................................  59

 45 Optical Microscopes  ........................................  61

 46 Preparing a Slide .............................................  63

 47 Staining a Slide  ...............................................  64

 48 Measuring and Counting Using a Microscope   65

 49 Calculating Linear Magnification  .....................  66

 50 Making Biological Drawings .............................  67

 51 Prokaryotic Cells ..............................................  69

 52 Animal Cells  ....................................................  70

 53 Identifying Structures in an Animal Cell  ..........  71

 54 Plant Cells  .......................................................  72

 55 Identifying Structures in a Plant Cell  ...............  73

 56 The Cell's Cytoskeleton  ...................................  74

 57 Cell Walls .........................................................  75

 58 Cell Structures and Organelles  .......................  76

 59 The Structure of Membranes  ..........................  78

 60 How Do We Know? Membrane Structure.........  80

 61 Cell Processes  ................................................  81

 62 Diffusion  ..........................................................  83

 63 Factors affecting Membrane Permeability ........  84

 64 Investigating Transport Across the Membrane .  86

 65	 Investigating Diffusion  .....................................  87

 66	 Osmosis  ..........................................................  88

 67	 Water Movement in Plant Cells  .......................  89

 68 Making Dilutions  ..............................................  91

 69 Estimating Osmolarity of Cells .........................  92

 70 Active Transport ................................................  93

 71 Ion Pumps ........................................................  94

 72 Disturbances to Ion Transport  .........................  95

 73 Membranes and the Export of Proteins  ..........  96

 74	 Endocytosis ......................................................  98

 75 Active and Passive Transport Summary  ..........  99

 76 KEY TERMS AND IDEAS: Did You Get It?  ..... 100

  EK 2.A., 3.A.
  Cellular Communication
  Essential knowledge   ....................................  101

 77 Signals and Signal Transduction ....................  103

 78	 The Nature of Signaling Molecules  ...............  105

 79 Communication Among Unicellular Organisms . 106

 80 Types of Cell Signaling ...................................  108

 81 Cell to Cell Communication ............................  110

 82 Local Regulators ............................................  111

 83 Action of Insulin  .............................................  112

 84 Hormones are Regulated by Negative 
  Feedback .......................................................  113

 85	 Types of Signal Transduction (Overview)  ......  114

 86 Signal Transduction Using 
  Second Messengers ....................................... 116

 87	 Signal Transduction Involving 
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 88	 Cell Signaling and DNA Repair  .....................  118
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✔Students can mark the check 

boxes to indicate the activities 
they should complete. This 
helps them to quantify the 
work to be done and plan 
their work.

Ticking off the activities 
as they are completed 
gives students a sense of 
progression and helps them to 
be more personally organized 
in their work.
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Introducing the AP Biology Content
Each chapter in AP Biology is prefaced with an introduction, providing students with an overview of the chapter content 
and organization. Each of the numbered learning outcomes pertains to a point of essential knowledge, skill, or practical 
investigation, 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.
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2. How do multicellular organisms achieve functional efficiency?  

3. (a) Describe the movement of food through the mammalian digestive system:  

 (b) How does this flow through the digestive system help to achieve functional efficiency?  

4. Several different digestive enzymes are present in the mammalian digestive system.

 (a) Predict what would happen to trypsin if it was subjected to the acidic pH of the stomach:  

 (b) What is the functional advantage of pepsin and trypsin hydrolyzing (breaking down) proteins at different sites?

5.  Briefly outline the nature of the interaction between the circulatory and respiratory systems:  

Organ systems work together
Although multicellular organisms 
have specialized organ systems that 
perform specific roles, the various 
organ systems must interact and work 
together to contribute to the overall 
functioning of the organism. 
For example:

 f The skeletal and muscular systems 
protect the heart and lungs from 
damage and enable ventilation of 
the lungs.

 f The gas exchange system provides 
the environment for the exchange 
of respiratory gases, O2 and CO2, 
between the blood and the air.

 f The circulatory system transports 
O2 from the gas exchange surfaces 
to the tissues and transports CO2 in 
the opposite direction (right).

A 2

Respiratory systemCirculatory system

Function

Provides a surface for gas 
exchange. Moves air high 
in O2 into the body and air 
high in CO2 out of the body. 

Function

Delivers oxygen (O2) and nutrients 
to all cells and tissues. Removes 
carbon dioxide (CO2) and other 
waste products of metabolism. 
CO2 is transported to the lungs.

In mammals, the 
respiratory system and 
cardiovascular system 
interact to supply oxygen 

and remove carbon 
dioxide from the body.

Enzymes and 
Metabolism

Enduring 
Understanding

4.B

Key terms
active site

allosteric site

biological catalyst

coenzyme

cofactor

competitive inhibitor

denaturation

enzyme

non-competitive 
inhibitor

organ

organelle

substrate

tissue

4.B.1 Interactions between molecules affect their structure 
and function

Activity 
number

Essential knowledge

(a)  Change in the structure of a molecular system may result in a change of function

c 1 Use examples to illustrate how changes in a molecule's structure can change 
its function. Examples include enzymes and receptor molecules. [also 3.D.3.a]

24  25

(b)  An enzyme's shape, active site and interactions with the substrate are 
essential to its function

c 1 Explain how enzyme-catalyzed reactions rely on the substrate being 
complementary to the shape and charge of the enzyme's active site.

20  21  22

c 2 Explain the role of cofactors and coenzymes in enzyme function. 24

(c)  Enzyme activity can be enhanced or inhibited by other molecules and the environment

c 1 Explain how enzyme activity is affected by the reversible or irreversible binding 
of molecules to the active or allosteric sites of an enzyme.

25

(d)  Change in enzyme activity can be interpreted from information about the 
concentrations of products or substrate as a function of time

c 1 Use graphical representations of enzyme-catalyzed reactions over time to 
describe the relationship between enzyme activity, disappearance of substrate, 
and/or presence of a competitive inhibitor.

23

c PR-13 Develop a method for measuring baseline enzyme activity in plant 
material. Investigate the effect of pH on enzyme activity.

26

4.B.2 Cooperative interactions within organisms promote 
efficiency in the use of energy and matter 

Activity 
number

Essential knowledge

(a)  Organisms have areas or compartments that perform a subset of functions 
related to energy and matter and these parts contribute to the whole

c 1 Explain how compartmentalization within the cell contributes to overall 
specialization and functioning of the cell.

28  29

c 2 Using examples, explain how specialization of organs within multicellular 
organisms contributes to overall functioning. Examples include specialization 
for exchange of gases, digestion, circulation of fluids, and excretion of wastes.

27

c 3 Describe how interactions among cells of a population of unicellular organisms 
can be similar to those of multicellular organisms and can lead to increases 
efficiency and use of energy and matter.

30

PEPSIN LACTASE BARLEY a-AMYLASE

This identifies 
the Enduring 
Understanding code 
or codes 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 to support 
the 13 required AP 
investigations are 
identified by a blue flag. 

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

A summary of essential 
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. 

KNOW 
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Achieving Metabolic Efficiency
Key Idea: Cells and organelles have compartments. These 
separate regions help achieve metabolic efficiency.
Metabolic reactions often occur as a linked series in which 
each step in the pathway relies on the completion of a 
previous step and each step is controlled by specific 
enzymes. The end product of one enzyme-controlled step 

provides the substrate for the next step, so failure of one 
step causes failure of all later steps. Metabolic pathways 
are tightly controlled to prevent energy being wasted. This 
energy conservation is termed metabolic efficiency. Metabolic 
reactions are often localized within specific organelles so that 
all the components of the pathway are kept together.

Achieving efficiency by compartmentalization
To increase metabolic efficiency, regions within a cell or 
an organelle are compartmentalized (separated) by 
membranes. Particular metabolic reactions are restricted 
to certain regions where all the necessary metabolic 
components are located. Compartmentalization prevents 
interference between different reaction pathways and 
enables radically different reaction environments to be 
accommodated within different organelles.

Example: Cellular respiration in the mitochondrion
The membrane system of the mitochondrion divides it 
into several regions. Glycolysis takes place outside of the 
mitochondrion, in the cell's cytoplasm, but the remaining 
steps take place in different specialized regions of the 
mitochondrion. This helps to regulate movement of 
substrates and end-products and therefore reaction rates, 
increasing efficiency of the process (below). 

Mitochondrion

Matrix

Cytoplasm (outside the mitochondrion): Glycolysis

Cristae: Electron  
transport chain.
Membrane-bound enzymes 
include ATP synthase

Matrix: Link reaction.
Link reaction enzymes (e.g. 
pyruvate dehydrogenase 
complex) are in the matrix.

Matrix: Krebs cycle.
Krebs cycle enzymes (e.g. 
fumarase) are in the matrix.

Achieving efficiency by inhibition
Many metabolic pathways are controlled by feedback 
inhibition (negative feedback loop). The pathway is 
stopped when there is a build-up of end product (or certain 
intermediate products). The build-up stops the enzymes in 
the pathway from working and allows the cell to shut down 
a pathway when it is not needed. This conserves the cell's 
energy, so it is not manufacturing products it does not need. 

Both linear pathways (e.g. glycolysis), and cyclic pathways 
(e.g. the Krebs cycle) and can be regulated this way (below).

Glucose

Enzymes

Pyruvate

Enzymes

Acetyl-CoA

Inhibits

Inhibits

Activates

ADP

Activates

ATP

NADH (H+)

Electron transport 
chain

Citrate 
 (6 carbon molecule)

Krebs 
cycle

1. What does metabolic efficiency mean?  

2. Describe how cells achieve metabolic efficiency through:

 (a) Compartmentalization:  

 (b) Feedback inhibition:  

3. What would happen if cells could not regulate their metabolic pathways?  

W
M

U

28

CONNECT

52
AP1

CONNECT

54
AP1
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Regional Specialization and Functional Efficiency

Trypsin
pH optimum: 7.8 - 8.7

Salivary glands 
secrete amylase, 
which begins to 
digest starch in food.

The teeth in the mouth 
mechanically break up 
the food to expose a 
greater surface area to 
enzyme-rich secretions.

The liver produces an alkaline (pH 7.6-
8.6) bile to neutralize the contents of the 
stomach as it enters the small intestine. 
The bile also emulsifies fats to help their 
digestion and assist their absorption 
across the intestinal wall.

The stomach secretes HCl and is 
very acidic (pH 1.5 - 2.0). The low pH 
kills harmful bacteria and is optimum 
for the activity of the protein-digesting 
enzyme pepsin and the lipid-digesting 
enzyme gastric lipase. Secretions of 
mucus stop the stomach lining being 
damaged by the stomach acid.

The small intestine is the 
primary site of digestion and 
absorption. It is very long and 
has a high surface area to 
maximize nutrient absorption.

The cecum is located at 
the beginning of the large 
intestine. Its size varies 
between species and may 
be very large in herbivores 
that rely on hind-gut 
fermentation by bacteria for 
the digestion of cellulose.

The colon absorbs water, 
sodium, and some fat 
soluble vitamins. Water 
absorption from the colon 
is important in maintaining 
an organism's water 
balance. Together, the 
cecum, colon, and rectum 
form the large intestine.

The rectum stores 
feces before they 
pass through to 
anus where they 
are egested.

Anus

Regional specialization and functional efficiency
The chemical environment within each region of the mammalian digestive 
tract (gut) varies. For example, the stomach is a very acidic environment, 
whereas the small intestine has a more neutral pH. Each region provides 
the optimal chemical environment for the enzymes operating there. This 
increases digestive efficiency, reducing the time it takes for food to pass 
through the gut and enabling the animal to maximize food intake.

For example, the protein-digesting enzymes pepsin and trypsin both 
degrade proteins to peptides. However, each enzyme recognizes a 
different hydrolysis site, so the protein is degraded at different places. 
Pepsin is found in the stomach, operates at pH 2.0, and is inactive 
in the neutral pH of the small intestine. Trypsin works optimally in the 
more neutral pH of the small intestine. Having several different enzymes 
performing a similar task maximizes the digestion of food.

A 2

CONNECT

20
AP2

CONNECT

109
AP2

29
Key Idea: The specialization of organs to carry out specific 
roles and regional specialization within an organ system 
allow for functional efficiency in multicellular organisms.
Functional efficiency is the ability to carry out a process in the 
most efficient manner, with minimal energy or resource cost. 
In multicellular organisms, functional efficiency is enhanced 
by having specialized organs and organ systems that perform 

a specific function. Examples include the digestive system 
and the immune system. Organs that perform a specialized 
role can work more efficiently than if they were required to 
carry out a number of different, unrelated tasks. Within an 
organ system, further specialization occurs. Specific organs 
or regions perform certain tasks and this increases the 
functional efficiency of the system as a whole. 

Functional efficiency in the mammalian digestive system
Efficiency of digestion in mammals is enhanced by the one-way movement of food through the digestive system. It allows the gut to 
become regionally specialized for processing food. Each region of the digestive system has a different role.

Pepsin
pH optimum: 1.5 - 2.0

1. What is the advantage of specialization of organs within organ systems?  

PRACTICES

Follow with an activity expanding on that concept
Introduce the concept with a 

grounding activity

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

✓
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The content of AP Biology is organized into 26 chapters, over two companion volumes. Each chapter begins with an 
introduction and all except Essential Skills for AP Biology conclude with a student's self-test of understanding and vocabulary. 
Inviting, concept-based activities make up the bulk of each chapter, with each activity focusing on the student developing 
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 activity's content. Clear 
annotated diagrams and photographs are a major part of most activities and the student's understanding of the information is 
evaluated through questions and/or tasks involving data handling and interpretation.

The task code for each activity identifies the nature of the activity, the connect tabs identify connections across Big Ideas and 
Enduring Understandings, the practices icon indicates a particular Science Practice that is emphasized within the activity. 
Gray weblink tabs indicate if the activity is supported by an external weblink. 

Using the Activities

KNOW 
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Cooperating Systems: Generating Movement118

WEB

118
CONNECT

182
AP2

CONNECT

80
AP1

Key Idea: The nervous and muscular systems interact to 
bring about movement through muscle contraction.
Movement is an essential activity requiring coordination 
between nervous and muscular systems to bring about 
muscle contraction. Nerve impulses originating at the central 
nervous system are carried by neurons, which terminate in 
a specialized junction (synapse) at the muscle fiber called 
the neuromuscular junction. The arrival of a nerve impulse 

at the neuromuscular junction results in release of the 
neurotransmitter acetylcholine and contraction of the fiber. A 
motor neuron and all the muscle fibers it innervates is called 
a motor unit. The response of a single muscle fiber is all-or-
none, meaning it contracts maximally or not at all. However, 
the strength of the contraction in the entire muscle can be 
varied (below). This way, muscles can produce contractions 
of varying force, suitable for different tasks.

Muscles have graded responses
Muscle fibers respond to an action potential by 
contracting maximally or not all. This response is called 
the all or none law of muscle contraction. However, 
skeletal muscles as a whole can produce contractions 
of varying force. This is achieved by changing the 
frequency of stimulation (more rapid arrival of action 
potentials) and by changing the number of fibers 
active at any one time (recruiting more motor units). 
A stronger muscle contraction is produced when a 
large number of muscle fibers are recruited (e.g. lifting 
weights), whereas less strenuous movements, such as 
picking up a pen, require fewer active fibers.

Neuromuscular 
junction

Motor neuron

Muscle 
fiber

Skeletal muscle

Nerve impulse (action 
potential) travels towards 
muscle fiber

A motor neuron may branch 
to innervate several fibers

Release of the neurotransmitter through 
the muscle fiber causes a series of 
reactions resulting in muscle contraction. 

Contraction Contraction

1. How do the nervous system and muscular system work together to bring about movement?  

2. The release of acetylcholine to cause muscle contraction is an example of what type of signaling (circle correct answer):

 Autocrine signaling / cell-to-cell communication / local regulation / endocrine signaling

3. (a) What is meant by an all-or-none response of a muscle fiber?  

 (b) How can a muscle produce contractions of varying force (e.g. effort required 
to pick up a pen versus the effort required to lift a heavy object? 

Number of recruited fibers
(indicated in blue)

Maximum 
contractile force
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PRACTICES

Weblinks
For AP Biology 1: www.thebiozone.com/weblink/AP1-9629

For AP Biology 2: www.thebiozone.com/weblink/AP2-9650

Bookmark these sites to access the external URLs provided.

CONNECT
Concept and content 
connections are made 
to other activities 
within AP1 or in AP2. 

PRACTICES
Picture codes 
indicate where 
one of the 7 
science practices 
is emphasized. 

KNOW 
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Cooperating Systems: Generating Movement118

WEB

118
CONNECT

182
AP2

CONNECT

80
AP1

Key Idea: The nervous and muscular systems interact to 
bring about movement through muscle contraction.
Movement is an essential activity requiring coordination 
between nervous and muscular systems to bring about 
muscle contraction. Nerve impulses originating at the central 
nervous system are carried by neurons, which terminate in 
a specialized junction (synapse) at the muscle fiber called 
the neuromuscular junction. The arrival of a nerve impulse 

at the neuromuscular junction results in release of the 
neurotransmitter acetylcholine and contraction of the fiber. A 
motor neuron and all the muscle fibers it innervates is called 
a motor unit. The response of a single muscle fiber is all-or-
none, meaning it contracts maximally or not at all. However, 
the strength of the contraction in the entire muscle can be 
varied (below). This way, muscles can produce contractions 
of varying force, suitable for different tasks.

Muscles have graded responses
Muscle fibers respond to an action potential by 
contracting maximally or not all. This response is called 
the all or none law of muscle contraction. However, 
skeletal muscles as a whole can produce contractions 
of varying force. This is achieved by changing the 
frequency of stimulation (more rapid arrival of action 
potentials) and by changing the number of fibers 
active at any one time (recruiting more motor units). 
A stronger muscle contraction is produced when a 
large number of muscle fibers are recruited (e.g. lifting 
weights), whereas less strenuous movements, such as 
picking up a pen, require fewer active fibers.

Neuromuscular 
junction

Motor neuron

Muscle 
fiber

Skeletal muscle

Nerve impulse (action 
potential) travels towards 
muscle fiber

A motor neuron may branch 
to innervate several fibers

Release of the neurotransmitter through 
the muscle fiber causes a series of 
reactions resulting in muscle contraction. 

Contraction Contraction

1. How do the nervous system and muscular system work together to bring about movement?  

2. The release of acetylcholine to cause muscle contraction is an example of what type of signaling (circle correct answer):

 Autocrine signaling / cell-to-cell communication / local regulation / endocrine signaling

3. (a) What is meant by an all-or-none response of a muscle fiber?  

 (b) How can a muscle produce contractions of varying force (e.g. effort required 
to pick up a pen versus the effort required to lift a heavy object? 

Number of recruited fibers
(indicated in blue)

Maximum 
contractile force
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PRACTICES

Annotated diagrams, photographs, and graphs 
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 draw on knowledge 
acquired through completing earlier, 
related material. 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 key idea provides a focus for each 
activity. It summarizes the focus of the 
activity and provides a clear take-home 
message for the student.

TASK CODES
These identify the nature of the activity 

COMP  = comprehension of text

DATA  = data handling and interpretation

KNOW  = content you need to know

PRAC  = supports one of the 13 AP 
Biology investigations 

REFER  = reference - use for information

SKILL  = supporting a mathematical or 
practical skill

TEST  = test your understanding
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DNA and RNAEnduring 
Understanding

3.A
4.A

Key terms
adenine

anticodon

base-pairing rule

coding strand

cytosine

DNA

double-helix

exons

fibrous protein

gene

gene expression

genetic code

genome

globular protein

guanine

guanine cap

hydrogen bonding

introns

nucleic acids

nucleotides

peptide bond

poly-A tail

polypeptide

primary transcript

protein 

proteome

purine

pyrimidine

ribosome

RNA (mRNA, rRNA, 
tRNA)

semi-conservative 
DNA replication

template strand

thymine

transcription 

translation

uracil

3.A.1 DNA and RNA are the sources of heritable information Activity 
number

Essential knowledge

(a)  Genetic information is transmitted from one generation to the next

c 1 Explain how genetic information is stored in and passed to subsequent 
generations through DNA, or sometimes RNA.

92  98  
100

c 2 Contrast chromosome structure in eukaryotes and non-eukaryotes. 93  95

c 3 Describe the nature of plasmid DNA in prokaryotes, eukaryotes, and viruses. 94

c 4 Describe the historical investigations that showed that DNA is the carrier of 
genetic information.

96

c 5 Describe the semi-conservative replication of DNA and explain how it provides 
continuity of hereditary information. Identify the role of enzymes the process.

101  -103

c 6 Describe an alternate flow of information, from RNA to DNA, in retroviruses, 
including the role of reverse transcriptase.

106  116

(b)  DNA and RNA have similarities and differences that define function

c 1 Describe the structure of a nucleotide and explain how nucleotides are joined to 
form linear DNA and RNA molecules with specific properties.

98  100  

c 2 Identify differences and similarities between DNA and RNA. 98  100

c 3 Describe the base pairing rule and its universal and conserved nature. Distinguish 
between purines and pyrimidines and explain the significance of the differences.

98  100

c 4 Relate RNA structure to function. Describe the structure and role of mRNA, 
tRNA, rRNA, and RNAi.

98  99

(c)  Genetic information flows from gene to protein

c 1 Describe transcription of DNA by RNA polymerase to produce mRNA. 104  106

c 2 Describe modifications to the primary mRNA transcript in eukaryotes, including 
addition of caps and tails and removal of introns. 

104  107

c 3 Know that translation of mRNA occurs on ribosomes in the cytoplasm. 104  108  

c 4 Know that transcription and translation are coupled processes in prokaryotes. 
Describe steps in translation (initiation, elongation, termination). Describe how the 
mRNA is read by ribosomes and the role of tRNAs and start and stop codons.

104 - 106  
108  109

KNOW 
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What is Gene Expression?104
Key Idea: Genes are sections of DNA that code for proteins. 
Genes are expressed when they are transcribed into 
messenger RNA (mRNA) and then translated into a protein.
Gene expression is the process by which the information in a 
gene is used to synthesize a protein. It involves transcription 
of the DNA into mRNA and translation of the mRNA into 

protein. Eukaryotic genes include non-protein coding regions 
called introns. These regions of intronic DNA must be 
edited out before the mRNA is translated by the ribosomes. 
Transcription of the genes and editing that primary transcript 
to form the mature mRNA occurs in the nucleus. Translation 
of the protein by the ribosomes occurs in the cytoplasm.

1. What is a gene?  

2. (a) What does gene expression mean?  

 (b) What are the three stages in gene expression in eukaryotes and what happens in each stage?  

  (i)   
 

  (ii)   

  (iii)  

3. The photograph right shows an SEM of a giant polytene chromosome. These chromosomes are common in the larval 
stages of flies and form as a result of repeated cycles of DNA replication without cell division. This creates many copies 
of genes. Within these chromosomes, visible 'puffs' indicate regions where there is active transcription of the genes.   

 (a) What is the consequence of active transcription in a polytene chromosome?

 (b) Why might this be useful in a larval insect?  

Nucleus

Amino acids are linked together 
at the ribosome to form the 
protein encoded by mRNA.

In the nucleus, the gene is 
rewritten into a single stranded 
primary RNA transcript, using one 
strand of DNA as a template. RNA 
polymerase catalyses this process.

DNA

Cytoplasm

Primary 
transcript

mRNA

mRNA

The primary transcript is 
edited. The non-protein coding 
introns are removed and 
modifications are made to help 
the mRNA exit the nucleus.

Ribosome

Nuclear pore

TRANSLATION

TRANSCRIPTION

EDITING

A summary of eukaryotic gene expression

Because prokaryotes do not have a nucleus, translation is coupled 
to transcription. This means translation can happen while the 
mRNA is still being synthesized. Also, because there are no introns 
in prokaryotic DNA, there is no need to edit the primary mRNA.

WEB

104
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178
AP1
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179
AP1
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180
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170
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PRACTICES

Engage, Explore, Explain, Elaborate, and Evaluate
In developing AP Biology, we have used the four big ideas to provide a thematic framework for the books. The activities in AP 
Biology have been specifically written to address the content and skills requirements for the AP Biology program. Our focus is 
student engagement through the use of a concept-based, highly visual content coupled with the opportunity to demonstrate 
skills and understanding. 

Engage, explain, elaborate, and evaluate: 
Activities are nested, with later activities in a sequence building on 
understanding so that students can confidently apply a scientific approach 
to new situations and information.

The introduction to each chapter 
provides a summary of the 
learning outcomes and appropriate 
investigations, presented as a 
series of short student learning 
outcomes. The students use the 
activities indicated to demonstrate 
that they have met the knowledge 
and skills requirements outlined in 
each numbered point.

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. 

DNA and RNAEnduring 
Understanding

3.A
4.A

Key terms
adenine

anticodon

base-pairing rule

coding strand

cytosine

DNA

double-helix

exons

fibrous protein

gene

gene expression

genetic code

genome

globular protein

guanine

guanine cap

hydrogen bonding

introns

nucleic acids

nucleotides

peptide bond

poly-A tail

polypeptide

primary transcript

protein 

proteome

purine

pyrimidine

ribosome

RNA (mRNA, rRNA, 
tRNA)

semi-conservative 
DNA replication

template strand

thymine

transcription 

translation

uracil

3.A.1 DNA and RNA are the sources of heritable information Activity 
number

Essential knowledge

(a)  Genetic information is transmitted from one generation to the next

c 1 Explain how genetic information is stored in and passed to subsequent 
generations through DNA, or sometimes RNA.

92  98  
100

c 2 Contrast chromosome structure in eukaryotes and non-eukaryotes. 93  95

c 3 Describe the nature of plasmid DNA in prokaryotes, eukaryotes, and viruses. 94

c 4 Describe the historical investigations that showed that DNA is the carrier of 
genetic information.

96

c 5 Describe the semi-conservative replication of DNA and explain how it provides 
continuity of hereditary information. Identify the role of enzymes the process.

101  -103

c 6 Describe an alternate flow of information, from RNA to DNA, in retroviruses, 
including the role of reverse transcriptase.

106  116

(b)  DNA and RNA have similarities and differences that define function

c 1 Describe the structure of a nucleotide and explain how nucleotides are joined to 
form linear DNA and RNA molecules with specific properties.

98  100  

c 2 Identify differences and similarities between DNA and RNA. 98  100

c 3 Describe the base pairing rule and its universal and conserved nature. Distinguish 
between purines and pyrimidines and explain the significance of the differences.

98  100

c 4 Relate RNA structure to function. Describe the structure and role of mRNA, 
tRNA, rRNA, and RNAi.

98  99

(c)  Genetic information flows from gene to protein

c 1 Describe transcription of DNA by RNA polymerase to produce mRNA. 104  106

c 2 Describe modifications to the primary mRNA transcript in eukaryotes, including 
addition of caps and tails and removal of introns. 

104  107

c 3 Know that translation of mRNA occurs on ribosomes in the cytoplasm. 104  108  

c 4 Know that transcription and translation are coupled processes in prokaryotes. 
Describe steps in translation (initiation, elongation, termination). Describe how the 
mRNA is read by ribosomes and the role of tRNAs and start and stop codons.

104 - 106  
108  109
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70

1. What is active transport?  

2. Where does the energy for active transport come from?  

3. What is the difference between primary active transport and secondary active transport?  

ATP binds to a 
transport protein.

A molecule or ion to be 
transported binds to the 
transport protein.

ATP is hydrolyzed and the 
energy released is used to 
transport the molecule or 
ion across the membrane.

The molecule or ion is 
released and the transport 
protein reverts to its 
previous state.

H2O

Transport 
protein

Molecule to be 
transported

Low molecule 
concentration

High molecule 
concentration

H

OH

1 2 3 4

ATP ATP

Active transport

ADP

P

Active

Active

Passive

A ball falling is a passive process (it 
requires no energy input). Replacing 
the ball requires active energy input.

It requires energy to actively 
move an object across a 
physical barrier.

Sometimes the energy of a passively 
moving object can be used to 
actively move another. For example, 
a falling ball can be used to catapult 
another (left).

 f The energy for active transport comes from ATP 
(adenosine triphosphate). Energy is released when 
ATP is hydrolyzed (water is added) forming ADP 
(adenosine diphosphate) and inorganic phosphate (Pi). 

 f Transport (carrier) proteins in the membrane are used 
to actively transport molecules from one side of the 
membrane to the other (below).

 f Active transport can be used to move molecules into 
and out of a cell.

 f Active transport can be either primary or secondary. 
Primary active transport directly uses ATP for the 
energy to transport molecules. In secondary active 
transport, energy is stored in a concentration gradient. 
The transport of one molecule is coupled to the 
movement of another down its concentration gradient, 
ATP is not directly involved in the transport process.

Key Idea: Active transport uses energy to transport 
molecules against their concentration gradient across a 
partially permeable membrane.
Active transport is the movement of molecules (or ions) from 

regions of low concentration to regions of high concentration 
across a cellular membrane by a transport protein. Active 
transport needs energy to proceed because molecules are 
being moved against their concentration gradient. 

Active Transport
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1. Why is ATP required for membrane pump systems to operate?  

2. (a) Explain what is meant by cotransport:

 

 (b) How is cotransport used to move glucose into the intestinal epithelial cells?  

 (c) What happens to the glucose that is transported into the intestinal epithelial cells?  

3. Describe two consequences of the extracellular accumulation of sodium ions:  

Ion Pumps

Proton pumps
Proton pumps create a potential difference 
across a membrane by using energy (ATP or 
electrons) to move H+ from one side of the 
membrane to the other. This difference can be 
coupled to the transport of other molecules. 
In cell respiration and the light reactions of 
photosynthesis, the energy for moving the H+ 
comes from electrons, and the flow of H+ back 
across the membrane drives ATP synthesis via 
the membrane-bound enzyme ATP synthase.

Sodium-potassium pump
The sodium-potassium pump is a 
transmembrane protein that uses energy 
from ATP to exchange Na+ for K+ across 
the membrane. The unequal balance of Na+ 

and K+ across the membrane creates large 
concentration gradients that can be used 
to drive transport of other substances (e.g. 
cotransport of glucose). The Na+/K+ pump 
also helps to maintain ion balance and so 
helps regulate the cell's water balance.

Cotransport (coupled transport)
A gradient in sodium ions drives the active 
transport of glucose in intestinal epithelial 
cells. The specific transport protein couples 
the return of Na+ down its concentration 
gradient to the transport of glucose into the 
intestinal epithelial cell. Glucose diffuses from 
the epithelial cells and is transported away in 
the blood. A low intracellular concentration of 
Na+ (and therefore the concentration gradient) 
is maintained by a sodium-potassium pump.

Key Idea: Ion pumps are transmembrane proteins that use 
energy to move ions and molecules across a membrane 
against their concentration gradient.
Sometimes molecules or ions are needed in concentrations 
that diffusion alone cannot supply to the cell, or they cannot 
diffuse through the plasma membrane. In this case ion 

pumps move ions (and some molecules) across the plasma 
membrane. The sodium-potassium pump (below) is found in 
almost all animal cells and is common in plant cells also. The 
concentration gradient created by ion pumps is often coupled 
to the transport of other molecules such as glucose across 
the membrane.

71

WEB

71
CONNECT

59
AP1

Plasma membrane

– – – – –

+ + + + +

Cell cytoplasm

Sodium-potassium pump
(the Na+/K+ ATPase)

Proton pump Cotransport
(the sodium-glucose symport)

K+

K+

Na+

Na+

Na+

Na+

binding
site

K+

binding
site

Na+

K+

ATP

Glucose

Diffusion of
sodium ions

H+

H+H+

H+

H+
ATP

Carrier
protein

Na+

Na+

Na+

Na+

Na+

Carrier
protein

Extracellular fluid 
or lumen

3 Na+ are 
pumped out of 
the cell for every 
2 K+ pumped in

Sodium ion

Potassium ion
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Disturbances to Ion Transport72
Key Idea: Disturbing the regulation of the movement of ions 
in and out of cells also has the effect of changing the amount 
of water entering and leaving a cell.
Regulation of ion transport across a plasma membrane is 
important for maintaining the correct balance of ions inside 
and outside the cell. Maintaining this balance is in turn 
an important way of regulating the amount of water in a 

cell, as water moves by osmosis from areas of low solute 
concentration to high solute concentration. Disturbances to 
the correct flow of ions can affect this balance. In the example 
of cholera infection below, transport channels for chloride 
ions out of the cell are permanently opened, causing an 
incorrect balance of ions and resulting in a massive loss of 
electrolytes and water from the cells.

Cholera toxin contains two subunits (A and B), which bind to 
receptors on the cell membrane. Subunit A enters the cell and 
activates pathways that cause the production of cAMP from ATP. 
cAMP opens the Cystic Fibrosis Transmembrane conductance 
Regulator (CFTR) channel, causing the loss of chloride ions  
(Cl-) into the gut lumen. This results in a negative charge within the 
lumen. Sodium follows down its electrochemical gradient (the 
electrical potential and a difference in the chemical concentration 
across a membrane) while water follows down its osmotic gradient. 
These are replaced from the blood, causing a drop in blood volume.

Cholera is treated in the first instance with the use of oral 
rehydration salts, rather than antibiotics. Glucose and sodium 
enter the gut lumen in high concentrations and are transported 
into the cell by the sodium-glucose symport (ion pump). The influx 
of sodium causes a positive charge within the cell and results 
in Cl- moving down its electrochemical gradient and back into 
the cell. Water follows down its osmotic gradient. Water can then 
reenter the blood to restore blood volume (rehydration). This effect 
can occur rapidly, but oral rehydration must continue until the 
patient's immune system is able to eliminate the cholera bacteria.

1. How does the cholera toxin cause a loss of water into the gut lumen?  

2. Oral rehydration salts are used to treat cholera. They contain high concentrations of glucose and sodium. Explain how 
these are able to replace the water and electrolytes lost from a cell:

3. Why was it important to understand ion transport in the intestine when devising a treatment for cholera?  

Mechanism of cholera induced dehydration Mechanism of oral rehydration salts

Blood 
vessel

Blood 
vessel

Intestinal 
epithelial cell

Intestinal 
epithelial cell

Gut lumen

Cl-

Cl-

Na+

Na+

Glucose

H2O

H2O

ATP

cAMP

Cholera 
toxin

A

B

➠
CFTR Cl- 
channel

➠
Na-glucose 
symport

➠
Membrane receptors 
bind toxin

A
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Disturbances to Ion Transport72
Key Idea: Disturbing the regulation of the movement of ions 
in and out of cells also has the effect of changing the amount 
of water entering and leaving a cell.
Regulation of ion transport across a plasma membrane is 
important for maintaining the correct balance of ions inside 
and outside the cell. Maintaining this balance is in turn 
an important way of regulating the amount of water in a 

cell, as water moves by osmosis from areas of low solute 
concentration to high solute concentration. Disturbances to 
the correct flow of ions can affect this balance. In the example 
of cholera infection below, transport channels for chloride 
ions out of the cell are permanently opened, causing an 
incorrect balance of ions and resulting in a massive loss of 
electrolytes and water from the cells.

Cholera toxin contains two subunits (A and B), which bind to 
receptors on the cell membrane. Subunit A enters the cell and 
activates pathways that cause the production of cAMP from ATP. 
cAMP opens the Cystic Fibrosis Transmembrane conductance 
Regulator (CFTR) channel, causing the loss of chloride ions  
(Cl-) into the gut lumen. This results in a negative charge within the 
lumen. Sodium follows down its electrochemical gradient (the 
electrical potential and a difference in the chemical concentration 
across a membrane) while water follows down its osmotic gradient. 
These are replaced from the blood, causing a drop in blood volume.

