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How to use this book

PEARSON BIOLOGY 11 UNITS 1 & 2 QUEENSLAND

Pearson Biology 11 Queensland has been written to the new QCE Biology Syllabus. The book is an easy-to-use
resource that covers Units 1 & 2 as well as comprehensively addresses the Skills and Assessment.

Explore how to use this book below.

Design

The best-practice literacy and
instructional design supports all
learners.

A simple to navigate, predictable
design enables ease of use. The
high-quality, relevant photos and
illustrations assist the student
understanding of the concepts.

—_—. 7.1 Non-infectious disease

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

Module opener

Module openers outline the key
concepts and skills to be developed
and link to the syllabus subject
matter listed in the Chapter opener.

Science as a Human -

Endeavour

The SHE feature provides an
opportunity for students to
appreciate the development
of science and its use and
influence on society. The SHE
features provide a segue into
the development of claims
and research questions for the
Research investigation.

Chapter opener

The Syllabus subject matter
addressed in each chapter is
clearly listed, along with any
Science as a Human Endeavour
features and Mandatory
practicals.

. SCIENCE AS A HUMAN ENDEAVOUR

Lock and key versus induced fit models

of his induced fit model

CHAPTER3 | THEFUNCTONNGCELL B

CHAPTER

@77 Infectious disease

Sytlabus subject matter

Topke 2 « Infectious dseate

Highlight box

Highlight features focus
students’ attention on important
information such as key
definitions, formulas and salient
points.



Worked examples

Worked examples use sequential
steps of thinking and working to

enhance student understanding
of subject matter. Each Worked
example is followed by a Try
yourself task where students
apply their learning to a mirrored
problem.

Fully worked solutions to all Try
yourself problems are available
on Pearson Biology 11 Queensland
Teacher Support.

Case studies

Case studies provide
opportunities to engage with
current applications and research
in biology and address essential
syllabus objectives beyond typical
learning and understanding
conventions. Case studies develop
skills in analysing, interpreting,
evaluating, decision-making and
predicting. Skills are modelled for
students in the Case studies and
then learning is applied in the
Case study review.

Mandatory practicals =

The Student Book includes all
mandatory practicals. Each
practical has been trialled and
tested to ensure it can be safely
performed and yields effective
results.
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Skillbuilder

A Skillbuilder outlines a method
or technique. Each is instructive
and self-contained. Skillbuilders
step students through the skill
to support science application,
required when analysing or
utilising knowledge.

Module summary

Each module concludes with
a summary to help students
consolidate the key points and
concepts.

2.1 Review

complex and

reprodiuce

KEY QUESTIONS

Retrieval
1

into pm (micrometres).

TOPE 1 CELLS AS THE BASIS OF UFE

Module review

Key instructions are provided to
test students’ understanding of
concepts of the module. Tasks are
carefully categorised under the
relevant cognitive level: Retrieval,
Comprehension, Analysis and are
developed to assess the syllabus
requirements.



Chapter review

Each chapter finishes with a
list of key terms covered in the
i chapter and a set of tasks to
i test students’ abilities to apply
© the knowledge gained from the
chapter.

Unit review

Each Unit finishes with a

comprehensive set of exam-

style instructions, including

multiple choice, short answer and
i extended response. These review
. tasks assist students to draw

together their knowledge and

understanding of the whole unit.

Glossary

Key terms are shown in bold
throughout the Student Book
and are listed at the end of
each chapter. A comprehensive
glossary at the end of the book
defines all the key terms. The
glossary aligns with the syllabus
context and includes the QCAA
defined terminology.

_'. Chapter review
: Ki RMS |

[

Answers

Comprehensive answers and fully
worked solutions for all Module
review tasks, Try yourself, Science
as a Human Endeavour, Case
studies, Chapter reviews and

Unit reviews are provided via the
Teacher Reader+ eBook.

Go To icons make

GOTO> | :
important links to

relevant content within the
student books in the course.
The Go To icons indicate where to

engage with Chapter 1 in your
eBook.
practical is supported 5@
by a complementary m—1

SPARKIab alternative practical.

Every Mandatory

The Pearson Biology Skills and

- Assessment Book icons indicate

the best time to engage with an
activity for practice, application
and revision.

The type of activity is

indicated as follows:

Worksheet (WS)
Mandatory practical (MP)
Practical activity (PA)

Sample Assessment
Task (SAT)

Topic review (TR)

The Reader+ icon
indicates when to engage
with an asset via your

Reader+ eBook. Assets

may include videos and
interactive activities.
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The Skills and Assessment Book gives students the edge in preparing for

all forms of assessment. Specifically prepared to provide opportunities to
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Understanding assessment instructions

The Queensland Certificate of Education (QCE) 2019
Biology Syllabus uses an inquiry approach, guiding
students in a systematic way to a better understanding of
the world.

You will notice as you read through the Syllabus for Units
1 to 4 that many terms are underlined. Two examples are
provided:

a the General Senior Syllabus objectives
b asample of Topic 1 subject matter.

The syllabus objectives showing the
underlining of terms

Syllabus objective

1 describe and explain
scientific concepts, theories,
models and systems and
their limitations

2 apply understanding of
scientific concepts, theories,

models and systems within
their limitations

3 analyse evidence

4 interpret evidence

5 . investigate phenomena

6 evaluate processes, claims
and conclusions

7 communicate

understandings, findings,
| arguments and conclusions.

The QCAA Syllabus states that students ‘are required to use
a range of cognitive processes to demonstrate they meet the
syllabus’. Many of the underlined words in the Syllabus are
action verbs. These verbs are often placed at the start of dot
points, to identify the level of thinking (cognitive process) you
are expected to demonstrate. Note the action verbs from the
two Syllabus extracts, summarised in the tables above and
at right.

0 Remember the cognitive verbs used in the Syllabus
subject matter dot points indicate the highest level of
thinking and subject engagement to be covered. You will
not be assessed at a higher cognitive level.

A subject matter description from Biology
Unit 1, Topic 1 showing the underlining
of terms

Subject matter

Cell membrane

« describe the structure of the cell membrane (including protein
channels, phospholipids, cholesterol and glycoproteins) based on
the fluid mosaic phospholipid bilayer model

describe how the cell membrane maintains relatively stable
internal conditions via the passive movement (diffusion, osmosis)
of some substances along a concentration gradient

« explain how the cell membrane maintains relatively stable
internal conditions via the process of active transport of a named
substance against a concentration gradient

» understand that endocytosis is a form of active transport that
usually moves large polar molecules that cannot pass through the
hydrophobic cell membrane into the cell

« recognise that phagocytosis is a form of endocytosis

» predict the direction of movement of materials across cell
membranes based on factors such as concentration, physical and
chemical nature of the materials

» explain how the size of a cell is limited by the relationship
between surface area to volume ratio and the rate of diffusion

» Mandatory practical: Investigate the effect of surface area to
volume ratio on cell size.

UNDERSTANDING COGNITIVE PROCESSES
AND VERBS

It is important to understand that the verbs that drive the
syllabus objectives and topic subject matter are not randomly
chosen. By gaining a better understanding of cognitive verbs,
you will be able to respond more satisfactorily to questions
and instructions in assessment tasks.
Cognitive verbs are signals to the learner of the type of
thinking to be demonstrated. For example:

» the verb evaluate indicates that an assessment or

judgement must be made
» the verb describe requires that an account or outline
be provided.

There is a difference between the thinking needed by each of
these verbs. To evaluate is of a higher level than to describe.
Generally, the higher the thinking level required in a task, the
more challenging it is.
Cognitive verbs can be arranged or classified into different
levels of thinking (also known as cognitive processes) ranging
from remembering to complex thinking. The QCAA Syllabus
uses an arrangement (taxonomy) of cognitive processes
devised by educational researchers Robert Marzano and
John Kendall.



In this arrangement, four levels of cognitive process are
identified: retrieval, comprehension, analysis and knowledge
utilisation. An outline of these levels is provided in Chart A.
A large number of different cognitive verbs are used in the
Syllabus. These verbs can be aligned with different levels of

(Marzano and Kendall taxonomy)

CHART A Cognitive processes, as arranged by Marzano and Kendall

Cognitive processes—levels of thinking

thinking as shown in Chart B. Retrieval Comprehension | Analysis Knowledge
Pearson Biology Queensland Student Book provides a atilisation
comprehensive number of questions and instructions. The Level 1—basic | Level 2—higher | Level 3— Level 4—most

review instruction sets are arranged by cognitive levels using

le

vel of thinking

level of thinking

more complex
thinking than level

complex thinking

; - * Involves than Retrieval
the Marzano and Kendall taxonomy and provide students with remembering, | * Involves comprehension | * |anV0||VienS
the opportunity to demonstrate knowledge and application of recalling, understanding | * L';‘;?L"iisation inr;gr{na%ion
the subject matter at the following levels: recognising and identifying | 8 I ation | to investigate,
) i ] and executing key information. nd th experiment,
Module review—retrieval, comprehension and analysis information. ?dentiﬁiation of | problem solve
Chapter review—retrieval, comprehension, analysis and separation into | 309 Mmake

its separate

knowledge utilisation parts.

Unit review—retrieval, comprehension, analysis and
knowledge utilisation.

Increasing complexity of thinking
Each level of thinking builds upon lower levels. For example,

you must be able to retrieve information and comprehend it
before you can analyse it.