Cholera is treated in the first instance with the use of oral 
rehydration salts, rather than antibiotics. Glucose and sodium 
enter the gut lumen in high concentrations and are transported 
into the cell by the sodium-glucose symport (ion pump). The influx 
of sodium causes a positive charge within the cell and results 
in Cl- moving down its electrochemical gradient and back into 
the cell. Water follows down its osmotic gradient. Water can then 
reenter the blood to restore blood volume (rehydration). This effect 
can occur rapidly, but oral rehydration must continue until the 
patient's immune system is able to eliminate the cholera bacteria.

1. How does the cholera toxin cause a loss of water into the gut lumen?  

2. Oral rehydration salts are used to treat cholera. They contain high concentrations of glucose and sodium. Explain how 
these are able to replace the water and electrolytes lost from a cell:

3. Why was it important to understand ion transport in the intestine when devising a treatment for cholera?  

Mechanism of cholera induced dehydration Mechanism of oral rehydration salts

Blood 
vessel

Blood 
vessel

Intestinal 
epithelial cell

Intestinal 
epithelial cell

Gut lumen

Cl-

Cl-

Na+

Na+

Glucose

H2O

H2O

ATP
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Cholera 
toxin

A
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➠
CFTR Cl- 
channel

➠
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➠
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Students are actively involved 
by interacting with the material, 
answering the questions and 
completing the set tasks. Many 
activities are suitable for assessment. 

Engage and explore Explain Elaborate and evaluate

The KEY IDEA: 
Provides a focus for each activity. The key 
ideas through a chapter provide a concise 
summary of the chapter content. 
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134
Key Idea: Using chenille stems to model the stages of mitosis 
will help you to visualize and understand the process.
Students used chenille stems (pipe cleaners) and yarn 

to model mitosis in an animal cell. Four chromosomes 
were used for simplicity (2N = 4). Images of their work are 
displayed below. 

Modeling Mitosis

1. (a) Photo 1 represents the stage before mitosis begins. The circular 
structures are the centrosomes. Name the labeled structures:

 A:  

 B:  

 C: 

 (b) Name the stage shown in the photo:  

 (c) Why are there two copies of the centrosomes?  

2. Study photos 2-6 below. Identify the mitosis stage shown and briefly describe what is occurring:

3. Draw the final stage 
of mitosis, in the box.

4. What happens next? 

5. How many cells are 
there? 

 

Photo 2

Photo 4

Photo 6

Photo 3

Photo 5

Photo 1

A

B

C
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Environmental Factors Influence Mitosis135
Key Idea: The effect of lectin on mitosis rates in onion plants 
can be tested for significance using the chi-squared test.
Some environmental factors, such as presence of the 
carbohydrate-binding proteins lectins, have been shown to 
increase the rate of mitosis in blood cells. Students wanted 
to determine if PHA-M (a lectin) would increase the level of 
mitosis in the roots tip cells of onion plants. They exposed the 
roots of some onion plants to a 50 mg L-1 solution of PHA-M 
and others to a control solution (water). After an exposure 
period of 2 days, they prepared and stained the samples so 
they could count the number of cells in mitosis and interphase. 

Onion root tip cells

Table 1: Class data

Number of cells

Interphase Mitosis Total

Control 1292 302 1598
Treated 1406 306 1712

Table 3: Calculation of chi-squared value

Observed (O) Expected (E) (O - E) (O - E)2 (O -E)2 / E

Interphase cells 1406 1386
Mitosis cells 306 325

∑ (O -E)2 / E

Procedure
 f The combined class data is given in table 1.  The percentage of cells in interphase or mitosis for the control and treated 

samples are presented in table 2. 

 f A chi-squared test (c2) was used to determine if the null hypothesis should be accepted or rejected at P=0.05 (see table 
3). Expected values (E) were calculated by applying the control percentages in table 2 (blue column) to the treated total 
(i.e. 0.81 x 1712 = 1386). At the end of the calculation, a chi-squared value (∑(O-E)2 / E) is generated. 

 f The c2 value is compared to a critical value of c2 for the appropriate degrees of freedom (number of groups - 1). For this 
test it is 1 (2-1=1). For this data set, the critical value is 3.84 (at 5% probability and 1 degree of freedom). If c2 is < 3.84, 
the result in not significant and H0 cannot be rejected. If c2 is ≥ 3.84 H0 can be rejected in favor of HA. 

1. Generate a null hypothesis and an alternative hypothesis for this experiment:

 (a) Null hypothesis (H0):  

 (b) Hypothesis (HA):  

2. Calculate the chi-squared value by completing table 3. c2 =   

3.  (a) Should the null hypothesis be accepted or rejected? 

 (b) Is the result you would have expected? Explain:  

4. Suggest further investigations to verify the results presented here. Use more paper and attach here if you wish:  

Table 2: Percentage of cells in interphase or mitosis

% of cells

Control Treated

Interphase cells 81 82
Mitotic cells 19 18
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Key Idea: Mitosis is an important part of the eukaryotic cell 
cycle in which the replicated chromosomes are separated 
and the cell divides, producing two new cells.
Mitosis is part of the cell cycle in which an existing cell 
(the parent cell) divides into two new cells (the daughter 

cells). Mitosis is preceded by interphase in which the cell's 
DNA is duplicated. The genetic material is then apportioned 
equally to the two daughter cells. Each daughter cell is 
genetically identical to the parent cell and there is no change 
in chromosome number. 

1. Contrast the location of mitosis in plants and animals:  

2. When a slide of plant meristematic tissue is examined, only a small proportion of the cells are dividing. Explain why:

3. A cell with 10 chromosomes undergoes mitosis.

 (a) How many daughter cells are created:  

 (b) How many chromosomes does each daughter cell have?  

 (c) The genetic material of the daughter cells is the same as / different to the parent cell (delete one).

4. What feature of mitosis is central to its role in repairing and replacing damaged tissues in an adult organism:  

Parent cell
2N = 4

Daughter cell, 2N = 4 Daughter cell, 2N = 4

DNA replication 
occurs

The cell divides forming two identical daughter cells. 
The chromosome number remains the same as the 
parent cell.

Mitosis produces identical 
daughter cells

Mitosis is a stage in the cell cycle
 f M-phase (mitosis and cytokinesis) is the part of the cell cycle in which the parent 

cell divides in two to produce two genetically identical daughter cells (right).

 f Mitosis results in the separation of the nuclear material and division of the cell. It 
does not result in a change of chromosome number.

 f Mitosis is one of the shortest stages of the cell cycle. When a cell is not 
undergoing mitosis, it is said to be in interphase. At any one time, only a small 
proportion of the cells in an organism will be undergoing mitosis. The majority of 
the cells will be in interphase.

 f In animals, mitosis takes place in the somatic (body) cells. Somatic cells are any 
cell of the body except sperm and egg cells.

 f In plants, mitosis takes place in the meristems. The meristems are regions of 
growth (where new cells are produced), such as the tips of roots and shoots.

The mitotic index (number of cells in 
mitosis ÷ total number of cells) gives a 
measure of cell proliferation. The mitotic 
index is high in areas of rapid growth, 
such as in plant meristems.

The growing tip (meristem, M) is 
the site of mitosis in this plant root. 
The root cap below the meristem 
protects the dividing cells.

Mitosis in onion cells 
(DIC light micrograph)

Mitosis
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Patterns of Population Growth

Time

Here the number being 
added to the population 
per unit time is large. 

Exponential (J) curve  
Exponential growth is 
sustained only when there is 
no environmental resistance.

Here, the number being 
added to the population 
per unit time is small.

P
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  (
N

)

Lag 
phase

Exponential growth, dN/dt = rN

208
Key Idea: Populations typically show either exponential or 
logistic growth. The maximum sustainable population size is 
limited by the environment's carrying capacity.
Population growth is the change in a population's numbers 
over time (dN/dt or DN/Dt). It is regulated by the carrying 
capacity (K), which is the maximum number the environment 
can sustain. Population growth falls into two main types: 

exponential or logistic. Both can be defined mathematically. 
In these mathematical models, the per capita (or intrinsic)
growth rate is denoted by a lower case r, determined by the 
per capita births minus deaths, i.e. (B-D)/N. Exponential 
growth occurs when resources are essentially unlimited. 
Logistic growth begins exponentially, but slows as the 
population approaches environmental carrying capacity.

Exponential growth occurs when the population growth rate is not affected by the 
population size, N. In this case, the population growth rate is simply r (the maximum per 
capita rate of increase) multiplied by N so that dN/dt = rN. On a graph, exponential growth 
is characterized by a J shaped curve. A lag phase occurs early in population growth due 
to low population numbers.

In nature, exponential growth is observed in two circumstances: (1) a few individuals 
begin a new population in a new habitat with plenty of resources, (2) a natural disaster 
reduces the population to a few survivors, and the population recovers from a low base.

1. Produce a line graph of the gray wolf population on the grid above:  

2. Around which year(s) did explosive exponential growth begin in the wolf population?  

3. Use the data to calculate the approximate doubling time of the wolf population:  

4. Why did the human population only begin its rapid increase after the Renaissance?  

Gray wolf population in Montana 

Year Population Year Population

1979 5 1997 52

1981 5 1999 75

1983 9 2001 125

1985 20 2003 190

1987 15 2005 252

1989 16 2007 420

1991 38 2009 525

1993 52 2011 651

1995 60 2013 620

2014 552
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The human population is currently in an 
exponential phase of growth. In ancient times, 
the human population remained relatively 
stable, but low. It was not until the end of 
the Middle Ages and the beginning of the 
Renaissance that the population began to 
grow. The Industrial Revolution increased living 
standards and population with it. Antibiotics and 
the Green Revolution sparked the current rapid 
increase in the human population.

Gray wolves were hunted almost to extinction 
in many parts of North America. By the 1930s 
they had mostly disappeared from the Northern 
Rockies. Repopulation began from packs that 
migrated from Canada in the 1980s. The table 
below shows the wolf population in Montana 
since 1979 (numbers are approximate). The 
wolves were taken off the endangered species 
list in 2011. Since then numbers have declined 
as hunting has once more been permitted.
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Key Idea: Computer programs can be used to model 
population growth. This activity uses Populus 5.5.
Population growth can be simulated using spreadsheets 
or computer programs. This activity uses Populus 5.5, a 
Javascript  program, which will run on Mac or Windows 
platforms. It models continuous and discrete population 
growth as well as the effects of competition. In this activity 
you will model continuous density-independent (exponential) 

and density-dependent (logistic) growth. Using Populus, you 
can also model discrete growth, which uses l instead of r, 
where l is the discrete-time per capita growth rate. Discrete 
models are used for organisms with a discrete breeding 
season (e.g. annual plants and insects that breed once a 
year) because population growth occurs in 'steps' only within 
a discrete time period (not continuously) and there is no 
population growth outside those times.

Modeling Population Growth210

If it fills the entire screen grab the lower 
corner and resize it with the mouse.

The opening screen looks like this. 
 f Model allows you to choose which 

type of simulation you want to run.

 f Preferences lets you to load 
saved files and save new ones. 

 f Help loads a comprehensive PDF file 
covering all aspects of the program. 

Density independent growth
 f Click on the Model in the menu bar
 f Select Single-Species Dynamics
 f Then choose Density-Independent Growth

Set plot type to N vs t. This 
models population vs time. 

Up to four populations can 
be displayed on the one 
graph, using A, B, C, and 
D. Make sure the check 
box is ticked. 

Set r to 0.2 and population 
size N to 2. Set run time 40. 
Click View to see the graph.

Set the model type to continuous (as 
in continuous growth). This produces 
a single line in the output window. 
Discrete produces a series of points 
(as in discrete bursts of growth).

1. What is the shape of the graph produced?  

2. Describe what happens to the shape of the graph when:

 (a) r is increased to 0.4:  

 (b) Population size is increased to 20:  

 (c) Population size is increased to 20 but r is reduced to -0.2:  

3. Set the parameters back to N = 2 and r = 0.2. Set the plot type to dN/dt vs N and view the plot. Describe the shape of 
the graph and explain what it means:

4. What is the value of r if the population doubles over one time period?  

SAVE AND PRINT ALL YOUR SIMULATIONS AND ATTACH THEM TO THIS PAGE
WEB
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Populus is shareware. Download it free from 
https://cbs.umn.edu/populus/overview

(you can also download via Weblinks)

Students explore population 
growth further using a 

simulation and use this to 
explain the phenomenon.

Students explore their understanding 
of population growth by representing it 
mathematically using second hand data.

Students can explore further 
by running a population growth 
simulation, manipulating variables and 
then explaining their results. 
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Factors Determining Population Growth

1. Define the following terms used to describe changes in population numbers:

 (a) Death rate (mortality):  

 (b) Birth rate (natality):  

 (c) Net migration rate:  

2.  Explain how the concept of limiting factors applies to population biology:  

3. Using the terms, B, D, I, and E (above), construct equations to express the following (the first is completed for you):

 (a) A population in equilibrium:  
 

 (b) A declining population:  

 (c) An increasing population:  

4. A population started with a total number of 100 individuals. Over the following year, population data were collected. 
Calculate birth rates, death rates, net migration rate, and rate of population change for the data below (as percentages):

 (a) Births = 14: Birth rate =   (b) Net migration = +2: Net migration rate =   
 
 (c) Deaths = 20: Death rate =   (d) Rate of population change =  

 (e) State whether the population is increasing or declining:  

5. The human population is now more than 7.5 billion. Describe two limiting factors for population growth in humans:

B + I  =  D + E

Births, deaths, immigrations (movements into the 
population) and emigrations (movements out of the 
population) are events that determine the numbers of 
individuals in a population. Population growth depends 
on the number of individuals added to the population 
from births and immigration, minus the number lost 
through deaths and emigration. This is expressed as:

The difference between immigration and emigration 
gives net migration. Ecologists usually measure the 
rate of these events. These rates are influenced by 
environmental factors and by the characteristics of the 
organisms themselves. Rates in population studies are 
commonly expressed in one of two ways:

• Numbers per unit time, e.g. 20,150 live births per year.
• Per capita rate (number per head of population), e.g.   

122 live births per 1000 individuals per year (12.2%).

Human populations often appear exempt from limiting factors as 
technology and efficiency solve many food and shelter problems. 
However, as the last arable land is used and agriculture reaches its 
limits of efficiency, it is estimated that the human population may peak 
at around 10 billion by 2050. 

Limiting factors
Population size is also affected by limiting factors, i.e. 
factors or resources that control a process such as 
organism growth, or population growth or distribution. 
Examples include availability of food, predation 
pressure, or available habitat.

Calculating change in 
population numbers

Immigratio
n (I)

Emigration (E)
Deaths (D

)

Births (B)

207
Key Idea: Population size increases through births and 
immigration and decreases through deaths and emigration.
Populations are dynamic and the number of individuals in a 
population may fluctuate considerably over time.  Populations 
gain individuals through births or immigration, and lose 

individuals through deaths and emigration. For a population 
in equilibrium, these factors balance out and there is no net 
change in the population abundance. When losses exceed 
gains, the population declines. When gains exceed losses, 
the population increases.
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Engage the student with 
a visual representation

This activity engages the student with 
a visual representation of the factors 
affecting change in population size.
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The taller a plant, the more 
light it can potentially gather. 
Tall structures, however, require 
an ever increasing amount of 
structural support.

Ideally leaves should be as 
large as possible to provide the 
maximum area for gathering 
sunlight. But their structure 
must be adapted to the specific 
environmental conditions, e.g. 
high winds or low rainfall.

Most nutrients are near the 
top of the soil layer. Roots 
must be structured to provide 
support, while still being able 
to access this nutrient layer.

The Plant Body

1. In the boxes provided in the diagram above:

 (a) Describe the main functions of the leaves, roots and stems (remember that the leaves themselves have leaf veins).

 (b) List the materials that are transported around the plant body.

 (c) Describe the functions of the transport tissues: xylem and phloem.

2. Name the solvent for all the materials that are transported around the plant:  

3. What factors are involved in determining how tall a plant could potentially grow?  

Key Idea: The plant body comprises connected shoot and 
root systems. The shoot system collects carbon dioxide, 
oxygen, and light and produces sugars. The root system 
collects water and nutrients from the soil.
As terrestrial organisms, plants have two interdependent 
systems to take advantage of and to solve the problems 
of living on land. The shoot system, consisting of stems, 
leaves and reproductive structures, has evolved to collect 
carbon dioxide, oxygen and light, and to disperse pollen 
and seeds. The root system has evolved to collect water 

and nutrients from the soil and to provide anchorage to the 
ground or substrate. These systems are integrated to form 
the closely linked support and transport systems. If a plant is 
to grow to any size, it must have ways to hold itself up against 
gravity and to move materials around its body. Vascular 
tissues (xylem and phloem) link all plant parts. Water and 
minerals are transported in the xylem, while manufactured 
food is transported in the phloem. All plants rely on fluid 
pressure within their cells (turgor) to give some support to 
their less rigid structures e.g. leaves and flowers.

Young shoots 
develop from the 
terminal bud

Internode
Axillary bud at node

Node

Node
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Functions of the roots:

Functions of the leaves:

Functions of the stems:

Specific functions of xylem:

Specific functions of phloem:

Materials transported around 
the plant:
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Xylem
Key Idea: The xylem is involved in water and mineral 
transport in vascular plants.
Xylem is the principal water conducting tissue in vascular 
plants. It is also involved in conducting dissolved minerals, 
in food storage, and in supporting the plant body. As in 
animals, tissues in plants are groupings of different cell types 
that work together for a common function. In angiosperms, 

it is composed of five cell types: tracheids, vessels, xylem 
parenchyma, sclereids (short sclerenchyma cells), and fibers. 
The tracheids and vessel elements form the bulk of the 
tissue. They are heavily strengthened and are the conducting 
cells of the xylem. Parenchyma cells are involved in storage, 
while fibers and sclereids provide support. When mature, 
xylem is dead.

54

1. (a) What cells conduct the water in xylem?  

 (b) What other cells are present in xylem tissue 
and what are their roles? 

2. (a) How does water pass between vessels?  

 

 (b) How does water pass between tracheids:  

 (c) Which cell type do you think provides the 
most rapid transport of water and why?  

 

 (d) Why do you think the tracheids and vessel 
elements have/need secondary thickening?

3. How can xylem vessels and tracheids be dead 
when mature and functional?  

As shown in these SEM and light micrographs of xylem, the 
tracheids and vessel elements form the bulk of the xylem tissue. 
They are heavily strengthened and are involved in moving water 
through the plant. The transporting elements are supported by 
parenchyma (packing and storage cells) and sclerenchyma cells 
(fibers and sclereids), which provide mechanical support to the xylem.
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Water moves through 
the continuous tubes 
made by the vessel 
elements of the xylem.

Smaller tracheids 
are connected by 
pits in the walls but 
do not have end wall 
perforations

Xylem is dead when 
mature. Note how the 
cells have lost their 
cytoplasm.

Vessels

SEM

LM

Vessel element

Secondary walls of 
cellulose are laid 
down after the cell 
has elongated or 
enlarged and lignin 
is deposited to add 
strength. This 
thickening is a 
feature of tracheids 
and vessels. 

Vessels connect end 
to end. The end walls 
of the vessels are 
perforated to allow 
rapid water transport. Tracheids are 

longer and thinner 
than vessels.

No cytoplasm 
or nucleus in 
mature cell.

Pits and 
bordered pits 
allow transfer of 
water between 
cells but there 
are no end wall 
perforations.

Tip of tracheid

Vessel elements and tracheids are the two water conducting cell 
types in the xylem of flowering plants. Tracheids are long, tapering 
hollow cells. Water passes from one tracheid to another through thin 
regions in the wall called pits. Vessel elements are much larger cells 
with secondary thickening in different patterns (e.g. spirals). Vessel 
end walls are perforated to allow efficient conduction of water.

Diameter up to 500 µm Diameter ~80 µm

The xylem cells form 
continuous tubes 
through which water is 
conducted.

R
C

N

Spiral thickening of 
lignin around the 
walls of the vessel 
elements give extra 
strength and rigidity.
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Uptake at the Root62

1. (a) What two mechanisms do plants use to 
absorb nutrients?

 (b) Describe the two main pathways by 
which water moves through a plant:

2. Plants take up water constantly to 
compensate for losses due to transpiration. 
Describe a benefit of a large water uptake:

3. (a) How does the Casparian strip affect the 
route water takes into the stele?

 (b) Why might this feature be an advantage 
in terms of selective mineral uptake?

Key Idea: Water uptake by the root is a passive process. 
Mineral uptake can be passive or active.
Plants need to take up water and minerals constantly. They 
must compensate for the continuous loss of water from the 
leaves and provide the materials the plant needs to make 

food. The uptake of water and minerals is mostly restricted to 
the younger, most recently formed cells of the roots and the 
root hairs. Water uptake occurs by osmosis, whereas mineral 
ions enter the root by diffusion and active transport. Pathways 
for water movements through the plant are outlined below.

Paths for water movement through the plant

The uptake of water through the roots occurs by osmosis, i.e. the diffusion of 
water from a higher (less negative) to a lower (more negative) water potential. 
Most water travels through the apoplast, i.e. the spaces within the cellulose 
cell walls, the water-filled spaces of dead cells, and the hollow tubes of xylem 
vessels. A smaller amount moves through the symplast (the cytoplasm of 
cells). A very small amount travels through the plant vacuoles.

Some dissolved mineral ions enter the root passively with water. Minerals that 
are in very low concentration in the soil are taken up by active transport. At 
the waterproof Casparian strip, water and dissolved minerals must pass into 
the symplast, so the flow of materials into the stele can be regulated.

Lower water potential
May be due to less turgid 
cells, lower wall pressure, 
or higher concentration of 
dissolved substances

Higher water potential
May be due to fully turgid 
cells, higher wall pressure, 
or lower concentration of 
dissolved substances

Xylem
Epidermis EndodermisCortex Pericycle

Casparian strip

Plasma membranePlasmodesmata

Apoplast
Symplast

Water and mineral uptake by roots

The endodermis is the central, 
innermost layer of the cortex. It is a 
single layer of cells with a waterproof 
band of suberin, called the Casparian 
strip, which encircles each cell.

Root hairs are extensions of the root 
epidermal cells and provide a large surface 
area for absorbing water and nutrients. 

Root hair

Water  moves 
by osmosis

Epidermal cell

Cortex cells 
of root

Xylem

Schematic cross-section 
through a dicot root

Stele (vascular cylinder). 
The outer layer of the 
stele, the pericycle, is 
next to the endodermis.

Root hairs have 
a thin cuticle, 
so water enters 
the root easily
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Transpiration63

1. (a) What is transpiration?  

 (b) Describe one benefit of the transpiration stream for a plant:  

2. Why is transpiration an inevitable consequence of gas exchange?  

Key Idea: Water moves through the xylem primarily as a 
result of evaporation from the leaves and the cohesive and 
adhesive properties of water molecules.
Plants lose water all the time through their stomata as a 
consequence of gas exchange. Approximately 99% of the 
water a plant absorbs from the soil is lost by evaporation from 
the leaves and stem. This loss is called transpiration and 
the flow of water through the plant is called the transpiration 

stream. Plants rely on a gradient in water potential (ψ) from 
the roots to the air to move water through their cells. Water 
flows passively from soil to air along a gradient of decreasing 
water potential. The gradient is the driving force for the 
movement of water up a plant. Transpiration has benefits 
to the plant because evaporative water loss is cooling and 
the transpiration stream helps the plant to take up minerals. 
Factors contributing to water movement are described below.

Water

Solute particle

Xylem

Water

Water

Soil
Highest free water concentration
Lowest solute concentration
ψ = –10 kPa

Leaves
Highest solute concentration
Lowest free water concentration
ψ = –1200 kPa

Air
Evaporative loss of water from 
the leaves as water vapor
ψ = –30,000 kPa

Water flows passively from a 
high water potential to areas 
where there is a lower (more 
negative) water potential. This 
gradient is the driving force in 
the transport of water up a plant.

The continuous flow of water 
is called the transpiration 
stream. It is primarily 
responsible for water moving 
up the plant.

The role of stomata
Water loss occurs mainly through 
stomata (pores in the leaf). The rate 
of water loss can be regulated by 
specialized guard cells (G) each side 
of the stoma (S), which open or close 
the pore.

 f Stomata open: gas exchange and 
transpiration rate increase.

 f Stomata closed: gas exchange and 
transpiration rates decrease.
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Key Idea: Factors affecting the rate of transpiration from 
leaves, including physical factors and features of the leaves 
themselves, can be investigated using a potometer. 
Different kinds of plants have different shape and sizes 

of leaves. Comparing their rate of transpiration requires a 
comparison of the leaf area and the number of stomata per 
square centimeter. The volume of water transpired can be 
measured using a potometer.

Rubber bung

1 mL pipette

Sealed with 
petroleum jelly

The progress of an 
air bubble along the 
pipette is measured 
after 2 hours.

Fresh, 
leafy shoot

Clamp stand

Flask filled 
with water

The potometer
A potometer is a simple instrument for investigating 
transpiration rate (water loss per unit time). The equipment 
is simple to use and easy to obtain. A basic potometer, 
such as the one shown right, can easily be moved around 
so that transpiration rate can be measured under different 
environmental (physical) conditions.

Physical factors that can affect transpiration rate include:

 f Humidity or vapor pressure (high or low)

 f Temperature (high or low)

 f Air movement (still or windy)

 f Light level (high or low)

 f Water supply

It is also possible to compare transpiration rates in plants 
with different adaptations, e.g. comparing transpiration 
rates in plants with rolled leaves vs rates in plants with 
broad leaves. If possible, experiments like these should 
be conducted simultaneously using replicate equipment. If 
conducted sequentially, care should be taken to keep the 
environmental conditions the same for all plants used.

Investigating Plant Transpiration64

Measuring leaf area
Leaf area can be measured by tracing the leaves onto 
graph paper and counting the squares, or by tracing or 
photocopying the leaves onto a paper of a known mass 
per area, then cutting out the shapes and weighing them. 
For both methods, multiply by 2 for both leaf surfaces.

Determining the number of stomata per mm2

The number of stomata per mm2 on the surface of a leaf 
can be determined by counting the stomata visible under a 
microscope. Painting clear nail polish over the surface of a 
leaf and leaving it to dry creates a layer with impressions of 
the leaf surface. This can be peeled off and viewed under the 
microscope to count stomata (below).

Calculating SA by mass:
Photocopying leaves onto paper with a known gsm (grams per 
square meter) allows you to calculate the surface area from the 
mass of paper they cover. 

Calculating SA by leaf trace method:
Count entire squares covered by the leaf. Estimate the area of the 
partial squares by counting those that are at least half covered by 
the leaf and disregarding those that are less than half covered.

1. (a) Determine the area of the leaf traced onto the blue grid above:  

 (b) Twenty leaves from plant A were taped to paper and photocopied on to 80 gsm paper. The shapes were cut out and 
weighed on a digital balance. The total weight of shapes was 3.21 grams. Calculate the surface area of the leaves.

2. Calculate the number of stomata per square millimeter in the microscope view of the leaf above:

1 cm

1 cm

1.1 mm
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Engage

Explore and explain

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: visualize the concept of 
hierarchical organization

Explore: relate structure to function

Explain: present supporting evidence

Elaborate: apply understanding to a 
new scenario

Evaluate: the student's record of work 
can be assessed formally or 
informally

Explore by creating a 
mathematical representation
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Drug resistance genes 
can be transferred to non 
resistant strains.

Bacterium with greater 
resistance survives

Susceptible 
bacterium

Less susceptible 
bacterium

Mutations occur at a 
rate of one in every 
108 replications

SEM of MRSA
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The Evolution of Antibiotic Resistance
Key Idea: Current widespread use of antibiotics has created 
a selective environment for the proliferation of antibiotic 
resistance in bacterial populations. 
Antibiotic resistance arises when a genetic change allows 
bacteria to tolerate levels of antibiotic that would normally inhibit 
growth. This resistance may arise spontaneously, through 
mutation or copying error, or by transfer of genetic material 
between microbes. Genomic analyses from 30,000 year 

old permafrost sediments show that the genes for antibiotic 
resistance are not new. They have long been present in the 
bacterial genome, predating the modern selective pressure 
of antibiotic use. In the current selective environment, these 
genes have proliferated and antibiotic resistance has spread. 
For example, methicillin resistant strains of Staphylococcus 
aureus (MRSA) have acquired genes for resistance to all 
penicillins. Such strains are called superbugs.

220

The evolution of drug resistance in bacteria

Any population, including 
bacterial populations, 
includes variants with 
unusual traits, in this case 
reduced sensitivity to an 
antibiotic. These variants 
arise as a result of mutations 
in the bacterial chromosome. 

When a person takes an 
antibiotic, only the most 
susceptible bacteria will die. The 
more resistant cells remain alive 
and continue dividing. Note that 
the antibiotic does not create 
the resistance; it provides the 
environment in which selection 
for resistance can take place. 

If the amount of antibiotic 
delivered is too low, or the 
course of antibiotics is not 
completed, a population of 
resistant bacteria develops. 
Within this population too, there 
will be variation in susceptibility. 
Some will survive higher 
antibiotic levels than others.

A highly resistant population 
has evolved. The resistant 
cells can exchange genetic 
material with other bacteria (via 
horizontal gene transmission), 
passing on the genes for 
resistance. The antibiotic initially 
used against this bacterial 
strain will now be ineffective.

Staphylococcus aureus is a common 
bacterium responsible for several 
minor skin infections in humans. 
Methicillin resistant Staphylococcus 
aureus (MRSA) is a strain that has 
evolved resistance to penicillin and 
related antibiotics. MRSA  can be 
contracted in many environments, but 
is particularly troublesome in hospital-
associated infections because patients 
with open wounds, invasive devices 
(e.g. catheters), or poor immunity are 
at greater risk for infection than the 
general public (far right). 

MRSA infections in the United 
States (2005-2011)
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1. Genomic evidence indicates that the genes for antibiotic resistance are ancient:

 (a) How could these genes have arisen in the first place?  

 (b) Why are these genes proliferating now?  

2. (a) How can a failure to complete a course of antibiotics lead to antibiotic resistance such as seen in MRSA?  

 (b) What could this mean for humans?  
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Prokaryotic  Cells

1. Describe three features distinguishing prokaryotic cells from eukaryotic cells:

 (a) 

 (b) 

 (c) 

2. (a) Describe the function of flagella in bacteria:  

 (b) Explain how fimbriae differ structurally and functionally from flagella:  

3. Describe the location and general composition of the bacterial cell wall:  

Key Idea: Prokaryotic cells lack many of the features of 
eukaryotic cells, including membrane-bound organelles.
Bacterial (prokaryotic) cells are much smaller than eukaryotic 
cells and lack many eukaryotic features, such as a distinct 

nucleus and membrane-bound cellular organelles. The cell 
wall is an important feature. It is a complex, multi-layered 
structure and has a role in the organism's ability to cause 
disease. A generalized prokaryote, E. coli, is shown below. 

A spiral shape is one of four 
bacterial shapes (the others being 
rods, commas, and spheres). 
These Campylobacter cells also 
have flagella.

Flagellum

Prokaryotes include the Archaea 
and Bacteria. The Archaea were first 
grouped with Bacteria but are now 
classified in their own domain on the 
basis of their unique characteristics.

Escherichia coli is a rod-shaped 
bacterium, common in the human 
gut. The fimbriae surrounding 
the cell are used to adhere to the 
intestinal wall.

Fimbriae

C
D

C

Bacteria usually divide by binary 
fission. During this process, DNA is 
copied and the cell splits into two 
cells, as in these round (cocci) cells.

Dividing cells

Fimbriae are hairlike structures. They are 
shorter, straighter, and thinner than flagella 
and used for attachment, not movement. 

Plasma membrane is 
similar in composition to 
eukaryotic membranes, 
although less rigid.

Some bacteria, including E. coli, have a 
polysaccharide capsule outside the cell wall. The 
capsule contributes to its ability to cause disease. 

The cell wall lies outside the plasma membrane. It 
gives the cell shape, prevents rupture, and serves as 
an anchorage point for flagella. It is composed of a 
carbohydrate macromolecule called peptidoglycan, with 
variable amounts of lipopolysaccharide and lipoprotein.

Flagella (sing. flagellum) are used 
for locomotion. They are anchored 
in the plasma membrane. There 
may be one or more flagella.

Nucleoid region (pale)

Cytoplasm

70S ribosomes are 
free in the cytoplasm.

The circular chromosome occurs 
within a region called the nucleoid. 
It is not enclosed in a membrane. 
The DNA is 'naked' meaning it is 
not associated with proteins.

Prokaryotes may have small accessory 
chromosomes called plasmids. These often 
carry genes for antibiotic resistance and may 
be exchanged with other bacterial cells.

E. coli structure

51

Cytoplasmic inclusions include aggregations of storage 
compounds, e.g. glycogen, fatty acids, sulfur, or phosphorus. 

Halobacterium
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Plasmids vary in size from 1000 base pairs (bp) to hundreds of 
thousands of base pairs. In bacteria, they play an important role 
in providing extra genetic material that confers properties such as 
antibiotic resistance. Plasmids can be transferred between bacterial 
cells by a process of plasmid transfer called conjugation (right)

Linear DNA
Plasmid DNA

Super-coiled DNA

W
iki C

C
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Prokaryotic Chromosomes

1. State three important ways in which prokaryotic chromosomes differ from eukaryotic chromosomes:

 (a)    

 (b)  

 (c)   

2. Explain the consequences to protein synthesis of the prokaryotic chromosome being free in the cytoplasm:  

3. Most of the bacterial genome comprises protein coding genes and their regulatory sequences. What is the consequence 
of this to the relative sizes of bacterial and eukaryotic genomes:

The prokaryotic genome
 f In contrast to eukaryotes, prokaryotic 

DNA consists almost entirely of 
protein coding genes and their 
regulatory sequences. It was the 
study of prokaryotic genomes that 
gave rise to the one gene-one 
protein hypothesis, which still holds 
true for bacteria.

 f The chromosomal DNA is located in 
a nucleoid region. It is not enclosed 
in a membrane. In actively growing 
cells, the nucleoid may take up as 
much  as 20% of the cell's volume.

 f Most bacteria have a single, circular 
chromosome. This makes them 
haploid for most genes, unless copies 
are located on plasmids (small 
circular auxiliary DNA strands).

93
Key Idea: Prokaryote DNA is packaged as one single 
chromosome that is not associated with protein.
DNA is a universal carrier of genetic information but it is 
packaged differently in prokaryotic and eukaryotic cells. Unlike 
eukaryotic chromosomes, the prokaryotic chromosome is not 
enclosed in a nuclear membrane and is not associated with 
protein. It is a single circular (rather than linear) molecule of 

double stranded DNA, attached to the plasma membrane 
and located in a nucleoid region, which is in direct contact 
with the cytoplasm. As well as the bacterial chromosome, 
bacteria often contain small circular, double-stranded DNA 
molecules called plasmids. Plasmids are independent of the 
main bacterial chromosome and usually contain 5-100 genes 
that are not crucial to cell survival under normal conditions. 

Nucleoid
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Single circular chromosome 
is attached to the plasma 
membrane and not 
associated with proteins. 

Proteins associated with the plasma 
membrane carry out DNA replication 
and segregate the new chromosome 
to a daughter cell in cell division.

1 μm 

Conjugation: Special conjugative plasmids contain transfer genes, 
which enable conjugation and the transfer of genetic information 
between bacterial cells. The transfer occurs via special sex pili, which 
form a bridge-like structure between the donor and the recipient. 
Conjugation provides an alternative route for acquiring genes.

Sex pilus (pl. pili)

Conjugative 
cell

Recipient

Plasmids occur in the 
cytoplasm. Plasmids 
replicate independently 
of the main chromosome.