CHART B Cognitive processes and associated verbs with sample questions and instructions

Cognitive processes, associated verbs and sample instructions and questio
Retrieval | Comprehension Analysis Knowledge utilisation
Processes: | Processes: Processes: Processes:
* recognising + executing * matching » generalising | « decision-making < experimental inquiry
* recalling * integrating * classifying * specifying + problem-solving < investigating
» symbolising » analysing error
Cognitive VERBS | Cognitive VERBS Cognitive VERBS Cognitive VERBS
define paraphrase | calculate draw (visual analyse discriminate adapt experiment/test
demonstrate  recall ;eriwz":_me”cal depiction) apply distinguish appraise (e.g. hypotheses)
describe recognise mather{ﬂatical explain assess edit appreciate generate/test
S (e.g. features) | processes) illustrate (e.g. hypotheses)
identify et P calculate evaluate argue hypothesise/propose
indicate selec clarify Ezgliﬁint (aifwr;l:mencal explore S (o ErEUTR T, SRR
h -g. ) ;
label show E:r?]r:apnrienhind proposal) mathematical extrapolate comment (make a investigate/examine
list state g e processes) e p— judgement) (eg. anargument,
name use E:onstrlégt ) (eg. features) | categorise problems conclude statement or conclusion)
e.g. a diagram ) )
demonstrate represent classify infer conduct judge
. g i tigati iusti
_ sl compare interpret (e.g. investigations) justify/prove
describe e.g. meaning construct (e.g. an argument,
determine sl conclude udlee (e.g. an argument) statement or conclusion
develop summa‘rlse consider Organise/ convince make decisions
isaEs symbgllse A contrast sequence/ e manipulate ‘
(g.g. througl critique - decid (e.g. language texts;
diagram, . eeleE skills; technologies)
illustration, deduce predict design (e.g. a iy
model) derive reflect (on) met?odology, an | persuade
artefact, a proposa
understand determine scrutinise ) proposal) .
IS ) determine predict (e.g. a result)
diagnose sort
. ) develop propose
differentiate (e.g. a strategy, o
product or process)
" . X realise/resolve
0 Note that some cognitive verbs appear in devise e
more than one cognitive level. discuss/explore research
- , draw conclusions solve (e.g. problems)
evaluate !
. . synthesise
0 Note that a question may not necessarily (g. = Ffretlen, e
include a cognitive verb. components)
‘ | test

continued over page
Xi



CHART B continued

Cognitive processes, associated verbs and sample instructions and questio

Sample instruction and Sample instruction and question Sample instruction and question Sample instruction and question

question

Label a phospholipid in the Explain the relationship between Determine, using the data provided Predict, using the data provided, which scenario

diagram of a cell membrane. surface area and function of in the lung capacity schematic, which | would result in the greatest rate of gas exchange
gaseous exchange surfaces. compartment is the alveoli and which

is the capillaries.

What is the structure of a cell | What relationship exists is there What can you deduce about gas How will the rate of gas exchange be affected by
membrane according to the between surface area and the exchange between alveoli and the change in concentration in the data provided?
fluid mosaic phospholipid function of gaseous exchange capillaries, based on the data

bilayer model? surfaces? provided?

UNDERSTANDING THE INSTRUCTION/QUESTION

The cognitive verb alone is not enough of a guide to understanding what the question
or instruction requires as a response. As seen in Chart B, questions may not include
a cognitive verb. In addition, a cognitive verb may apply to more than one level of
thinking.

Consider these examples:

Examples Use of the cognitive Scope and context of the
verb ‘explain’ instruction or question
What is the question How much do | write?
asking?

Example 1a: The key aspect/s of the | A task that focuses on:

Explain diffusion. question: a one key term—diffusion

What is diffusion? N
a definition response

—retrieval
Example 1b: b paraphrase A task that focuses on one
Explain convection. response— concept:
What is convection? comprehension a convection
Example 2a: A task that focuses on:
Explain the difference between a two terms: simple diffusion
simple and facilitated diffusion. and facilitated diffusion

What is different between simple | The key aspect/s of the

and facilitated diffusion? question: b differences between the two
terms
a compare and
Example 2b: contrast—analysis A task that focuses on:
Explain the difference between a two terms: convection and

convection and conduction. conduction
What is different between

convection and conduction? b differences between the two

terms
Example 3a: A task that focuses on:
Determine how you would a two terms: proteins and
conduct an experiment using chromatography
chromatography to analyse b thei i
proteins. eir analysis

What experimental procedure ¢ design of an experiment

would you use to analyse proteins | 1he key aspect/s of the

using chromatography? question:

a create, design,
Example 3b: experiment A task that focuses on:
Determine how you would conduct | i knowledge utilisation | a two terms: convection and
an experiment using convection to specific heat capacity
analyse the specific heat capacity b thei i
of a metal. their analysis
What experimental procedure ¢ experimental ideas and
would you use to analyse the methods

specific heat capacity of a metal
using convection?




Strategies for understanding the question or instruction

As you can see, analysing a question or instruction can be quite challenging.
This particularly applies when more complex cognitive processes are required.

The following steps provide a framework for understanding and analysing questions and

instructions.

Strategies for understanding
the question or instruction

Example

Occasionally a person is born without sweat glands, and
cannot secrete water (sweat) onto their skin to lose heat
and cool down. Two people are used for an experiment;
one with and one without sweat glands. They were placed
in warm, dry conditions and data collection included

skin and mouth temperatures, and water loss through
skin and urine.

Which person was born without sweat glands? Explain

-

your answer.

1 Underline the cognitive verb/s and
identify a plausible thinking level for

‘Which person, was born without sweat glands? Explain
your answer.

Explain is found in the cognitive verb list for the
comprehension thinking level.

the verb.

-

2 Determine the scope, context of
the question and its thinking level.

The scope of the question includes sweat concepts and
understanding experimental data for two people under
specific conditions. The context is analysing data from an
experiment. This targets the analysis cognitive level.

-

-

3 Consider some cognitive actions
from Chart B are required to
complete the question

The question has depth and complexity. It asks for
analysis of the data provided. It also requires a judgement
to be made based on the analysed data.

{

-

4 Make sure you know the meaning
of every word in the question or

Explain means to ‘make an idea or situation plain or clear
by describing it in more detail or revealing relevant facts;
give an account of; provide additional information” QCAA

instruction.

definition.

5 Rephrase question or instruction
in your own words, elaborating on
all details required.

Rephrasing may be as another question or instruction.

For example: ‘Are there differences in the data between
the two people that indicate one has sweat glands and one
does not? If so, which person has the sweat glands and
which doesn’t? Then provide plain and clear details using
the data to outline why one person was chosen over the
other!
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ASSESSMENT TASKS AND COGNITIVE PROCESSES

Pearson Biology Queensland Student Book provides a
solid foundation for undertaking all assessment tasks in the
Syllabus. Comprehensive sets of key instructions, arranged

by cognitive thinking levels, and mirroring the instructions of
the examination, are provided at the end of each module and

chapter.

Module reviews have questions under Retrieval,
Comprehension and Analysis.

Chapter review questions cover these three levels as well
Knowledge Utilisation.

In addition, Unit reviews provide the opportunity to

consolidate and test you on a broader area of subject matter.
Mandatory practicals provide support in this skill area through
practice in this cognitive level. This approach will support you

in developing the skills and level of application required to

You are required to complete the following assessment tasks:

a Data test

b Student experiment
¢ Research investigation
d Examination

The following charts provide an indication of the cognitive
processes you should expect to encounter in each type of
assessment task. Note that the student experiment and
research investigation assessment tasks are designed for
thinking at the highest cognitive levels. While retrieval,
comprehension and analysis are required to complete the
tasks, they are the underlying thinking levels necessary to
complete the tasks. Hence the differences in the sizes of
the ticks, with the largest tick indicating the focal cognitive
thinking level.

complete the assessment tasks.

The task requires you to demonstrate thinking that is complex
and at the high levels of analysis and knowledge utilisation.
Retrieval and comprehension underlie the thinking so data
can be analysed in the test.

Data test (IA1)
Retrieval Comprehension | Analysis Knowledge
utilisation
v v v v
Student experiment (1A2)
Retrieval Comprehension | Analysis Knowledge
utilisation
v v ‘/ V

The task requires you to demonstrate thinking that is complex
and at a high level. Retrieval, comprehension and analysis
underlie the experimenting and problem solving required for
this task.

Research investigation (I1A3)

Retrieval Comprehension | Analysis Knowledge
utilisation
v v v V

The task requires you to demonstrate thinking that is complex
and at a high level. Retrieval, comprehension and analysis
underlie the investigation and decision-making required for
this task.

The examination (EA) will include two papers. Each paper consists of a number of different types of items, including short and

combination responses.

Retrieval

Comprehension

Analysis Knowledge

utilisation

v

v

Short responses generally draw
on factual subject matter in the
retrieval and comprehension
cognitive processes areas

but may require analysis
where calculations and data
interpretation are involved.

v v

The calculations and responses
to unseen data move the
cognitive processes required to
the highest levels of thinking.




DEFINITIONS OF COGNITIVE VERBS

The list that follows provides definitions for cognitive verbs. Where available, the definitions
are taken from the QCAA Syllabus. Those verbs whose definitions are not in the QCAA
Syllabus appear in grey text. Refer to the list to clarify exactly what is required when any of
these verbs appear in a question or instruction. Verbs are organised according to cognitive
levels of thinking.

Level of thinking | Cognitive verb | Definition of cognitive verb

i define give the meaning of a word, phrase, concept or physical quantity; state meaning and
Retrieval: identify or describe qualities
:);g;:e:is:is;‘of demonstrate prove or make clear by argument, reasoning or evidence, illustrating with practical
recaﬁing & example; show by example; give a practical exhibition
symbolising describe give an account (written or spoken) of a situation, event, pattern or process, or of the
a0 characteristics or features of something
c
i~ identify distinguish; locate, recognise and name; establish or indicate who or what someone
.E or something is; provide an answer from a number of possibilities; recognise and
= state a distinguishing factor or feature
: indicate suggest, show or recommend a course of action
-
'5 label Identify by applying a name to an object or person
g— list write the names of connected items, usually one below the other
2 name specify or give a label to an object or person
t;‘;” paraphrase use different words to convey the same meaning
§ recall remember; present remembered ideas, facts or experiences; bring something back
S into thought, attention or into one’s mind
c
= 7 recognise identify or recall particular features of information from knowledge; identify that
an item, characteristic or quality exists; perceive as existing or true; be aware of or
acknowledge
select choose in preference to another or others; pick out
show provide the relevant reasoning to support a response
state express something definitely and clearly
use operate or put into effect; apply knowledge or rules to put theory into practice

XV



Level of thinking

Cognitive verb

Definition of cognitive verb

Increasing complexity of thinking

<

Comprehension:
processes of
integrating,
symbolising

calculate

(e.g. numerical
answer,
mathematical
processes)

clarify

comprehend
(meaning)

construct

demonstrate

explain

describe

determine

develop

discuss

draw (visual
depiction)

explain

illustrate
implement

recognise

represent

show
summarise
symbolise

understand

use (models)

work out using mathematical processes and determine by reasoning

make clear or intelligible

understand the meaning or nature of; grasp mentally

create or put together (e.g. an argument) by arranging ideas or items; display
information in a diagrammatic or logical form: make; build

prove or make clear by argument, reasoning or evidence, illustrating with practical
example; show by example; give a practical exhibition

make a statement or situation less confused or more comprehensible

give an account (written or spoken) of a situation, event, pattern or process, or of
the characteristics or features of something

establish, conclude or ascertain after consideration, observation or calculation;
decide or come to a resolution

elaborate, expand or enlarge in detail; add detail and fullness to;
cause to become more complex or intricate

examine by argument; sift the considerations for and against; debate; talk or write
about a topic, including a range of arguments, factors or hypotheses; consider,
taking into account different issues and ideas, points for and/or against, and
supporting opinions or conclusions with evidence

produce a picture, diagram or other visual representation

make an idea or situation plain or clear by describing it in more detail or revealing
relevant facts; give an account; provide additional information

provide pictures, provide an example for a point being made
put something into effect, e.g. a plan or proposal

identify or recall particular features from knowledge; identify that an item,
characteristic or quality exists; perceive as existing or true; be aware of
or acknowledge

scientific representations are a verbal, physical or mathematical demonstration of
understanding of a science concept or concepts; a concept can be represented in a
range of ways and using multiple models (ACARA 2015c)

provide the relevant reasoning to support a response

give a brief statement of a general theme or major point/s; present ideas and
information in fewer words and in sequence

represent or identify by a symbol or symbols

perceive what is meant by something; grasp; be familiar with (e.g. an idea);
construct meaning from messages, including oral, written and graphic
communication

operate or put into effect; apply knowledge or rules to put theory into practice
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Level of thinking

Cognitive verb

Definition of cognitive verb

Increasing complexity of thinking

<

Analysis:
processes

of matching,
classifying,
analysing errors,
generalising,
specifying

analyse

apply
assess

calculate

categorise

classify

compare

conclude

conjecture

contrast

critique

deduce

determine

diagnose

differentiate

discriminate

distinguish

edit

evaluate

explore

extrapolate

identify
(categories,
errors, problems)

infer

dissect to ascertain and examine constituent parts and/or their relationships; break
down or examine in order to identify the essential elements, features, components
or structure; determine the logic and reasonableness of information;

examine or consider something in order to explain and interpret it, for the purpose
of finding meaning or relationships and identifying patterns, similarities and
differences

use knowledge and understanding in response to a given situation or circumstance;
carry out or use a procedure in a given or particular situation

measure, determine, evaluate, estimate or make a judgment about the value, quality,
outcomes, results, size, significance, nature or extent of something

work out using mathematical processes and determine by reasoning.

place in or assign to a particular class or group; arrange or order by classes or
categories; classify, sort out, sort, separate

arrange, distribute or order in classes or categories according to shared qualities or
characteristics

display recognition of similarities and differences and recognise the significance of
these similarities and differences
judgment based on evidence (ACARA 2015c)

infer from what is known; extend the application of something (e.g. a method or
conclusion) to an unknown situation by assuming that existing trends will continue
or similar methods will be applicable

display recognition of differences by deliberate juxtaposition of contrary elements;
show how things are different or opposite; give an account of the differences
between two or more items or situations, referring to both or all of them throughout

review (e.g. a theory, practice, performance) in a detailed, analytical and critical way

reach a conclusion that is necessarily true, provided a given set of assumptions
is true; arrive at, reach or draw a logical conclusion from reasoning and the
information given

establish, conclude or ascertain after consideration, observation, investigation or
calculation; decide or come to a resolution

identify the nature of a problem or illness

identify the difference/s in or between two or more things; distinguish, discriminate;
recognise or ascertain what makes something distinct from similar things;
in mathematics, obtain the derivative of a function

note, observe or recognise a difference; make or constitute a distinction in or
between; differentiate; note or distinguish as different

recognise as distinct or different; note points of difference between; discriminate;
discern; make clear a difference/s between two or more concepts or items

correct written material by careful checking

make an appraisal by weighing up or assessing strengths, implications and
limitations; make judgments about ideas, works, solutions or methods in relation
to selected criteria; examine and determine the merit, value or significance of
something, based on criteria

look into both closely and broadly; scrutinise; inquire into or discuss something in
detail

infer or estimate by extending or projecting known information

recognise and establish things such as groupings of similar items, mistakes or issues

derive or conclude something from evidence and reasoning, rather than from explicit
statements; listen or read beyond what has been literally expressed; imply or hint at

continued over page
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continued

Level of thinking

Cognitive verb

Definition of cognitive verb

< Increasing complexity of thinking

Analysis:
processes

of matching,
classifying, analysing
errors, generalising,
specifying

(continued)

interpret

judge

organise

predict

reflect on
scrutinise

sort

use knowledge and understanding to recognise trends and draw conclusions from
given information; make clear or explicit; elucidate or understand in a particular
way;

bring out the meaning of, e.g. a dramatic or musical work, by performance or
execution; bring out the meaning of an artwork by artistic representation or
performance; give one’s own interpretation of;

identify or draw meaning from, or give meaning to, information presented in various
forms, such as words, symbols, pictures or graphs

form an opinion or conclusion about; apply both procedural and deliberative
operations to make a determination

arrange, order; form as or into a whole consisting of interdependent or coordinated
parts, especially for harmonious or united action

give an expected result of an upcoming action or event; suggest what may happen
based on available information

think about deeply and carefully
to examine closely or critically (Macquarie 2015)

arrange in prescribed groupings or order

< Increasing complexity of thinking

Xviii

Level of thinking

Knowledge
utilisation:
processes of
investigating,
experimenting,
decision-making,
problem-solving

Cognitive verb

adapt

appraise

appreciate

argue

assess

comment

conduct

conclude
(conclusion)
construct

convince
(convincing)

create

design

decide

determine

develop

devise

Definition of cognitive verb
modify or change something for a new purpose or use

valuate the worth, significance or status of something; judge or consider a text or
piece of work

recognise or make a judgment about the value or worth of something; understand
fully; grasp the full implications of

give reasons for or against something; challenge or debate an issue or idea;
persuade, prove or try to prove by giving reasons

measure, determine, evaluate, estimate or make a judgment about the value,
quality, outcomes, results, size, significance, nature or extent of something

express an opinion, observation or reaction in speech or writing; give a judgment
based on a given statement or result of a calculation

direct an action or course; manage; organise; carry out

a judgment based on evidence (ACARA 2015c)

create or pull together (e.g. an argument) by arranging ideas or items; display
information in a diagrammatic or logical form; make; build

persuade by argument or proof; leaving no margin of doubt; clear; capable of
causing someone to believe that something is true or real; persuading or assuring
by argument or evidence; appearing worthy of belief; credible or plausible

bring something into being or existence; produce or evolve from one’s own thought
or imagination; reorganise or put elements together into a new pattern or structure
or to form a coherent or functional whole

produce a plan, simulation, model or similar; plan, form or conceive in the mind;
in English, select, organise and use particular elements in the process of text
construction for particular purposes; these elements may be linguistic (words),
visual (images), audio (sounds), gestural (body language), spatial (arrangement on
the page or screen) and multimodal (a combination of more than one)

reach a resolution as a result of consideration; make a choice from a number of
alternatives

establish, conclude or ascertain after consideration, observation, investigation or
calculation; decide or come to a resolution

elaborate, expand or enlarge in detail; add detail and fullness to; cause to become
more complex or intricate

think out; plan; contrive; invent




Increasing complexity of thinking

Knowledge
utilisation:
processes of
investigating,
experimenting,
decision-making,
problem-solving
(continued)

discuss

draw conclusions
(conclusion)