Cytoplasm

PRACTICES

Prokaryotic cells
The structure and features 
of prokaryotic cells are 
presented in an introductory 
activity. The nature of the 
prokaryotic genetic material 
is explored further in the 
context of the heritability of 
information, and connections 
made to the mechanisms 
involved in the evolution 
of antibiotic resistance in 
bacterial populations.

EXAMPLE

CONNECT Tabs - Making Connections

EXAMPLE
Relationships between 
organisms
The complexity of species 
interactions is addressed 
through several contexts: 
evolution, form and 
function, cooperation, and 
adaptation. Students explore 
the mechanisms by which 
mutualistic relationships arise, 
how these relationships are 
maintained through cooperation 
and efficiency of function, 
and how adaptation promotes 
efficiencies in ecosystems 
(AP2-218 not shown). 
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Key Idea: Coevolution involves the reciprocal evolution of 
species that have close ecological relationships, such as 
those involving mutualism, competition, or exploitation.
Coevolution involves the mutual (reciprocal) evolution of 
two or more species with an ecological relationship. Each 
party in the coevolution exerts selective pressures on the 
other and, over time, the species develop a relationship 
that may involve mutual dependency. Coevolution is likely 

to happen when different species have close ecological 
interactions with one another. These ecological relationships 
include predator-prey and parasite-host relationships, and 
mutualistic relationships such as those between plants and 
their pollinators. Competition can also drive coevolution 
because competitors will evolve adaptations, including those 
involving symbioses, that lead to niche specialization and 
more efficient partitioning of available resources. 

Coevolution271

Pollinator/plant relationships

Predator/prey relationships

Predators have evolved strategies 
to successfully exploit their prey. 
Effective offensive weapons (e.g. 
claws and teeth) and hunting ability 
(including cooperative hunting tactics) 
are important. In turn, prey have 
evolved numerous strategies to protect 
themselves from predators, including 
large size and strength, rapid escape 
tactics, protective coverings, defensive 
weapons, and toxicity. Lions have 
evolved the ability to hunt cooperatively 
to increase their chance of securing 
a kill from swift herd species such as 
zebra and antelope. 

Bees are excellent pollinators; they are 
strong enough to enter intricate flowers 
and have medium length tongues which 
can collect nectar from many flower 
types. They have good color vision, 
which extends into the UV, but they are 
red-blind, so bee pollinated flowers are 
typically blue, purplish, or white and they 
may have nectar guides that are visible 
as spots.

Bats are nocturnal and color-blind but 
have an excellent sense of smell and are 
capable of long flights. Flowers that have 
coevolved with bat pollinators are open 
at night and have light or drab colors 
that do not attract other pollinators. Bat 
pollinated flowers also produce strong 
fragrances that mimic the smell of bats 
and have a wide bell shape for easy 
access.

NZ’s short tailed bat pollinates wood rose 
flowers on the forest floor

Hummingbirds are important pollinators 
in the tropics. Their needle-like bills 
and long tongues can take nectar from 
flowers with deep tubes. Their ability to 
hover enables them to feed quickly from 
dangling flowers. As they feed, their 
heads are dusted with pollen, which is 
efficiently transferred between flowers.

Competitive relationships

In most areas of the Rocky Mountains 
(USA) squirrels are the main predators 
of lodgepole pine seeds. In areas where 
there are no squirrels, crossbill birds 
are the main predator. Lodgepoles have 
evolved different pinecones depending 
on which is the main predator. Where 
squirrels dominate, the pinecones 
are heavy (harder to carry), have few 
seeds, and thin scales. Where crossbills 
dominate the cones are lighter with 
more seeds and thicker scales (harder 
to open). Crossbill bill shape varies 
depending on the region and cone type 
so that they can extract the seeds.

Crossbill

Parasite/host relationships

Trypanosomes are protozoan parasites 
and are a good example of host-parasite 
coevolution. Trypanosomes have two hosts, 
humans and the tsetse fly. The fly vector 
spreads the parasite between human hosts. 
Trypanosomes have evolved strategies 
to evade their host’s defences, but their 
virulence is constrained by needing to keep 
their host alive so that they can complete 
their life cycle. Molecular studies show that 
Trypanosoma brucei coevolved in Africa 
with the first hominins around 5 mya, but 
T. cruzi contact with human hosts occurred 
in South America only after settlements 
were made by nomadic cultures.

Trypanosoma brucei
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Cellulose Digestion in a Ruminant83
Key Idea: Ruminants rely on bacteria in the rumen of the 
stomach to break down cellulose. 
Mammals lack the enzymes needed to break the bonds 
joining the glucose molecules in cellulose. Herbivorous 
mammals are able to digest cellulose by making use of 

mutualistic microorganisms in their gut. Ruminants, such 
as cattle, goats, and sheep, rely on microbes in the rumen 
to break down the cellulose, regurgitating, rechewing, and 
reswallowing the partially digested material so that digestion 
can continue.
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Grass is a lower energy diet than meat, because mammals lack the 
enzymes to break the bonds joining the glucose molecules in cellulose. 
However, many herbivores are able to digest cellulose by making use 
of mutualistic microorganisms in their gut. Ruminants, such as cattle, 
goats, and sheep, rely on microbes in the rumen (a large chamber of 
the stomach) to break down the cellulose. The food is partially digested 
by the microbes, and is then regurgitated, rechewed, and reswallowed 
so that the microbes can complete their digestion of the material. The 
digested slurry then passes to the rest of the gut.

1. What relationship do ruminants form with their bacteria?  

2. How does this relationship enable the ruminant to meet its energy needs?  

3.  What is the purpose of chewing the cud?  

4. Suggest why the rumen pH is 7, whereas the abomasum (true stomach) pH is 2?  

Fermentation releases volatile fatty acids 
(VFAs), as well as methane, hydrogen 
sulfide, and carbon dioxide. The VFAs 
are absorbed directly from the rumen 
and provide up to 70% of the cattle's daily 
energy needs. The gases are belched out 
and the remaining matter is regurgitated 
and rechewed. The VFAs are transported to 
the liver and converted to glucose.

Regurgitation, rumination (chewing 
the cud), and reswallowing. Chewing 
the cud breaks down plant matter 
further and stimulates digestion.

Rumen contracts 
rhythmically to mix and 
move contents in an 
organized way.

The ingested plant material is fermented in the 
large rumen by bacteria, which break down the 
cellulose, and ciliate protozoa, which break down 
the starch. The microbes use the carbohydrates 
as well as ammonia and amino acids to grow.  

Food is eaten quickly and 
barely chewed. The food is 
mixed with saliva containing 
sodium, potassium, 
phosphate, bicarbonate, and 
urea, to form a bolus.

Rumen bacteria are all anaerobes 

Rumen
pH 7

1

2

Region of 
stomach

Functional role
% of total 
volume

Rumen Microbial fermentation of 
cellulose to produce volatile 
fatty acids (VFAs)

~84%
Reticulum

Omasum Removal of water 12%

Abomasum Gastric digestion 4%

The rumen and reticulum act as a single chamber and 
occupy more than 80% of the volume of the stomach. 

Once the regurgitated matter has been 
rechewed and reswallowed, it bypasses 
the rumen and passes into the true 
stomach or abomasum (acid pH) where 
proteins are digested. The abomasum 
secretes lysozyme, an enzyme that 
breaks down bacterial cell walls.

3

4

PRACTICES

KNOW 

231

©2017 BIOZONE International 
ISBN: 978-1-927309-65-0 
Photocopying Prohibited

Mutualism Involving Animals161
Key Idea: Mutualistic relationships benefit both species 
involved. Often the benefit (to at least one party) is food.
Mutualism is a symbiotic relationship between two different 
species in which both interacting species benefit from 
the association. It can be contrasted with exploitation or 
parasitism in which one animal benefits while the other does 

not. Some mutualistic relationships are obligate, meaning 
that one (or both) species can not survive without its 
mutualistic partner. Other mutualistic relationships may not 
have the same level of dependency and the relationship 
is not necessary for the survival of either species. These 
associations are termed facultative mutualism.

Types of mutualistic relationships

Resource-resource relationships: One resource is traded for another (usually food or a nutrient)

Service-resource relationships: A service is performed in exchange for a resource, e.g. food for protection

Service-service relationships: Both organisms provide a service to each other

True service-service mutualisms are very rare and there is usually some sort of resource component present.

Many reef building corals rely on a mutualism with algae in their 
tissues. The corals obtain some of their energy from the algae. 
The algae obtain a habitat and utilize the coral's nitrogenous 
waste and carbon dioxide.

Some species of ants "farm" aphids by protecting the aphids 
from predation by ladybirds. In return the ants harvest the 
honeydew produced by the aphids.

Termites, which feed on wood, rely on a community of microbes 
in their gut to break down the cellulose in wood and produce 
the fatty acids the termites use for energy. The obligatory 
relationship provides food for both microbes and termites.

Many large grazing mammals rely on oxpeckers to remove 
parasite infestations. The grazers provide food to the birds and 
the birds provide an anti-parasite service. 

Clownfish protect their home sea anemone by chasing away 
predators, e.g. butterfly fish. In return, the anemone protects the 
clownfish from its predators. However, the anemone's symbiotic 
algae also benefit from the nitrogen excreted by the clownfish.

Acacia ants nest within the thorns of the bullhorn acacia. In 
exchange for shelter, the ants protect acacias from attack by 
herbivores. There is a resource component though because the 
ants feed on the lipid rich bodies at the tips of the acacia leaflets.
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EXAMPLE
Mutations in HIV
In these activities, concept 
and content connections 
are made between mutation 
as a source of variation, 
and high mutation rates, 
rapid evolution, and drug 
resistance in HIV (AP1). 
Students can then draw 
on this understanding 
when they explore 
the mechanisms and 
consequences of HIV 
infection (AP2).
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HIV Evolves Rapidly202

1. Describe three reasons why HIV evolves so quickly:

 (a)   

 (b)

 (c)

2. How many generations of HIV per year can occur in an infected person?  

3. Explain why a combination drug therapy is used to treat HIV:  

HIV
The human immunodeficiency virus 
(HIV) infects the T lymphocytes 
of the immune system, eventually 
causing AIDS, a fatal disease, 
which acts by impairing the body's 
ability to fight disease.

HIV replicates quickly. Infected 
cells each produce thousands 
of copies of HIV per day so 
throughout the body billions of 
copies are produced daily. HIV 
shows high genetic variability 
and mutates frequently. It can also 
combine its genetic material with other 
HIV viruses to form new strains. These 
factors have important consequences 
for the prevention and treatment of HIV.  
Any vaccine would quickly become 
ineffective because the virus changes so 
rapidly and so many different strains are 
present. Resistance to drugs used for 
treatment also arises quickly because 
of rapid mutation rates and short 
generation times. Preventing new HIV 
infections is critical to halting the spread 
of the disease.

Budding HIV

How does HIV evolve?

Key Idea: HIV mutates rapidly and has a short generation 
time, allowing it to evolve rapidly.
HIV has the highest mutation rate of any known biological 
system and a generation time of between 1.2 and 2.6 days. 
A single infected cell can produce 1 x 104 new viruses per 
day. HIV also has a very small genome and because it is a 

retrovirus there is little error checking during replication by 
RNA polymerase. These factors contribute to HIV's ability 
to produce new mutations that avoid the body's immune 
response and make it difficult to produce a effective vaccine 
against infection. There is no cure and HIV infection requires 
a multi-drug treatment to target HIV in several ways.

% of people with HIV receiving the anti-retroviral drug
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In general, resistance to drug treatment in HIV increases as the percentage 
of patients receiving drug therapy increases (left). A 2012 WHO study found 
that 10-17% of patients in Western nations had resistance to at least one 
anti-retroviral drug. In Africa this number was much lower, but increasing. 
NNRTI = non-nucleoside reverse transcriptase inhibitor

HIV enters 
the body

HIV uses immune cell to 
manufacture new viruses

The body's immune system 
responds to HIV and produces 
corresponding antibodies

HIV mutant avoids antibody 
because of new surface molecules

Mutant enters new 
cell and replicates, 
producing new 
mutants Anti-retroviral drugs target  most 

HIV particles, but miss some.

New mutants continue to 
replicate in new cells.
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1. (a) What type of cells does HIV infect?  

 (b) What effect does HIV have on the body's immune system?  

2. Study the graph above showing how HIV affects the number of T helper cells. Describe how the viral population changes 
with the progression of the disease: 

The range of symptoms resulting from HIV infection is 
huge, but are not the result of the HIV infection directly. 
The symptoms arise from secondary infections that gain 
a foothold in the body due to the weakened immune 
system (due to the reduced number of T helper cells).  
People with healthy immune systems can be exposed to 
pathogens and not suffer serious effects because their 
immune system fights them off. However, people with HIV 
are susceptible to all pathogens because their immune 
system is too weak to fight them off. As the immune 
system become progressively weaker, the infected person 
becomes sicker. 

HIV infects lymphocytes

HIV infects T helper cell lymphocytes. 
It uses the cells to replicate itself in 
great numbers, then the newly formed 
viral particles exit the cell to infect 
more T helper cells. Many T helper 
cells are destroyed in the process of 
HIV replication.

T helper cells are part of the body's 
immune system, so when their levels 
become too low, the immune system 
can no longer fight off infections. 

The graph below shows the relationship between the level of 
HIV infection and the number of T helper cells in an individual.

Key Idea: The human immunodeficiency virus infects 
lymphocyte cells, eventually causing AIDS, a fatal disease, 
which acts by impairing the immune system.
HIV (human immunodeficiency virus) is a retrovirus, a 
single-stranded RNA virus which infects lymphocytes called 
helper T-cells. Over time, a disease called AIDS (acquired 

immunodeficiency syndrome) develops and the immune 
system loses its ability to fight off infections as more T helper 
cells are destroyed. There is no cure or vaccine for HIV, but 
some drugs can slow the progress of the disease. Antibiotics 
are ineffective against viruses because they only target 
specific aspects of bacterial metabolism.
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AIDS: The end stage of an HIV infection

Fever, cancer, toxoplasmosis 
of the brain, and dementia.

Eye infections 
(Cytomegalovirus)

Oral thrush affecting 
respiratory tract.

Dermatitis especially 
on the face.

A variety of opportunistic 
infections, including 
Herpes and tuberculosis.

Marked weight loss and 
infectious diarrhea.

A number of autoimmune 
diseases, especially 
destruction of platelets.

Kaposi's sarcoma: 
a highly aggressive 
malignant skin tumor. 
Usually starts at the feet 
and ankles, spreading 
throughout the body.

Failures of Defense: HIV/AIDS134
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Key Idea: HIV's high mutation rate, combined with poor drug 
compliance, allows HIV to develop resistance to medical 
treatments.
Although many diseases are treated very effectively with 
drugs, the emergence of drug resistant pathogens is 
increasingly undermining the ability to treat and control 
diseases such as HIV/AIDS. HIV's high mutation rate and 
short generation times contribute to the rapid spread of drug 

resistance. Rapid evolution in viral pathogens is exacerbated 
by the strong selection pressures created by the wide use 
and misuse of antiviral drugs, the poor quality of available 
drugs in some sectors of the population, and lack of 
education on drug use. The most successful treatment 
for several diseases, including HIV/AIDS, appears to be a 
multi-pronged attack using a cocktail of drugs to target the 
pathogen in several different ways.

Drug resistance in HIV 
Strains of drug-resistant HIV arise when the virus mutates 
during replication. Resistance may arise as a result of a single 
mutation, or through a step-wise accumulation of specific 
mutations. These mutations may alter drug binding capacity 
or increase viral fitness, or they may be naturally occurring 
phenotypic variations called polymorphisms (which occur in 
untreated patients). Drug resistance is likely to develop in 
patients who do not follow their treatment schedule closely, as 
the virus has an opportunity to adapt more readily to a "non-
lethal" drug dose. The best practice for managing the HIV virus 
is to treat it with a cocktail of anti-retroviral drugs with different 
actions to minimize the number of viruses in the body. This 
minimizes the replication rate and also the chance of a drug 
resistant mutation arising. 

1. Describe factors contributing to the rapid spread of drug resistance in pathogens:  

2. With reference to HIV/AIDS, explain how drug resistance arises in a pathogen population: 

3. Explain the implications of HIV superinfection on the development of a successful HIV vaccine:  

Causes of drug resistance
 f Poor drug compliance: patients stop taking their 

medication or do not follow the treatment as directed.

 f Low levels of drug absorption: drug absorption is 
reduced if a patient has diarrhea, is vomiting, or has 
an intestinal infection.

 f Individual variation: the effectiveness of the body to 
absorb, distribute, metabolize, and eliminate a drug 
varies between patients.

 f Toxicity: the side effects of the medication may make 
the patient very sick, so they stop taking it.

Superinfection arises when a person already 
infected with HIV acquires a second strain of the virus. 
Superinfection increases the body's viral load, and can 
speed up disease progression or result in the patient 
acquiring a drug resistant HIV strain.

The phenomenon of superinfection has implications for 
the development of a successful HIV vaccine because it 
shows that the body does not develop an immunological 
memory to HIV. This means that future HIV vaccines 
may be ineffective at preventing HIV infection. 

Skipping medications, 
or failing to complete 
the prescribed course, 
can result in the 
development of drug 
resistance.

Drug Resistance in HIV266
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Lamivudine (also known as 3TC) is a drug that interferes with 
HIV's reverse transcriptase enzyme, causing the substitution of a 
Lamivudine molecule instead of cytosine in the DNA chain. This 
causes termination of the copying process. However in some 
strains of HIV, the reverse transcriptase can discriminate between 
Lamivudine and cytosine.  In an individual taking a monotherapy of 
Lamivudine, resistance can develop in just a few weeks.
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The CONNECT tabs help students to make concept and content connections across the entire AP biology program. Use these 
tabs, identified by AP1 or AP2 subscripts, to reinforce connections between Big Ideas and their Enduring Understandings 
across all topics. Connections may be made to activities that build on or develop an idea, utilize 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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Using Weblinks and 3D Models
Weblinks

The gray WEB tab at the base of an activity shows that there 
is a weblink available to support the activity's content. Weblinks 
exist for most of the activities in the book. They are coded with 
the activity number and are accessed via a specific url (below). 
Bookmark the address below at the start of your course to have 
it easily accessible. Weblinks comprise mostly short video clips 
or animations aimed specifically at the activity content. They offer 
great support to help understanding of basic concepts, especially 
for visual learners. Weblinks are external sites from a wide range 
of reputable sources. We endeavour to keep all links current, so  
please notify us if you find a broken link and we can fix it! 

3D Models

BIOZONE's extensive collection of annotated 3D models adds 
another dimension to the student learning experience. Rotate, 
zoom in, and view annotations describing structure and function. 

Models can be accessed from the banner on the Weblinks page 
and are sorted into broad categories. Choose those relevant 
to your current area of study or just explore! A good starting 
point for student discussion of form and function and great for 
reviewing understanding of content in visual learners.
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Prokaryotic  Cells

1. Describe three features distinguishing prokaryotic cells from eukaryotic cells:

 (a) 

 (b) 

 (c) 

2. (a) Describe the function of flagella in bacteria:  

 (b) Explain how fimbriae differ structurally and functionally from flagella:  

3. Describe the location and general composition of the bacterial cell wall:  

Key Idea: Prokaryotic cells lack many of the features of 
eukaryotic cells, including membrane-bound organelles.
Bacterial (prokaryotic) cells are much smaller than eukaryotic 
cells and lack many eukaryotic features, such as a distinct 

nucleus and membrane-bound cellular organelles. The cell 
wall is an important feature. It is a complex, multi-layered 
structure and has a role in the organism's ability to cause 
disease. A generalized prokaryote, E. coli, is shown below. 

A spiral shape is one of four 
bacterial shapes (the others being 
rods, commas, and spheres). 
These Campylobacter cells also 
have flagella.

Flagellum

Prokaryotes include the Archaea 
and Bacteria. The Archaea were first 
grouped with Bacteria but are now 
classified in their own domain on the 
basis of their unique characteristics.

Escherichia coli is a rod-shaped 
bacterium, common in the human 
gut. The fimbriae surrounding 
the cell are used to adhere to the 
intestinal wall.

Fimbriae

C
D
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Bacteria usually divide by binary 
fission. During this process, DNA is 
copied and the cell splits into two 
cells, as in these round (cocci) cells.

Dividing cells

Fimbriae are hairlike structures. They are 
shorter, straighter, and thinner than flagella 
and used for attachment, not movement. 

Plasma membrane is 
similar in composition to 
eukaryotic membranes, 
although less rigid.

Some bacteria, including E. coli, have a 
polysaccharide capsule outside the cell wall. The 
capsule contributes to its ability to cause disease. 

The cell wall lies outside the plasma membrane. It 
gives the cell shape, prevents rupture, and serves as 
an anchorage point for flagella. It is composed of a 
carbohydrate macromolecule called peptidoglycan, with 
variable amounts of lipopolysaccharide and lipoprotein.

Flagella (sing. flagellum) are used 
for locomotion. They are anchored 
in the plasma membrane. There 
may be one or more flagella.

Nucleoid region (pale)

Cytoplasm

70S ribosomes are 
free in the cytoplasm.

The circular chromosome occurs 
within a region called the nucleoid. 
It is not enclosed in a membrane. 
The DNA is 'naked' meaning it is 
not associated with proteins.

Prokaryotes may have small accessory 
chromosomes called plasmids. These often 
carry genes for antibiotic resistance and may 
be exchanged with other bacterial cells.

E. coli structure

51

Cytoplasmic inclusions include aggregations of storage 
compounds, e.g. glycogen, fatty acids, sulfur, or phosphorus. 

Halobacterium
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Access collections 
of 3D models here

Access Weblinks for 
each activity here
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Check the Weblinks regularly!

Corrections and clarifications 
to editions in print are always 
posted on the Weblinks page 

A weblink and a 3D model support the activity on neuron structure.
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Neurons179
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1. Describe the basic structure of a neuron:

2. (a) Describe the structural differences between a 
motor and a sensory neuron:

 (b) Describe a functional difference between a 
motor and a sensory neuron: 

Key Idea: Neurons conduct electrical impulses from sensory 
receptors along axons to other neurons or to effector cells.
Neurons (nerve cells) are electrically excitable cells that 
transmit nerve impulses. Neurons have a recognizable 
structure with a cell body (soma) and long processes 
(dendrites and axons). Most neurons in the peripheral 
nervous system (nerves outside the brain and spinal cord) are 

also supported by a fatty insulating sheath of myelin, which 
increases the speed of impulse conduction. Information, in 
the form of electrochemical impulses, is transmitted along 
neurons from receptors to a coordination center and then 
to effectors. The speed of impulse conduction depends 
primarily on the axon diameter and whether or not the axon 
is myelinated.

Soma containing 
the organelles 
to keep the 
neuron alive and 
functioning.

Sensory neuron
Transmit impulses from sensory 
receptors to the central nervous 
system (CNS), i.e. brain or spinal cord.

Motor neuron
Transmit impulses from the 
central nervous system to 
effectors (muscles or glands).

Dendrites are thin 
processes from the cell 
body that receive stimuli.

Axon hillock region 
where nerve impulse 
is generated.

Axon: A long extension 
of the cell transmits 
the nerve impulse to 
another neuron or to an 
effector (e.g. muscle). In 
the peripheral nervous 
system, motor axons are 
myelinated.

The axon branches of motor neurons 
have synaptic knobs at each end. 
These release neurotransmitters, 
chemicals that transmit the impulse 
between neurons or between a 
neuron and a muscle cell.

Myelin sheath

Node of Ranvier

Node of Ranvier, a gap 
in the myelin sheath.

Receptor (in this case a 
pressure receptor in the skin).

Soma (cell body) contains 
the nucleus and other 
organelles to keep the 
neuron functioning.

Axon surrounded by myelin 
sheath, which acts as an 
insulator, increasing the 
speed of the nerve impulse.

Axon terminals of all 
neurons have synaptic 
knobs or end buttons.

Two axonal branches, 
one central (to the CNS) 
and one peripheral (to 
the sensory receptor). 
The axons of sensory 
neurons tend to be short.
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Essential Skills for AP Biology

PASCO

Essential Skills for 
AP Biology

Science
Practices

Key terms
accuracy

chi-squared

control

controlled variable

dependent variable

experiment

graph

hypothesis

independent variable

mean

median

model (scientific)

observation

percentage

precision

prediction

rate

scientific method

statistical test

table

trend

variable

Inquiry is the basis of science Activity 
number

Essential knowledge [points also covered in activities throughout AP1&2]

  Inquiry begins with observation

c 1 Describe the role of inquiry-based investigations in science. Show, through your 
work, your understanding of science as a non-linear process. [SP3]

1

c 2 Use a variety of methods to answer questions you raise as a result of 
observation. These include field and laboratory-based investigations, 
simulations and models, and data analysis. [SP3] [SP4]

4  5

c 3 Use scientific models to illustrate biological processes and concepts, 
communicate information, make predictions, and describe systems. [SP1] 

2

Communication Activity 
number

Essential knowledge [points also covered in activities throughout AP1&2]

  The results of investigations must be communicated to peers to have value

c 1 Demonstrate an ability to communicate the findings of your investigations 
through oral and written presentations, including lab reports, and through 
graphs and/or contributions to online resources. [SP3] [SP4]

1 5

c 2 Use a lab notebook or portfolio to organize your work and provide a record of 
ideas, methods, results, further questions, and references. [SP3] [SP4]

5

Quantitative skills Activity 
number

Essential knowledge [points also covered in activities throughout AP1&2]

  Quantitative reasoning is an essential part of inquiry in biology

c 1 Demonstrate ability to use basic mathematical skills to collect data. These 
include making counts and measurements. Distinguish between accuracy and 
precision and explain their importance when collecting quantitative data. [SP2]

3 - 6  11

c 2 Demonstrate appropriate application of mathematical routines to data., e.g. 
determining mean and median, calculating rates and percentages, and chi-
square analysis. [SP2]

6 - 10

c 3 Use tables or spreadsheets to organize different types of data, including any 
calculated values (e.g. means and standard deviation). [SP2] [SP5]

12  16

c 4 Construct graphs for different types of data, including that collected during your 
investigations. Indicate error in calculated values as appropriate. [SP2] [SP5]

12 - 17

c 5 Use descriptive statistics (e.g. mean and standard deviation) and simple 
statistical tests (e.g. chi-squared, Student's t test, correlation) to analyze your 
data and test your hypothesis. [SP2] [SP5]

16 - 19

c 6 Develop and use quantitative models (e.g. spreadsheet models) to analyze 
biological phenomena (e.g. population growth) and predict outcomes. [SP1]

2

TEST IDEAS

Gathering data

Make

hypotheses

Expected

results

Actual

results

Analyzing and interpreting data

Supporting, contradictory,

or surprising data may…

…change 

assumptions
…support a 

hypothesis

…oppose a 

hypothesis

…suggest a 

new hypothesis

Develop

technologies

Solve

problems

Inform
societySatisfy 

curiosity

Build

knowledge

RESULTS AND BENEFITS

ANALYSIS AND FEEDBACK

Peer
review

Repeat

investigation

Discussion 

with peers
Publication

Theory 

buildingNew

questions

EXPLORE AND DISCOVER

Make

observations

Ask

questions

Find 

inspiration
Share ideas

& information Explore the 

literature

©2017 BIOZONE International 

ISBN: 978-1-927309-62-9 

Photocopying Prohibited

KNOW 

2

Key Idea: The scientific method is a rigorous process of 

observation, measurement, and analysis that helps us to 

explain phenomena and predict changes in a system.  

Scientific knowledge is gained through a non-linear, dynamic 

process called the scientific method. The scientific method 

is not a strict set of rules to be followed, but rather a way of 

approaching problems in a rigorous, but open-minded way. It 

involves inspiration and creativity, it is dynamic and context 

dependent, and usually involves collaboration. The model 

below is one interpretation of the scientific method. 

How Do We Do Science?
1

Citation and references

All scientific work acknowledges 

sources of information through citation 

and a list of references. Citations 

support the statements made in the 

text in context, and all citations are 

then listed alphabetically, or identified 

and referenced sequentially by 

number. Internet sites are dated and 

site author acknowledged. 

Thorough and accurate citation 

and referencing shows you have 

explored the topic, have evidence to 

support your work, and you are not 

taking credit for work that is not your 

own. Each publication sets its own 

particular referencing style and these 

can vary widely. In your own work, it is 

most important to be consistent.

Citation and reference 

by numbers

Citation and reference 

by authors

The style you choose is not as important 

as being consistent, thorough, and honest 

about drawing on other people's work. 

All the information needed to locate the 

reference should be included (above). 

Author

Year Title Publication Volume and pages

1. What is the role of citation and correct referencing when reporting on scientific investigations?  

2. Study the diagram and write a paragraph on the scientific process and the role of surprising results in the progression of 

science. Staple it to this page. At the end of your course, reexamine what you wrote. Have your ideas changed?
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Essential Skills for AP Biology supports students to become familiar and confident with the basic protocols and skills 
required to carry out the practical work required by the AP Biology program. Although mathematical and scientific skills are 
specifically addressed in this chapter, they are also provided in context throughout the book. 
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Practicing with Data10

1. Complete the transformations for each of the tables below. The first value is provided in each case. Key Idea: This activity allows you to practice working with data and applying the skills you have learned in previous activities.

Clover plant 
type

Frost free area Frost prone area
Totals

Number % Number %

Cyanogenic 124 78 26

Acyanogenic 35 115

Total 159

 (c) Incidence of cyanogenic clover in different areas

Size class  
(mm)

Frequency
Relative 

frequency  (%)

0-50 7 2.6

50-99 23

100-149 59

150-199 98

200-249 50

250-299 30

300-349 3

Total 270

(d) Frequency of size classes in a sample of eels

2. Convert the following decimal form numbers to standard form:

 (a) 8970  
 (b) 0.046  

 (c) 1,467,851  

3. Convert the following standard form numbers to decimal form:

 (a) 4.3 x 10-1  
 (b) 0.0031 x 10-2  

 (c) 6.2 x 104  

4. (a) The table on the right shows the nutritional label found 

on a can of chilli beans. Use the information provided 

to complete the table by calculating the percentage 

composition for each of the nutritional groups listed:

 (b) How much of the total carbohydrates is made up of:

  Dietary fiber?  

  Sugars?  

 (c) Manufacturers do not have to state the volume of 

water, which makes up the remainder of the serving 

size. What percentage of the can of beans is water?

Chilli beans nutrition facts

Serving size 1 cup (253 g)

Amount per serving % composition

Total fat                      8 g

  – Saturated fat          3 g

Total carbohydrate  22 g

 – Dietary fiber            9 g

 – Sugars                    4 g

Protein                      25 g

Time 
(min)

Pipette arm 

reading (cm3)
Plant water loss 

(cm3 min-1)

0 9.0 –

5 8.0 0.2

10 7.2

15 6.2

20 4.9

(b) Plant water loss using a bubble potometer

 (a) Photosynthetic rate at different light intensities

Light 

intensity  (%)
Average time for leaf 

disc to float (min)

Reciprocal of 

time* (min-1)

100 15
0.067

50
25

25
50

11
93

6
187

* Reciprocal of time gives a crude measure of rate.

Clover

KNOW 
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Using Tables and GraphsKey Idea: Tables and graphs provide a way to organize and 
visualize data in a way that helps to identify trends.
Tables and graphs are ways to present data and they have 
different purposes. Tables provide an accurate record of 
numerical values and allow you to organize your data so that 
relationships and trends are apparent. Graphs provide a 
visual image of trends in the data in a minimum of space. It is 

useful to plot your data as soon as possible, even during your 
experiment, as this will help you to evaluate your results as 
you proceed and make adjustments as necessary (e.g. to the 
sampling interval). The choice between graphing or tabulation 
in the final report depends on the type and complexity of 
the data and the information that you are wanting to convey. 
Usually, both are appropriate. 
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Fig. 1: Yield of two bacterial strains at different 
antibiotic levels (± 95% confidence intervals, n= 6) 

Table 1: Length and growth of the third internode of bean plants 
receiving three different hormone treatmentsTreatment Sample 

size
Mean rate of internode growth 
(mm day-1)

Mean internode 
length  
(mm)Control 50

0.60
32.3Hormone 1 46

1.52
41.6Hormone 2 98

0.82
38.4Hormone 3 85

2.06
50.2

Presenting data in tables
Presenting data in graphs

Tables provide a way to systematically record and condense a large 

amount of information. They provide an accurate record of numerical 

data and allow you to organize your data in a way that allows you 

to identify relationships and trends. This can help to decide the best 

way to graph the data if graphing is required.Table titles and row and column headings must be clear and 
accurate so the reader knows exactly what the table is about. 
Calculations such as rates and summary statistics (such as mean or 

standard deviation) may be included on a table.Summary statistics make it easier to identify trends and compare 

different treatments. Rates are useful in making multiple data sets 

comparable, e.g. if recordings were made over different time periods. 

Graphs are a good way of visually showing trends, patterns, 
and relationships without taking up too much space. Complex 
data sets tend to be presented as a graph rather than a table.Presenting graphs properly requires attention to a few basic 

details, including correct orientation and labelling of the axes, 
accurate plotting of points, and a descriptive, accurate title.1. Describe the advantages of using a table to present information:  

2. (a) What is the benefit of including summary information (e.g. means) on a table?  
 (b) In an experiment, a student recorded water lost from a plant shoot over one hour. The next day, he repeated the 

experiment to test the effect of wind on water loss, but he had only 45 minutes to let the experiment run. How could 

the student best present the data in a table to compare the two trials?
3. What are the main advantages of presenting data in a graph?  

4. Why might you include both graphs and tables in a final report:  

PRACTICES

DATA 
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Variation in data
Whether they are obtained from observation or experiments, most biological 
data show variability. In a set of data values, it is useful to know the value about 
which most of the data are grouped, i.e. the center value. This value can be the 
mean, median, or mode depending on the type of variable involved (see below). 
The main purpose of these statistics is to summarize important features of your 
data and to provide the basis for statistical analyses.

Quantitative
(continuous or 
discontinuous)

Ranked Qualitative

Symmetrical 
peak Two peaks 

(bimodal)

Skewed peak or 
outliers present

Mode Mode

Mean
Median

Median Modes

Type of variable sampled

The shape of the distribution when the data are plotted

The shape of the distribution will determine which statistic (mean, median, 
or mode) best describes the central tendency of the sample data.

Key Idea: Mean, median, and mode are measures of the central tendency of data. The distribution of the data will determine which measurement of central tendency you use.Measures of a biological response are usually made from more than one sampling unit. In lab-based investigations, the sample size (the number of sampling units) may be as small as three or four (e.g. three test-tubes in each of 

four treatments). In field studies, each individual may be a sampling unit, and the sample size can be very large (e.g. 100 individuals). It is useful to summarize data using descriptive statistics. Descriptive statistics, such as mean, median, and mode, can identify the central tendency of a data set.  Each of these statistics is appropriate to certain types of data or distribution (as indicated by a frequency distribution). 

Mean, Median, and Mode
16
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Negative skew: the left 
tail is longer

When NOT to calculate a mean:
In some situations, calculation of a simple arithmetic mean is not appropriate.

 Remember:
•  DO NOT calculate a mean from values that are already means (averages) themselves.

•  DO NOT calculate a mean of ratios (e.g. percentages) for several groups of different sizes. Go back to the raw values and recalculate.

•  DO NOT calculate a mean when the measurement scale is not linear, e.g. pH units are not measured on a linear scale.

Statistic Definition and use Method of calculationMean • The average of all data entries.• Measure of central tendency for normally distributed data.

• Add up all the data entries. • Divide by the total number of data entries.
Median • The middle value when data entries are placed in rank order.• A good measure of central tendency for skewed distributions.

• Arrange the data in increasing rank order. 
• Identify the middle value.• For an even number of entries, find the mid point of the two middle values.Mode • The most common data value.• Suitable for bimodal distributions and  qualitative data.

• Identify the category with the highest number of data entries using a tally chart or a bar graph.Range • The difference between the smallest and largest data values.• Provides a crude indication of data spread.

• Identify the smallest and largest values and find the difference between them.
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Activities outlining simple practical investigations with second hand 
data provided for analysis are included in context, as appropriate.

Colorimetric analysis of glucose

Prepare glucose standards

0 2 4 6 8 10 
Concentration of glucose (mg dL-1)

0 36 72 108 144 180
0.0

0.2
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Produce the calibration curve
Cool and filter samples as required. Using a red filter, measure the
absorbance (at 735 nm) for each of the known dilutions and use these
values to produce a calibration curve for glucose.

Concentration of glucose (mg dL-1)
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Colorimetry38
Key Idea: Colorimetry determines the concentration of 
colored compounds in solution.
Colorimetry is a quantitative technique used to determine the 
concentration of a specific substance in a solution. A specific 
reagent (e.g. Benedict's, which detects glucose) is added to 
the test solution where it reacts with the substance of interest 

to produce a color. After a set time the samples are placed in 
a colorimeter, which measures the solution's absorbance at a 
specific wavelength. A dilution series can be used to produce 
a calibration curve, which can then be used to quantify 
that substance in samples of unknown concentration. The 
example below is measuring glucose in urine samples.

Aim
To find the concentration of glucose in three unknown 
urine samples.

Method
A calibration curve was prepared using prepared 
artificial 'urine' containing known concentrations of 
glucose (right). A Benedict's test was performed on 
each and the absorbance of the resulting solution was 
measured using a colorimeter. The Benedict's test was 
then performed on unknown urine samples and the 
absorbance of the resulting solutions measured and 
compared to the calibration curve.

Benedict's test for reducing sugars
Benedict’s solution is added, and the sample is placed 
in a water bath at 90°C or heated over a Bunsen burner.

Results:
Sample 1 absorbance: 0.10
Sample 2 absorbance: 0.05
Sample 3 absorbance: 0.82

Negative test 
(clear blue)

Positive test 
(red precipitate)

1.  Why is Benedict's reagent added to the samples?  

2. Use the calibration curve provided to estimate the glucose content of the urine samples:

 (a) Sample 1:  

 (b) Sample 2:  

 (c) Sample 3:  
  
3. What is the purpose of the 0 mg dL-1 tube?  

4. What would you do if the absorbance values you obtained for most of your 'unknowns' were outside the range of your 
calibration curve?

WEB

38
CONNECT

11
AP1

CONNECT

68
AP1

CONNECT

46
AP2

PRACTICESPRACTICES

17

©2017 BIOZONE International ISBN: 978-1-927309-65-0 Photocopying Prohibited

4. Use the tabulated data to plot an appropriate graph of the results on the grid provided:

5. (a) Identify the independent variable:  
 
 (b) State the range of values for the independent variable:  

 (c) Name the unit for the independent variable:  
6. (a) Identify the dependent variable:   (b) Name the unit for the dependent variable:  

7. (a) Summarize the results of the fermentation experiment:  

 (b) Why do you think CO2 production was highest when glucose was the substrate?  

 (c) Suggest why fermentation rates were lower on maltose and sucrose than on glucose:  

 

 (d) Suggest why there may have been no fermentation on the lactose substrate:  8. Predict what would happen to CO2 production rates if the yeast cells were respiring aerobically:  
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1. Complete the table below using the raw data on the previous page. Combine the values for each transect:

2. Explain why a chi-squared test is an appropriate statistical analysis for this data:  

3. State the null hypothesis and alternative hypothesis for the statistical test:  

4. Carry out the chi-squared test on the data by completing the table below. Combine the values of all the tree logs.

5. Use the critical values table on page 298 to decide if the null hypothesis should be rejected or not rejected:6. Discuss your findings in relation to how millipedes live. Include the validity of the findings and any biological ideas 

relevant to the findings in your discussion:

Distance from log  (m)
Tree log

TOTAL

Distance (m) O
E O-E (O-E)2 (O-E)2

E

S (O-E)2

E

DATA
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Investigating Fermentation in Yeast

Background
The rate at which brewer's or baker's yeast 
(Saccharomyces cerevisiae) metabolizes 
carbohydrate substrates is influenced by 
factors such as temperature, solution pH, and 
type of carbohydrate available.
The literature describes yeast metabolism as 
optimal in warm, acid (pH 4-6) environments. 
High levels of sugars suppress aerobic 
respiration in yeast, so yeast will 
preferentially use the fermentation pathway in 
the presence of excess substrate.

The aim
To investigate the suitability of different mono- 
and disaccharide sugars as substrates for 
alcoholic fermentation in yeast.

The hypothesis
If glucose is the preferred substrate for 
fermentation in yeast, then the rate of 
fermentation will be highest when the yeast is 
grown on glucose rather than on other sugars.

Carbon 
dioxide 
released by 
the yeast 
fermentation

10 g substrate + 225 cm3 

water + 25 cm3 yeast culture

Tube transfers  
released 

carbon dioxide

Water in the 
100 cm3 
cylinder is 
displaced by 
the carbon 
dioxide.

A 100 cm3 cylinder is upturned in a 
small dish of water, excluding the air.

5 minutes 
between readings

The apparatus
In this experiment, all substrates tested used the same source culture of 30 g 
active yeast dissolved in 150 cm3 of room temperature (24°C) tap water. 25 g of 
each substrate to be tested was added to 225 cm3 room temperature (24°C) tap 
water buffered to pH 4.5. Then 25 cm3  of source culture was added to the test 
solution. The control contained yeast solution but no substrate.

The substrates
Glucose is a monosaccharide. Maltose (glucose-glucose), sucrose (glucose-
fructose), and lactose (glucose-galactose) are disaccharides.

Experimental design and results adapted from Tom Schuster, Rosalie Van Zyl, & Harold Coller , 
California State University Northridge 2005

Volume of carbon dioxide collected (cm3)

None Glucose Maltose Sucrose Lactose

0 0 0 0 0 0

5 0 0 0.8 0 0

10 0 0 0.8 0 0

15 0 0 0.8 0.1 0

20 0 0.5 2.0 0.8 0

25 0 1.2 3.0 1.8 0

30 0 2.8 3.6 3.0 0

35 0 4.2 5.4 4.8 0

40 0 4.6 5.6 4.8 0

45 0 7.4 8.0 7.2 0

50 0 10.8 8.9 7.6 0

55 0 13.6 9.6 7.7 0

60 0 16.1 10.4 9.6 0

65 0 22.0 12.1 10.2 0

70 0 23.8 14.4 12.0 0

75 0 26.7 15.2 12.6 0

80 0 32.5 17.3 14.3 0

85 0 37.0 18.7 14.9 0

90 0 39.9 21.6 17.2 0

Time (min)

Substrate 1. Write the equation for the fermentation of 
glucose by yeast:

2. The results are presented on the table left. 
Using the final values, calculate the rate of 
CO2 production per minute for each substrate:

 (a) None:  

 (b) Glucose:  

 (c) Maltose:  

 (d) Sucrose:  

 (e) Lactose:  

3. What assumptions are being made in this 
experimental design and do you think they 
were reasonable?

Key Idea: Brewer's yeast preferentially uses alcoholic 
fermentation when there is excess sugar, releasing CO2, 
which can be collected as a measure of fermentation rate.
Brewer's yeast is a facultative anaerobe (meaning it can 
respire aerobically or use fermentation). It will preferentially 

use alcoholic fermentation when sugars are in excess. One 
would expect glucose to be the preferred substrate, as it 
is the starting molecule in cellular respiration, but brewer's 
yeast is capable of utilizing a variety of sugars, including 
disaccharides, which can be broken down into single units. 
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Key Idea: Sampling populations in-situ can reveal patterns 
of distribution, which can be attributed to habitat preference. 
These investigations are common in ecological studies.

Use this activity to practice analyzing data from a field study in 
which the aim was to identify and describe an existing pattern 
of species distribution.  

The aim
To investigate the effect of fallen tree logs on 
millipede distribution in a forest.

Background
Millipedes consume decaying vegetation, and live 
in the moist conditions beneath logs and in the 
leaf litter of forest floors. The moist environment 
protects them from drying out as their cuticle is 
not a barrier to water loss. 

Experimental Setup

Environmental conditions on either side of the log were assumed to be equal.

Tree 
log

Center-line of log 
(where possible)

30 cm2 

quadrats

3.5 2.5 1.5 0 3.52.51.50

Distance from log (m)Distance from log (m)

Investigating Distribution and Abundance203

Distance from log (m)

Tree log Transect 0 1.5 2.5 3.5

1 1 12 11 3 2

2 10 12 2 1

2 1 8 3 4 4

2 9 5 2 1

3 1 14 6 3 3

2 3 8 7 2

Distance from log (m)

Tree log Transect 0 1.5 2.5 3.5

4 1 2 4 1 6

2 4 5 2 2

5 1 12 10 16 10

2 6 3 2 5

6 1 10 9 7 2

2 11 11 8 1

Raw data for tree log and millipede investigation

Experimental method
The distribution of millipede populations in 
relation to fallen tree logs was investigated in a 
small forest reserve. Six logs of similar size were 
chosen from similar but separate regions of the 
forest. Logs with the same or similar surrounding 
environment (e.g. leaf litter depth, moisture 
levels) were selected.

For each log, eight samples of leaf litter at 
varying distances from the fallen tree log were 
taken using 30 cm2 quadrats. Samples were 
taken from two transects, one each side of the 
log. The sample distances were: directly below 
the log (0 m), 1.5 m, 2.5 m, and 3.5 m from the 
log. It was assumed that the conditions on each 
side of the log would be essentially the same. 
The leaf litter was placed in Tullgren funnels 
and the invertebrates extracted. The number of 
millipedes in each sample was counted. The raw 
data are shown below.
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Giant millipede, Narceus americanus
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Addressing the AP Biology Practical Investigations
Activities supporting the 13 required AP Biology practical investigations are identified in chapter introductions with a blue flag. 
In some instances, the components of an AP practical investigation are supported over several activities. These activities can 
be used to provide grounding for students before they attempt the practical themselves or if they are opting to do an approved 
alternative AP investigation. Some of these alternatives are provided by BIOZONE's supporting partner Carolina® (see later).

Investigation 1: Artificial Selection

Investigation 2: Modeling Hardy-Weinberg

BIG IDEA 1: EVOLUTION

PRAC
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Selection in Fast Plants229

WEB

229

Key Idea: The effect of artificial selection on the frequency of a 
selected phenotype between generations can be observed using 
Wisconsin Fast Plants®.
Artificial selection can be studied using Wisconsin Fast Plants®, plants 
bred to complete their life cycle in only five weeks. These plants show 
variation in quantifiable traits such hairiness (number of trichomes) and 
stem color. The students chose hairiness (number of trichomes) and 
selected plants by cross-pollinating the hairiest plants within a parental 
generation to produce a generation of offspring (F1). The incidence 
of hairiness in the F1 generation was studied to quantify the effect of 
artificial selection on phenotype.

Procedure
Students planted and grew Wisconsin Fast 
Plants® Brassica rapa seeds in the laboratory 
taking care to cultivate them in the soil, light, 
and moisture conditions required for optimal 
growth. At maturity (7-12 days) the students used 
a magnifier to count the number of trichomes 
(hairs) on the edge of the right hand side of the 
first true leaf of each plant. The class data for 
the parental generation are presented in Table 1. 
From the parental generation (F0), students used 
small tags to identify and label the hairiest 10% 
of plants.

At day 14, when several flowers were present 
on each plant, the students cross pollinated 
the hairiest 10% of plants using pollination 
wands. This procedure was carried out for three 
consecutive days to ensure pollination was 
successful and fertilization had occurred.

Seeds were harvested from each plant between 
days 28-36, and placed in a paper bag for several 
days to dry. Once dry, the seeds were planted and 
grown under the same conditions as described 
above to produce the F1 generation of plants. The 
number of hairs on each plant were counted at 
maturity using the same method described above. 
The results are presented in Table 1.

Table 2. 
Frequency of trichomes in parental and first generation plants

Number of 
trichomes

Parental generation F1 generation

Working Frequency Working Frequency

0-4 46+6+3+3+2

5-9

10-14

15-19

20-24

25-29

30-34

35-39

40-44

Table 1. Trichome data for parental and 
F1 generation fast plants

Number of 
trichomes

Parental 
generation

F1 
generation

Freq. Total Freq. Total

0 46 0 8 0

1 6 3

2 3 1

3 3 0

4 2 1

5 6 1

6 4 3

7 2 4

8 7 2

9 2 3

10 7 4

11 3 4

12 6 2

13 0 5

14 1 2

15 2 6

16 3 1

17 1 7

18 2 3

19 1 5

20 1 8

21 3 1

22 2 0

23 0 3

24 1 1

25 0 1

26 1 2

27 0 0

28 0 2

29 1 2

30 0 1

31 0 2

32 2 1

33 1 0

34 0 0

35 0 1

36 0 0

37 0 0

38 0 0

39 0 0

40 0 1

41 0 0

42 0 0

43 0 0

44 1 0

Totals 120 91

Students counted the 
number of hairs on 
the right hand side of 
the first true leaf

Cotyledon (seed leaf)

1. Record the frequency of trichomes for each 
of the categories listed below in table 2. 
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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 gray and white (albino) squirrels, as well as changes in the total population. Plot: 
gray, 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 
gray squirrels. Between 1977 and 1990, students at Olney Central 
College carried out a study of this population. They recorded the 
frequency of gray 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 gray fur coloring, 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:

Gray squirrel, usual color form Albino form of gray squirrel

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

Year Gray 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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2. (a) Select an appropriate graph type and plot trichome distribution in the parental and F1 generation plants above. 

 (b) Describe the distribution of trichomes between the two sets:  

3. (a) Calculate the total number of trichomes in the totals columns of Table 1. 
 
 (b) Using the space right (or a spreadsheet) calculate the mean and 

standard deviation for the two data sets. Record them below:

  Parental generation mean:  

  Parental generation standard deviation:  

  F1 generation mean:  
 

  F1 generation standard deviation:  
 

 (c) Are the two generations different?  

 (d) How could you test if any difference was significant?  

 (e) How could you further explore the heritability of trichome density under selection?   
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2. Graph genotype changes: Use the data in the genotype columns of the table on the opposite page to plot a line graph. 
This will show changes in the allele combinations (GG, Gg, gg). Plot: GG, Gg, and gg for each year:

 Describe the overall trend in the frequency of:

 (a) Homozygous dominant (GG) genotype:

 (b) Heterozygous (Gg) genotype:

 (c) Homozygous recessive (gg) genotype:

3. Graph allele changes: Use the data in the last two 
columns of the table on the previous page to plot a line graph. This will show changes in the allele frequencies for each 
of the dominant (G) and recessive (g) alleles.

 Plot: the frequency of G and the frequency of g:

 (a) Describe the overall trend in the frequency of 
the dominant allele (G):

 (b) Describe the overall trend in the frequency of 
the recessive allele (g):

4. (a) State which of the three graphs best indicates 
that a significant change may be taking place 
in the gene pool of this population of squirrels:

 (b) Give a reason for your answer:  

5. Describe a possible cause of the changes in allele frequencies over the sampling period:  

6. Visit the simulation websites listed on the weblink for this activity to model how gene pools change from one generation 
to the next when variables such as selection, mutation, and migration are manipulated.
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This activity outlines a procedure for investigating 
the effects of artificial selection on trichrome 
number in Wisconsin Fast Plants®. After carrying out 
analysis of the second hand data provided, students 
determine if the trichrome frequencies between 
the parental and F1 generation differ (i.e. did their 
selection process for hairy plants have an effect on 
hairiness in the next generation).

Applications
 f This activity provides an opportunity to consider 

experimental design. Students can use it to plan 
their own investigation of artificial selection. 

 f Practice is gained in the mathematical and 
graphing skills required for this investigation. 

 f This activity could be used if there is insufficient 
time or resources to devote to a practical 
investigation, if plants fail to grow during the 
investigation and there are no results, or if an 
alternative practical investigation has been 
selected because of the resources available.

Where to next?
 f Students can design further experiments to 

investigate the effect of artificial selection on the 
frequency of a trait, or explore the trait's possible 
adaptive value.

 f The significance of their results could be tested 
using analysis such as Student's t test. 

Using a real life data set from Olney, Illinois, 
students apply their knowledge of the Hardy-
Weinberg equation (gained from previous activities) 
to analyze changes in the allele frequency of a 
squirrel gene pool.

Applications
 f Use this activity to help students become 

confident with analyses of population allele, 
genotype, and phenotype frequencies before 
constructing models or simulations of their own.

 f There is ample opportunity for students to 
practice graphing and data analysis.

Where to next?
 f Students can design or use spreadsheet models 

or computer simulations to model hypothetical 
gene pool changes between generations. 
Possible examples are provided via Weblinks. 
Greater complexity can be added to the models 
and simulations so they become more realistic.

 f Students can attempt to apply the model 
to a real-world situation (e.g. frequency of 
supertasters in a population).
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Constructing Phylogenies Using Cladistics254
Key Idea: Cladograms are phylogenetic trees constructed on 
the basis of shared derived characters.
A cladogram is a phylogenetic tree constructed using a 
taxonomic tool called cladistics. Cladistics groups organisms 
on the basis of their shared derived characters (features 
arising in an ancestor and shared by all its descendants) 
and ignores features that are not the result of shared 
ancestry. A clade, or branch on the tree, includes a common 

ancestor and all its descendants (i.e. it is monophyletic). 
Increasingly, cladistic methods rely on molecular data (e.g. 
DNA sequences) to determine phylogenies. Highly conserved 
DNA sequences are used because changes are likely to 
signal a significant evolutionary divergence. Cladograms may 
not always agree completely with phylogenies constructed 
using traditional methods but similarities in the trees indicate 
that the proposed relationships are likely to be correct. 

Constructing a simple cladogram
A table listing the features for comparison allows 
us to identify where we should make branches 
in the cladogram. An outgroup (one which is 
known to have no or little relationship to the other 
organisms) is used as a basis for comparison.
The table (right) lists features shared by selected 
taxa. The outgroup (jawless fish) shares just 
one feature (vertebral column), so it gives a 
reference for comparison and the first branch 
of the cladogram. As the number of taxa in the 
table increases, the number of possible trees that 
could be drawn increases exponentially.

Several different cladograms can be constructed 
from the same data. To determine the most 
likely relationships, the rule of parsimony is 
used. Parsimony assumes that the tree with 
the simplest explanation (the least number of 
evolutionary events) is most likely to show the 
correct evolutionary relationship.

A possible cladogram for the data in the table is 
shown on the right. Its construction assumed that 
six evolutionary events took place (labeled as 
blue bars on the cladogram). If other cladograms 
were constructed, but involved more evolutionary 
events, the one shown would be assumed to be 
correct because it is the most parsimonious. 

Parsimony can lead to some confusion. Some 
evolutionary events have occurred multiple 
times. An example is the evolution of the four 
chambered heart, which occurred separately 
in both birds and mammals. The use of fossil 
evidence and DNA analysis can help to solve 
problems like this.

Vertebral column ✔ ✔ ✔ ✔ ✔ ✔

Jaws ✘ ✔ ✔ ✔ ✔ ✔

Four supporting 
limbs

✘ ✘ ✔ ✔ ✔ ✔

Amniotic egg ✘ ✘ ✘ ✔ ✔ ✔

Diapsid skull ✘ ✘ ✘ ✔ ✔ ✘

Feathers ✘ ✘ ✘ ✘ ✔ ✘

Hair ✘ ✘ ✘ ✘ ✘ ✔
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Derived vs ancestral characters
When constructing cladograms, shared derived 
characters are used to separate the clades (branches 
on the tree). Using ancestral characters (those that 
arise in a species that is ancestral to more than one 
group) would result in distantly related organisms being 
grouped together and would not help to determine the 
evolutionary relationships within a clade. Whether or 
not a character is derived depends on the taxonomic 
level being considered. For example, a backbone is an 
ancestral character for mammals, but a derived character 
for vertebrates. Production of milk is a derived character 
shared by all mammals but no other taxa. 

The backbone in a mammal, e.g. rat, is an ancestral character 
common to all vertebrate taxa. However, the production of milk 
from mammary glands is a derived character, shared by all 
mammals but no other taxa. 

Jawless fish Bony fish Amphibians Lizards Birds Mammals

Amniotic egg

Jaws

Limbs

Feathers

Diapsid
skull

Hair 
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Evolutionary relationships can be expressed visually 
using phylogenetic trees. Students are shown how a 
phylogenetic tree can be constructed on the basis of 
shared derived characteristics. Students apply this 
knowledge to constructing and interpreting cladograms 
(phylogenies based on cladistics) themselves. 

Applications
 f These activities provide grounding and practice in 

constructing and interpreting cladograms based 
on synapomorphies. These principles can also 
be applied to constructing cladograms from DNA 
sequences.

Where to next?
 f Activity 256 (Constructing a Cladogram) could be 

set as a summative test.

 f Students can apply the principles learned here to 
construct cladograms from BLAST gene analysis to 
determine relatedness. 

 f Carry out independent BLAST investigations on 
genes of interest (e.g. DNA polymerase gene).

It is recommended that students carry out all the 
activities in this series to cover the three procedures 
outlined for investigation 4. Students design 
an experiment using artificial cells to study the 
relationship between surface area and cell volume 
and make predictions about how these influence 
the rate of diffusion. The process and principles of 
diffusion are investigated across a partially-permeable 
membrane using dialysis tubing to simulate a plasma 
membrane. Lastly, students can apply their knowledge 
to a real life situation when they investigate osmosis 
in living cells using potato cubes.

Applications
 f Ideally each of these activities would be used 

to provide an introduction to the topic before 
the student carried out their own investigation. 
They also provide opportunities to practice the 
mathematical skills required to successfully 
complete the investigation. 

 f In activity 43 students plan their own experiment 
(with guidance) and consider what factors they 
must include to ensure valid and meaningful 
results are obtained.

 f These activities could be used in place of carrying 
out a practical investigation if time is short. In 
addition,the data provided could be utilized by the 
students if their own experiment fails.

Where to next?
 f Pose the following question to students "do 

fungal cells have turgor pressure?" The students 
can generate a hypothesis and then design an 
experiment to test their hypothesis. This could be 
carried out in small groups or by individuals. If 
time permits, they can carry out their experiment.

BIG IDEA 2: CELLULAR PROCESSES: ENERGY AND COMMUNICATION
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Investigating the Effect of Cell Size43
Key Idea: Diffusion is less efficient in cells with a small 
surface area relative to their volume than in cells with a large 
surface area relative to their volume.
When an object (e.g. a cell) is small it has a large surface 
area in comparison to its volume. Diffusion is an effective way 
to transport materials (e.g. gases) into and out of the cell. As 
an object becomes larger, its surface area compared to its 

volume is smaller and diffusion is no longer an effective way 
to transport materials to and from the inside. In this activity 
you will design an experiment to demonstrate the effect of 
surface area: volume ratios on diffusion in model cells. Think 
about how you will plan your investigation and analyze your 
data to obtain meaningful results. This will help you to make 
valid conclusions about your findings. 

Background information

Equipment list 

Oxygen, water, cellular waste, and many nutrients are transported 
into and out of cells by diffusion. However, at a certain surface area 
to volume ratio, diffusion becomes inefficient. In this activity you will 
create model cells of varying sizes from agar and use them to test 
the relationship between cell size and rate or efficiency of diffusion. 

 f The diffusion of molecules into a cell can be modeled by using 
agar cubes infused with phenolphthalein indicator and soaked in 
sodium hydroxide (NaOH). 

 f Phenolphthalein is an acid/base indicator and turns a pink in the 
presence of a base. 

 f As the NaOH diffuses into the agar, the phenolphthalein changes 
to a pink color and thus indicates how far into the agar block the 
NaOH has diffused (right). 

 f By cutting an agar block into cubes of various sizes, it is possible 
to investigate the effect of cell size on diffusion. 

A phenolphthalein-infused agar cube after exposure 
to NaOH.

Region of no 
color change

Region of 
color change

TimerPaper towel

Glass beaker

Scalpel

Laboratory tongs

Ruler

Sodium hydroxide 
(NaOH) solution

Agar blocks infused 
with phenolphthalein
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68 Making Dilutions
Key Idea: Dilution reduces the concentration of a stock 
solution by a known factor. 
A dilution reduces the concentration of a solution by a 
known value. Simple dilutions are based on ratios, and 
involve taking a volume of stock solution and adding it to an 
appropriate volume of solvent to achieve the desired dilution. 

Simple dilutions are often used to produce calibration curves. 
A serial dilution is a stepwise dilution that quickly amplifies 
the dilution factor. Serial dilutions are useful when you require 
a volume or amount that is too small to measure accurately, 
or when you need to quickly dilute a solution that is very 
concentrated to begin with (e.g. bacterial cells in a solution).

Serial dilution is often 
used in microbiology 
to produce a plate of 
countable bacterial 
colonies. 

A microbial culture, 
grown in a broth, is 
serially diluted (above).
The diluted culture is 
plated onto agar (left). 
this technique is called 
dilution plating.

Serial dilution

Thick growth

1 cm3 of 
original 
culture

1 cm3 1 cm3 1 cm3

1:10 1:100 1:1000 1:10 000

1 cm3 1 cm3 1 cm3 1 cm3

9 cm3 of 
nutrient 
broth in 
each tube

Isolated colonies

The following equation is used to calculate the volume 
needed to make a simple dilution:

C1 x V1 = C2 x V2

C1 = initial concentration of stock solution
V1 = initial volume of stock solution
C2= final concentration required
V2= final volume required

You will always know three of the values, so by rearranging 
the equation you can determine what volume of stock 
solution is needed to achieve the desired final concentration.

V1 = (C2 x V2) / C1

Simple dilution

1 cm3 stock solution 
into 9 cm3 of solvent 
is a 1 to 10 dilution 
(10% of original 
concentration).

5 cm3 stock solution 
into 5 cm3 of solvent 
is a 1 to 1 dilution 
(50% of original 
concentration).

Stock 
solution

1. A student had a 1.00 mol L-1 stock solution of sucrose. 
Calculate the dilutions required to produce 5 cm3 of sucrose 
solution at the following concentrations:

 (a) 0.75 mol L-1:  

 (b) 0.50 mol L-1:  

 (c) 0.25 mol L-1:  

2. (a) Use the equation below to calculate the solute potential 
(ψs) of the solutions in (1) and also of the 1.00 mol L-1 
solution (the solutions were at 22°C):

       0.75 mol L-1:                   0.50 mol L-1:                      

       0.25 mol L-1:                     1.00 mol L-1:                      

ψs = -iCRT

 i = ionization constant (for sucrose, this is 1)
 C = molar concentration
 R = pressure constant = 8.31 L kPa K−1mol−1

 T = temperature (°K) = 273 + °C of solution.

 (b) Plot sucrose concentration vs solute potential on the grid. 

Madprime cc 3.0

When a culture has been sufficiently 
diluted, the colonies are discrete and 
can easily be counted. Each colony 
arises from a single cell.
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Investigating Diffusion65

1. Why was it important to wash the dialysis tubing before placing it into the beaker of distilled water?  

2. What part of a cell does the dialysis tubing represent?

3. The results for the experiment are tabulated right. 

 (a) In the spaces provided (below, right) draw the 
distribution of starch and glucose at the start and at the 
end of the experiment. Use the symbols shown under the 
table to represent starch and glucose:

 (b) Describe why glucose has moved across the partially 
permeable membrane during the experiment:

 (c) Why was there no starch present in the beaker at the end 
of the experiment?

Key Idea: Dialysis tubing can be used to model the diffusion 
of glucose down its concentration gradient.  
Diffusion through a partially permeable membrane can be 
modeled using dialysis tubing. The pores of the dialysis 

tubing determine the size of the molecules that can pass 
through. The experiment described below demonstrates how 
glucose will diffuse down its concentration gradient from a 
high glucose concentration to a low glucose concentration.

Method
Dialysis tubing was filled with 5 cm3 each of a 1% starch solution and 
a 10% glucose solution. A 1 cm3 sample was removed and tested for 
the presence of starch using Lugol's indicator, and glucose using a 
glucose dipstick.

The dialysis tubing was tied, and the outside of the tubing washed 
with distilled water to remove any starch or glucose that spilled on to 
the outer surface during filling. The tubing was placed into a beaker of 
distilled water. 

After 30 minutes, the solution inside the dialysis tubing and the distilled 
water were tested for the presence of starch and glucose. 

Dialysis tubing 
(partially-permeable 
membrane)

Distilled 
water

Solution containing 
starch and glucose

Background
Dialysis tubing acts as a partially (or selectively) 
permeable membrane. It comes in many pore 
sizes and only allows molecules smaller than 
the size of the pore to pass through. 

Lugol's indicator contains iodine, and turns blue/
black in the presence of starch. 

The presence of  glucose can be tested using a 
glucose dipstick test. If glucose is present, the 
indicator window will change color. The color 
change can be compared against a reference to 
determine the concentration of glucose present.

The aim
To demonstrate diffusion through a selectively 
permeable membrane. 

Hypothesis
If there is no glucose outside the dialysis tubing, 
then glucose will diffuse down its concentration 
gradient from the dialysis tubing into the distilled 
water until the glucose concentrations are equal.

Dialysis 
tubing  start

Beaker 
start

Dialysis 
tubing end

Beaker 
end

Starch ++ - ++  -

Glucose ++ - + +

Dialysis tubing
end

Beaker
end

Dialysis tubing
start

Beaker
start

Starch GlucoseGS

WEB

65
CONNECT

62
AP1

PRACTICESPRACTICES PRACTICES

TEST 

369

©2017 BIOZONE International 
ISBN: 978-1-927309-62-9 
Photocopying Prohibited

1. This activity provides the taxa and character matrix for 11 genera of marine fishes in the family of surfperches. The 
outgroup given is a representative of a sister family of rudderfishes (zebra-perch sea chub), which are not live-bearing. 
Your task is to create the most parsimonious cladogram from the matrix of character states provided. To help you, we 
have organized the matrix with genera having the smallest blocks of derived character states (1) at the top following the 
outgroup representative. Use a separate sheet of graph paper, working from left to right to assemble your cladogram. 

 Identify the origin of derived character states with horizontal bars, as shown in the previous activity. CLUE: You should 
end up with 15 steps. Two derived character states arise twice independently. Staple your cladogram to this page.

2. (a) Why are the character states organized in a matrix?  

 (b) Why is it useful to designate the characters states as 0 (ancestral) or derived (1)? 

3. In the cladogram you have constructed for the surfperches, two characters have evolved twice independently:

 (a) Identify these two characters:  

 (b) What selection pressures do you think might have been important in the evolution of these two derived states?

Character

Taxon 1 2 3 4 5 6 7 8 9 10 11 12 13

Zebra-perch sea chub 0 0 0 0 0 0 0 0 0 0 0 0 0

Barred surfperch 1 0 0 0 0 0 0 0 0 1 1 0 0

Walleye surfperch 1 0 0 0 0 1 0 1 0 1 1 0 0

Black perch 1 1 1 0 0 0 0 0 0 0 0 1 0

Rainbow seaperch 1 1 1 0 0 0 0 0 0 0 0 1 0

Rubberlip surfperch 1 1 1 1 1 0 0 0 0 0 0 0 1

Pile surfperch 1 1 1 1 1 0 0 0 0 0 0 0 1

White seaperch 1 1 1 1 1 0 0 0 0 0 0 0 0

Shiner perch 1 1 1 1 1 1 0 0 0 0 0 0 0

Pink seaperch 1 1 1 1 1 1 1 1 0 0 0 0 0

Kelp perch 1 1 1 1 1 1 1 1 1 0 0 0 0

Reef perch 1 1 1 1 1 1 1 1 1 0 0 0 0

Selected characters for cladogram assembly

1. Viviparity (live bearing) 0 No 1 Yes 
2. Males with flask organ 0 No 1 Yes
3. Orbit without bony front wall 0 Yes 1 No
4. Tail length 0 Short 1 Long
5. Body depth 0 Deep 1 Narrow
6. Body size 0 Large 1 Small
7. Length of dorsal fin base 0 Long 1 Short
8. Eye diameter 0 Moderate 1 Large
9 Males with anal crescent 0 No 1 Yes
10 Pectoral bone with process 0 No 1 Yes
11. Length of dorsal sheath 0 Long 1 Short
12. Body mostly darkish 0 No 1 Yes
13. Flanks with large black bars 0 No 1 Yes

Notes and working space

Surfperches are viviparous (live bearing) and the 
females give birth to relatively well developed 
young. Some of the characters (below, left) relate 
to adaptations of the male for internal fertilization. 
Others relate to deterring or detecting predators. In the 
matrix, characters are assigned a 0 or 1 depending on 
whether they represent the ancestral (0) or derived (1) 
state. This coding is common in cladistics because it 
allows the data to be analyzed by computer. 

Juvenile surfperch 
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Constructing a Cladogram256256
Key Idea: A table of selected characters can be organized systematically as a matrix and used to construct a cladogram.
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Estimating Osmolarity of Cells69

Potato cubes

K
P

Key Idea: A cell placed in a hypotonic solution will gain water 
while a cell placed in a hypertonic solution will lose water.
The osmolarity (which is directly proportional to the solute 
potential) of a cell or tissue can be estimated by placing the 

tissue into a series of solutions of known concentration and 
observing if the tissue loses (hypertonic solution) or gains 
(hypotonic solution) water. The solution in which the tissue 
remains unchanged indicates the osmolarity of the tissue.

The aim
To determine the solute potential of potatoes by placing potato 
cubes in varying solutions of sucrose, C12 H22O11 (table sugar). 

The method
Fifteen identical 1.5 cm3 cubes of potato where cut and weighed 
in grams to two decimal places. Five solutions of sucrose were 
prepared in the following range (in mol dm-3): 0.00, 0.25, 0.50, 
0.75, 1.00. Three potato cubes were placed in each solution, at 
22°C, for two hours, stirring every 15 minutes. The cubes were 
then retrieved, patted dry on blotting paper and weighed again.

The results

Potato 
sample

Initial mass 
(I) (g)

Final mass  
(F) (g)

[Sucrose] 0.00 mol L-1

1 5.11 6.00

2 5.15 6.07

3 5.20 5.15

Total

Change (C) (F-I) (g) 

% change (C/I x 100)

[Sucrose] 0.25 mol L-1

1 6.01 4.98

2 6.07 5.95

3 7.10 7.00

Total

Change (C) (F-I) (g)

% change (C/I x 100)

[Sucrose] 0.50 mol L-1

1 6.12 5.10

2 7.03 6.01

3 5.11 5.03

Total

Change (C) (F-I) (g)

% change (C/I x 100)

[Sucrose] 0.75 mol L-1

1 5.03 3.96

2 7.10 4.90

3 7.03 5.13

Total

Change (C) (F-I) (g)

% change (C/I x 100)

[Sucrose] 1.00 mol L-1

1 5.00 4.03

2 5.04 3.95

3 6.10 5.02

Total

Change (C) (F-I) (g)

% change (C/I x 100)

1. Complete the table (right) by calculating the total 
mass of the potato cubes, the total change in mass, 
and the total % change in mass for all the sucrose 
concentrations:

2. Use the grid below to draw a line graph of the sucrose 
concentration vs total percentage change in mass:

3. (a) Use this graph to estimate the osmolarity of the potato 
(the point where there is no change in mass):

 (b) Use the calibration curve (previous page) to determine 
the solute potential (ψs) of your potato (in kPa):

 (c) What is the pressure potential (ψp) of the potato cells 
at equilibrium?