evaluate

experiment

explore
generate
hypothesise

investigate

judge

justify

make decisions

manipulate
modify
persuade
(persuasive)
predict

propose

prove

research

resolve

solve

synthesise

test

examine by argument; sift the considerations for and against; debate; talk or write
about a topic, including a range of arguments, factors or hypotheses; consider,
taking into account different issues and ideas, points for and/or against, and
supporting opinions or conclusions with evidence

a judgment based on evidence (ACARA 2015c)

make an appraisal by weighing up or assessing strengths, implications and limitations;
make judgments about ideas, works, solutions or methods in relation to selected
criteria; examine and determine the merit, value or significance of something, based
on criteria

try out or test new ideas or methods, especially in order to discover or prove
something; undertake or perform a scientific procedure to test a hypothesis, make a
discovery or demonstrate a known fact

inquire into something or discuss in detail
produce; create; bring into existence

formulate a supposition to account for known facts or observed occurrences;
conjecture, theorise, speculate; especially on uncertain or tentative grounds

carry out an examination or formal inquiry in order to establish or obtain facts and
reach new conclusions; search, inquire into, interpret and draw conclusions about
data and information

form an opinion or conclusion about; apply both procedural and deliberative
operations to make a determination

give reasons or evidence to support an answer, response or conclusion; show or
prove how an argument, statement or conclusion is right or reasonable

select from available options; weigh up positives and negatives of each option and
consider all the alternatives to arrive at a position

adapt or change to suit one’s purpose
change the form or qualities of; make partial or minor changes to something

capable of changing someone’s ideas, opinions or beliefs; appearing worthy of
approval or acceptance; (of an argument or statement) communicating reasonably
or credibly

give an expected result of an upcoming action or event; suggest what may happen
based on available information

put forward (e.g. a point of view, idea, argument, suggestion) for consideration or
action

use a sequence of steps to obtain the required result in a formal way

to locate, gather, record, attribute and analyse information in order to develop
understanding (ACARA 2015c)

in the Arts, consolidate and communicate intent through a synthesis of ideas and
application of media to express meaning

find an answer to, explanation for, or means of dealing with (e.g. a problem);
work out the answer or solution to (e.g. a mathematical problem); obtain the
answer/s using algebraic, numerical and/or graphical methods

combine different parts or elements

take measures to check the quality, performance or reliability of something
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CHAPTER

Biology skills and
assessment toolkit

This chapter provides important information and support in the study of the QCAA
Biology General Senior Syllabus for Units 1 and 2.

The Biology Skills and Assessment Toolkit is designed to be used as a reference
tool. It should be consulted on a need-to-know basis, where relevant, during this
course of study. It is not intended that this chapter be worked through as a whole.

The chapter focuses on providing support and guidance in:
» Development and application of scientific skills
- Mathematical and statistical processes used in Biology
- Slunits
- Visual representations
- Graphical representations
- Measurement errors and uncertainty
Responding to the assessment tasks
- Preparation in skill development: understanding, analysing and interpreting
data and statistics
Student experiment
- Developing the experiment question or hypothesis
- Considering variables, risks, types of data
- Planning methodology
- Presenting, analysing and interpreting data
- Writing the scientific report
Research investigation
- Understanding and analysing claims
- Developing research questions
Strategies to evaluate resources
Note-taking
Writing a scientific report

Assessment

In Units 1 and 2, students are required to complete at least two and no more than
four assessment tasks, developed by the teacher. At least one assessment task
must be completed per unit. In preparation for Biology Units 3 and 4, teachers
may choose to mirror some of the assessment requirements of Units 3 and 4, in
assessing Units 1 and 2.

The support material in this chapter is based on requirements in Units 3 and 4,
and relates to the following assessments:

» Student experiment (Internal Assessment 1A2)

* Research investigation (Internal Assessment 1A3)




Chapter organisation

This chapter is arranged in three parts.

+ Part A: Working scientifically

« Part B: Student experiment

» Part C: Research investigation

An outline of these parts is provided on the following pages.

QCAA Biology Syllabus objectives
» describe and explain scientific concepts, theories, models and systems and
their limitations
apply understanding of scientific concepts, theories, models and systems within
their limitations
analyse evidence #
‘ interpret evidence
investigate phenomena @
@

communicate understandings, findings, arguments and conclusions

p evaluate processes, claims and conclusions O
5

I Biology 2019 v1.2 General Senior Syllabus © Queensland Curriculum & Assessment Authority
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Part A: Working scientifically

The focus of Part A is on basic mathematical skills and their applications. It
features many worked examples and opportunities to apply these examples
yourself. These skills are engaged with throughout the course. Therefore, they are
assessed, directly and indirectly, in assessment tasks and drawn on to analyse data
in experiments and investigations. Engage with Part A in order to help prepare
yourself with the skills you will draw on for the data test, and when undertaking a
range of mandatory and suggested practicals. You will also find these skills useful
when completing sections of the student experiment, research investigation and
examination.

Refer to the following outline of Part A: Working scientifically to learn, revise or get
some practice in the areas in which you need help.

m Look here for eBook page

1.2 Orders of « scientific notation elO
magnitude and + Sl prefixes
estimation + transforming decimal notations to scientific
notation el3
» converting values from decimal to scientific
notation

+ converting between scientific notation and
scientific units
+ examples of calculations

1.3 Mathematical + examples of maths used in biology elb5
basics for biology

1.4 Units + correct use of units el7
+ Sl units
+ examples of correct and incorrect uses of units

1.5 Uncertainties in + explanations of the terms ‘uncertainty’, ‘error’, el9
measurement and ‘accuracy’, ‘precision’
error + causes of errors
+ calculations with uncertainty and error e2l
+ writing measurements with uncertainty and error
values

+ writing measurement and calculations to the
correct significant figure

1.6 Tables and » arranging and recording data in tables e27
graphing + converting data from tables to graphs
+ types of graphs: scatterplots, line graphs, bar e28
and column graphs, pie charts
+ outliers

+ representing missing data on graphs

1.7 Statistics + calculating mean, median, mode, range e33
« statistical significance of standard deviation
* regression, linear regression and r-values
« statistical methods to analyse data sets,
including Pearson coefficient and t-tests

your eBook to access Chapter 1 Biology Skills and Assessment Toolkit



Part B: Student experiment

The focus of Part B is the student experiment. This internal assessment task
requires you to follow the full scientific method over an extended and defined
period of time. You will develop your own research question or hypothesis to
investigate, based on an initial practical already completed in class.

Part B supports you through all aspects of the student experiment. The QCAA
objectives and instrument-specific marking guide (ISMG) for the assessment are
explained.

Engage with Part B for examples of how to modify, extend, refine or redirect the
initial practical and write a research research question or hypothesis. Use the
step-by-step guide to evaluate the quality of your hypothesis/question. Delve

into particular sections of Part B, when needed, to reinforce your knowledge and
understanding of scientific methodology. Refer to Part B for support on data types,
data collection and analysis of data to draw valid conclusions. This includes how
to identify errors in data, validity and relationships between data. Be guided in the
write-up of your scientific report with support material on scientific writing style,
and the structure of the report

Refer to the following outline of Part B: Student experiment to learn, revise or get
some practice in the areas in which you need help.

m Look here for eBook page

1.8 Research and  types of variables e50
planning » modify, refine, extend or redirect initial
experiment
« develop a research question or hypothesis eb2

« evaluate the research question or hypothesis

» using a scientific journal to keep a record

« validity and reliability

* quantitative and qualitative data

* nominal, ordinal, discrete and continuous data
* risk assessments

» chemical codes and symbols

1.9 Conducting and » determine what data is relevant e68
experimenting « determine what sufficient data is

+ collection of data

» considerations for planning an experiment

» precision of scientific instruments

1.10 Results + analysis of raw data e72
+ identifying errors; mistakes, systematic errors
and random errors
+ analysing precision
+ analysing validity and theoretical relationships
* interpreting results

1.11 Communicating « the sections of a report e77
and writing a + scientific writing style
scientific report » write a scientific report

» acknowledging sources
+ addressing the ISMG

your eBook to access Chapter 1 Biology Skills and Assessment Toolkit



Part C: Research investigation

The focus of Part C is on the research investigation. This internal assessment

task requires you to gather secondary evidence on a research question over an
extended and defined period of time. You will develop your own research question
to investigate, based on a claim (provided by your teacher) related to the course.

Part C supports you through all aspects of the research investigation. The QCAA
objectives and instrument-specific marking guide (ISMG) for the assessment are
explained.

Engage with Part C to assist with writing your research question. Delve into the
examples of claims, their analysis for context and elements, to guide you in
developing your own research question. Be guided by the information about
locating and evaluating suitable secondary sources for the research. This includes
how to identify errors in data, validity and relationships between data. Part C will
assist in the writing of your scientific report, with support material on the scientific
writing style, and the structure of the report. Part C provides a brief overview of
different ways to present the report and provides details on the literature review
format.

Refer to the following outline of Part C: Research investigation to learn, revise or get
some practice in the areas in which you need help.

Module Look here for eBook page

1.12 Developing the + analyse a claim e86
research question + identify variables and measureable terms in the
from a claim claim
» examples of claims and questions developed e87
from them

+ guidelines for developing a question
» develop a research question
 refining a research question

1.13 Finding and « difference between primary and secondary €92
choosing suitable sources
resources * locating resources

» determine reliability and validity of resources

1.14 Research: » recording notes in a scientific journal €99
taking and » paraphrasing information
organising notes + different ways to record information

» recording data and results
» recording information about sources

1.15 Writing a report  « different ways to present the report el04
for the research + presenting the report as a literature review
investigation » features of a literature review

 structure of the literature review

your eBook to access Chapter 1 Biology Skills and Assessment Toolkit
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BIOLOGY 11

| UNITS1AND2

understand that science provides a systematic approach for comprehending
the world

» recognise that biology is the field of science that investigates living
organisms and systems

» understand that biology comprises a range of divisions

» explain the difference between scientific models, theories, laws, principles
and facts.