 (d) Use the equation ψ = ψs + ψp to determine the water 
potential of the potato cells at equilibrium:
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1. Generate a brief hypothesis for this experiment:  

2. Why do the leaf discs float?  

3. (a) Graph the results on the grid provided (right):

 (b) Describe how photosynthesis was affected by light color:

4. Did the results support your hypothesis? Explain:  

Key Idea: The rate of photosynthesis varies with different 
wavelengths of visible light.
Photosynthetic pigments absorb specific wavelengths of 
light and capture the energy within it to drive photosynthesis. 

However, some wavelengths are absorbed more strongly 
than others. The experiment described below investigates 
the effect of different wavelengths on the photosynthetic rate 
of a green plant.

Investigating Photosynthesis18

Method
 f Select several green leaves of the same type. Avoiding areas 

with major leaf veins, use a hole punch to cut out 40 discs of 
a uniform size. Place the discs into a large syringe containing 
a 0.2% bicarbonate solution. Place a finger tightly over the tip 
of the syringe and slowly pull back on the plunger. Repeat until 
all the discs sink. Do not use any that remain floating. Keep the 
syringe containing the discs in a dark place until required.

 f Label four 150 mL glass beakers as red, blue, green, and 
clear. To each beaker add 100 mL of 0.2% bicarbonate solution 
and 5 mL of detergent. Color the solutions by adding 10 drops 
of the appropriate color food coloring to the bicarbonate 
solution. No food coloring is added to the clear container.

 f Place 10 leaf discs into the beaker, and place it 15 cm from 
a 100 watt light bulb. Start a timer immediately and record 
the time taken for all 10 leaf discs to float. Repeat with the 
remaining colors.

Aim
To investigate the effect of wavelength on the photosynthetic rate 
of a green plant. 

Light color Time taken for 10 discs to float (s)

Blue 162

Red 558

Green 998

White 694

Results
The results from the experiment are shown below.

Background
Leaf disc assays are commonly used to investigate 
photosynthesis in the classroom because they are simple 
to perform and do not require any specialized equipment. 
The bicarbonate solution under pressure removes any 
oxygen in the leaf by replacing the air in the leaf air 
spaces and it also serves as a source of CO2 during the 
experiment. As photosynthesis occurs, O2 is produced 
and the leaf disks become buoyant and eventually float.  
The rate of flotation is an indirect measure of the rate of 
photosynthesis. The detergent is added to break down the 
water-repellent barrier on the leaf surface, allowing sodium 
bicarbonate to enter the leaf more easily. 
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2. A student used a simple respirometer (like the one above) to measure respiration in maggots. Their results are 
presented in the table (right). The maggots were left to acclimatize for 10 minutes before the experiment was started.

 (a) Calculate the rate of respiration and record this in the table. The first 
two calculations have been done for you.

 (b) Plot the rate of respiration on the grid, below right.

 (c) Describe the results in your plot:  

 (d) Why was there an acclimatization period before the experiment began?

3. Why would it have been better to use a differential respirometer?  

Measuring Respiration9
Key Idea: Oxygen consumption and carbon dioxide production 
in respiring organisms can be measured with a respirometer.
A respirometer measures the amount of oxygen consumed 

and the amount of carbon dioxide produced during cellular 
respiration. Respirometers are quite simple pieces of 
apparatus but can give accurate results if set up carefully.

Time  
(minutes)

Distance 
bubble moved 

(mm)

Rate   
(mm min-1)

0 0 _

5 25 5

10 65

15 95

20 130

25 160

Measuring respiration with a simple respirometer
The diagram on the left shows a simple respirometer. It 
measures the change in gases as respiration occurs.  

 f Respiring organisms, in this case germinating seeds, are 
placed into the bottom of the chamber. 

 f Soda lime or potassium hydroxide is added to absorb any 
carbon dioxide produced during respiration. Therefore the 
respirometer measures oxygen consumption.

 f Once the organisms have been placed into the chamber the 
screw clip is closed. The start position of the colored bubble is 
measured (this is the time zero reading).

 f The colored bubble in the capillary tube moves in response to 
the change in oxygen consumption. Measuring the movement 
of the liquid (e.g. with a ruler) allows the change in volume of 
gas to be estimated. 

 f Care needs to be taken when using a simple respirometer 
because changes in temperature or atmospheric pressure may 
change the readings and give a false measure of respiration.

 f Differential respirometers (not shown) use two chambers 
(a control chamber with no organisms and a test chamber) 
connected by a U-tube. Changes in temperature or 
atmospheric pressure act equally on both chambers. Observed 
changes are only due to the activities of the respiring organism.

1. Why does the bubble in the capillary tube move?

Germinating 
seeds

Soda lime (or KOH) pellets
(CO2 absorbent)

Perforated metal cage

Colored 
bubble

Capillary 
tube

Screw clip

Clamp stand

Scale

Caution is required when handling KOH as it 
is caustic. Wear protective eyewear and gloves.
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The effect of light color on photosynthetic rate can 
be studied in green plants using the leaf disc assay. 
In this activity students are provided with an outline 
of the experimental method, background information 
about the leaf disc assay itself, and some data to 
analyze. 

Applications
 f Students can pose scientific questions regarding 

the effect of light color on photosynthetic rate.

 f Students can practice the required graphing and 
data presentation skills.

 f The second hand data provided can be 
used in the place of student data if their own 
experiment fails. Alternatively, it could be used 
as comparative data to see if the student's own 
work obtained similar results and used as a 
discussion point if the results differ.

Where to next?
 f If equipment is available, the experiment could 

be repeated using an oxygen probe interfaced 
with a data logger to provided more accurate 
data on the photosynthetic rate.

 f Students could pose questions about 
environmental conditions that might affect the 
results (e.g. high CO2 environment) or physical 
differences in the leaves themselves that may 
affect the results (e.g. a hairy leaf compared to a 
smooth ivy leaf).

A respirometer is a simple piece of equipment 
and can be used to measure the rate of cellular 
respiration in organisms such as germinating seeds 
or small invertebrates (e.g. maggots). The simple 
respirometer described here measures oxygen 
consumption and uses this as a measure of cellular 
respiration. Students are provided with background 
information about how to set up use a respirometer 
and some second hand data to analyze.

Applications
 f Using an example, students gain familiarity 

with the set up and consider the limitations of 
measuring cellular respiration with a simple 
respirometer. The activity provides background 
to help them design a good experiment of their 
own to collect valid data.

 f Students can practice mathematical skills 
(calculation of rates) and graphing skills, both 
helpful for when they must transform and present 
their own data.

Where to next?
 f If equipment was available, students could 

use gas sensor probes to measure oxygen 
consumption.

 f Students could pose questions about what 
factors (e.g. temperature) might affect the rate of 
cellular respiration, and then go on to design and 
carry out further experiments if time allows.

 f Studying invertebrates, the relationship between 
the mass of an organism and its rate of cellular 
respiration could be determined. 
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Investigation 7:  Cell Division, Mitosis, and Meiosis

BIG IDEA 3: GENETICS AND INFORMATION TRANSFER

The activities listed here are designed to cover the 
first four procedures of investigation 7. 
The Modeling Mitosis activity provides an 
alternative way for students to visualize and 
then summarize the steps of mitosis. Once the 
process is reinforced, students can investigate 
how environmental factors (e.g. the presence of 
lectin proteins) can influence the rate of mitosis 
in onion cells. Certain forms of leukemia produce 
abnormal karyograms containing Philadelphia 
chromosomes. These indicate a loss of normal cell 
cycle regulation. Students can compare normal 
and abnormal karyograms in activity 131. The last 
modeling activity in this series allows students to 
model the steps of meiosis. It reinforces the key 
features of meiotic division and helps to differentiate 
meiosis from mitosis. 

Applications
 f Students gain experience in reading 

karyograms by comparing two karyograms 
to identify the presence of Philadelphia 
chromosomes. They must apply their knowledge 
of cell cycle regulation to determine why these 
abnormalities arise.

 f Students can model the steps in Modeling 
Mitosis themselves using pipe cleaners and 
yarn to learn the phases of mitosis.

 f Students are introduced to the Chi-squared test 
in an easy to use table format to determine if 
lectin protein influences rate of mitosis. They 
become familiar with its use for determining 
significance.

 f Modeling Meiosis provides a chance for 
collaborative work and is an opportunity to 
pair students of different abilities together. 
Better able students will clarify their own 
understandings through explanation and the 
less able students improve their understanding 
through peer-to-peer interaction. Student's can 
investigate a trait of interest to themselves.

Where to next?
 f Pairs of students could video and narrate 

models depicting mitosis and meiosis and share 
with the class.

 f Students can research how certain cancers 
(e.g. human papillomavirus) affect the cell cycle 
and result in their proliferation. Alternatively, 
they could research the breast cancer genes 
(BRCA) to see how they affect the cell cycle.

 f Ask students to discuss the role of crossing over 
in increasing genetic variation in individuals and 
populations. How much variability would there 
be without it? Students can construct models to 
visually show the differences.

 f Students could work in groups and give short 
presentations about the how crossing over, 
independent assortment, segregation,non-
disjunction, and random fertilization contribute 
to genetic diversity. 

 f Facilitate a discussion about how mutation 
contributes to genetic variability and how 
mutations can be caused by specific mutagens.

KNOW 
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Defective Gene Regulation and Cancer
Key Idea: When cell checkpoints fail, unregulated cell division 
can occur and cancerous tumors can form.
Cells that become damaged beyond repair normally undergo 
a controlled process called programmed cell death or 
apoptosis. However, cancerous cells have managed to 
evade this control and become immortal, continuing to 

divide without any checks on their proliferation even though 
they are faulty. Agents capable of causing cancer are called 
carcinogens. Most carcinogens are also mutagens (they 
damage the DNA).  Any one of a number of cancer-causing 
factors (including defective genes) may interact to disrupt the 
cell cycle and result in cancer.

131

KNOW

Cancer: cells out of control
Cancerous transformation results from 
changes in the genes controlling normal 
cell growth and division. The resulting cells 
become immortal and no longer carry out 
their functional role. 

Proto-oncogenes and tumor-suppressor genes
Two types of gene are normally involved in controlling the cell cycle: 
proto-oncogenes, which start cell division and are essential for 
normal cell development, and tumor-suppressor genes, which 
switch off cell division. In their normal form, these types of gene work 
together, enabling the body to perform vital tasks such as repairing 
defective cells and replacing dead ones. Mutations in these genes can 
disrupt this regulation. Proto-oncogenes, through mutation, can give 
rise to oncogenes, which cause uncontrolled cell division. Mutations 
to tumor-suppressor genes initiate most human cancers. The best 
studied tumor-suppressor gene is p53, which encodes a protein that 
halts the cell cycle so that DNA can be repaired before division.
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Blood smear from a patient with chronic myelogenous 
leukemia, a disease in which the granulocytic white 
blood cells (neutrophils, eosinophils, and basophils) 
proliferate out of control. The disease is associated 
with a recognizable chromosomal abnormality.

A mutation to one or two of 
the controlling genes causes a 
benign (nonmalignant) tumor. 
As the number of controlling 
genes with mutations increases, 
so too does the loss of control 
until the cell becomes cancerous. 

Tumor-suppressor genes
When damage occurs, the 
tumor suppressor gene p53 
commands other genes to 
bring cell division to a halt.

Proto-oncogenes
Genes that turn on cell division. 
The mutated form or oncogene 
leads to unregulated cell division.

If the damage is too serious to 
repair, p53 activates other genes 
to cause the cell to enter apoptosis 
(programmed cell death).

If repairs are made, 
then p53 allows the cell 
cycle to continue.

DNA molecule

Damaged 
DNA

Normal cell

One of the most important proteins in 
the regulation of the cell cycle is the 
protein produced by the gene p53. 
Mutations to the p53 gene are found 
in about 50% of cancers.

p53

The product of the gene BRCA1 has been 
linked to DNA repair and may be involved 
in the metaphase checkpoint. Mutations to 
this gene and another gene called BRCA2 
are found in about 10% of all breast 
cancers and 15% of ovarian cancers.
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1. How do cancerous cells differ from normal cells?  

2. Explain how the cell cycle is normally controlled, including reference to the role of tumor-suppressor genes:  

3. With reference to the role of oncogenes, explain how the normal controls over the cell cycle can be lost:  

4. Study the two karyograms at the top of the page and answer the following questions:

 (a) How does karyogram B differ from karyogram A?  

 (b) Suggest what has happened in the karyogram depicting chronic myelogenous leukemia:  

 (c) The result of the changes in karyogram B is an abnormal gene (BCR_ABL1). It promotes cell division and blocks 
apoptosis. Predict the effect of this on the spread of cancerous cells:

Karyogram A: Normal individual (male and female sex 
chromosomes are both shown)

Karyogram B: Individual with chronic myelogenous leukemia 
(male and female sex chromosomes are both shown)

PRAC

192

©2017 BIOZONE International 
ISBN: 978-1-927309-62-9 
Photocopying Prohibited

Environmental Factors Influence Mitosis135
Key Idea: The effect of lectin on mitosis rates in onion plants 
can be tested for significance using the chi-squared test.
Some environmental factors, such as presence of the 
carbohydrate-binding proteins lectins, have been shown to 
increase the rate of mitosis in blood cells. Students wanted 
to determine if PHA-M (a lectin) would increase the level of 
mitosis in the roots tip cells of onion plants. They exposed the 
roots of some onion plants to a 50 mg L-1 solution of PHA-M 
and others to a control solution (water). After an exposure 
period of 2 days, they prepared and stained the samples so 
they could count the number of cells in mitosis and interphase. 

Onion root tip cells

Table 1: Class data

Number of cells

Interphase Mitosis Total

Control 1292 302 1598
Treated 1406 306 1712

Table 3: Calculation of chi-squared value

Observed (O) Expected (E) (O - E) (O - E)2 (O -E)2 / E

Interphase cells 1406 1386
Mitosis cells 306 325

∑ (O -E)2 / E

Procedure
 f The combined class data is given in table 1.  The percentage of cells in interphase or mitosis for the control and treated 

samples are presented in table 2. 

 f A chi-squared test (c2) was used to determine if the null hypothesis should be accepted or rejected at P=0.05 (see table 
3). Expected values (E) were calculated by applying the control percentages in table 2 (blue column) to the treated total 
(i.e. 0.81 x 1712 = 1386). At the end of the calculation, a chi-squared value (∑(O-E)2 / E) is generated. 

 f The c2 value is compared to a critical value of c2 for the appropriate degrees of freedom (number of groups - 1). For this 
test it is 1 (2-1=1). For this data set, the critical value is 3.84 (at 5% probability and 1 degree of freedom). If c2 is < 3.84, 
the result in not significant and H0 cannot be rejected. If c2 is ≥ 3.84 H0 can be rejected in favor of HA. 

1. Generate a null hypothesis and an alternative hypothesis for this experiment:

 (a) Null hypothesis (H0):  

 (b) Hypothesis (HA):  

2. Calculate the chi-squared value by completing table 3. c2 =   

3.  (a) Should the null hypothesis be accepted or rejected? 

 (b) Is the result you would have expected? Explain:  

4. Suggest further investigations to verify the results presented here. Use more paper and attach here if you wish:  

Table 2: Percentage of cells in interphase or mitosis

% of cells

Control Treated

Interphase cells 81 82
Mitotic cells 19 18
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134
Key Idea: Using chenille stems to model the stages of mitosis 
will help you to visualize and understand the process.
Students used chenille stems (pipe cleaners) and yarn 

to model mitosis in an animal cell. Four chromosomes 
were used for simplicity (2N = 4). Images of their work are 
displayed below. 

Modeling Mitosis

1. (a) Photo 1 represents the stage before mitosis begins. The circular 
structures are the centrosomes. Name the labeled structures:

 A:  

 B:  

 C: 

 (b) Name the stage shown in the photo:  

 (c) Why are there two copies of the centrosomes?  

2. Study photos 2-6 below. Identify the mitosis stage shown and briefly describe what is occurring:

3. Draw the final stage 
of mitosis, in the box.

4. What happens next? 

5. How many cells are 
there? 

 

Photo 2

Photo 4

Photo 6

Photo 3

Photo 5

Photo 1

A

B

C
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Modeling 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 (fertilization) 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. 
Color 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).

10

Paternal 
chromosome

Paternal 
chromosome

Chromosome 
number

Homologous 
pair

Homologous 
pair

Your 
initials

Maternal 
chromosome

Your 
genotype
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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 visualize and understand meiosis. 
It will take 25-45 minutes.
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Testing for Transformation119
Key Idea: Bacteria are able to obtain new genetic information 
by taking up genetic material from the environment. This  
process called transformation.  
Bacteria may obtain new genetic material via mutation, obtain 
it from other bacteria, or by taking up naked genetic material 
from the environment. This process of transformation was 

first observed and studied by Frederick Griffith in 1928. 
Transformation efficiency is a measure of the ability of bacteria 
to take up extracellular DNA. Bacteria that are able to do this 
are termed competent. Transformation is commonly used 
in genetic engineering to insert novel genes into bacteria in 
order to produce proteins on an industrial scale.

Method for transforming E. coli 
250 mL of ice cold CaCl2 was transferred to two microcentrifuge 
tubes using a sterile transfer pipette. One tube was labeled 
+plasmid, the other was labeled -plasmid. Both tubes were placed 
on ice. A starter colony was transferred to each tube from an agar 
plate of E. coli using a sterile inoculation loop. The tubes were 
inverted several times to ensure mixing, then returned to the ice. 

10 mL of 0.005 mg mL-1 solution of plasmid was transferred by 
sterile pipette to the tube labeled +plasmid. Both tubes were then 
incubated on ice for 10 minutes. The tubes were then placed in a 
water bath at 42°C for 50 seconds to heat shock the bacteria, after 
which the tubes were returned to ice for two minutes.

Each tube then had 250 mL of nutrient broth added and were 
incubated at room temperature for ten minutes.

Two plates containing nutrient agar and two plates containing 
nutrient agar and ampicillin were prepared. 100 mL of -plasmid was 
transferred to one of each type of plate and streaked using a sterile 
inoculating loop. The same was done with the +plasmid.

The plates were then covered and placed in an incubator at 37°C 
for 24 hours. The number of colonies on the plate containing the 
+plasmid and ampicillin agar were counted and recorded.

Aim
To investigate the efficiency of transformation in E. coli bacteria 
when mixed with a plasmid containing a variant of GFP (green 
fluorescent protein) gene and the ampicillin resistance gene. 

Background
GFP is a common marker gene that is used to indicate 
bacterial colonies that have acquired a target plasmid. 
GFP glows under florescent light. The variant of this gene 
also causes the bacterial colonies to turn yellow-green in 
ordinary white light (E. coli colonies normally have a whitish 
appearance). GFP is normally a preferred alternative to using 
a gene for resistance to ampicillin (an antibiotic) as it reduces 
the risk of antibiotic resistance spreading in bacteria. In this 
example, both genes are being used as only transformed 
bacterial colonies are being counted and the ampicillin 
resistance makes this simpler because untransformed colonies 
can be eliminated by using ampicillin-containing agar plates. 
Colonies can be assumed to be derived from individual 
bacterial cells, so the number of colonies relates directly to the 
number of cells originally on the agar plate.

1. (a) Determine the mass of plasmid pipetted into the microcentrifuge tubes. 
  Use the formula mass (mg) (of plasmid) = concentration (mg mL-1) x volume (mL):

 (b) Determine the fraction of this amount spread on the plate (volume spread on plate ÷ total volume in tube): 

 (c) Determine the mass of plasmid spread on the plate (answer 1. (a) x answer 1. (b)):  

 (d) Calculate the transformation efficiency (transformants mg-1) using the number of colonies ÷ mass of DNA spread: 

2. What is the purpose of the -plasmid tube?  

3. Account for the differences between plate 1 and 2:  

4. How has plate 4 made counting the transformed colonies easier compared to plate 2?  

Plate 1:
No ampicillin -plasmid

Plate 2:
No ampicillin +plasmid

Plate 3:
Ampicillin -plasmid

Plate 4:
Ampicillin +plasmid

Results
The four agar plates are shown below: Transformed E.coli Untransformed E.coli
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Recognition sites for selected restriction enzymes

Enzyme Source Recognition sites

EcoRI Escherichia coli RY13 G A A T T C

HaeIII Haemophilus aegyptius G G C C

HindIII Haemophilus influenzae Rd A A G C T T

Hpal Haemophilus parainfluenzae G T T A A C

HpaII Haemophilus parainfluenzae C C G G 

MboI Moraxella bovis G A T C 

TaqI Thermus aquaticus T C G A

4. (a) A scientist uses HpaII to cut a length of DNA. State the recognition site for HpaII:  

 (b) Circle where on the DNA sequence below HpaII would cut the following DNA sequence:

  GTTAGGCCCGGCTAGCTTGACCAGTCCCGGGTCACAGTCTCTGACCCGGCTTTAGACACACTCCGGTTACTACCG

5. In 1988, the disease BLAD (Bovine Leukocyte Adhesion Deficiency) specific to Holstein cattle, was affecting the U.S. 
dairy industry. The disease was traced to the bull Osborndale Ivanhoe. The disease is recessive and two alleles are 
needed for its expression. The disease is caused by two mutations of the CD18 gene. One of the affected regions is 
shown below. The DNA of three individuals is shown: an unaffected individual, a carrier, and an affected individual. 

 

 (a) Use the restriction enzymes TaqI, HaeIII, and HpaII to "cut" the sequences. Write the length of the segments 
produced in the spaces below. 
[NOTE: TaqI cuts between T and C. HaeIII cuts between G and C. HpaII cuts between C and C]

 Taq1: Unaffected:  Carrier:  Affected:  

 HaeIII: Unaffected:  Carrier:  Affected:  

 HpaII: Unaffected:  Carrier:  Affected:  

 (b) On the gels below draw in the bands that would be seen for each individual for each restriction enzyme:

 

 (c) Decide which restriction enzyme(s) would be useful for identifying carriers of BLAD:  

DNA fragments for gel electrophoresis are produced by 
restriction digestion of DNA using restriction enzymes. 
Restriction enzymes are produced by bacteria as a 
method of eliminating foreign DNA. About 3000 different 
restriction enzymes have been isolated. Around 600 are 
commonly used in laboratories. 

Restriction enzymes are named according to the 
species they were first isolated from, followed by a 
number to distinguish different enzymes isolated from 
the same organism.

GTGACCTTCCGGAGGGCCAAGGGCTACCCCATCGGCCTGTACTACCTGATGGACCTCT

GTGACCTTCCGGAGGGCCAAGGGCTACCCCATCGGCCTGTACTACCTGATGGACCTCT

GTGACCTTCCGGAGGGCCAAGGGCTACCCCATCGACCTGTACTACCTGATGGACCTCT 

GTGACCTTCCGGAGGGCCAAGGGCTACCCCATCGGCCTGTACTACCTGATGGACCTCT

GTGACCTTCCGGAGGGCCAAGGGCTACCCCATCGACCTGTACTACCTGATGGACCTCT

GTGACCTTCCGGAGGGCCAAGGGCTACCCCATCGACCTGTACTACCTGATGGACCTCT

Unaffected

Affected

Carrier

Allele 1

Allele 1

Allele 1

Allele 2

Allele 2

Allele 2

HaeIIITaqI

UnaffectedUnaffectedUnaffected LadderLadderLadder

60 bp

40 bp

20 bp

10 bp

AffectedAffectedAffected CarrierCarrierCarrier

HpaII

500 bp

1000 bp

2500 bp

5000 bp

10,000 bp

20,000 bp

50,000 bp
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115

DNA is negatively charged because the 
phosphates (blue) that form part of the backbone 

of a DNA molecule have a negative charge.

T

G

A

C

(-ve)

(-ve)

(-ve)

(-ve)

1. The gel is placed in an electrophoresis 
chamber and the chamber is filled with 
buffer, covering the gel. This allows the 
electric current from electrodes at either 
end of the gel to flow through the gel.

2. DNA samples are mixed with a “loading 
dye” to make the DNA sample visible. The 
dye also contains glycerol or sucrose to 
make the DNA sample heavy so that it will 
sink to the bottom of the well.

3. The gel is covered, electrodes are 
attached to a power supply and turned on.

4. When the dye marker has moved through 
the gel, the current is turned off and the 
gel is removed from the tray.

5. DNA molecules are made visible by 
staining the gel with methylene blue or 
ethidium bromide which binds to DNA and 
will fluoresce in UV light.

6. The band or bands of interest are cut 
from the gel and dissolved in chemicals to 
release the DNA. This DNA can then be 
studied in more detail (e.g. its nucleotide 
sequence can be determined).

Steps in the process of gel 
electrophoresis of DNA

DNA solutions: Mixtures 
of different sizes of DNA 
fragments are loaded in 
each well in the gel.

DNA markers, a mixture of DNA 
molecules with known molecular weights 
(size) are often run in one lane. They 
are used to estimate the sizes of the 
DNA fragments in the sample lanes. The 
figures below are hypothetical markers 
(bp = base pairs).

Gel: A gel is prepared, which will act as a support 
for separation of the fragments of DNA. The gel is 
a jelly-like material, called agarose.

Wells: Holes are made in the 
gel with a comb, acting as a 
reservoir for the DNA solution.

Tray: The gel is 
poured into this tray 
and allowed to set.

Negative electrode (–)

5 lanes

Large 
fragments

Small 
fragments

Positive electrode (+)

DNA fragments move: The 
gel matrix acts as a sieve 
for the negatively charged 
DNA molecules as they move 
towards the positive terminal. 
Small fragments move easily 
through the matrix, whereas 
large fragments don't.
As DNA molecules migrate 
through the gel, large 
fragments will lag behind 
small fragments. As the 
process continues, the 
separation between larger and 
smaller fragments increases.

Gel Electrophoresis

1. What is the purpose of gel electrophoresis? 

2. Describe the two forces that control the speed at which fragments pass through the gel:

 (a)    

 (b)    

3. Why do the smallest fragments travel through the gel the fastest?  

Key Idea: Gel electrophoresis is used to separate DNA 
fragments on the basis of size.
Gel electrophoresis is a tool used to isolate DNA of interest 
for further study. It is also used for DNA profiling (comparing 
individuals based on their unique DNA banding profiles). DNA 
has an overall negative charge, so when an electrical current 
is run through a gel, the DNA moves towards the positive 
electrode. The rate at which the DNA molecules move through 

the gel depends primarily on their size and the strength of 
the electric field. The gel they move through is full of pores 
(holes). Smaller DNA molecules move through the pores 
more quickly than larger ones. At the end of the process, the 
DNA molecules can be stained and visualized as a series of 
bands. Each band contains DNA molecules of a particular 
size. The bands furthest from the start of the gel contain the 
smallest DNA fragments. 
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Students are introduced to the methods involved in 
bacterial transformation using the uptake of green 
fluorescent protein (gfp) and ampicillin genes by 
E.coli as an example. 

Applications
 f This activity provides students with the 

background needed to understand how to carry 
out their own bacterial transformation.

 f Targeted questions about the results require 
students to analyze the data and determine if 
the transformation has been successful. 

 f Students can practice the mathematical 
skills required to successfully complete this 
investigation (e.g. calculation of transformation 
efficiency).

Where to next?
 f Students can apply their theoretical knowledge 

of transformation to designing their own 
experiments and analyzing their results.  

 f Transformation can be explored in more depth. 
For example they may wish to investigate 
the ability of the transformed gene to induce 
mutation using an observable phenotype as 
the basis of their investigation. The effect of 
environment on transformation may also be 
explored.

 f Students can research the ethical, social, 
or medical issues raised by transformation. 
Students can hold a debate or write a balanced 
article based on scientific fact surrounding the 
topic (e.g. are GM foods safe to eat?).

This activity provides background information on 
gel electrophoresis and restriction enzymes, two 
techniques students need to know about in order to 
complete investigation 9.

Applications
 f This activity provides an introduction to gel 

electrophoresis and restriction enzymes. 
It provides students with the background 
knowledge they require before carrying out their 
own practical investigation.

 f Students must make the connection that the 
properties of DNA (i.e. its overall negative 
charge) can be used to separate DNA via gel 
electrophoresis.

 f A range of profiles produced using different 
restriction enzymes allows students to practice 
analyzing gels and reinforces that different 
restriction enzymes cut in different places. 

Where to next?
 f Students can research the uses of these 

techniques. They should realize they are used 
for more than just crime scene analysis (e.g. 
determining the composition of food, tracing 
the source of food, determining paternity, and 
analyzing for the presence of an inherited 
disorder).

 f This investigation provides an opportunity 
to discuss the social and ethical issues 
surrounding the technique.
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Calculating energy flow from producers to primary consumers 
Secondary production is the generation of primary consumer (heterotrophic) biomass in a system. In this experiment, students 
determined the net secondary production and respiratory losses using 12 day old cabbage white larvae feeding on Brussels 
sprouts. Of the NPP from the Brussels sprouts that is consumed by the larvae, some will be used in cellular respiration, some will be 
available to secondary consumers (the net secondary production) and some will be lost as egested waste products (frass).

The method
 f The wet mass of ten, 12 day old larvae, and approximately 30 g  

Brussels sprouts was accurately measured and recorded.

 f The larvae and Brussel sprouts were placed into an aerated container. 
After three days the container was disassembled and the wet mass of 
the Brussels sprouts, larvae, and frass was individually measured and 
recorded.

 f The Brussels sprouts, larvae and frass were placed in separate 
containers and placed in a drying oven and their dry mass was recorded.

Table 3: Brussels sprouts

Day 1 Day 3

Wet mass of Brussels sprouts 30 g 11 g g consumed  = 

Dry mass of Brussels sprouts _ 2.2 g

Plant proportion biomass (dry/wet) 

Plant energy consumed
(wet mass x proportion biomass x 18.2 kJ)

kJ consumed 
per 10 larvae = 

Plant energy consumed ÷ no. of larvae
kJ consumed 
per larva (E) = 

Table 4: Caterpillars (larvae)

Day 1 Day 3

Wet mass of 10 larvae 0.3 g 1.8 g g gained  = 

Wet mass per larva
g gained 
per larva = 

Dry mass of 10 larvae _ 0.27 g

Larva proportion biomass (dry/wet) 

Energy production per larva
(wet mass x proportion biomass x 23.0 kJ)

kJ gained 
per larva (S) = 

Table 5: Frass

Day 3

Dry mass frass 
from 10 larvae

0.5 g

Frass energy (waste) 
= frass dry mass x 19.87 kJ

Dry mass frass 
from 1 larva (W)

10.  Complete the calculations in tables 3-5 above. 

11. (a) Write the net secondary production per larva value here:  

 (b) Write the equation to calculate the percentage efficiency of energy transfer from producers to consumers (use the 
notation provided) and calculate the value here:  

 (c) Is this value roughly what you would expect? Explain:  

12. (a) Write the equation to calculate respiratory losses per larva (use the notation provided):  

 (b) Calculate the respiratory losses per larva here:  

13. Why can't we measure the actual dry biomass of Brussels sprouts and larvae on day 1?  

Note: We assume the % biomass of Brussels 
sprouts and caterpillars on day 1 is the same 
as the calculated value from day 3. 

Cabbage white caterpillar (larva)

93

©2017 BIOZONE International 
ISBN: 978-1-927309-65-0 
Photocopying Prohibited

Time  
(min)

0 3 6 9 12 15 18 21 24 27 30
Treatment

Ambient 0 2 5 8 12 17 22 28 32 36 42

Wind 0 2.5 54 88 112 142 175 208 246 283 325

High humidity 0 2 4 6 8 11 14 18 19 21 24

Bright light 0 2.1 42 70 91 112 141 158 183 218 239

Table 2. Potometer readings in mL3 water loss

9. (a) Plot the potometer data from Table 2 on the grid provided: 
 
 (b) Identify the independent variable:  

10. (a) Identify the control:  

 (b) Explain the purpose of including a control in an experiment:  

 (c) Which factors increased water loss?  

 (d) How does each environmental factor influence water loss?  

 (e) Explain why the plant lost less water in humid conditions:  

Investigation 2
A second investigation focused on the effect of the environment on transpiration rate in one species of plant. Conditions investigated 
were ambient conditions (still, 20°C, indirect lighting), wind, direct bright light, and high humidity. This time a potometer fitted with a 
very thin graduated pipette (0.01-0.5 mL) was used to measure the water loss. The results are shown in the table below.
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2. Calculate percent biomass using the equation: % biomass = dry mass ÷ wet mass  x 100. Enter the values in Table 1.

3. Each gram of dry biomass is equivalent to 18.2 kJ of energy. Calculate the amount of energy per 10 plants and per plant 
for plants at 7, 14, and 21 days. Enter the values in Table 1.

4. Calculate the Net Primary Productivity per plant, i.e. the amount of energy stored as biomass per day (kJ plant-1 d-1). 
Enter the values in Table 1. We are using per plant in this exercise as we do not have a unit area of harvest.

5. The other 6 groups of students completed the same procedure and, at the end of the 21 days, the groups compared 
their results for NPP. The results are presented in Table 2, below.

 Transfer group 1's NPP results from Table 1 to complete the table of results and calculate the mean NPP for B. rapa.

Table 1: Group 1's results for growth of 10 B. rapa plants over 21 days

Age in days
Wet mass of 
10 plants (g)

Dry mass of 
10 plants  (g)

Percent 
biomass

Energy  in 10 
plants (kJ)

Energy per 
plant (kJ)

NPP 
(kJ plant-1 d-1)

7 19.6 4.2

14 38.4 9.3

21 55.2 15.5

Time in 
days (d)

Group NPP (kJ plant-1 d-1)

1 2 3 4 5 6 7 Mean NPP

7 1.05 1.05 1.13 1.09 1.13 1.09

14 1.17 1.21 1.25 1.21 1.25 1.17

21 1.30 1.34 1.30 1.34 1.38 1.34

Table 2: Class results for NPP of B. rapa over 21 days

6. On the grid (right), plot the class mean NPP vs time.

7. (a) What is happening to the NPP over time?

 (b) Explain why this is happening:  

8. What would you need to know to determine the gross 
primary productivity of B. rapa?

9. Net production in consumers (N), or secondary production, can be expressed as N = I - (F+R). Red meat contains 
approximately 700 kJ per 100 grams. If N = 20% of the energy gain (I), how much energy is lost as F and R?

0
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4. Complete the table by calculating the transpiration rate and total number of stomata per mm2 for each plant in table 1:

5. (a) Which plant has the highest transpiration rate?  

 (b) Which plant has the lowest transpiration rate?  

6. (a) Which plant has the highest stomatal density?  

 (b) Which plant has the lowest stomatal density?  

7. (a) Is there a relationship between the number of stomata per mm2 and the transpiration rate? 

 (b) Explain your answer:  

8. (a) Where are the majority of stomata located In a typical dicot leaf?  

 (b) Suggest why this might be the case:  

3. Write a hypothesis for the investigation:  

The aim

To evaluate the relationship between transpiration rate and 
stomatal density by examining a variety of plant species.

Background

Plants lose water all the time by evaporation from the leaves 
and stem. This loss, mostly through pores in the leaf surfaces, 
is called transpiration. Despite the adaptations of plants to 
reduce water loss (e.g. waxy leaf cuticle), 99% of the water 
a plant absorbs from the soil is lost by evaporation. Different 
species of plant are adapted to different physical conditions. 
These conditions may affect the number of stomata per mm2 
of leaf and the transpiration rate of the plant.

The method

Six plant species from a range of habitats were chosen for use. 
The stems of several specimens of each species were cut while 
submerged and set up in a potometer similar to that described 
on the previous page but with a larger capacity. The temperature 
was measured at 21°C. The plants were left to transpire in still 
air at 70% relative humidity for 2 hours and the volume of water 
transpired was recorded. The surface area of the leaves was 
also determined as was the number of stomata per mm2.