100 000000000000000000000000000000000000000000000000000000000000000000000000000000000000 00

Biology is the study of living organisms and systems. This includes (but is not
exclusive to) cells, multicellular organisms and the maintenance and regulation of
their internal environments; genetics, reproduction and inheritance; biodiversity
and the relationships between the living and non-living; and the continuation of
life throughout time. An understanding of biology informs us about fundamental
principles of the living world around us and can inform critical evaluation of
personal and social issues, and technology.

THE SCIENCE OF BIOLOGY

Science is a human endeavour to understand the world around us and the known
universe. It is one of many methods we use to develop knowledge. This knowledge is
continually refined and redefined. Science follows a methodology to observe, test,
measure, analyse and evaluate natural phenomena in a way that we can understand
and construct meaning. There is no single scientific method that is applicable
to experimentation, investigations and theoretical research (e.g. meta-analysis).
However, the scientific method is a cyclical process, including observing natural
phenomena, questioning, hypothesising and predicting, experimenting and gathering
data, refining and altering all previous elements, and theorising (Figure 1.1.1).

Biology can explain how the structure and function of cells interrelate with
environmental variables to exchange matter and energy.

[ idea to be investigated ]

L

[ research question ]

4>[ Design and perform the experiment. ]—»[ rationale ]

]
Methodology:
Modify the 0 procegjure
experiment 0 mat.enals and
equipment

and/or make a new
research question.

* risk assessment

->[ analysis and evaluation ]

Check -
research question ’4__[ conclusion ]

L

no [ Do the results support
the research question?

yes

Repeat the experiment several times. ]—

FIGURE 1.1.1 The processes involved in the scientific method. It is more of a cyclical process rather
than a linear process.




Innovations through biological science

All scientific disciplines are expanding into new frontiers. The number of divisions
and fields in biology is increasing and the relationship between disciplines is
becoming more intertwined. Innovations include genetically modified crops,
neurological implants such as the bionic eye providing vision to blind people,
robotic-arm prosthetics controlled by thought, animal cloning, biofuels and tissue
and organ growth for transplants from adult stem cells.

Innovations today are crossing traditional barriers between technology,
chemistry, physics and biology. For example, apps on smart watches and phones
use the user’s biological data to provide personal information. Pacemakers and
devices communicate using information technology. Artificial intelligence in apps
and personal devices can detect personal health.

Divisions of biology

There are numerous divisions of biology (Figure 1.1.2), and as technology develops
and scientific disciplines become increasingly transdisciplinary, the number of
divisions grow.

FIGURE 1.1.2 Some of the many divisions of biology

The role and work of a biologist

Biology is an expanding area. Trends suggest that careers in STEM (science,
technology, engineering and mathematics) will increase, and that biology will be an
essential part of STEM development.

A small list of examples of careers related to biology can be seen in Figure 1.1.3
on page 8.

CHAPTER 1 | BIOLOGY SKILLS AND ASSESSMENT TOOLKIT e7



Level 1

Aboriginal/Torres

Strait Islander
health worker nursery worker

animal
attendant

pest and weed
controller
artificial

insemination taxidermist

technical )
officer tissue culture

technician

farm hand
winery worker,

FIGURE 1.1.3 Do you enjoy or are
you good at biology?

Have you considered these careers?
The levels relate to the level of
education required for each career.

THE WORK OF SCIENTIFIC RESEARCH

The foundation of all sciences, including biology, is scientific research. Scientific
research investigates the unknown to develop new understanding. To build evidence,
it may take years and many experiments. In interpreting scientific evidence, scientists
endeavour to establish models, theories, laws, principles and facts. These are
illustrated in Figure 1.1.4. It is important to note that all these deductions change
over time as knowledge develops.

e8 BIOLOGY 11 | UNITS1AND2



Fact: a known and
witnessed entity that is
distinguishable from

mathematical representation

Model: an idealised
physical, conceptual or

of data; a process or
phenomenon to either:

Theory: a well-established
understanding and
conceptual explanation of

transient theories. It is

definite, permanent and
independent of any

subjective interpretation.

simplify, quantify, visualise;
or, predict and simulate.

S~ [}

Observation

and research

phenomena based on a
body of evidence which is
__—"| supported by numerous
experiments and
observations.

Principle: the known cause
of any effect, in a system /
where the variables and
conditions are known.

\ Law: a causal relationship

that describes or predicts

phenomena under known
conditions.

FIGURE 1.1.4 Scientific research and observations are used to develop facts, principles, laws, theories and models.

1.1 Review

Science is a systematic approach to developing
knowledge through testable explanations and
repeatable means.

Biology is the study of living organisms and
systems.

There are numerous divisions of biology, and as
technology improves and scientific disciplines
become increasingly trans-disciplinary, the number
of divisions grows.

STEM (science, technology, engineering and
mathematics) research, is a trans-disciplinary
approach to scientific endeavours.

establish models, theories, laws, principles and
facts.

KEY QUESTIONS

Retrieval

A scientific model is an idealised representation of
a process, a phenomenon or data.

A scientific theory is a well-established
understanding and conceptual explanation of
phenomena based on a body of evidence.

A scientific law is a causal relationship that
describes or predicts phenomena under known
conditions.

A scientific principle is the known cause of

any effect in a system where the variables and
conditions are known.

A scientific fact is a known and witnessed entity
that is distinguishable from transient theories. Facts
are definite, permanent and independent of any
subjective interpretation.

Analysis

4 A student argued that a scientific theory becomes a
scientific law if enough evidence is found to support
the observed phenomenon. Explain whether or not you
agree with the student.

1 Define ‘biology’.
2 Define ‘STEM'.

Comprehension
3 Look at the careers model in Figure 1.1.3 and:
a provide two examples of careers in biology at
Level 4.
b identify a biology career in a growing STEM area.
¢ identify a biology career in a traditional area.

: + Scientific evidence is used to formulate and
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PART A WORKING SCIENTIFICALLY

Part A focuses on the basic mathematical skills and applications that will be useful for the data test and
are required for a range of mandatory and suggested practicals as well as the student experiment.

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» convert values from decimal notation to scientific notation, and vice versa

» convert values from scientific notation to scientific units, and vice versa

» solve biological calculations that have values in scientific notation or use
scientific units.

100 000000000000000000000000000000000000000000000000000000000000000000000000000000000000 00

SCIENTIFIC NOTATION

In science, measurements are often written in scientific notation. Quantities are written
as a number between one and ten and then multiplied by an appropriate power of ten.

Examples of some values written in scientific notation are:

6.022 x 10? particles

25.25mL =2.525x 10°L

0.00302mol = 3.02 x 10> mol

Values given in scientific notation show the significant numbers and indicate
the precision of measurement during experimentation by the instrument. See
Module 1.5 for more details about significant figures.

6 ‘Scientific notation’, ‘standard
notation’ and ‘standard form’ all
have the same meaning.

__________________________________________________________________________________________

SKILLBUILDER

Transforming decimal notation to scientific notation

Scientists use scientific notation to deal with very large + If the decimal point is moved n places to the left, n will
and very small numbers. For example, instead of writing be a negative number. For example: 0.051 = 5.1 x 1072,
0.000000035, scientists would write 3.5 x 10°%. This is shown in Figure 1.2.1.
A number in scientific notation (also called standard You will notice from these examples that when large
form or power of ten notation) is written as: numbers are written in scientific notation, the 10 has a
ax10” positive index value. Numbers less than 1 are written with
where 10 to a negative index.
a is a number equal to or greater than 1 and less than
10; thatis, 1 <a< 10
a2 65000000. ¢
. . . . 7654321 Scientific | Number
n is the power that 10 is raised to and is called the | notation | (expanded form)
index value. -9
. 6.5 % 107 1x10 0.000 000 001
. T(i.’;ransf;)rtm a. very large or very small number into b 1x10% | 0000001
suen.l ic no a.lo‘n. . Q@Q@%QQ o |1x 102 | 0001
« write the original number as a decimal number greater L ¢ oSS

R 1x101 |01

than or equal to 1 but less than 10 |

« multiply the decimal number by the appropriate power decimal point ! - !
of 10. FIGURE 1.2.1 (a) The number of 1x10 10
places the decimal moves becomes 1x10° 1000

The index value is determined by counting the number

the power index. (b) Decimal

of places the decimal point needs to be moved to form the  pjace according to place value. 1x10° | 1000000
original number again. (c) Common numbers in expanded 1x10° | 1000000 000
form with their respective scientific

+ If the decimal point has to move n places to the right, n

will be a positive number. For example: 510 = 5.1 x 102 notation.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
X n is an integer (a positive or negative whole number). WM
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

__________________________________________________________________________________________
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Worked example 1.2.1
CONVERTING TO SCIENTIFIC NOTATION

A typical virus is 0.000 000 020 m in diameter. How many individual viruses of
this size can fit across a typical pinhead with a diameter of 1.5mm?

Thinking Working

The size of a virus has too many digits for a
calculator or will take an excessive time to
calculate, so convert it to scientific notation.

Move the decimal place to the final digit.

Count the number of places the decimal 8
placed was moved.

Use the number of decimal places moved as | 2.0 x108
the power index to multiply 10.

Determine whether the decimal has to be left
moved to the left or the right to form the
original number.

Place a negative symbol () in front of the 20x107®

power index, 8.

Convert 1.5mm to m. 1.5mm=0.15cm =0.0015m
Convert to scientific notation, using the 1.5%x103m

same steps as above.

Calculate the number of individual viruses ber — 15x107°

that can fit on a pinhead by dividing the number =50x 108

pinhead diameter (1.5 x 10‘3) by the virus — 75 000

diameter (2.0 x 1078).

>» Try yourself 1.2.1
CONVERTING TO SCIENTIFIC NOTATION

Escherichia coli is a common disease-causing bacterium. It averages
approximately 0.000 002 m in length. Calculate how many E. coli bacteria could
fit across a pinhead, if they were lined up length to length.

You should use scientific notation to express numbers. This involves using your
calculator intelligently. Scientific and graphics calculators can be put into a mode
that displays all numbers in scientific notation. It is useful when doing calculations
to use this mode rather than frequently attempting to convert to scientific notation
by counting digits on the calculator display.

Using scientific notation removes ambiguity about the precision of some
measurements. For example, a measurement recorded as 240g could be a
measurement to the nearest gram (i.e. somewhere between 239.5g and 240.5g)
or it could have been rounded up to the nearest 10g. By writing this quantity as
2.40 x 10%g, it makes the accuracy of the value clear (in this case three significant
figures).
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ORDERS OF MAGNITUDE AND PREFIXES

Scientists often work with very large or very small numbers. Physicists can measure
astronomical distances between stars billions upon billions of kilometres away.
Chemists can measure the number of atoms in solution to the millions or billions
of molecules. Biologists measure the number of DNA bases in a genome in the
millions or the size of biological molecules that are a millionth or a billionth of a
metre. It is important to understand the numbers in scientific text and their order of
magnitude and be able to convert them to other units.

Measurements can also be recorded using units that represent the order of
magnitude. For example, 2.56 X 107°m can be written in scientific notation as it
is already, or as 256 um. The symbol p represents the prefix micro, which means
one-millionth of the measured unit. So when micro is placed in front of metre,
it becomes micrometre, meaning one-millionth of a metre. Therefore, 256 um
becomes 256 millionths of a metre.

Table 1.2.1 lists some prefixes used in biology. Each prefix inTable 1.2.1 represents
an order of magnitude and you should be familiar with both scientific notation and
prefixes for units of measurement. You should also be able to interchange units by
referring to Table 1.2.1.

TABLE 1.2.1 The 12 official S| prefixes used in biology

tera T 1012 trillion
giga G 10° billion
mega M 10° million
kilo k 103 thousand
hecto h 102 hundred
deca da 10! ten

= = 1 unit

deci d 107! tenth
centi c 1072 hundredth
milli m 1073 thousandth
micro [ 10°° millionth
nano  n 107° billionth
pico P G2 trillionth

el2 BIOLOGY 11 | UNITS1 AND 2

1 000 000 000 000
1 000 000 000
1 000 000

1000
100

10

1
0.1

0.01

0.001

0.000 001

0.000 000 001
0.000 000 000 001

1 TByte hard drives are now common.
3.16Gs =1 century.

1 MHz is close to the frequencies at which TV stations
broadcast.

1kg is 1000 grams.

1hPa is a unit used in meteorology to describe atmospheric
pressure.

1daN is approximately the force exerted by a 1 kg object on
the surface of the Earth.

1dL is a common unit of measurement for blood when
screening for health conditions.

1 cg of water takes up 1 mL of space.

There are 1000mg in a gram.

ug is the unit commonly used for medicine dosage.
The wavelength of yellow sodium streetlights is 550nm.

Blood concentrations of insulin are measured in picomoles
(pmol).



____________________________________________________________

SKILLBUILDER

Converting between units

i In science you may often need to convert from one unit to another to :
. complete a calculation. Knowing how to change between units is an important |
. skill. Because some units of measurement are difficult to visualise, knowing :
. the relative size of different units will help your understanding, and help you :
. avoid errors in calculations. It is important to give a symbol the correct case \
E (upper or lower case)—there is a big difference between 1 mm and 1 Mm. E
: For example, blood concentrations of insulin can be measured in :
1 picomoles (pmol). Some studies have measured the amount of insulin X
. in blood after a meal of pasta to be approximately 40 pmol LY To put :
| 40 pmol L™ into context, you can convert this value into a unit you can easily |
. visualise, such as grams per litre (gL‘l). :
E To convert 40 pmol L™} to molL™! (before converting to gL™), move the E
! decimal 12 places to the left, so it becomes 0.000 000 000 04 mol Lt !
' This can also be written as 4.0 x 10 molL™. !
' One mole of insulin weighs 5800g. X
E Therefore, 0.000 000 000 04 mol L™ is equal to 232 ngL‘l. E
! So this is 0.000 000 232gL™! (or 2.32 x 10”7 gL™), which is very small !
' indeed! !

____________________________________________________________

Worked example 1.2.2
CONVERTING BETWEEN UNITS

In some plants, the rate of photosynthesis is measured by measuring the change
in atmospheric CO, in moles per m? of leaf area, per second (mol/mz/s or

mol m‘zs‘l). If a plant was measured to photosynthesise CO, at a rate of
25umolm=2s~!, calculate the number of moles of CO, this plant would
photosynthesise per second and per hour.

Thinking Working

To calculate moles per second, 25 x 0.000 001 = 0.000 025molm=—2s!
multiply 25 umol by the multiplying
factor for pu (micro).

To calculate moles per hour, multiply | 0.000 025 x 3600 = 0.09 molm=2h*
0.000 025 molm=s~! by 3600
(because there are 3600s in an
hour).

>» Try yourself 1.2.2
CONVERTING BETWEEN UNITS

The photosynthetic rate of CO, by a plant was measured to be 6.2 umol m=2s7L
Calculate the number of moles of CO, that are photosynthesised per square
metre per second.
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Worked example 1.2.3
CONVERTING BETWEEN UNITS WITH MAGNITUDE

in scientific notation.

A bacterial culture contains 2 x 10! cells/L. Determine the number of bacterial
cells that would be transferred with 2 mL of bacterial culture. Provide the answer

Thinking Working

To convert cells/L to cells/mL, multiply 2x 10" x0.001 =2 x 108

2 x 10! by the multiplying factor for milli (m).

Multiply 2 x 108cells/mL by 2. 2x108x2=4x10%cells/mL

>» Try yourself 1.2

3

CONVERTING BETWEEN UNITS WITH MAGNITUDE

controlled by catalas

Catalase in liver cells can convert 4 x 107 molecules of hydrogen peroxide to
oxygen and water per second. The activation energy of a catalysed reaction

e is 6.58 x 10°J mol™L. Convert this to kJmol™.

1.2 Review

SUMMARY

» ‘Scientific notation’, ‘standard notation’, ‘power of
ten notation’ and ‘standard form’ all have the same
meaning.

« A number in scientific notation is written as a x 107,
where:

- alis anumber greater than or equal to 1 and less
than 10; that is, 1 <a < 10

B KEY QUESTIONS

Retrieval

1 Recall the prefix and symbol for the following orders of
magnitude.
a 1 000 000 000
b 0.000 001

¢ 0.000 000 001

Comprehension

2 Convert the following to scientific notation.
a 0.000 000 000 012
b 0.000 45
¢ 73 000 000 000 000 000
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- nis an integer (a positive or negative whole
number). n is the power that 10 is raised to and
is called the index value.

* A range of scientific symbols are used to represent

10"

3 Convert the following to scientific notation.
a 1.7nmusing m
b 82TW using W
¢ 24ML using L

Analysis

4 The normal oxygen uptake in a human is

3.6 x 102mols™g. Calculate how many moles of
oxygen a 70kg person would use in one hour.

5 Convert 121 000 into scientific notation.
6 Convert 60 700 grams to kilograms.



» understand that the rules of mathematics apply for solving mathematical

operations or calculations in biology.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

Scientists use mathematics when working with data. The evidence can be
quantified, measured and analysed. This is known as statistical analysis (a branch

of mathematics).

When conducting mathematical operations or calculations, remember all the
rules of mathematics apply. These include:

* order of operations

» rules for transposing formulas and working with fractions

e substitutions
e approximations.

EXAMPLES OF MATHEMATICAL BASICS IN BIOLOGY

Table 1.3.1 shows some examples of the use of mathematics in biology.

TABLE 1.3.1 Examples of mathematics in biology

Calculating the magnification of a microscope

Eyepiece—
magnification x10

1 mm 100 {um

M= Mg x My,
=10' x 102
- 101+2
=10°
M, = total magnification
M, = eyepiece magnification
M,, = objective lens magnification

agnification x40

To determine the size of microbes or
specimens under the microscope, you
need to know the field of view diameter.
The diameter for this field of view at
magnification of x40 is 4.6 mm.

Ma
Dp=—xD,

My,
D, = original diameter
Dy, = new diameter
M, = original magnification
M, = new magnification
To calculate the field of view diameter
at x400:

A4x40

D><400 = -
x400
40
=40 46
200

=0.46mm

X [)x40
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1.3 Review

When conducting
mathematical operations or
calculations, remember all
the rules of mathematics

TABLE 1.3.1 continued

Calculating the surface area (SA)

2 cm

2 cm

2 cm

2 cm

Calculating the area of a microscopic field of view

Calculating the surface area to volume ratio (SA:V)

Calculating the size of a specimen in the microscopic field of view

To complete a comparative study, estimate
organelle size, determine organelle density
(or concentration) and sometimes calculate
rates of cellular processes for cells, you
need to know the size of a specimen.