Table 1: Water loss in various plant species over 2 hours

Investigation 1

Total leaf 
area (cm2)

Total water 
lost (mL)

Transpiration 
rate  

(mL cm-2 h-1)

Number of 
stomata per mm2  

upper surface

Number of 
stomata per mm2  

lower surface

Total number 
of stomata 
per mm2

Sunflower: 
Helianthus annus

2000 6081 71 172

Busy Lizzie: 
Impatiens sultani

620 3017 29 143

Geranium:
Pelargonium zonale

3800 3721 19 52

Garden bean:
Phaseolus vulgaris

1340 4147 40 250

Caster oil plant:
Ricinus communis

860 3609 52 121

Corn:
Zea mays

4100 6402 60 101

A simplified ecosystem model is presented for 
students to study energy dynamics in ecosystems. 
In the first part of this activity students calculate net 
primary productivity in fast growing Brassica rapa 
plants. The focus of the second part of the activity 
is on calculating the efficiency of energy transfer 
from producers to consumers.

Applications
 f The simplified ecosystem model provides 

students with ample opportunity to practice the 
mathematical calculations and data analysis 
required to complete their own investigation.

 f If time is short, the data provided can be used 
in place of the student's own investigation, or if 
their own investigation fails (e.g. caterpillars or 
plants die).

Where to next?
 f Students struggling with the concept could use 

an analogy, such as a simple financial budget, 
to help consolidate the principles. Money, like 
energy, is a limited commodity and must be 
budgeted to meet all our needs (e.g. what 
proportion is allocated to food, heating, etc).

 f Students could manipulate the model system 
to determine how changes in the environment 
(e.g. increased temperature) affect energy flow.

This activity prepares students to carry out their own 
investigation into plant transpiration. Introductory 
information is followed by two investigations. The first 
looks at the effect of stomatal density on transpiration 
rate. The second investigation looks at how 
environmental factors can effect transpiration rate in 
one species of plant.

Applications
 f Completing this activity will help students plan 

their own transpiration investigation; what 
questions do they need to ask, what equipment 
is needed, how will data be measured and 
recorded?

 f Background information includes how to set up a 
potometer and calculation of stomatal density. 

 f Practice is gained over a range of skills including 
microscopy, measurement, mathematics, 
graphing, and data analysis.

 f The data provided can be used in place of 
the student's own investigation, or if their own 
investigation fails to produce valid data.

Where to next?
 f Students can revise their method and suggest 

how it could be improved.

 f Students can make predictions about the 
transpiration rates of two different types of plant 
(e.g. xerophyte vs mesophyte) and design an 
experiment to test their hypothesis.

 f Students can investigate how the opening and 
closing of stomata is controlled (e.g. role of 
potassium and abscisic acid).

BIG IDEA 4: INTERACTIONS

DATA 
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Investigating Trophic Efficiencies243

1. The energy budgets of two agricultural systems (4000 m2 area) were 
measured over a growing season of 100 days. The results are tabulated right. 

 (a) For each system, calculate the percentage efficiency of energy utilization 
(how much incident solar radiation is captured by photosynthesis):

 
  Corn:  

  Mature pasture:  

 (b) For each system, calculate the percentage losses to respiration:

  Corn:  

  Mature pasture:  

 (c) For each system, calculate the percentage efficiency of NPP:

  Corn:  
 

  Mature pasture:  

 (d) Which system has the greatest efficiency of energy transfer to biomass?  

Corn 
field

Mature 
pasture

kJ x 106 kJ x 106

Incident solar 
radiation

8548 1971

Plant utilization

Net primary 
production (NPP)

105.8 20.7

Respiration (R) 32.2 3.7

Gross primary 
production (GPP)

138.0 24.4

Background  

Brassica rapa (right) is a fast growing brassica species, which can complete its life cycle in 
as little as 40 days if growth conditions are favorable. A class of students wished to estimate 
the gross and net primary productivity of a crop of these plants using wet and dry mass 
measurements made at three intervals over 21 days.

The method

 f Seven groups of three students each grew 60 B. rapa plants in plant trays under 
controlled conditions. On day 7, each group made a random selection of 10 plants 
and removed them, with roots intact. The 10 plants were washed, blotted dry, and then 
weighed collectively (giving wet mass).

 f The 10 plants were placed in a ceramic drying bowl and placed in a drying oven at 200°C 
for 24 hours, then weighed (giving dry mass).

 f On day 14 and again on day 21, the procedure was repeated with a further 10 plants 
(randomly selected).

 f The full results for group 1 are presented in Table 1 on the next page. You will complete 
the calculation columns.

Estimating NPP in Brassica rapa

Production vs productivity: What's 
the difference?
Strictly speaking, the primary production of 
an ecosystem is distinct from its productivity, 
which is the amount of production per unit 
time (a rate). However because values for 
production (accumulated biomass) are 
usually given for a certain period of time in 
order to be meaningful, the two terms are 
often used interchangeably. 

Corn field Mature pasture

CONNECT

14
AP2

Key Idea: The efficiency of energy transfers in ecosystems 
can be quantified if we know the amount of energy entering 
and leaving the different trophic levels.
The gross primary production of any ecosystem will be 
determined by the efficiency with which solar energy is 
captured by photosynthesis. The efficiency of subsequent 

energy transfers will determine the amount of energy 
available to consumers. These energy transfers can be 
quantified using measurements of dry mass. In this activity, 
you will calculate energy and biomass transfers in real and 
experimental systems. This analysis will help you to more 
easily plan and carry out your own investigation (AP #10). 

PRACTICESPRACTICESPRACTICES PRACTICES
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Key Idea: Factors affecting the rate of transpiration from 
leaves, including physical factors and features of the leaves 
themselves, can be investigated using a potometer. 
Different kinds of plants have different shape and sizes 

of leaves. Comparing their rate of transpiration requires a 
comparison of the leaf area and the number of stomata per 
square centimeter. The volume of water transpired can be 
measured using a potometer.

Rubber bung

1 mL pipette

Sealed with 
petroleum jelly

The progress of an 
air bubble along the 
pipette is measured 
after 2 hours.

Fresh, 
leafy shoot

Clamp stand

Flask filled 
with water

The potometer
A potometer is a simple instrument for investigating 
transpiration rate (water loss per unit time). The equipment 
is simple to use and easy to obtain. A basic potometer, 
such as the one shown right, can easily be moved around 
so that transpiration rate can be measured under different 
environmental (physical) conditions.

Physical factors that can affect transpiration rate include:

 f Humidity or vapor pressure (high or low)

 f Temperature (high or low)

 f Air movement (still or windy)

 f Light level (high or low)

 f Water supply

It is also possible to compare transpiration rates in plants 
with different adaptations, e.g. comparing transpiration 
rates in plants with rolled leaves vs rates in plants with 
broad leaves. If possible, experiments like these should 
be conducted simultaneously using replicate equipment. If 
conducted sequentially, care should be taken to keep the 
environmental conditions the same for all plants used.

Investigating Plant Transpiration64

Measuring leaf area
Leaf area can be measured by tracing the leaves onto 
graph paper and counting the squares, or by tracing or 
photocopying the leaves onto a paper of a known mass 
per area, then cutting out the shapes and weighing them. 
For both methods, multiply by 2 for both leaf surfaces.

Determining the number of stomata per mm2

The number of stomata per mm2 on the surface of a leaf 
can be determined by counting the stomata visible under a 
microscope. Painting clear nail polish over the surface of a 
leaf and leaving it to dry creates a layer with impressions of 
the leaf surface. This can be peeled off and viewed under the 
microscope to count stomata (below).

Calculating SA by mass:
Photocopying leaves onto paper with a known gsm (grams per 
square meter) allows you to calculate the surface area from the 
mass of paper they cover. 

Calculating SA by leaf trace method:
Count entire squares covered by the leaf. Estimate the area of the 
partial squares by counting those that are at least half covered by 
the leaf and disregarding those that are less than half covered.

1. (a) Determine the area of the leaf traced onto the blue grid above:  

 (b) Twenty leaves from plant A were taped to paper and photocopied on to 80 gsm paper. The shapes were cut out and 
weighed on a digital balance. The total weight of shapes was 3.21 grams. Calculate the surface area of the leaves.

2. Calculate the number of stomata per square millimeter in the microscope view of the leaf above:

1 cm

1 cm

1.1 mm

WEB
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Designing an investigation: fruit flies

Students wanted to investigate at which stage 
of ripeness bananas were the most attractive 
to fruit flies, Drosophila melanogaster.

5. Where will the bananas be place in the choice chamber?  

6. What range of ages of bananas would be suitable to investigate?  

7. What number of bananas (separate investigations) should be carried out?  

8.  Write a method that would allow you to determine the age of the banana that is most attractive to fruit flies:

9. The results for a trial between 0 and 10 day old bananas are shown below:

 (a) Which banana appeared the most attractive to the fruit flies?  

 (b) A student suggested that the sex of the flies might make a difference to their choice of banana ripeness. How could 
you test this?

10. As a group, discuss how the method and the design of the choice chamber could be improved. Draw and label your 
design and attach it to the page. HINT: Think about the accuracy of counting.

Time (minutes)
Position in chamber (number of fruit flies)

End with 10 day old banana Middle End with 0 day old banana

1 21 18 21

10 45 3 12

Choice chamber made from soft drink bottles

They used a choice chamber made of two clear bottles end 
to end. Bananas of known age were used to determine the 
age of the banana that was most attractive. Bananas were 
purchased green and designated day 0. The age of the 
banana was determined from this date as they ripened.
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 (b) No color change was recorded at pH 10. Explain why and relate this finding to the enzyme's structure and the way it 
interacts with its substrate: 

3. The color palette (opposite) shows the relative amounts of tetraguaiacol formed when oxygen binds to guaiacol. How can 
this be used to determine enzyme activity?

4.  In the pH experiment, the students measured the rate of enzyme activity by comparing their results against a color 
palette. How could they have measured the results quantitatively?

5. How might the results be affected if the students did not begin timing immediately after mixing the enzyme and substrate 
tubes together?

6.  Why is peroxidase written above the arrow in the equation for enzymatic breakdown of H2O2?   

7. Using the information provided, design an experiment to test the effect of concentration of turnip peroxidase on oxygen 
production. In the space below, summarize your method as step by step instructions. Note how you will record and 
display the data as well as any limitations or sources of potential error with your design:

PRAC 
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Choice Chamber Investigations153
Key Idea: Choice chambers are a simple way to investigate 
animal behaviors, including simple orientation behavior.
Choice chambers are a simple way to investigate behavior 
in animals. A simple choice chamber consists of two distinct 

areas enclosing opposing environments, e.g. warm and 
cool, dry and humid, light and dark. Animals are placed in 
the middle of the chamber and given time to move to their 
preferred area before numbers in each chamber are counted.

Background
Students carried out two investigations on woodlice. The first 
was to determine woodlouse preference for light or dark. The 
second was to test preference for warm or cool environments.

Aim: investigation 1
To investigate if woodlice prefer a light or dark environment.

The method
A choice chamber was set up using two joined petri dishes, 
one painted black, the other left clear. The chamber was kept 
at room temperature (21°C). Ten woodlice were placed into 
the joining segment of the chamber and left for ten minutes 
to orientate themselves. The numbers of woodlice in each 
chamber were then recorded. The experiment was carried out 
a total of four times.

Results

Number of woodlice in chamber

Trial Dark Light

1 7 3

2 9 1

3 8 2

4 9 1

Results

Number of woodlice in chamber

Trial Warm Cool

1 2 8

2 3 7

3 2 8

4 1 9

Light Cool (14°C)Dark Warm (27°C)

1. (a) Write a hypothesis for investigation 1:  

 (b) Write a hypothesis for investigation 2:  

2. For each investigation, what would you expect if there was no difference in choice of environment by the woodlice? 

3. How would you determine if the results for each investigation were significant?   

4. Describe one way to improve investigation 1:  

Aim: investigation 2
To investigate if woodlice prefer a warm or cool environment.

The method
A choice chamber was set up painted entirely black. One side 
was heated to 27°C by placing a heat pad underneath. The 
other side was kept cool at 14°C by placing a towel soaked in 
cool water around the chamber. Ten woodlice were placed into 
the joining segment of the chamber and left for ten minutes to 
orientate. The numbers of woodlice in each chamber were then 
recorded. The experiment was carried out a total of four times.
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Investigating Enzyme Activity26
Key Idea: The factors affecting peroxidase activity can be 
measured using the indicator guaiacol.
Enzymes control all the metabolic activities required to 
sustain life. Changes to environmental conditions (e.g. pH or 
temperature) may alter an enzyme's shape and functionality. 

This may result in decreased activity or complete loss of 
activity if the enzyme is denatured. In this activity you will 
use the information provided and your own understanding 
of enzymes to design an experiment to investigate factors 
affecting enzyme activity.

Background
Peroxidase breaks down hydrogen peroxide (H2O2), a toxic 
metabolic by-product of respiration, into water and oxygen. 

Like all enzymes, peroxidase activity is highest within specific  
ranges of pH and temperature, and activity drops off or is halted 
altogether when the conditions fall outside of the optimal range. 
The conversion of H2O2 is also influenced by other factors such 
as the levels of substrate and enzyme.

The effect of turnip peroxidase on H2O2 breakdown can be 
studied using the indicator guaiacol. Guaiacol has a high 
affinity for oxygen. In solution, guaiacol binds oxygen and forms 
tetraguaiacol, which is a brown color. The greater the amount 
of oxygen produced, the darker brown the solution becomes 
(right). The color palette provides a standard way to measure 
relative oxygen production (and therefore peroxidase activity). 

Students examined the effect of pH on peroxidase 
activity using the following procedure: 
 

 f Substrate tubes were prepared by adding 
7 mL of distilled water, 0.3 mL of  0.1% H2O2 
solution, and 0.2 mL of prepared guaiacol 
solution into 6 clean test tubes. The tubes were 
covered with parafilm and mixed.

 f Enzyme tubes were prepared by adding 
6.0 mL of prepared buffered pH solution (pH 
3, 5, 6, 7, 8, 10) and 1.5 mL of prepared turnip 
peroxidase solution into 6 clean test tubes. The 
tubes were covered with parafilm and mixed.

 f The substrate and enzyme tubes were 
combined, covered in parafilm, mixed and 
placed back into a test tube rack at room 
temperature. Timing began immediately. 
Students took photos with their phones 
to record the color change (relative to the 
reference color palette) every minute from time 
0-6 minutes. Results are provided in Table 1.

Water + OxygenHydrogen peroxide
Peroxidase

Increasing levels of oxygen production over time (minutes)

The students were provided with a reference color palette 
(above) against which to compare their results. The palette 
was produced by adding a set amount of peroxidase to a 
solution containing hydrogen peroxidase and water. The color 
change was measured after set time points (0-6 minutes).

10 2 3 4 5 6

Determining the effect of pH on peroxidase activity

Table 1. Effect of pH on peroxidase activity

Color reference number

0 min 1 min 2 min 3 min 4 min 5 min

pH 3 0 2 2 3 3 3

pH 5 0 2 4 5 6 6

pH 6 0 3 3 3 3 3

pH 7 0 3 4 4 4 4

pH 8 0 3 3 3 3 3

pH 10 0 0 0 0 0 0

1.  Graph the students' results on the grid (right).

2. (a) Describe the effect of pH on peroxidase activity:

PRACTICES PRACTICES PRACTICESPRACTICES

The background information in this activity 
introduces students to the concept of a choice 
chamber and how they can be used to test an 
organism's preference for certain environmental 
conditions. In the second part of the activity, a 
series of questions prompts students to think about 
how they would design their own choice chamber 
experiment to test fruit fly preference for banana at 
various stages of ripeness.

Applications
 f Ideally this activity should be completed before 

students attempt their own investigation. It 
provides valuable insight into the design, set-up, 
and use of choice chambers, and prompts the 
students to consider possible challenges and 
how these can be overcome. 

 f The data provided allows students to practice 
analyzing results and understand their meaning.  

 f Students can use this activity to plan their 
own choice chamber investigation. The design 
can be peer reviewed and then approved by a 
teacher before it is carried out.

Where to next?
 f Students can extend their skills by designing 

an investigation to test the behavior in another 
organism (e.g. mealworm, ladybug, or housefly). 
They can carry it out if time permits.

In this activity, students explore the influence of 
biotic and abiotic factors on the activity of turnip 
peroxidase. In the first section, students are 
provided with a guided example exploring the effect 
of pH on enzyme activity. They apply the knowledge 
gained from this (and their own understanding of 
enzyme activity) to design their own investigation. 

Applications
 f The guided example (effect of pH on turnip 

peroxidase activity) is intended as a guide for 
students planning their own investigation.

 f The second hand data provides an opportunity 
to practice graphing and analytical skills.

 f By analyzing the example, students are 
encouraged to think about how the method 
can  be improved to obtain better results, and 
include the refinements in their own design.

 f Students plan their own investigation to test the 
effect of enzyme concentration on reaction rate. 
This can be used as the basis for planning their 
own investigation. The experiment could be 
designed for other factors such as temperature 
and substrate concentration if desired. 

 Where to next?
 f Students might want to research the literature 

about the optimal conditions for turnip 
peroxidase and compare these with their own 
results. Can they account for any differences? 

 f How do abiotic factors influence structural 
integrity? How does this affect functionality?

 f How do biotic factors (e.g. inhibitors) influence 
peroxidase activity? How do these affect 
functionality?
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Supporting Resources: Carolina Investigations® Series
 fBIOZONE's student books for AP® Biology contain many activities designed to support the 13 practical investigations 
outlined in the 'AP® Biology Investigative Labs'.Their intention is to prepare students to design and carry out their own 
investigations, but they are not wet labs. However, BIOZONE's supporting partner, Carolina Biological Supply 
(www.carolina.com), provides a variety of tools and equipment to support the practical requirements of AP® Biology. 

 fThe current AP® Biology program does not limit students to a specific set of investigations, so teachers can address the 
practical components of the course using labs that fit their classroom and their students’ interests. Carolina offers unique 
kits and activities exclusively designed for the AP® curriculum. The Carolina Investigations® series is specifically aligned to 
the Big Ideas and Science Practices, and was built from the ground up with the help of expert AP® teachers. The kits are 
designed to meet the requirements of the new AP® Biology curriculum and focus on making inquiry in the classroom easier 
for students and teachers. 

 fEach kit features activities that allow students to take a guided approach to inquiry while building their science practices and 
connecting the Big Ideas. Each kit offers an initial skill-building activity that features a more traditional classroom approach, 
followed by a secondary investigation that utilizes a unique experimental design template to help guide invaluable student-
driven, inquiry-based learning opportunities. For information, type the product code into the website's search function.

BIG IDEA 1: EVOLUTION

Carolina Investigations® for AP® Biology: Origin of Life

Students learn about various scientific models concerning the origin 
of life and then extend their knowledge through hands-on inquiry and 
exploration. This lab challenges students to explore the origin of life 
by creating coacervate-phospholipid vesicles similar to those created 
in the laboratory of Alexander Oparin in the 1920s. Students then 
design an additional experiment to investigate the impact of various 
environmental factors on coacervate formation and movement.

Item number: 747500

Carolina Investigations® for AP® Biology: Population Genetics and Evolution

Using direct counting, students calculate the allele frequency of 
traits such as stem and leaf type in a population of Wisconsin Fast 
Plants®. They compare the results with the calculated allele frequency 
determined by applying the Hardy-Weinberg equilibrium model. 
Students then design their own experiment to prove the model.

Item number: 747510

Carolina Investigations® for AP® Biology: Natural Selection

Students investigate natural selection using brine shrimp. After 
quantifying brine shrimp hatch rates in environments of different 
salinity to determine viability, students investigate other environmental 
changes that might affect viability and change the population.

Item number: 747520



23

© 2017 BIOZONE International

Carolina Investigations® for AP® Biology: Cell Respiration

Students construct respirometers to create closed systems for 
measuring relative oxygen consumption. They extend this learning 
into their own investigations, during which they can manipulate 
environmental variables and compare the respiration rates of various 
seeds.

Item number: 747600

Carolina Investigations® for AP® Biology: Transpiration

Students explore transpiration by using a potometer to measure 
water loss in bush bean seedlings. Then, to extend their new 
knowledge of transpiration, students design an investigation into the 
various environmental factors that affect plant transpiration rate.

Item number: 747610

Carolina Investigations® for AP® Biology: Plant Pigments and Photosynthesis

Understanding the process of photosynthesis and the pigments 
involved has never been easier. Using chromatography, students 
separate plant pigments from their own samples and then identify 
them based on Rf values. Continuing their exploration, students 
then study the impact of various environmental factors on the 
photosynthesis reaction rates in different plants using DPIP indicator 
solution and a spectrophotometer.

Item number: 747800

Carolina Investigations® for AP® Biology: Physiology of the Circulatory System

Students use Daphnia and Casper Fish™ to observe the differences 
between open and closed circulatory systems. In the inquiry activity, 
students monitor Daphnia’s heart rate to investigate the organism’s 
response to various environmental changes.

Item number: 747620

BIG IDEA 2: CELLULAR PROCESSES: ENERGY AND COMMUNICATION
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Carolina Investigations® for AP® Biology: Transformation

Students discover and explore the process of transformation, 
a key technique in genetic engineering. They perform a classic 
transformation activity, to build background knowledge regarding 
plasmid function, genotype/phenotype connection, and antibiotic 
resistance. Using proper sterile technique and inquiry, students then 
design a new experiment to distinguish between 3 different plasmids 
and determine their gene function.

Item number: 747730

Carolina Investigations® for AP® Biology: Electrophoresis and Simulated Genetic Screen

Students learn how to perform gel electrophoresis as they begin to 
understand the roles of restriction enzymes, genetic inheritance, and 
polymerase chain reaction (PCR) in this key genetic engineering 
process. Following their initial experimentation, students dive deeper 
into the activity by working to optimize the technique and completing 
a simulated genetic screen.

Item number: 747710

Carolina Investigations® for AP® Biology: Exploring Mendelian Genetics

Students uncover and experience the mechanism of Mendelian 
genetics hands on with Wisconsin Fast Plants®. Using Fast Plants® 
seedlings, students germinate F1 and F2 generations of a population 
to learn about the inheritance of traits, including stem color and 
length. After drawing conclusions about inheritance in the population, 
students are tasked with using inquiry to determine the genotype of 
an unknown sample of Fast Plants® seed.

Item number: 747720

Carolina Investigations® for AP® Biology: Cell Communication

Students put their microscopy skills to the test as they use sterile 
technique to investigate the life cycle of yeast cells. As they build 
an understanding of the yeast life cycle, they delve deeper into the 
process of yeast reproduction. Students then culture and mix 2 
strains of yeast and observe the role pheromones play in the cell 
communication. Students further investigate mating pheromone 
communication by designing individual experiments using both 
a-factor and alpha-factor yeast cells.

Item number: 747740

Carolina Investigations® for AP® Biology: Quantitative Analysis and Statistics

This advanced kit, which reinforces data analysis, visualization, and 
statistical evaluation skills, is a great opener or end-of-year review for 
your AP® Biology class. The optional pre-lab inquiry, when students 
test a hypothesis during a demonstrated magic trick, emphasizes 
to students the value of statistics when applied to hypothesis 
testing. Next, students complete any or all of 3 guided-inquiry-based 
activities, using genetic corn to reinforce Mendelian genetics and 
chi-square test for fit.

Item number: 747805

BIG IDEA 3: GENETICS AND INFORMATION TRANSFER
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Carolina Investigations® for AP® Biology: Animal Behavior

Students set up a choice experiment to determine the food 
preferences of Brassica larvae. Results are collected and quantified, 
and their significance is determined using chi-square analysis. 
Applying these techniques, students pose proximate and ultimate 
questions about other Brassica larvae behaviors and design an 
experiment to answer the questions.

Item number: 747700

Carolina Investigations® for AP® Biology: Species Interactions

Help your students make a big picture connection across 
communities and populations by characterizing food webs and 
other factors, such as predation and abiotic factors. Students 
master the Winkler titration method for measuring dissolved 
oxygen concentrations. Using this tool, they measure dissolved 
oxygen fluctuations to assess the relationships between species 
in an aquatic food chain (Daphnia, Chlorella, and Hydra). After 
understanding the dynamics of the aquatic food chain, students 
introduce new variables to design their own experiment using the 
producers and consumers

Item number: 747810

Carolina Investigations® for AP® Biology: Evolving Enzymes

Students explore in-depth the interactions of enzymes and substrates 
through this hands-on activity that helps them understand enzyme 
kinetics. After investigating the relationship between enzymes and 
substrates, students conduct a bioinformatics analysis to explore 
the evolutionary relationship of catalase in 4 different species. 
Combining their earlier lab experiences, students then design their 
own investigations focused on exploring the impacts of environmental 
conditions on catalase and/or the activity of catalase from various 
enzyme sources.

Item number: 747820

Carolina Investigations® for AP® Biology: Primary Consumer Energy Flow

As an alternative to measuring energy flow through primary 
productivity, students measure the transfer of energy at a higher 
trophic level and modify environmental conditions to explore their 
effects on energy consumption. In this lab, Vanessa cardui (painted 
lady butterfly) larvae, representing a primary consumer, feed on 
a growth medium that represents a primary producer. Students 
investigate how efficiently developing butterflies convert food into 
body mass. They then analyze results, calculate efficiency, and build 
food chains by constructing ecological pyramids.

Item number: 181079

BIG IDEA 4: INTERACTIONS
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Addressing the Science Practices
The AP Biology Science Practices are addressed in context throughout AP Biology 1 & 2.  As students progress through their 
program of work, they can identify the Science Practices associated with each activity by the picture tab system at the bottom 
of the activity page. Activities relating to the specific Science Practices are identified in the tables on the following pages.

Practice 
number

Practice description Activity number in AP1 Activity number in AP2

1.1 The student can create representations 
and models of natural or man-made 
phenomena and systems in the domain.

66, 77, 100, 138, 145, 174, 
189, 240, 256

125, 126, 132, 178, 180-181, 
210, 212, 226

1.2 The student can describe representations 
and models of natural or man-made 
phenomena and systems in the domain.

2, 28, 40, 51, 52, 54, 
77,100, 104, 106, 129, 154, 
179, 264, 277, 278

21, 125, 126, 132, 166 
(bonus content), 178, 185-
186, 205, 208, 210, 212, 226, 
259

1.3 The student can refine representations 
and models of natural or man-made 
phenomena and systems in the domain.

66, 210 21, 23, 104, 190, 210, 226, 
241, 259-260

1.4 The student can use representations and 
models to analyze situations or solve 
problems qualitatively and quantitatively.

51, 52, 54, 66, 72, 77, 100, 
134, 138, 169, 172, 176, 
179, 197, 210, 248

5, 6, 107, 205, 208, 210, 212, 
226, 241, 259-260

1.5 The student can reexpress key elements 
of natural phenomena across multiple 
representations in the domain.

77, 106, 179, 213 93, 135, 157, 213, 236, 237, 
248, 249, 266, 274

SCIENCE PRACTICE 1
Use representations and models to communicate scientific phenomena and solve scientific problems. Includes creating, 
describing, refining, and using representations and models of natural or man-made phenomena and systems.

PRACTICES

Practice 
number

Practice description Activity number in AP1 Activity number in AP2

2.1 The student can justify the selection of a 
mathematical routine to solve problems.

8, 16, 20, 49, 211-213, 223 11, 18, 26, 197, 203

2.2 The student can apply mathematical 
routines to quantities that describe natural 
phenomena.

3, 6-10,16-19, 42-43, 48-49, 
67, 69, 156-157, 184-185, 
211-213, 215, 221, 223, 235

9, 11, 23, 32-33, 64, 105, 
114, 194, 197-198, 200-203, 
205, 207-208, 212-213, 226, 
229, 239, 241, 243, 256-257, 
271

2.3 The student can estimate numerically 
quantities that describe natural 
phenomena.

6 23, 208

SCIENCE PRACTICE 2
Use mathematics appropriately, including justifying the use of mathematical routines, applying mathematical routines, 
and making numerical estimates.

PRACTICES

SCIENCE PRACTICE 3
Engage in scientific questioning to extend thinking or to guide investigations, including posing, refining, and 
evaluating scientific questions.

Practice 
number

Practice description Activity number in AP1 Activity number in AP2

3.1 The student can pose scientific questions. 1, 43, 63, 79, 122, 135, 138, 
162, 185, 250, 254

18, 64, 153

3.2 The student can refine scientific 
questions.

38, 115,135, 185, 229 26,153, 225, 229, 259

3.3 The student can evaluate scientific 
questions.

38, 43, 63, 65, 100, 115, 119, 
122-125, 131, 135, 138, 
185, 229,  276, 278

18, 26, 64, 153, 201, 241, 
243, 258-260

PRACTICES



27

© 2017 BIOZONE International

Practice 
number

Practice description Activity number in AP1 Activity number in AP2

4.1 The student can justify the selection 
of the kind of data needed to answer a 
particular scientific question.

4, 45, 47, 96-97, 115, 126, 
229, 278

139, 140, 201

4.2 The student can design a plan for 
collecting data to answer a particular 
scientific question.

4, 11, 38, 43, 46, 63, 115, 
126, 229

26, 139, 153, 201

4.3 The student can collect data to 
answer a particular scientific question.

43, 63, 118, 229 153

4.4 The student can evaluate sources of 
data to answer a particular scientific 
question.

5, 38, 60, 63, 65, 68-69, 96-
97,103, 115, 119, 135, 229, 
276-278

8, 18, 26, 65, 139-140, 153, 
201, 225, 229, 243

SCIENCE PRACTICE 4
Plan and implement data collection strategies appropriate to a particular scientific question. Includes posing, refining, 
and evaluating scientific questions as well as drawing conclusions from the experimental results of other scientists.

PRACTICES

SCIENCE PRACTICE 5
Perform data analysis and evaluation of evidence, including analyzing data to identify patterns or relationships and 
evaluating evidence provided by data in relation to a particular question.

PRACTICES

Practice 
 number

Practice description Activity number in AP1 Activity number in AP2

5.1 The student can analyze data to 
identify patterns and relationships.

12-20, 63-65, 69, 97, 119, 
135, 143, 184-185, 213, 215, 
217, 229, 234, 236-237, 240, 
242-244, 256-257, 263

9, 11, 25, 26, 32-34, 39-40, 
64, 101, 105, 146-147, 151, 
153, 160, 171, 177, 188, 203-
205, 208, 210-213, 216, 224, 
226-227, 229-230, 243, 250, 
258, 264-266, 268, 271-272

5.2 The student can refine observations 
and measurements based on data 
analysis.

38, 60, 97, 229 9, 26, 153, 210, 226, 229

5.3 The student can evaluate the 
evidence provided by data sets in 
relation to a particular scientific 
question.

18-19, 60, 63-65, 69, 97, 
103, 119, 130-131,135,143, 
184-185, 213, 215, 217, 229, 
234, 240, 242-248, 255-257, 
263, 267

9, 26, 40, 45, 64, 139-140, 
153, 156, 210, 216, 224, 226, 
229, 243, 258, 268

SCIENCE PRACTICE 6
Work with scientific explanations and theories, including justifying claims with evidence, constructing explanations 
and making claims and predictions about natural phenomena.

PRACTICES

Practice 
number

Practice description Activity number in AP1 Activity number in AP2

6.1 The student can justify claims with 
evidence.

32, 60, 89, 103, 171, 184, 185, 
217, 221, 250-251, 277-278

13, 64, 139-140, 188, 229

6.2 The student can construct 
explanations of phenomena based 
on evidence produced through 
scientific practices.

41-43, 60-61, 64, 79, 97, 103, 
111, 112, 129, 135, 144, 173, 
183, 190, 191, 193, 197, 199, 
201, 203, 217, 278

2, 5, 6, 8, 14, 32, 63, 105, 
117, 139-141, 178-183, 188, 
229, 258, 260

6.3 The student can articulate the 
reasons that scientific explanations 
and theories are refined or 
replaced.

60, 97, 103, 205, 216, 250, 
278

140, 229, 259-260, 262, 268

6.4 The student can make claims 
and predictions about natural 
phenomena based on scientific 
theories and models.

28, 40, 64, 73, 97, 103, 110, 
129, 236, 144, 183, 193, 206, 
214, 216, 217, 221-223, 250, 
251, 265-267, 272, 277

8, 13, 42-43, 45, 60, 64, 139-
141, 180, 182, 188, 229, 250, 
252, 254, 257-259

6.5 The student can evaluate 
alternative scientific explanations.

62, 63, 97, 103, 147-150, 153-
155, 159-160, 164, 166, 167, 
216, 276

229, 260
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SCIENCE PRACTICE 7
Connect and relate knowledge across various scales, concepts, and representations in and across domains. 
Includes connecting phenomena and models across scales such as time, size, and complexity, and describing how 
enduring understandings and/or big ideas are connected. 

Practice 
number

Practice description Activity number in AP1 Activity number in AP2

7.1 The student can connect 
phenomena and models across 
spatial and temporal scales.

22, 28, 40, 42, 73-74, 78-80, 
92, 94, 110, 137, 142, 162, 
167, 169-172, 174, 176-177, 
182, 187, 196-197, 202, 207-
208, 217, 220-223, 228, 236, 
238, 242-245, 251, 256-257, 
262, 267, 270-272

13, 28, 30, 41-42, 63, 79, 83-
84, 89, 94, 96, 100-101, 115, 
120, 122, 136, 161-162, 168, 
169, 174, 175, 178, 180, 183, 
206, 216, 218-223, 226, 229, 
245-247, 253, 261

7.2 The student can connect 
concepts in and across 
domain(s) to generalize or 
extrapolate in and/or across 
enduring understandings and/or 
big ideas.

21-23, 27-28, 31-32, 34-35, 
39-40, 42, 59, 62, 66-67, 73-74, 
78-87, 92-95, 110, 130-131, 
142, 144, 162, 167, 169-178, 
182, 187, 189, 196-197, 202, 
207-208, 217, 220-223, 228, 
236, 238, 242-245, 251, 256-
257, 262-263, 267, 270-272, 
274

3-4, 8, 13, 28-30, 41-42, 61, 63, 
67, 76-77, 79, 83-84, 87-89, 
94, 96, 100-101, 115, 118, 120, 
122, 126, 131, 136, 161-162, 
169, 180, 182, 201, 206, 216, 
218-223, 226, 229, 245-247, 
253, 261

PRACTICES

PRACTICES PRACTICESPRACTICES PRACTICES

PRACTICESPRACTICES PRACTICES
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1. Using the lake food web activity as a guide, construct a food web for the cave ecosystem on a separate sheet of paper. 
For animals that feed outside the cave, do not include this outside source of food. As in the lake food web, label each 
species with the following codes to indicate its diet type (e.g. producer, detritivore, herbivore, carnivore, omnivore) and its 
position in the food chain if it is a consumer (1st, 2nd, 3rd, 4th order consumer). Staple your finished web to this page.

2. Which major trophic level is missing from the cave food web?  

3. How is energy imported into the cave’s food web?  

4. How might energy be removed from the cave ecosystem?  

5. In many parts of the world, cave-dwelling bat species are endangered, often taken as food by humans or killed as pests.  
Explain how the cave food web would be affected if bat numbers were to fall substantially:

Cave Food Webs236
Key Idea: The food webs of cave ecosystems are fragile and 
based on only a few resources.
Cave environments lack the light that sustains most 
ecosystems. Despite this, a wide range of animals are 
adapted to live there. Some animals, such as bats, are not 
permanent cave-dwellers, but rest and breed there. Around 
the entrance of the cave, the owl (1) preys on the mouse (2) 
which itself feeds on the vegetation outside the cave. The owl 
and the mouse leave droppings that support the cave dung 
beetle (3) and millipede (4). The cave cricket (5) scavenges 
dead birds and mammals near the entrance. The harvestman 

(6) is a predator of the dung beetle, the millipede, and the 
cricket. Inside the cave, the horseshoe bat (7) roosts and 
breeds, leaving the cave to feed on flying insects. The bats 
produce vast quantities of guano (droppings). The guano is 
eaten by the blind cave beetle (8), millipede (4) and springtail 
(9). These invertebrates are hunted by the predatory cave 
spider (10). In underground pools, the bat guano supports the 
growth of bacteria (11). Flatworms (12) and isopods (13) feed 
on the bacteria and are eaten by the blind cave shrimp (14). 
The blind cave fish (15) is the top predator in this system, 
feeding on isopods and the blind cave shrimps.

CONNECT
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Investigating Transport Across Membranes64
Key Idea: The rate of diffusion of molecules through the 
plasma membrane can be determined by measuring the 
change in light absorbance as a solution of red blood  
cells hemolyzes.
How a cell behaves when suspended in a solution depends 
on whether or not the molecules or ions in the solution can 
cross the plasma membrane. If red blood cells (RBCs) are 
suspended in a concentrated solution of molecules that can 

readily diffuse across the membrane, the molecules will enter 
the RBCs by diffusing down their concentration gradient. This 
will draw water into the RBCs (by osmosis) and they will 
burst (hemolyze). When the RBCs burst, the cellular material 
settles out of suspension and the solution becomes clear. By 
using a spectrophotometer to measure the rate at which the 
solution becomes clear, it is possible to determine the rate 
at which the molecules are crossing the plasma membrane.

The aim
To investigate how the size and membrane solubility of molecules affects the rate 
of diffusion across the plasma membrane.

The method
 f 0.3 mol L-1 solutions of glucose, sucrose, urea, and glycerol were prepared (this 

concentration is greater than the cell internal concentration). A blank solution 
of distilled water was also prepared. Molecular weights (MW) are as follows: 
glucose (MW 180), sucrose (MW 342), urea (MW 60), and glycerol (MW 92). 

 f Both urea and glycerol readily diffuse across the plasma membrane. Glucose 
is transported across the membrane by a carrier protein.

 f 3 mL of each solution was mixed with 0.1 mL of a sheep RBC suspension and 
added to cuvettes. The cuvettes were placed into a spectrophotometer and 
absorbance measured over 15 minutes. The results are plotted below:
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water in by osmosis.

Increased cellular volume causes the cell to burst 
(hemolysis). The cellular material settles out.

1. (a) Which molecule crosses the membrane the fastest?  

 (b) Which molecule appears to be unable to cross the plasma membrane?  

 (c) List the molecules in order of their ability to cross the plasma membrane (fastest to slowest):

2. (a) What is the largest molecule used in the experiment?  

 (b) What is the smallest molecule used in the experiment?  

 (c) How does size affect the rate at which molecules can cross the plasma membrane?  

3. Why don't the RBCs in the glucose solution hemolyze even though glucose is transported across the membrane?

CONNECT
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Enzyme Kinetics23
Key Idea: Enzymes operate most effectively within a narrow 
range of conditions. The rate of enzyme-catalyzed reactions 
is influenced by both enzyme and substrate concentration.
Enzymes usually have an optimum set of conditions (e.g. of 
pH and temperature) under which their activity is greatest. 
Many plant and animal enzymes show little activity at low 

temperatures. Enzyme activity increases with increasing 
temperature, but falls off after the optimum temperature is 
exceeded and the enzyme is denatured. Extremes in pH 
can also cause denaturation. Within their normal operating 
conditions, enzyme reaction rates are influenced by enzyme 
and substrate concentration in a predictable way.

1. Calculate the reaction rate in graph 1:  

2. For graph 2:
 
 (a) The reaction rate at 90 seconds:  

 (b) The reaction rate at 30 seconds:  

3. (a) What must be happening to the reaction mix in graph 1 to produce the straight line (constant reaction rate)?

 (b) Explain why the reaction rate in graph 2 changes over time:  

Given an unlimited amount of 
substrate, the rate of reaction will 
continue to increase as enzyme 
concentration increases. More 
enzyme means more reactions 
between substrates can be catalyzed 
in any given time (graph A).

If there is unlimited substrate but 
the enzyme is limited, the reaction 
rate will increase until the enzyme 
is saturated, at which point the rate 
will remain static (graph B). 

The effect of temperature on a reaction rate 
is expressed as the temperature coefficient, 
usually given as the Q10. Q10 expresses 
the increase in the rate of reaction for every 
rise of 10°C. Q10 = rate of reaction at (T + 
10°C)/ rate of reaction at T, where T is the 
temperature in °C (graph C).
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The rate of a reaction can be calculated from the amount of product 
produced during a given time period. For a reaction in which the rate 
does not vary (graph 1) the reaction rate calculated at any one point 
in time will be the same. For example: B/C = A/D = A-B/D-C = (Dp/Dt) 
(the change in product divided by the change in time).

In a reaction in which the rate varies (graph 2) a reaction rate 
can be calculated for any instantaneous moment in time by 
using a tangent. The tangent must touch the curve at only one 
point. The gradient of the tangent can then be used to calculate 
the rate of reaction at that point in time (A'-B'/D'-C').
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Population Cycles229

Gause's experiments 
We have already examined 
several of Gause's experiments on 
competition in an earlier activity. 
Gause's also studied predator-
prey interactions in two protists, 
Paramecium and its predator 
Didinium, in simple test tube 
'microcosms'. When Didinium was 
added to a culture of Paramecium, 
it quickly ate all the Paramecium 
and then died out. When sediment 
was placed in the microcosm, 
Paramecium could hide, Didinium 
died out, and the Paramecium 
population recovered. Adding 
immigrants into the microcosm 
produced a predator-prey like cycle.

Five Paramecium were added to the medium 
and three Didinium added after two days.

One Paramecium and one Didinium were 
introduced into the microcosm at day 0 
and then every third day (immigration).

Medium included sediment in which 
the Paramecium could hide and not be 
encountered by the predator. 

Without sediment1 With sediment2 Without sediment3

1. Why did the Paramecium die out in the first experiment?  

2. Why did the Paramecium survive in the second experiment?  

3. Why is there a lag in the predator population compared to the prey population in the third experiment?

4. What did Gause's simple microcosm experiments tell us about the role of predation in limiting prey populations?

Key Idea: Predator-prey cycles can be maintained in a 
laboratory if the natural environment's complexity is created.
Mathematical models predict that predator and prey 
populations will form stable cycles of population increase and 
decrease. Early ecologists set out to verify these population 

oscillations in small model ecosystems. Two researchers, 
Gause and Huffaker, each worked on this question. Their 
results gave great insight into the nature of predator-prey 
interactions and the factors that control population size and 
enable stable oscillations.

Didinium

Paramecium

Didinium

Toxicyst strands

Proboscis

Paramecium

Didinium, a unicellular ciliate, feeds almost exclusively on Paramecium. It captures Paramecium by 
shooting toxicysts into the Paramecium (left). It then reels the Paramecium in to its proboscis.
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Sampling Techniques and Population Estimates201
Key Idea: Population estimates made from samples may 
vary depending on the sampling technique, the number of 
samples, and where the data was collected.
The diagram (following page) represents an area of wasteland 
that has been invaded by various weeds. The distribution of 

five weed species is shown (simply noted as plants 1 to 5). 
This exercise is designed to show you how different sampling 
techniques and the way those techniques are applied can 
give different pictures of the make up of the community being 
studied. This exercise can be carried out in groups.

Setting up the sampling grid
1.  Mark out a grid pattern
 Use a ruler to mark out 3 cm intervals along each side of the 

sampling area on the next page (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.

2.  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.

Quadrat sampling (counts and % cover)
3.  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 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 
colored pen/highlighter.

4a.Decide on the counting criteria
 Before you count the individuals of each species, the criteria 

for counting need to be established. 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 certain part of the body 
(e.g. the main stem and root mass) inside the quadrat.

(c) Allowing for ‘half individuals’ (e.g. 3.5 plants).

(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.

4b.Carry out the sampling
 Examine each selected quadrat and count the number of 

individuals of each species present. Record your data in the 
spaces provided in the quadrat count table (Table 1).

5.  Percentage cover
 Carefully examine each selected quadrat again and 

estimate the percentage cover of each species present. 
Record your data in the spaces provided in the percentage 
cover table (Table 2) (to help you, the area of each plant type 
is given in the table. The quadrat area in 9 cm2).

Transect sampling
6.  Line transect
 Draw 6 transect lines across the sampling area from side to 

side or top to bottom. Use the random number table to work 
out where the transect line should go. For example using the 
numbers in column A (2,2) the first line should start in the 
middle of column 2 in the top row and go across the grid to 
the middle of column 2 in the bottom row.

 Mark the line every 1 cm. Count and record every plant the 
line touches at every 1 cm mark. Record the results in the 
line transect table (Table 3). 

C
oordinates for 

each quadrat

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5

1:

2:

3:

4:

5:

6:

TOTAL

C
oordinates for 

each quadrat

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5

1:

2:

3:

4:

5:

6:

MEAN %

Table 1: Quadrat count Table 2: Percentage cover

2.59 cm2 2.27 cm2 0.79 cm2 0.13 cm2 0.5 cm2

WEB

201
PRACTICESPRACTICES PRACTICESPRACTICES

0 50 100 150  200 Days

1000

2000

20

40

Predatory mite

Six-spotted mite

Low density prey No preyMedium density prey High density prey

N
um

be
rs

 o
f p

re
y

N
um

be
rs

 o
f p

re
da

to
rs

337

©2017 BIOZONE International 
ISBN: 978-1-927309-65-0 
Photocopying Prohibited

Huffaker's experiments
 f Huffaker built on Gause's findings and attempted to design artificial systems that would better model a real world system. He 

worked on two mite species, the six spotted mite and its predator. Oranges provided both the habitat and the food for the prey.

 f In a simple system, such as a small number of oranges grouped together, predators quickly ate all the prey and then died out.

 f Huffaker then created a more complex system with arrays of 120 oranges (below). The amount of available food on each orange 
was controlled by sealing off parts of each orange with wax. Patchiness in the environment was created using balls (representing 
unsuitable habitat). Sticks aided dispersal of prey mites and petroleum jelly was used to form barriers for predatory mite dispersal. 
In this system, the predator and prey coexisted for three full cycles (> year). In the diagram below, the arrays depict the distribution 
and density of the populations at the arrowed points. The circles represent oranges or balls and the dots the predatory mites.

5. (a) Mark the three population cycles completed in Huffaker's experiment on the plot above.

 (b)  In a different color, mark the lag in the predator population response to change in prey numbers.
 
 (c) What does the lag represent?  

6. How well do you think Huffaker's model system approximated a real ecosystem? Use evidence from the arrays to 
discuss how variation in habitat makes it possible for populations to persist despite periodic declines in their numbers.

7. In 1960 the Alaska Department of Fish and Game released two wolves onto Coronation Island (116 km2) to control the 
deer population. Indications were by 1961 the wolves had begun breeding and the population was increasing. By 1964 
there were at least 13 wolves on the island. In 1965 wolves were seen on all the beaches, but there were few signs of 
deer. In 1968 only one wolf was sighted on the island. In 1983, there were no wolves, but plentiful deer once more.

 (a) From the information above, which of Gause's experiments does this data most closely follow?

 (b) Outline why the predator-prey populations behaved as they did:  
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Chemical Synapses182

Mitochondria
provide energy
for active transport.

Axon of presynaptic
neurone

Synaptic vesicles containing
neurotransmitter molecules

Synaptic
knob

.

Direction of impulse

The structure of an excitatory chemical synapse

 

Step 3: The NT binds to 
receptors on the post 
synaptic membrane.

Step 4: Ion channels in the 
membrane open, causing a 
Na+ influx. This depolarization 
may reach the threshold 
required to generate an 
action potential.
At an inhibitory synapse, 
interaction of the NT with the 
membrane causes a 
hyperpolarization, so that an 
action potential is less likely.

Step 5: The NT is inactivated by enzymes located on the 
membrane or rapidly reabsorbed back into the 
presynaptic neurone. At cholinergic snapses ACh is 
quickly inactivated by acetylcholinesterase. At adrenergic 
synapses, most NE is reabsorbed by a NE transporter.

The response of a postsynaptic cell to the 
arrival of a neurotransmitter (depolarization 
or hyperpolarization) depends on the nature 
of the cell itself, on its location in the nervous 
system, and on the particular type of 
neurotransmitter involved. Some examples of 
neurotransmitters include acetylcholine and 
norepinephrine (NE) in the peripheral 
nervous system, and GABA and serotonin in 
the central nervous system.   

Step 2: The NT diffuses across the 
synaptic cleft to receptors on the 
postsynaptic membrane. Diffusion 
across the cleft delays the impulse 
transmission by about 0.5 ms. 

Step 1: The arrival of an action 
potential at the axon terminal causes 
an influx of calcium ions, causing the 
vesicles to release neurotransmitter 
(NT) into the synaptic cleft.

Key Idea: Synapses are junctions between neurons or 
between neurons and effector cells (e.g. muscle).
Action potentials are transmitted across junctions called 
synapses. Synapses can occur between two neurons 
or between a neuron and an effector cell (e.g. muscle). 
Chemical synapses are the most widespread type of synapse 
in nervous systems. In these, the axon terminal is a swollen 
knob, and a gap (the synaptic cleft) separates it from the 
receiving cell. The synaptic knobs are filled with tiny vesicles 
of neurotransmitter, which diffuses across the synaptic 

cleft and causes an electrical response in the receiving 
(post-synaptic) cell. This response may be a depolarization 
(making an action potential more likely) or a hyperpolarization 
(making an action potential less likely). However transmission 
at chemical synapses is always unidirectional. Synapses 
are classified as cholinergic or adrenergic according to the 
neurotransmitter involved. The junction between a neuron 
and a muscle cell is a specialized cholinergic synapse called 
the motor end plate but it is functionally no different. The 
diagram below depicts an excitatory synapse. 

1. What is a synapse?  

2. What causes the release of neurotransmitter into the synaptic cleft?  

3. Why is there a brief delay in impulse transmission across the synapse?  

4. (a) How is a neurotransmitter inactivated?  
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Treat sample with 
enzyme that destroys 
RNA, protein, or DNA.

S and R strains

S and R strains

R strain only

RNase

Protease

DNase

Add the treated samples to 
cultures of R bacterial cells

Heat-killed S cells, 
remove lipids and 
carbohydrates, 
homogenize and filter

Blood sample contained 
living S cells that could 
reproduce to yield more 
S cells.

Heat-killed S cells

Heat-killed S cells
and living R cells

Mouse lives

Mouse dies

Mouse lives

Mouse dies

Living R cells
(no capsule, harmless)

Living S cells
(capsule, pathogenic)
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96 Does DNA Really Carry the Code?

Griffith (1928)
 f Griffith found that when he mixed heat-killed pathogenic bacteria with living harmless cells, some of the living cells became 

pathogenic. Moreover, the newly acquired trait of pathogenicity was inherited by all descendants of the transformed bacteria. He 
concluded that the living R cells had been transformed into pathogenic cells by a heritable substance from the dead S cells.

Avery-MacLeod-McCarty (1944) 
 f What was the unknown transformation factor in Griffith's experiment? Avery designed an experiment to determine if it was RNA, 

DNA, or protein. He broke open the heat-killed pathogenic cells and treated samples with agents that inactivated either protein, 
DNA, or RNA. He then tested the samples for their ability to transform harmless bacteria. 

Key Idea: The progressive studies of several scientists 
helped to establish DNA as the heritable material responsible 
for the characteristics we see in organisms.
Many years before Watson and Crick discovered the structure 
of DNA, biologists had deduced, through experimentation, 
that DNA carried the information that was responsible for the 
heritable traits we see in organisms. Prior to the 1940s, it 
was thought that proteins carried the code. Little was known 
about nucleic acids and the variety of protein structure and 

function suggested they could account for the many traits 
we see in organisms. Two early experiments, one by Griffith 
and another by Avery, MacLeod, and McCarty, provided 
important information about how traits could be passed on 
and what cellular material was responsible. The experiments 
involved strains of the bacterium Streptococcus pneumoniae. 
The S strain is pathogenic (causes disease). The R strain is 
harmless. Later experiments by Hershey and Chase helped 
confirm DNA as the genetic material.
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Reexpress the information 
provided as a diagram.

Evaluate the results of an 
investigation of cellular transport.

Apply a mathematical routine to 
determine reaction rate and Q10.

Using the presented results of several key historical investigations to 
explain phenomena and understand how explanations are refined.

Evaluate scientific questions 
about sampling techniques.

Connect concepts of cell 
signaling across domains.

Evaluate data from experiments 
investigating scientific questions.
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Addressing Student Learning Objectives

BIG IDEA 1: The process of evolution drives the diversity and unity of life

Enduring Understanding 1A: Change in the genetic makeup of a population over time is evolution

Learning Objectives SP EK Activities

1.1 The student is able to convert a data set from a table of numbers that reflect a change in the 
genetic makeup of a population over time and to apply mathematical methods and conceptual 
understandings to investigate the cause(s) and effect(s) of this change.

1.5
2.2

1A1 213, 215, 229

1.2 The student is able to evaluate evidence provided by data to qualitatively and quantitatively 
investigate the role of natural selection in evolution.

2.2
5.3

1A1 213-220

1.3 The student is able to apply mathematical methods to data from a real or simulated population to 
predict what will happen to the population in the future.

2.2 1A1 211, 213, 
216, 219-223

1.4 The student is able to evaluate data-based evidence that describes evolutionary changes in the 
genetic makeup of a population over time.

5.3 1A2 213, 215, 
218, 226, 229

1.5 The student is able to connect evolutionary changes in a population over time to a change in the 
environment.

7.1 1A2 217, 220, 
236, 238, 
244-247

1.6 The student is able to use data from mathematical models based on the Hardy-Weinberg 
equilibrium to analyze genetic drift and effects of selection in the evolution of populations.

1.4 
2.1

1A3 212-213, 223

1.7 The student is able to justify data from mathematical models based on the Hardy-Weinberg 
equilibrium to analyze genetic drift and the effects of selection in the evolution of specific 
populations.

2.1 1A3 212-213, 223

1.8 The student is able to make predictions about the effects of genetic drift, migration and artificial 
selection on the genetic makeup of a population.

6.4 1A3 221-224, 
226-229

1.9 The student is able to evaluate evidence provided by data from many scientific disciplines that 
support biological evolution.

5.3 1A4 234, 240-248

1.10 The student is able to refine evidence based on data from many scientific disciplines that support 
biological evolution.

5.2 1A4 231-249

1.11 The student is able to design a plan to answer scientific questions regarding how organisms have 
changed over time using information from morphology, biochemistry and geology.

4.2 1A4 247, 248

1.12 The student is able to connect scientific evidence from many scientific disciplines to support the 
modern concept of evolution.

7.1 1A4 231-249

1.13 The student is able to construct and/or justify mathematical models, diagrams or simulations that 
represent processes of biological evolution.

1.1
2.1

1A4 240

Enduring Understanding 1B: Organisms are linked by lines of descent from common ancestry

1.14 The student is able to pose scientific questions that correctly identify essential properties of 
shared, core life processes that provide insights into the history of life on Earth.

3.1 1B1 250

1.15 The student is able to describe specific examples of conserved core biological processes and 
features shared by all domains or within one domain of life, and how these shared, conserved core 
processes and features support the concept of common ancestry for all organisms.

7.2 1B1 251

1.16 The student is able to justify the scientific claim that organisms share many conserved core 
processes and features that evolved and are widely distributed among organisms today.

6.1 1B1 250-251

1.17 The student is able to pose scientific questions about a group of organisms whose relatedness 
is described by a phylogenetic tree or cladogram in order to (1) identify shared (derived) 
characteristics, (2) make inferences about the evolutionary history of the group, and (3) identify 
character data that could extend or improve the phylogenetic tree.

3.1 1B2 252-256

1.18 The student is able to evaluate evidence provided by a data set in conjunction with a phylogenetic 
tree or a simple cladogram to determine evolutionary history and speciation.

5.3 1B2 254-256

1.19 The student is able create a phylogenetic tree or simple cladogram that correctly represents 
evolutionary history and speciation from a provided data set.

1.1 1B2 256

Enduring Understanding 1C: Life continues to evolve within a changing environment

1.20 The student is able to analyze data related to questions of speciation and extinction throughout the 
Earth’s history.

5.1 1C1 257

1.21 The student is able to analyze data related to questions of speciation and extinction throughout the 
Earth’s history.

4.2 1C1 257, 263, 
265-272, 274

The Learning Objectives for AP Biology are summarized below together with the activities through which they can be wholly 
or partly met. In some cases, Learning Objectives are met though an instructional sequence of several related activities. 
The activities identified support the student's achievement of the learning objective directly (e.g. require the student to 
evaluate evidence provided by data) or sometimes indirectly (e.g. by providing the background to enable the student to 
pose a scientific question or design a plan to collect data, which may not be required of them in the activity per se.). It is 
BIOZONE's plan to extend this support of Learning Objectives further in our print and online resources.
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1.22 The student is able to use data from a real or simulated population(s), based on graphs or models 
of types of selection, to predict what will happen to the population in the future.

6.4 1C2 265-267

1.23 The student is able to justify the selection of data that address questions related to reproductive 
isolation and speciation.

4.1 1C2 258-263

1.24 The student is able to describe speciation in an isolated population and connect it to change in 
gene frequency, change in environment, natural selection and/or genetic drift.

7.2 1C2 263

1.25 The student is able to describe a model that represents evolution within a population. 1.2 1C3 244, 263-264

1.26 The student is able to evaluate given data sets that illustrate evolution as an ongoing process. 5.3 1C3 244, 263, 
265-267

Enduring Understanding 1D: The origin of living systems is explained by natural processes

1.27 The student is able to describe a scientific hypothesis about the origin of life on Earth. 1.2 1D1 276-278

1.28 The student is able to evaluate scientific questions based on hypotheses about the origin of life on 
Earth

3.3 1D1 276-278

1.29 The student is able to describe the reasons for revisions of scientific hypotheses of the origin of life 
on Earth.

6.3 1D1 276-278

1.30 The student is able to evaluate scientific hypotheses about the origin of life on Earth. 6.5 1D1 276

1.31 The student is able to evaluate the accuracy and legitimacy of data to answer scientific questions 
about the origin of life on Earth.

4.4 1D1 276-278

1.32 The student is able to justify the selection of geological, physical, and chemical data that reveal 
early Earth conditions.

4.1 1D2 278

BIG IDEA 2: Biological systems utilize free energy and molecular building blocks to grow, to reproduce, and to 
maintain dynamic homeostasis

Enduring Understanding 2A: Growth, reproduction and maintenance of the organization of living systems require free energy and 
matter

2.1 The student is able to explain how biological systems use free energy based on empirical data that 
all organisms require constant energy input to maintain organization, to grow and to reproduce.

6.2 2A1 1-2, 32

2.2 The student can justify a scientific claim that free energy is required for living systems to maintain 
organization, to grow or to reproduce, but that multiple strategies exist in different living systems.

6.1 2A1 1-2, 32, 34-36

2.3 The student is able to predict how changes in free energy availability affect organisms, populations 
and ecosystems.

6.4 2A1 2, 32, 34-39

2.4 The student is able to use representations to pose scientific questions about what mechanisms 
and structural features allow organisms to capture, store, and use free energy.

1.4
3.1

2A2 2, 5, 10, 14, 
32-39

2.5 The student is able to construct explanations of the mechanisms and structural features of cells 
that allow organisms to capture, store or use free energy.

6.2 2A2 2, 5, 8, 10, 14

2.41 The student is able to evaluate data to show the relationship between photosynthesis and 
respiration in the flow of free energy through a system.

5.3
7.1

2A2 2, 5

2.6 The student is able to use calculated surface area-to-volume ratios to predict which cell(s) might 
eliminate wastes or procure nutrients faster by diffusion.

2.2 2A3 41-43

2.7 Students will be able to explain how cell size and shape affect the overall rate of nutrient intake and 
the rate of waste elimination.

6.2 2A3 41-43

2.8 The student is able to justify the selection of data regarding the types of molecules that an animal, 
plant or bacterium will take up as necessary building blocks and excrete as waste products.

4.1 2A3 21, 24, 25

2.9 The student is able to represent graphically or model quantitatively the exchange of molecules 
between an organism and its environment, and the subsequent use of these molecules to build 
new molecules that facilitate dynamic homeostasis, growth and reproduction.

1.1
1.4

2A3 25

Enduring Understanding 2B: Growth, reproduction and dynamic homeostasis require that cells create and maintain internal 
environments that are different from their external environments.

2.10 The student is able to use representations and models to pose scientific questions about the 
properties of cell membranes and selective permeability based on molecular structure.

1.4
3.1

2B1 59-60, 63-66

2.11 The student is able to construct models that connect the movement of molecules across 
membranes with membrane structure and function.

1.1
7.1
7.2

2B1 63-66

2.12 The student is able to use representations and models to analyze situations or solve problems 
qualitatively and quantitatively to investigate whether dynamic homeostasis is maintained by the 
active movement of molecules across membranes.

1.4 2B2 63-66, 71-74

2.13 The student is able to explain how internal membranes and organelles contribute to cell functions. 6.2 2B3 51-58, 61

2.14 The student is able to use representations and models to describe differences in prokaryotic and 
eukaryotic cells.

1.2
1.4

2B3 51, 52, 54

Enduring Understanding 2C: Organisms use feedback mechanisms to regulate growth and reproduction, and maintain dynamic 
homeostasis

2.15 The student can justify a claim made about the effect(s) on a biological system at the molecular, 
physiological or organismal level when given a scenario in which one or more components within a 
negative regulatory system is altered.

6.1 2C1 41, 43-49 
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2.16 The student is able to connect how organisms use negative feedback to maintain their internal 
environments.

7.2 2C1 41, 43-45, 
47-49

2.17 The student is able to evaluate data that show the effect(s) of changes in concentrations of key 
molecules on negative feedback mechanisms.

5.3 2C1 45

2.18 The student can make predictions about how organisms use negative feedback mechanisms to 
maintain their internal environments.

6.4 2C1 41, 43-45, 
47-49

2.19 The student is able to make predictions about how positive feedback mechanisms amplify activities 
and processes in organisms based on scientific theories and models.

6.4 2C1 42-43, 50

2.20 The student is able to justify that positive feedback mechanisms amplify responses in organisms. 6.1 2C1 42-43, 50

2.21 The student is able to justify the selection of the kind of data needed to answer scientific questions 
about the relevant mechanism that organisms use to respond to changes in their external 
environment.

4.1 2C2 44-45, 136-
148

2.42 The student is able to pose a scientific question concerning the behavioral or physiological 
response of an organism to a change in its environment.

3.1 2C2 151-153

Enduring Understanding 2D: Growth and dynamic homeostasis of a biological system are influenced by changes in the system's 
environment

2.22 The student is able to refine scientific models and questions about the effect of complex biotic and 
abiotic interactions on all biological systems, from cells and organisms to populations, communities 
and ecosystems

1.3
3.2

2D1 18, 23, 193, 
217, 220-225, 
227, 229

2.23 The student is able to design a plan for collecting data to show that all biological systems (cells, 
organisms, populations, communities and ecosystems) are affected by complex biotic and abiotic 
interactions.

4.2
7.2

2D1 197-203

2.24 The student is able to analyze data to identify possible patterns and relationships between a 
biotic or abiotic factor and a biological system (cells, organisms, populations, communities or 
ecosystems).

5.1 2D1 203

2.25 The student can construct explanations based on scientific evidence that homeostatic mechanisms 
reflect continuity due to common ancestry and/or divergence due to adaptation in different 
environments.

6.2 2D2 59-63, 68-93, 
98, 101-105, 
117

2.26 The student is able to analyze data to identify phylogenetic patterns or relationships, showing 
that homeostatic mechanisms reflect both continuity due to common ancestry and change due to 
evolution in different environments.

5.1 2D2 61, 68, 70-72, 
75-92, 95, 
101

2.27 The student is able to connect differences in the environment with the evolution of homeostatic 
mechanisms.

7.1 2D2 61, 68-92, 
101

2.28 The student is able to use representations or models to analyze quantitatively and qualitatively the 
effects of disruptions to dynamic homeostasis in biological systems.

1.4 2D3 47, 48, 106, 
120, 133-134

2.29 The student can create representations and models to describe immune responses. 1.1
1.2

2D4 128, 130-132

2.30 The student can create representations or models to describe nonspecific immune defenses in 
plants and animals.

1.1
1.2

2D4 124-126

2.43 The student is able to connect the concept of cell communication to the functioning of the immune 
system.

7.2 2D4 126, 130, 133 
also 80-81

Enduring Understanding 2E: Many biological processes involved in growth, reproduction, and dynamic homeostasis include 
temporal regulation and coordination

2.31 The student can connect concepts in and across domains to show that timing and coordination of 
specific events are necessary for normal development in an organism and that these events are 
regulated by multiple mechanisms.

7.2 2E1 169-177

2.32 The student is able to use a graph or diagram to analyze situations or solve problems 
(quantitatively or qualitatively) that involve timing and coordination of events necessary for normal 
development in an organism.

1.4 2E1 170-173, 175-
176

2.33 The student is able to justify scientific claims with scientific evidence to show that timing and 
coordination of several events are necessary for normal development in an organism and that 
these events are regulated by multiple mechanisms.

6.1 2E1 170-176

2.34 The student is able to describe the role of programmed cell death in development and 
differentiation, the reuse of molecules, and the maintenance of dynamic homeostasis.

7.1 2E1 130-131, 177

2.35 The student is able to design a plan for collecting data to support the scientific claim that the timing 
and coordination of physiological events involve regulation.

4.2 2E2 140, also 173

2.36 The student is able to justify scientific claims with evidence to show how timing and coordination of 
physiological events involve regulation.

6.1 2E2 136, 139-141, 
144-147  

2.37 The student is able to connect concepts that describe mechanisms that regulate the timing and 
coordination of physiological events.

7.2 2E2 136-149, 
170-176

2.38 The student is able to analyze data to support the claim that responses to information and 
communication of information affect natural selection.

5.1 2E3 137, 141, 
144, 147-152, 
156-164 also 
170, 173-177
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2.39 The student is able to justify scientific claims, using evidence, to describe how timing and 
coordination of behavioral events in organisms are regulated by several mechanisms.

6.1 2E3 139-144, 147, 
148, 156-159

2.40 The student is able to connect concepts in and across domain(s) to predict how environmental 
factors affect responses to information and change behavior.

7.2 2E3 151-153, 
156-157 

BIG IDEA 3: Living systems store, retrieve, transmit, and respond to information essential to life processes

Enduring Understanding 3A: Heritable information provides for continuity of life

3.1 The student is able to construct scientific explanations that use the structures and mechanisms 
of DNA and RNA to support the claim that DNA and, in some cases, that RNA are the primary 
sources of heritable information.

6.2
6.5

3A1 96-98, 100, 
103

3.2 The student is able to justify the selection of data from historical investigations that support the 
claim that DNA is the source of heritable information.

4.1 3A1 96-97

3.3 The student is able to describe representations and models that illustrate how genetic information 
is copied for transmission between generations.

1.2 3A1 100-103

3.4 The student is able to describe representations and models illustrating how genetic information is 
translated into polypeptides

1.2 3A1 104-109

3.5 The student can justify the claim that humans can manipulate heritable information by identifying at 
least two commonly used technologies

6.2
6.4

3A1 111-126

3.6 The student can predict how a change in a specific DNA or RNA sequence can result in changes 
in gene expression.

6.4 3A1 105, 110

3.7 The student can make predictions about natural phenomena occurring during the cell cycle 6.2
6.5

3A2 129

3.8 The student can describe the events that occur in the cell cycle. 1.2 3A2 129

3.9 The student is able to construct an explanation, using visual representations or narratives, as to 
how DNA in chromosomes is transmitted to the next generation via mitosis, or meiosis followed by 
fertilization.

6.2 3A2 132-139

3.10 The student is able to represent the connection between meiosis and increased genetic diversity 
necessary for evolution

7.1 3A2 137

3.11 The student is able to evaluate evidence provided by data sets to support the claim that heritable 
information is passed from one generation to another generation through mitosis, or meiosis 
followed by fertilization.

5.3 3A2 143

3.12 The student is able to construct a representation that connects the process of meiosis to the 
passage of traits from parent to offspring.

1.1
7.2

3A3 144-145

3.13 The student is able to pose questions about ethical, social or medical issues surrounding human 
genetic disorders. 

3.1 3A3 162-163

3.14 The student is able to apply mathematical routines to determine Mendelian patterns of inheritance 
provided by data sets.

2.2 3A3 156-158

3.15 The student is able to explain deviations from Mendel’s model of the inheritance of traits. 6.2
6.5

3A4 147-150, 153-
155, 159-160, 
164, 166-167

3.16 The student is able to explain how the inheritance patterns of many traits cannot be accounted for 
by Mendelian genetics.

6.3 3A4 147-150, 153-
155, 159-160, 
164, 166-167

3.17 The student is able to describe representations of an appropriate example of inheritance patterns 
that cannot be explained by Mendel’s model of the inheritance of traits.

1.2 3A4 153-155, 166-
167

Enduring Understanding 3B: Expression of genetic information involves cellular and molecular mechanisms

3.18 The student is able to describe the connection between the regulation of gene expression and 
observed differences between different kinds of organisms

7.1 3B1 171-176, 
also 243

3.19 The student is able to describe the connection between the regulation of gene expression and 
observed differences between individuals in a population.

7.1 3B1 171-176, 
also 243

3.20 The student is able to explain how the regulation of gene expression is essential for the processes 
and structures that support efficient cell function.

6.2 3B1 173

3.21 The student can use representations to describe how gene regulation influences cell products and 
function.

1.4 3B1 169-173 

3.22 The student is able to explain how signal pathways mediate gene expression, including how this 
process can affect protein production.

6.2 3B2 169, 172-173 
also 77, 79, 
82-83

3.23 The student can use representations to describe mechanisms of the regulation of gene expression. 1.4 3B2 172-173, 178-
180

Enduring Understanding 3C: The processing of genetic information is imperfect and is a source of genetic variation

3.24 The student is able to predict how a change in genotype, when expressed as a phenotype, 
provides a variation that can be subject to natural selection.

6.4
7.2

3C1 182-183

3.25 The student can create a visual representation to illustrate how changes in a DNA nucleotide 
sequence can result in a change in the polypeptide produced.

1.1 3C1 187, 189
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3.26 The student is able to explain the connection between genetic variations in organisms and 
phenotypic variations in populations.

7.2 3C1 187-197

3.27 The student is able to compare and contrast processes by which genetic variation is produced and 
maintained in organisms from multiple domains.

6.2 3C2 182-183, 187-
197, also 242

3.28 The student is able to construct an explanation of the multiple processes that increase variation 
within a population.

1.4 3C2 182-183, 187-
197, also 242

3.29 The student is able to construct an explanation of how viruses introduce genetic variation in host 
organisms.

6.2 3C3 197-202

3.30 The student is able to use representations and appropriate models to describe how viral replication 
introduces genetic variation in the viral population

1.4 3C3 197-198, 200-
202

Enduring Understanding 3D: Cells communicate by generating, transmitting, and receiving chemical signals

3.31 The student is able to describe basic chemical processes for cell communication shared across 
evolutionary lines of descent.

7.2 3D1 77-79

3.32 The student is able to generate scientific questions involving cell communication as it relates to the 
process of evolution.