The field of view diameter at x400 is 0.4 mm.

Size (length) = - D
no. of specimens across D
0.4mm
- 25
=0.16mm

When completing bacterial studies,
including lawn cultures and colonies, it is
too difficult to count the number of bacteria
so you need the area of population.
A =nr?

=n2.252

=15.896 25mm?

= 15.9mm? (considering significant

figures, see Module 1.5)

Dimensions of cells (or simulated cells)
are required when determining a cell’s
capacity to undergo diffusion.
SA = (length x length) x 6 sides
=2cmx2cm)x 6
=24cm?

This is required to understand the
relationship between cell size and rate of
diffusion. This also helps to understand the
structure and function relationship in cells.

2 cm SA:V = (length x length) x 6 sides : length®
2cm =22x6:23
=24:8
=3:1
KEY QUESTIONS
Retrieval Analysis
1 Name three ways that 3 Calculate the field of view area of
mathematics can assist in the a microscope, for the following
study of biology. field of view diameters.
Comprehension a l4mm
2 Show the missing figures by b 445um
completing the following table. 4 Calculate the surface area to

apply, including:
- order of operations

- rules for transposing
formulas and working
with fractions

- substitutions
- approximations.
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Ocular Objective | Total
lens lens maghnification
x10 x4

x10

x40

x100

volume ratio of a rectangle
measuring 5um x 4pm x 8um.



1.4 Units

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» appreciate that biology uses the Standard International (SI) units

» recall some common Sl units and symbols used in biology
» write measurements and communicate quantities using Sl units
» understand that the Sl prefixes are multipliers of powers of ten of the base : : A3
units X
» convert between various units of the same type, using S| and some non-SI ' 000000000 0 0
(S ———
MEASUREMENT AND UNITS

Scientists use conventional ways of writing numerical measurements, such as using
Standard International (SI) units. Use common or SI units when recording your
evidence. Table 1.4.1 presents common quantities and SI units used in biology.

TABLE 1.4.1 Common quantities and S| units used in biology
S| unit (symbol) Common unit (symbol)
mass kilogram (kg) gram (g)

volume litre (L) millilitre (mL)
decilitre (dL)

energy joule (J) kilojoule (kJ)

concentration moles per litre (molL™) grams per decilitre (gdL™)
grams per 100mL (g/100 mL))

per cent solution weight per volume (w/v)
weight per weight (w/w)

temperature kelvin (K) Celcius (°C)
i ) ) TABLE 1.4.3 Some examples of the use of
time second (s) minute (min) symbols for derived units
. Correct symbol Incorrect symbol
Correct use of unit symbols
. . . . . .. /dL /dl
Standard International (SI) units are recognised internationally. It is important to g dL-! g;nl__1
use symbols correctly to avoid ambiguity. Table 1.4.2 lists some important points
to remember when writing units and recording measurements and numbers. Some  &/kg/day gm/Kg/day
g kg day™ gkg 'day™

examples of the use of symbols for derived units are listed in Table 1.4.3.

TABLE 1.4.2 Some examples of correct and incorrect use of symbols for derived units

I B

Do not mix written numbers and symbols. thirty grams thirty g
30 grams
30g
Do not put spaces between prefixes and unit symbols. kg kg
mL mL
Use the correct case for symbols (upper or lower case). 1mm 1Mm
84 kg 84 KG
5.2mL 5.2ml
Do not put a full stop after S| units unless they are at the end of a sentence. The symbols mL m.L.

for units are not abbreviations.
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TABLE 1.4.2 continued

I B

Only use upper-case letters for the symbols of the units that are named after people. The J (the unit of energy is joule,
exception to this rule is ‘L for litre, where there may be confusion because ‘I’ looks like the =~ named after James Joule)
numeral ‘1.

Units named after people can take the plural form by adding an ‘s’ when used with two kilojoules 2kJs
numbers greater than one. Never do this with the unit symbols.

Show the product of a number of units by separating the symbol for each unit with a kdh kdhr
space. The division or ratio of two or more units can be shown in fraction form, using a kd/s kJs
slash, or using negative indices.

When units are displayed with a negative exponent such as gdL™, the negative value of the  kgs™* kg/s
exponent signifies the division of the units; that is, per unit. In this case, gdL™! is the same
as g/dL, or grams per decilitre.

1.4 Review

SUMMARY KEY QUESTIONS

+ Scientists use conventional ways of writing numerical measurements Retrieval
such as using Standard International (SI) units. 1 Recall the Standard International
+ Common quantities and Sl units used in biology include: unit of measurement, and the
Quantity Sl unit (symbol) Common unit (symbol) symbol, for:
mass kilogram (kg) gram (g) Z :'me ¢
volume litre (L) millilitre (mL) emperature
decilitre (dL) ¢ mass
energy joule (J) kilojoule (kJ) Comprehension
concentration moles per litre (molL™) grams per decilitre (gdL ™) 2 Explain why it is important that
grams per 100mL all society, not just the scientific
(g100mL™) community, need a systematic
per cent weight per volume (w/v) and consistent set of units for
solution weight per weight (w/w) measurement.
temperature kelvin (K) Celcius (°C) Analysis
time second (s) minute (min) 3 Identify and correct any errors in
* When units are displayed with a negative exponent, the negative value the followmg_lmeasurements.
L _ . 4 a 23ml/gh
of the exponent signifies the division of the units. For example, gmL b 79K|s |
is the same as g/mL or grams per millilitre. ‘ I'St
» When writing and recording measurements, remember: ¢ Tourfires
d 1.56grams

- always use numerals for numbers that are accompanied
by a symbol

- do not put spaces between prefixes and unit symbols

- write the correct case for symbols (upper or lower case).

For example, gmL™! is the same as g/mL or grams per millilitre.
» When writing and recording measurements, remember:

- numbers and symbols should not be mixed

- do not put spaces between prefixes and unit symbols

- write the correct case for symbols (upper or lower case).
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1.5 Uncertainties in measurement
and error

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

explain the difference between accuracy and precision
explain the difference between uncertainty and error
calculate uncertainty and error values for measurements

write measurements with uncertainty and error values , a0 006w e

use the correct number of significant figures Sevoes
perform calculations that contain uncertainty or error values.

.........

All measurements are limited by the instrument being used and the observer.
This limits the accuracy of the measurements and results. Instruments have a
designed level of precision and cannot measure to less than the smallest increment
of the device. The accuracy of measurements is also influenced by the observer’s
subjectivity. The observer’s perspective, their current understanding and models
of concepts, their exposure to previous observations and experience all influence
their choice of variables to control and measure, the instruments to use, and the
population to sample. Therefore, in science, it is impossible to measure the true
value as all measurements include uncertainty and error.

Well-designed experiments can measure closer to the true value than others, and
experimentation in closed systems enables more accurate and precise measurements.
However, closed system measurements do not reflect true natural values.

All this results in error and uncertainty in the values measured or observed.
Therefore, scientific results have some limitations. In science, measurements with
uncertainty and errors are the norm and so results are always presented with a
range (e.g. £0.25), indicating the possible accuracy.

ACCURACY AND PRECISION

In science and statistics the terms ‘accuracy’ and ‘precision’ have very specific and

different meanings.

¢ Accuracy is the ability to obtain the correct measurement. To obtain accurate
results, you must minimise systematic errors.

e Precision is the ability to consistently obtain the same measurement. To obtain
precise results, you must minimise random errors.

To understand more clearly the difference between accuracy and precision,
think about throwing darts at a dartboard, as shown in Figure 1.5.1 on page ¢20.
Accuracy is being able to hit the bullseye, whereas precision is being able to hit
the same spot every time you shoot. Measurements should be both precise and as
accurate as you can make them.

Recording numerical data

When using instruments to measure, the number of significant figures (or digits) and
decimal places you record is determined by the measurement with the instrument.

The precision depends on the scale, accuracy and precision of the instrument
and technique you are using. The smallest increment on the instrument being used
determines the digits being recorded and the significant figures. Examples are a
measuring cylinder and a pipette. A cylinder with 1 ml. increments can record
data to the closest 1 mL, whereas a pipette (Figure 1.5.2 on page ¢20) with 0.1 mL.
increments can record data to the nearest 0.1 mL..

CHAPTER 1 | BIOLOGY SKILLS AND ASSESSMENT TOOLKIT el9



FIGURE 1.5.2 A bmL graduated pipette can
measure volumes to an accuracy of one-tenth
of a millilitre, or 5mL £ 0.1 mL. The pipette has
major divisions of 1 mL and minor divisions of
0.1 mL. You can estimate to 0.05mL and record
volumes to two decimal places; for example,
3.80mL or 3.85mL.
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Precision

If you hit the area around If you hit the bullseye

the bullseye each time but every time you shoot, you
don't always hit the are both accurate and
bullseye, you are accurate. precise.

Accuracy

Low

If you hit a different part of If you hit the same area of
the target every time you the target every time but
shoot, you are neither not the bullseye, you are
accurate nor precise. precise but not accurate.