3.1 3D1 78-82

3.33 The student is able to use representation(s) and appropriate models to describe features of a cell 
signaling pathway.

1.4 3D1 77, 85

3.34 The student is able to construct explanations of cell communication through cell-to-cell direct 
contact or through chemical signaling.

6.2 3D2 77, 79-82, 
172

3.35 The student is able to create representation(s) that depict how cell-to-cell communication occurs by 
direct contact or from a distance through chemical signaling.

1.1 3D2 77

3.36 The student is able to describe a model that expresses the key elements of signal transduction 
pathways by which a signal is converted to a cellular response.

1.5 3D3 77, 85-87 

3.37 The student is able to justify claims based on scientific evidence that changes in signal 
transduction pathways can alter cellular response.

6.1 3D4 89

3.38 The student is able to describe a model that expresses key elements to show how change in 
signal transduction can alter cellular response.

1.5 3D4 88, 89

3.39 The student is able to construct an explanation of how certain drugs affect signal reception 
and, consequently, signal transduction pathways.

6.2 3D4 89

Enduring Understanding 3E: Transmission of information results in changes within and between biological systems

3.40 The student is able to analyze data that indicate how organisms exchange information in 
response to internal changes and external cues, and which can change behavior.

5.1 3E1 167, 171, 
174-177

3.41 The student is able to create a representation that describes how organisms exchange 
information in response to internal changes and external cues, and which can result in 
changes in behavior.

1.1 3E1 167, 171, 
174-177

3.42 The student is able to describe how organisms exchange information in response to internal 
changes or environmental cues.

7.1 3E1 168, 174-175

3.43 The student is able to construct an explanation, based on scientific theories and models, 
about how nervous systems detect external and internal signals, transmit and integrate 
information, and produce responses.

6.2
7.1

3E2 178-183

3.44 The student is able to describe how nervous systems detect external and internal signals. 1.2 3E2 166, 178

3.45 The student is able to describe how nervous systems transmit information. 1.2 3E2 178-182

3.46 The student is able to describe how the vertebrate brain integrates information to produce a 
response.

1.2 3E2 181, 185-186

3.47 The student is able to create a visual representation of complex nervous systems to 
describe/explain how these systems detect external and internal signals, transmit and 
integrate information, and produce responses. 

1.1 3E2 178

3.48 The student is able to create a visual representation to describe how nervous systems detect 
external and internal signals.

1.1 3E2 166, 178

3.49 The student is able to create a visual representation to describe how nervous systems 
transmit information.

1.1 3E2 180-181

3.50 The student is able to create a visual representation to describe how the vertebrate brain 
integrates information to produce a response.

1.1 3E2 185-186

BIG IDEA 4: Biological systems interact, and these systems and their interactions possess complex properties

Enduring Understanding 4A: Interactions within biological systems lead to complex properties

4.1 The student is able to explain the connection between the sequence and the subcomponents 
of a biological polymer and its properties.

7.1 4A1 27-32, 34-
36, 39-40, 91

4.2 The student is able to refine representations and models to explain how the subcomponents 
of a biological polymer and their sequence determine the properties of that polymer.

1.2 4A1 27-32, 34-
36, 39-40, 
91, 100

4.3 The student is able to use models to predict and justify that changes in the subcomponents 
of a biological polymer affect the functionality of the molecule.

6.1
6.4

4A1 31-35, 39-
40, 100
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4.4 The student is able to make a prediction about the interactions of subcellular organelles. 6.4 4A2 73

4.5 The student is able to construct explanations based on scientific evidence as to how 
interactions of subcellular structures provide essential functions.

6.2 4A2 61,73
6-7

4.6 The student is able to use representations and models to analyze situations qualitatively to 
describe how interactions of subcellular structures, which possess specialized functions, 
provide essential functions.  

1.4 4A2 61,72-73
6-7

4.7 The student is able to refine representations to illustrate how interactions between external 
stimuli and gene expression result in specialization of cells, tissues and organs.

1.3 4A3 169-170, 173

4.8 The student is able to evaluate scientific questions concerning organisms that exhibit 
complex properties due to the interaction of their constituent parts.

3.3 4A4 53-63, 64, 
65, 72-74, 
82, 85, 88, 
118, 94, 96-
97, 107-118

4.9 The student is able to predict the effects of a change in a component(s) of a biological 
system on the functionality of an organism(s).

6.4 4A4 59-61, 64, 
66,73-74, 
76,101,104-
105, 118

4.10 The student is able to refine representations and models to illustrate biocomplexity due to 
interactions of the constituent parts.

1.3 4A4 64, 98, 104-
105,190

4.11 The student is able to justify the selection of the kind of data needed to answer scientific 
questions about the interaction of populations within communities.

1.4
4.1

4A5 193-194, 
197-203, 
226, 231

4.12 The student is able to apply mathematical routines to quantities that describe communities 
composed of populations of organisms that interact in complex ways. 

2.2 4A5 194, 197-
198, 201-
203, 226

4.13 The student is able to predict the effects of a change in the community’s populations on the 
community.

6.4 4A5 207, 210-
213, 250-
252, 

4.14 The student is able to apply mathematical routines to quantities that describe interactions 
among living systems and their environment, which result in the movement of matter and 
energy. 

2.2 4A6 239, 241, 
243, 257, 
274

4.15 The student is able to use visual representations to analyze situations or solve problems 
qualitatively to illustrate how interactions among living systems and with their environment 
result in the movement of matter and energy.

1.4 4A6 234-237, 
240-244, 
246-248

4.16 The student is able to predict the effects of a change of matter or energy availability on 
communities.

6.4 4A6 235, 241, 
243, 254, 
257

Enduring Understanding 4B: Competition and cooperation are important aspects of biological systems.

4.17 The student is able to analyze data to identify how molecular interactions affect structure and 
function.

5.1 4B1 25

4.18 The student is able to use representations and models to analyze how cooperative 
interactions within organisms promote efficiency in the use of energy and matter.

1.4 4B2 59, 83-84, 
107

4.19 The student is able to use data analysis to refine observations and measurements regarding 
the effect of population interactions on patterns of species distribution and abundance.

2.2
5.2

4B3 226, 229

4.20 The student is able to explain how the distribution of ecosystems changes over time by 
identifying large-scale events that have resulted in these changes in the past. 

6.2
6.3

4B4 262, 268

4.21 The student is able to predict consequences of human actions on both local and global 
ecosystems.

6.4 4B4 254-267

Enduring Understanding 4C: Naturally occurring diversity among and between components within biological systems affects 
interaction with the environment.

4.22 The student is able to construct explanations based on evidence of how variation in 
molecular units provides cells with a wider range of functions.

6.2 4C1 189, 191-193

4.23 The student is able to construct explanations of the influence of environmental factors on the 
phenotype of an organism.

6.2 4C2 179, 182-183

4.24 The student is able to predict the effects of a change in an environmental factor on the 
genotypic expression of the phenotype. 

6.4 4C2 179, 182-185

4.25 The student is able to use evidence to justify a claim that a variety of phenotypic responses 
to a single environmental factor can result from different genotypes within the population.

6.1 4C3 182-183, 
188-193

4.26 The student is able to use theories and models to make scientific claims and/ or predictions 
about the effects of variation within populations on survival and fitness.

6.4 4C3 188-193, 
also 206-207

4.27 The student is able to make scientific claims and predictions about how species diversity 
within an ecosystem influences ecosystem stability.

6.4 4C4 249, 253, 
263, 270-272 
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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 student books and supporting 
resources can make teaching a mixed ability class easier. Here, we suggest some approaches for differential instruction. 

Teaching Strategies for Classroom Use

MAKING A START
Regardless of which activity you might be attempting in 
class, a short introduction to the task by the teacher is a 
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. Depending on the activity, the class may 
regroup at the end of the lesson for discussion.

Using collaboration to maximize learning 
outcomes

• The structure of the AP Biology books allows for a flexible 
approach to unpacking the content with your students.

• The content can be delivered in a way to support 
collaboration, where students work in small groups to 
share ideas and information to answer and gain a better 
understanding of a topic, or design a solution to a problem.

• By working together to ask questions and evaluate each 
other's ideas, students maximize their own and each other’s 
learning opportunities. They are exposed to ideas and 
perspectives they may not have come up with on their own.  

• Use a short, informal collaborative learning session to get 
students to exchange ideas about the answer to a question. 
Alternatively, collaboration may take a more formal role that 
lasts for a longer period of time (e.g. assign groups to work 
together for a paper practical activity, to research a topic, or 
design a solution to a problem).

Students invited to report 
back to the class via 

teacher-led discussion

Brief class discussion to 
"unpack" the information

Student group

Discuss, 
then create 
consensus 
answers

Student group

Discuss, 
then create 
consensus 
answers

Student group

Discuss, 
then create 
consensus 
answers

TEACHER
Introduces activity

The teacher introduces the topic. They 
provide structure to the session by 
providing background information and 
setting up discussion points and clear 
objectives. Collaboration is emphasized 
to encourage participation from the 
entire group. If necessary, students in a 
group can be assigned specific tasks.

Students work in small groups so 
everyone's contribution is heard. They 
collaborate, share ideas, and engage 
in discourse. The emphasis is on 
discussing questions and formulating 
a consensus answer, not just sharing 
ideas.

At the end of the session, students 
report back on their findings. Each 
student should have enough knowledge 
to report back on the group's findings. 
Reporting consists primarily of providing 
answers to questions, but may involve 
presenting a report, model, or slide 
show, or contributing to a debate.
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Peer to peer support
• Peer-to-peer learning can be used for any activities, but is particularly 

valuable for more challenging activities in which the content is more 
complex or the questions require students to draw on several areas of their 
knowledge to synthesize an answer. Examples of such activities include 
modeling activities, activities with a design component, or activities involving 
data analysis, graphing, and evaluation.

• Stronger peers can assist weaker students and both groups benefit from 
verbalizing their thoughts and presenting them to a group. Students 
for whom English is a second language can ask their peers to explain 
unfamiliar terms (both scientific and English) and this benefits both parties.

 Paper practicals and simulation activities (e.g. Modeling Mitosis, 
Modeling Meiosis, Modeling Population Growth, Creating a DNA Model, 
Modeling Interspecific Competition, and Gene Pool Exercise) are an ideal 
vehicle for this kind of peer-to-peer learning. They are not only enjoyable, 
but they prompt students to ask questions and think about how they could 
use the model to answer those questions. 
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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 fertilization. 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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Modeling 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 (fertilization) 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. 

Color 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 visualize and understand meiosis. 

It will take 25-45 minutes.

138

WEB

138
PRACTICESPRACTICESEncourage students to 

consolidate and extend their 
knowledge by visiting the 
Weblinks for the activity. 

In Modeling 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.
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20. Cells use signals (chemical messengers) to communicate and to 
gather information about, and respond to, changes in their cellular 
environment. The diagram below shows a form of cell signaling.

 (a) Describe the basis of cell signaling in terms of a receptor, cell 
signaling molecule, and a target cell:

 (b) Why is it important that not all cells respond to every cell signal?

 (c) On the diagram, what type of signal molecule is A? 
Explain your reasoning: 
 

 (d) What is the structure labelled B?  
 

 (e) What role is structure B playing at point C on the diagram? 

 (f) What is happening at point D on the diagram? 

 (g) In general terms, describe the effect of this on the cell:  

 

B

A

C

D

Extracellular fluid

Plasma membrane

Cytoplasm

19. The molecule pictured right is cellulose.

 (a) To what class of organic molecules does it belong?

 (b) Where is this molecule found?  

 (c) What is the monomer from which it is made?
Cellulose

 (d) Describe features of this molecule that relate to its functional role?  

  Interactive revision of tasks in class
• The Teacher's Digital Edition provides a digital rights 

managed (DRM) version of the student book as PDF files. 
It features useful HIDE/SHOW answers, which can be 
used 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 the 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.

A

B

C

D

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  is capable and needs extension. She works 
quickly, completing her set work. She can demonstrate 
her understanding in the synoptic question.
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Synoptic Questions91
1. Name the process illustrated in the diagram on the right:

 (a) Condensation (dehydration synthesis)

 (b) Denaturation

 (c) Hydrolysis

 (d) Lysis

2. Name the opposite reaction to the one illustrated in the diagram on the right:

 (a) Condensation (dehydration synthesis)

 (b) Denaturation

 (c) Hydrolysis

 (d) Lysis

O

+ H2O

H

R

NH2
C

O

OH
C

3. Identify the molecule depicted in the diagram below:

5. Identify the type of solution that the red blood cell below 
has been placed into:

 (a) Isotonic

 (b) Hypertonic

 (c) Hypotonic

 (d) None of the above

7. Identify the organelle on the right:

 (a) Nucleus

 (b) Chloroplast

 (c) Golgi body

 (d) Mitochondrion

9. The image of a macrophage (type of white blood cell) 
right was measured at 20 mm when viewed at 1000 X 
magnification. The actual size of the cell is:

 (a) 2 mm

 (b) 20 µm

 (c) 200 µm

 (d) 2000 µm

10. Which of these statements about carrier-mediated 
diffusion is untrue?

 (a) It enables the transport of lipid-insoluble molecules 
across the membrane

 (b) It is a passive process

 (c) It moves molecules against their concentration 
gradient

 (d) It is important in the transport of glucose into red 
blood cells

8. The organelle on the right is the:

 (a) Site of protein production

 (b) Site of cellular respiration

 (c) Site of photosynthesis

 (d) Site of protein modification

6. The diagram right shows a plant cell 
in plasmolysis. This has occurred 
because:

 (a) The cell membrane has ruptured 

 (b) Water has left the cell

 (c) Water has entered the cell

 (d) The cell wall has collapsed

4. Which statement is untrue?

 (a) Polysaccharides are made up of many 
monosaccharides.

 (b) Nucleotides are the building blocks of DNA and RNA.

 (c) Fatty acids are the building blocks of proteins.

 (d) Phospholipids are an important component of cellular 
membranes.

 (a) Monosaccharide

 (b) Lipid

 (c) Amino acid

 (d) Triglyceride

  Moving on to Synoptic Questions
• BIOZONE's AP Biology contains synoptic questions 

at the end of each major section of work. These 
require students to draw on the knowledge gained 
in a range of activities to answer the questions.

• The synoptic questions include multi-choice, short 
answer, and longer answer questions. Students 
are given introductory information and asked to 
discuss certain aspects of the topic relating to the 
information. The examples used in the questions 
may not directly relate to examples in the book, 
but the ideas and concepts required to answer the 
question will have been covered in the preceding 
activities.

• Sometimes students will need to interpret the 
information given in the question's introduction and 
integrate their interpretation into their answer.
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Types of Natural Selection
214

Extreme variations are selected 

against and the middle range (most 

common) phenotypes are retained in 

greater numbers. Stabilizing 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 from the adaptive phenotype, 

e.g. birth weight of human infants. 

Stabilizing selection predominates when 

environments are stable.

The adaptive phenotype is shifted in one 

direction and one phenotype is favored 

over others. Directional selection was 

observed in peppered moths in England 

during the Industrial Revolution when 

soot-covered trees were common. In 

England’s current environment, the 

selection pressures on the moths are 

more balanced, although lighter morphs 

predominate. Selection will be directional 

when there is a trend in environmental 

conditions, e.g. warm to cold.

Disruptive selection favors 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 medium-sized seed sources 

was so intense that selection favored birds 

able to exploit either small or large seeds. 

Disruptive selection may occur when 

environments or resources are fluctuating 

or distinctly divergent.

Key Idea: Natural selection is responsible for the differential 

survival of some phenotypes (and genotypes) over others. It 

is an important cause of genetic change in populations.

Natural selection operates on the phenotypes of individuals 

produced by their particular combinations of alleles. It results 

in the differential survival of some genotypes over others. 

As a result, organisms with phenotypes most suited to the 

environment at the time are more likely to survive and breed 

than those with less suited phenotypes. Favorable phenotypes 

will become relatively more numerous than unfavorable 

phenotypes. 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 current environment so it is a dynamic process. It may 

favor existing phenotypes or shift the phenotypic median, 

as is shown below. The top row of diagrams represents 

the population phenotypic spread before selection, and the 

bottom row the spread afterwards.

1.  Define the following, including a statement about the type of environment that favors each:

 (a) Stabilizing selection:  

 (b) Directional selection:  

 (c) Disruptive selection:  

2. Explain why fluctuating (as opposed to stable) environments favor disruptive (diversifying) selection:  

WEB
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— Fluctuating environments are more likely to provide resource instability (e.g. food shortages), which may 

favor diversification of phenotypes to exploit extremes of the resource range. For example, droughts may 

lead to seed shortages, so birds may be forced to exploit seeds outside the range of sizes they would 

normally eat (either small or large seeds), as occurred with the finches on Santa Cruz.
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The Teacher's Digital Edition
The Teacher's Digital Edition is a DRM product, sold 
separately, and 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. 
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Stabilizing Selection for Human Birth Weight

215
Key Idea: Stabilizing selection operates to keep human birth 

weight within relatively narrow constraints.
Selection pressures operate on populations in such a way as 

to reduce mortality. For humans, selection pressures act to 

constrain birth weight to within narrow limits. This is a good 

example of stabilizing selection. It is possible to document 

this effect by plotting birth weights for a large sample of the 

population. Carry out the steps below.

1. Describe the shape of the histogram for birth weights:  
2. What is the optimum birth weight in terms of the lowest newborn mortality? 

3. Describe the relationship between newborn mortality and birth weight:  4. Describe the selection pressures that are operating to control the range of birth weight:  
5. Predict the effect of increased rates of Cesarean section on the average birth weights of newborns:  

 

Step 1: For this activity, you will need a sample 
of 100 birth weights. You can search birth 
records online or use the data provided in 
the appendix of this book (page 410).

Step 2: Group the weights into each of the 
12 weight classes indicated on the 
graph template provided. Calculate the 
percentage in each weight class.

Step 3: Graph these in the form of a histogram for 

the 12 weight classes (use the graphing 
grid provided right). Be sure to use the 
scale provided on the left vertical (y) axis.

Step 4: Create a plot of percentage mortality of 
newborns in relation to their birth weight. 
Use the scale on the right y axis and data 
provided (below). Draw a line of best fit 
through the points.

Weight (kg) Percent mortality1.0
801.5
302.0
122.5
43.0
33.5
24.0
34.5
75.0

15

The size of the baby and the diameter and shape of the birth canal are the two crucial 
factors in determining whether 
a normal delivery is possible.

Evidence indicates that the phenotypic norm 

is shifting. Researchers estimate that cases 

where the baby cannot fit down the birth 
canal have increased from 30/1000 in the 
1960s to 36/1000 births today, indicating 
that there is less selection against women 
with narrow pelves and babies with larger 
heads. Many of these larger babies are now 

safely delivered by Cesarean section.
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Average birth 

weight might be expected to increase as there will be more successful deliveries of large babies. 

—

+

 

Good correlation. Lowest frequencies of 

surviving birth weights correspond to birth weights of highest mortality.

—

3.5 kg (taken from the table: only 2% mortality)

—
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Transcription in Eukaryotes25

1. (a) Name the enzyme responsible for transcribing the DNA:

(b) What strand of DNA does this enzyme use? 

(c) The code on this strand is the [ same as / complementary to ] the RNA being formed (circle correct answer).

(d) Which nucleotide base replaces thymine in mRNA? 

(e) On the diagram, use a coloured pen to mark the beginning and end of the protein-coding region being transcribed.

2. (a)  In which direction is the RNA strand synthesised? 

(b)  Explain why this is the case:

3. (a) Why is AUG called the start codon? 

(b) What would the three letter code be on the DNA coding strand? 

Key Idea: Transcription is the first step of gene expression.
It involves the enzyme RNA polymerase rewriting the
information into a primary RNA transcript. In eukaryotes, 
transcription takes place in the nucleus.
Transcription is the first stage of gene expression. It takes 
place in the nucleus and is carried out by the enzyme 
RNA polymerase, which rewrites the DNA into a primary 
RNA transcript using a single template strand of DNA. The 

protein-coding portion of a gene is bounded by an upstream 
start (promoter) region and a downstream terminator region.
These regions control transcription by telling RNA polymerase 
where to start and stop transcription. In eukaryotes, non 
protein-coding sections called introns must first be removed 
and the remaining exons spliced together to form the mature 
mRNA before the gene can be translated into a protein. This 
editing process also occurs in the nucleus.

WEB
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5'

Transcription is carried out by RNA polymerase (RNAP)

Several RNA polymerases may 
transcribe the same gene at 
any one time, allowing a high 
rate of mRNA synthesis.

Direction of 
transcription

Template (antisense) 
strand of DNA stores 
the information that is 
transcribed into mRNA

The primary RNA transcript is 
edited to form the mature mRNA 
and then passes to the cytoplasm 
where the nucleotide sequence is 
translated into a polypeptide.

Newly synthesised RNA 
strand is complementary 
to the template strand

Translation will 
begin at the start 
codon AUG

mRNA nucleotides. Free 
nucleotides are used to 
construct the RNA strand

Coding (sense) 
strand of DNA

RNA polymerase (RNAP)
adds nucleotides to the 3' end 
so the strand is synthesised 
in a 5' to 3' direction.

RNA polymerase binds at the 
upstream promoter region

RNA polymerase 
dissociates at the 
terminator region

3'

3'

3'

5'

5'

+

+

—

—

5' to 3'

It is always where translation will begin.

RNA polymerase adds nucleotides to the 3' (-OH) end of the growing RNA 

thus the RNA transcript extends from the 3' end of the chain.
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10. (a) Use the following labels to complete the diagram of 
the carbon cycle shown right: atmosphere, geosphere, 
oceans, respiration (R), photosynthesis (PS).

 (b) Add arrows to show deforestation (D) and combustion 
(C) of fossil fuels:

 (c) Combustion and deforestation result in another 
9 petagrams of carbon being added to the carbon cycle. 
Add this value to the diagram.

 (d) About 3 petagrams is taken up by photosynthesis and 2 
petagrams is taken up by the oceans. Add these values 
to the appropriate labels on the diagram.

 (e) How much extra carbon is actually added to the 
atmosphere by deforestation and combustion?

11. The plot below right shows the results of a 60 day experiment to 
investigate the interactions between rocky shore organisms, whelks 
(Nucella spp.), the starfish Pisaster, and a species of mussel 
(Mytilus) which is preyed on by both Nucella and Pisaster. The 
experiment involved replicate groups of mussels in experimental 
areas of the shore. From some areas, the researchers removed 
both Pisaster and Nucella, from some areas only Pisaster or only 
Nucella, and from some areas neither predator was removed.

 (a) Which line represents the control?  

 (b) What was the effect of removing both predators?

 (c) What was the effect of removing only Pisaster?

 (d) What was the effect of removing only Nucella?

11. The plot below right shows the results of a 60 day experiment to 
investigate the interactions between rocky shore organisms: whelks 
(Nucella spp.), the starfish Pisaster, and a species of mussel 
(Mytilus) which is preyed on by both Nucella and Pisaster. The 
experiment involved replicate groups of mussels in experimental 
areas of the shore. From some areas, the researchers removed 
both Pisaster and Nucella, from some areas only Pisaster or only 
Nucella, and from some areas neither predator was removed.

 (a) Which line represents the control?  

 (b) What was the effect of removing both predators?

 (c) What was the effect of removing only Pisaster?

 (d) What was the effect of removing only Nucella?
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1. Both predators removed.
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 (e) Do these results support the statement that Pisaster is a keystone species in rocky shore ecosystems in Oregon? 
Explain your reasoning, using the data above to justify your statement:

Formative and Summative Assessments
AP Biology provides ample opportunity for students to demonstrate their understanding and proficiency across all four Big 
Ideas. Most of the activities in the book can be used for formative assessment to provide feedback to the student during the 
learning process. Synoptic questions at the end of each section can be used as summative assessment tasks. 

Summative assessment

Each section of work concludes with synoptic 
questions. These activities may be administered at 
the end of a unit of instruction as a formal or semi-
formal test. They are designed to test a student's 
ability to apply their knowledge and understanding 
of a particular topic. 

Formative assessment

Individual activities, or an instructional sequence, 
can be used as formative assessments to 
determine how a student's knowledge is 
progressing within a selected topic. Teachers 
can revise their instruction, revisit material, or set 
further tasks if a student is having difficulty with 
the material.
KEY TERMS AND IDEAS: Did You Get It? 
activities at the end of each chapter can be used 
for formal testing as a class, or set as an informal 
check point where students use the activity as a 
opportunity for self assessment.
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KEY TERMS AND IDEAS: Did You Get It?135

1. Contrast the innate and the adaptive immune responses with reference to the basic action and the cells involved:  

2. The photograph on the right shows the effect of a pathogen infecting a human. 

 (a) Name the defensive response occurring:  

 (b) What is happening to the blood vessels at this location?  

 (c) Name the substance responsible for the change in the blood vessels:

 

 (d) What type of cell is the substance released from?  

 (e) During this response, the number of white blood cells increases/decreases 
(delete one).

 (f) The process occurring here is an example of innate immunity / 
  adaptive immunity (delete one).

4321

3. The diagram below shows a hypersensitivity sequence. Label the following components on the diagram: mast cell, 
antibody, histamine, antigen, B cell, plasma B cell. In the space below each drawing, briefly state what is happening.

                                                                                                                                                                                     

                                                                                                                                                                                     

                                                                                                                                                                                     

A Immune response against antigens involving the activation of macrophages, specific 
T cells, and cytokines.

B A disease-causing organism.

C The collective defenses of the body that provide resistance to infection or disease.

D A molecule, usually a protein, that is capable of inducing an immune response.

E The delivery of antigenic material to produce immunity to a disease (produce an 
immunized individual).

F The protective response of vascular tissues to harmful stimuli, such as irritants, 
pathogens, or damaged cells.

G Immune response that is mediated by secreted antibodies.

H Gamma globulin protein in the blood or other bodily fluids, which identifies and 
neutralizes foreign material, such as bacteria and viruses.

antigen

antibody

cell-mediated response

humoral response

immunity

inflammation

pathogen

vaccination

1. Test your vocabulary by matching each term to its correct definition, as identified by its preceding letter code.  
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6. The plot below shows the mean net productivity of various 
biomes. The productivity varies between them because:

 (a) Productivity increases from the poles to the equator.

 (b) The oceans have fewer photosynthetic organisms than 
terrestrial biomes.

 (c) Productivity is determined largely by available water, 
light, and nutrients.

 (d) Grasses have lower productivity than trees.

7. The photograph below depicts:

 (a) Intraspecific competition and predation

 (b) Cooperation

 (c) Intra- and interspecific competition and predation

 (d) Interspecific competition and predation

8.  The cartoon sequence depicted below illustrates?

 (a) Primary succession and ecosystem resilience

 (b) Secondary succession and ecosystem resilience

 (c) Secondary succession and ecosystem resistance

 (d) Primary succession and ecosystem resistance

9. Which of the following could accelerate current rates of 
global warming:

 (a) Increased rate of fossil fuel use

 (b) Deforestation without replanting

 (c) Decrease in ice-albedo

 (d) All of the above

Synoptic Questions274
Questions 1-2 relate to the plot below. Identify the 
correct answer

1.  Species A and B are found in the same ecosystem. 
What could be inferred from the data presented:

 (a) Species B is the prey of species A

 (b) Species B is the predator of species A

 (c) Species A is a keystone species

 (d) Species A is a parasite of species B

2.  Which of the following statements would explain why 
a species would show cyclic population changes:

 (a) A keystone species in the ecosystem is removed.

 (b) The vegetation on which it depends varies 
seasonally.

 (c) Climate shifts alter the prevalence of parasites 
that affect the species.

 (d) A predator of the species is preyed on by a 
species that is introduced to the ecosystem.

3. Pumas prey on a species of deer in a region. The 
deer feed on vegetation. What is the most likely 
outcome if the puma population declines markedly 
as a result of hunting by humans:

 (a) The deer population will cycle between high and 
low numbers until the predator returns.

 (b) The deer population will increase and strip the 
region of vegetation.

 (c) The deer population will decline and vegetation 
cover will increase.

 (d) The deer population will be stable.

4. Which of the following might be expected if a 
keystone species is eliminated from an ecosystem:

 (a) Interspecific competition increases.

 (b) There is one less niche available.

 (c) The ecosystem diversity declines.

 (d) There is no significant change.

5. When two species have a close relationship in which  
both obtain benefits, the relationship is called:

 (a) Symbiosis

 (b) Mutualism

 (c) Commensalism

 (d) Competition
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Bacteria

Bacteria play an essential role 

in nutrient cycles. They act as 

decomposers, but can also 

convert nutrients into forms 

accessible to plants and animals.

The role of organisms in nutrient cycling

1. (a) Briefly outline how matter (e.g. nutrients) moves through an ecosystem:  

 (b) How does the rate of this movement vary between ecosystems:  

 

2. Briefly describe the role of each of the following in nutrient cycling:

 (a) Bacteria:  

 (b) Fungi:  

 (c) Plants:  

 (d) Animals:  

Nutrient Cycles

Fungi

Fungi are saprophytes and 

are important decomposers, 

returning nutrients to the soil 

or converting them into forms 

accessible to plants and animals.

Plants

Plants have a role in absorbing 

nutrients from the soil and making 

them directly available to browsing 

animals. They also add their own 

decaying matter to soils.

Animals

Animals utilize and break 

down materials from bacteria, 

plants and fungi and return the 

nutrients to soils and water via 

their wastes and when they die.
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Tropical rainforest

The speed of nutrient cycling can vary, some nutrients are cycled slowly, 

others quickly. The environment and diversity of an ecosystem can also 

have a large effect on the speed at which nutrients are recycled.

Macronutrient Common form
Function

Carbon (C)
CO2

Organic molecules

Oxygen (O)
O2

Respiration

Hydrogen (H)
H2O

Cellular hydration

Nitrogen (N)
N2, N

O3
-, NH4

+ Proteins, nucleic acids

Potassium (K) K+
Principal ion in cells

Phosphorus (P) H2PO4
-, HPO4

2- Nucleic acids, lipids

Calcium (Ca)
Ca2+

Membrane permeability

Magnesium (Mg) Mg2+
Chlorophyll

Sulfur (S)
SO4

2-
Proteins

Micronutrient Common form
Function

Iron (Fe)
Fe2+, Fe3+ Chlorophyll, blood

Manganese (Mn) Mn2+
Enzyme activation

Molybdenum (Mo) MoO4
-

Nitrogen metabolism

Copper (Cu)
Cu2+

Enzyme activation

Sodium (Na)
Na+

Ion in cells

Silicon (Si)
Si(OH)4

Support tissues

Essential nutrients

Nutrients in soil

High speed return of 

nutrients to plants and 

animals leaving soil 

nutrient deficient

Nutrients in plants 

and animals

Temperate woodland

Nutrients in plants 

and animals

Nutrients in soil

Slow return of nutrients 

allowing greater build up 

of nutrients in the soil
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Key Idea: Matter cycles through the biotic and abiotic 

compartments of Earth's ecosystems in nutrient cycles.

Nutrient cycles move and transfer chemical elements (e.g. 

carbon, hydrogen, nitrogen, and oxygen) through the abiotic  

and biotic components of an ecosystem. Commonly, nutrients 

must be in an ionic (rather than elemental) form in order for 

plants and animals to have access to them. The supply of 

nutrients in an ecosystem is finite and limited. 
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Many of the book's activities are ideal for homework or as vehicles for a quick self 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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Innate Behaviors
Key Idea: Innate behavior is a behavior that is carried out in response to stimuli and performed without prior experience.Innate behavior (often called instinct) is a pattern of behavior that is performed without any prior learning or experience. Innate behaviors are inherited without modification and have important roles in survival of young, courtship and mating, 

communication, and navigation. Many (but not all) innate behaviors follow an innate behavioral program called a fixed-action pattern (FAP), which is activated by a stimulus or releaser to direct some kind of behavioral response. Although 'pre-programmed', they are often complex and once begun, must run to completion.

1. What is the importance of innate behaviors to survival?  

2. (a) Explain the role of releasers in behaviors involving fixed action patterns:  

 (b) Name a releaser for a fixed action pattern in gulls and describe the behavior elicited:  

Examples of innate behaviors

Newly hatched sea turtles innately 
head towards the brightest area, 
which is normally moonlight 
reflecting off the ocean. This takes 
them to the sea, reducing the risk 
of predation and overheating.

Most birds build nests that 
follow the same pattern within a 
species. Weaver birds all follow 
the same pattern of nest building, 
but experience does enhance the 
building technique.

Web building in spiders is innate 
and follows the same rules within 
species. Orb web spiders build 
large webs in open spaces. 
Jumping spiders leave a silk 
safety line behind them.

Courtship behaviors can be very 
complex but each species has its 
own specific behavior. Courtship 
dances in birds can be very 
elaborate and young birds may 
need to practice their dance.
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Fixed action patternsSome behaviors are so critical that they have become genetically fixed and the behavior can not be altered by learning or 
external stimuli. This kind of behavior is called a fixed-action pattern (FAP). FAPs are spontaneous, stereotyped (always 
the same), and indivisible. Once begun, a FAP runs to completion and is independent of learning. Many FAPs have been 
identified in animals. The one illustrated below relates to feeding in the southern black-backed gull (Larus dominicanus). 
Similar behavior occurs in many other gull species.
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The red dot on the bill of the adult gull acts as a releaser (sign stimulus) for a fixed action pattern in the chick (the chick pecks at the 
red dot). The pecking action acts as a releaser for a fixed action pattern in the adult gull, in which it regurgitates food (as above). The 
behavioral response to the sign stimulus is mediated via a hypothetical neural processing mechanism called the innate releasing 
mechanism. Thus the message of "I'm hungry, feed me" is communicated in a unchanging way, which is recognized by both parties.

FAP

Innate 
releasing 

mechanism

Releaser  or 
sign stimulus
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The Human Digestive Tract
107

Key Idea: Interactions between the tissues and organs in the 

different regions of the digestive tract maximize the efficiency 

of digestion and absorption. 

The human digestive system (gut) is a tubular tract, which 

is regionally specialized into a complex series of organs 

and glands that function in sequence to process food. 

Specialization of organs, so that each carries out a specific 

role, maximizes the efficiency with which food is processed. 

Salivary 

glands

Esophagus

Liver

Pancreas

Small 
intestine

Gall 
bladder Stom

ac
h

Large intestine
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 f Collectively, the organs of the digestive tract (above) carry 

out the physical and chemical breakdown (digestion) of food, 

absorption of nutrients, and elimination of undigested material. 

 f The gut is a hollow, open-ended, muscular tube. The food 

within the gut is essentially outside the body, it is only in 

contact with the cells lining the tract. Food movement through 

the system is one way only allowing food to be sequentially 

and efficiently processed. 

 f The regional specialization of the digestive tract provides a 

degree of compartmentalization, with each region carrying out 

a highly specific role. The physical and chemical environments 

in each region can vary widely. As a result, the enzymes 

located in each region and the metabolic reactions they carry 

out are specific to the region and its environment.

 f External to the digestive tract are several accessory organs 

and glands, which add enzymes to the food to aid digestion. 

Examples include the pancreas and liver.

1. What is the function of the digestive tract?  

 

2. (a) Describe the basic structure of the digestive tract:

 (b) Describe how compartmentalization of the 

digestive tract is achieved:

 (c) How does this contribute to metabolic efficiency?

3.  The digestive systems of some simple invertebrates 

have a single opening serving as both a mouth and 

an anus. 

 (a) Describe a limitation of this type of system:

 (b) Describe the opportunities arising as a result of 

the evolution of a tube gut:

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

Summary activities are ideal as 
homework because they involve 
reviewing completed work. This 
activity provides an opportunity 
for students to recall and apply 
knowledge about regional and 
functional specialization in 
mammalian digestive tracts.

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