FIGURE 1.5.1 The difference between accuracy and precision

When you record raw data and report processed data (see Module 1.9), use
the number of significant figures available from your equipment or observation.
Using either a greater or a smaller number of significant figures can be misleading.
For example, Table 1.5.1 shows measurements of five tissue samples taken with
an electronic balance accurate to two decimal places. The data was entered into a
spreadsheet to calculate the mean, which was displayed with four decimal places.
You would record the mean as 20.83 g, not 20.8260g, because two decimal places
is the precision limit of the instrument. Recording 20.8260 g would be an example
of false precision.

TABLE 1.5.1 An example of false precision in a data calculation

1 2 3 4 5 Mean

20.13 20.62 21.22 20.99 21.17 20.8260



UNCERTAINTY AND ERROR

Uncertainty and errors arise from various sources. Uncertainty is a range of
measurements in which the true value is thought to be. Because of variations in
measurements, you can make an estimation to suggest where the true value should be
found among the measurements (e.g. range). Uncertainty is one source of limitations.

Error is the difference between a measurement and the true value. This is #oz an
indication of human error. It is due to an inability to achieve the true value. Error
cannot be eliminated; therefore, it is important to understand and record the error

and report it.

Two types of errors can occur—systematic error and random error. These are
explained in Table 1.5.2.

TABLE 1.5.2 Systemic and random errors

I - S L

systematic

random

An error in measurements caused
by the design of a system (e.g.
methodology) or an instrument
(non-calibrated), which results in
the measurements shifting in a
systematic direction. The mean
may be displaced or varied in

a predictable way, affecting the
accuracy of the measurement.

An error that affects the
measurement in an unpredictable
way, which results in an

even variation (fluctuation)

in measurements above and
below the expected true value.
This affects the precision of the
measurement.

Instrument calibration
Choice of instrument
Precision of instrument
(increments)

Precision of instrument
(sample rate—per second)
Sampling (the choice

of population or
representatives)

Estimation (measuring
between increments)
Sampling (frequency,
spread, increments)
Parallax

Instrument sensitivity
Noise

If a digital probe is used to measure the pH of
various solutions after an enzyme reaction, and the
probe was not calibrated before the experiment or
between tests, then the measured pH values will all
be shifted equivalently.

If a person’s pulse was counted for 20s and then the
measurement was multiplied by three to determine
beats per minute, this methodology allows the

heart rate to slow down over 20s while the pulse

is measured. The measured heart rate will shift
downwards systematically and predictably.

Using universal indicator to determine the pH of a
solution, in which the pH must be estimated by the
shade and colour of the paper (e.g. yellow/orange
versus bright orange).

Using a digital probe to measure gas pressure or
heart rate to measure once per 2seconds compared
to a probe that measures 10times per second.

Uncertainties and errors should always be calculated or measured and then
reported. They then form part of the analysis and interpretation (see Module 1.10,
Tables 1.10.1 and 1.10.2) as well as the evaluation of the investigation. Also, it is
a good idea to consider uncertainty and error when planning experiments (see
Modules 1.8 and 1.9).

Calculating uncertainty in measurement

When taking measurements, the goal is to get as close as possible to the ‘true

>

or ‘correct’ value. For example, when using a measuring cylinder to measure
the volume of a solution, the reading may be between two increments on
the instrument. The uncertainty can be calculated or estimated and is often
represented as a percentage or unit of measurement. If the uncertainty is

described as +1%, it means that the measurement is likely to be no more than

1% above or below the ‘true’ value.

When averaging repeat measurements, you should report the uncertainty
alongside your average. Uncertainty represents a realistic range within which the

true value is likely to be. One simple way to calculate the uncertainty is:

. (maximum value — minimum value)
uncertainty = =+

2
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Worked example 1.5.1
CALCULATING UNCERTAINTY

An experiment was conducted to measure the length of time it takes to convert
a substrate to a product in an enzymatic reaction. Three replications of the
experiment produced the times 2.50, 3.48 and 2.81s, the average time being
2.93s. Calculate the uncertainty.

Thinking Working

Write down the formula. (maximum value — minimum value)

2

uncertainty =+

Insert the values then
perform the calculation.

uncertainty = + $:48=2:50)

=+0.49s

Combine the measurement 293s+0.49s
with the uncertainty.

>» Try yourself 1.5.1
CALCULATING UNCERTAINTY

Students measured the amount of oxygen produced by a plant over an hour.
They performed the trial three times over three consecutive days. The results
were 4.9, 5.5 and 5.2mL. Calculate the uncertainty.

Another example of uncertainty is instrumental error or uncertainty in
measurement. This is the precision of an instrument and is limited by the smallest
increment the instrument can measure. The uncertainty of an instrument is half
the smallest increment. This is known as absolute uncertainty. A simple way to
calculate the absolute uncertainty of a measurement is:

smallest increment
2

absolute uncertainty = +

Worked example 1.5.2
CALCULATING ABSOLUTE UNCERTAINTY FOR INSTRUMENTAL ERROR

The temperature during an experiment was measured using a glass
thermometer and a digital thermometer. The temperature at peak enzyme
activity was 32°C. The smallest increment on the glass thermometer was 1°C
and the smallest measurable increment on the digital thermometer was 0.1°C.
Calculate the absolute uncertainty of both instruments.

Thinking Working

For the glass thermometer, write
down the formula.

smallest increment

absolute uncertainty =+ >

Insert the values and perform the
calculation.

Combine the measurement with 32°C +0.5°C
the uncertainty.

For the digital thermometer, write
down the formula.

smallest increment

absolute uncertainty =+ 5

Insert the values and perform the | spsolute uncertainty = +01
calculation.
=+0.05

Combine the measurement with 32°C + 0.05°C
the uncertainty.




» Try yourself 1.5.2
CALCULATING ABSOLUTE UNCERTAINTY FOR INSTRUMENTAL ERROR

A student experiment measured the peak oxygen production of an indoor plant
to be 7.3mL in an hour at 42°C. Calculate the absolute uncertainty for the
oxygen measurement.

Uncertainty can also be reported as a percentage of the measurement, which
is known as relative uncertainty. To calculate the relative uncertainty, apply this
formula:

. . absolute uncertaint
relative uncertainty = =+ ( y) x 100

measurement

Worked example 1.5.3
CALCULATING RELATIVE UNCERTAINTY FOR INSTRUMENTAL ERROR

A student experiment testing the effect of pH on enzyme activity measured the
peak activity at a pH of 5.56, using a new digital sensor. The digital sensor reads
to two decimal places. Calculate the relative uncertainty.

Thinking Working
Write down the formula
for relative uncertainty. relative uncertainty = + (absolute uncertalnty) x 100
measurement
Insert the values and 0.005
perform the calculation. | relative uncertainty = ( )
+0.09%

Combine the pH 5.56 + 0.09%
measurement and
uncertainty.

>» Try yourself 1.5.3
CALCULATING RELATIVE UNCERTAINTY FOR INSTRUMENTAL ERROR

A student experiment testing the effect of pH on enzyme activity measured the
peak activity at a pH of 5.6, using an old digital sensor. Calculate the relative
uncertainty.

Significant figures

When measuring phenomena during experimentation, the precision of the
instruments determines the number of significant figures and decimal places you
record in the data.

Significant figures are the numbers that convey meaning and accuracy. The
number of significant figures used depends on the scale of the instrument. Record
data using the number of significant figures available, from the equipment or
observation. Using either a greater or smaller number of significant figures can be
misleading.

Significant figures are the exact digits observed when recording the results of
an observation or experiment. For example, if the volume of O, gas produced and
measured from a plant photosynthesising during a 6-hour experiment was 6.0 mL
because exactly 6.0mlL was observed, then the measurement is 6.0 mL with two
significant figures, not 6 mL..
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Determining the significant figures of
a measurement from an instrument

When conducting measurements for an experiment or
undertaking the methodology, your recorded values must
indicate the precision (increments) of the instrument. The
plastic pipette in Figure 1.5.3 measures up to 5mL and
has 1 mL increments. Because the instrument measures in
whole millilitre increments, the recorded value must be to a
whole millilitre.

If you measured 2mL with the pipette in Figure 1.5.3,
then you should measure 2mL, not 2.0mL. This is because
the measurement was not precise to one-tenth (0.1) of
a millilitre. Therefore, using this instrument, the value is
measured and recorded to one significant figure.

To determine how many significant figures there are in
a measurement, follow these rules.

1 All non-zero digits are significant.

2 All zeros between non-zero digits are significant.

3 Trailing zeros (either decimal or not) if measured are
significant.

4 Leading zeros are not significant (in numbers with
decimals, they only inform where the decimal is placed).
Table 1.5.3 shows some examples of measurements

and how many significant figures they have. Review the

examples to learn more about significant figures.

TABLE 1.5.3 Measurements and significant figures

Number of significant figures

15 2
35 2
3.50 3
0.037 2
1401 4

—4

—3

—2

—1

FIGURE 1.5.3 This 5mL plastic pipette has 1 mL increments.

__________________________________________________________________________________________

multiplication and division

multiplying with a constant (absolute uncertainty)

multiplying with a constant (relative uncertainty)

€) 1tis important to record the

exact numbers measured during Calculations with uncertainties

an experiment. This determines
the significant figures, and later
the accuracy and precision of
the analysis. If you observe a
zero, record it because it is the

There are a few rules when conducting calculations with numbers (or measurements)
that have uncertainties. It is important to record the correct uncertainty once all the
calculations are complete so that you report the appropriate accuracy. Table 1.5.4
outlines the rules for undertaking calculations with data and its associated

exact amount measured. This uncertainty.
includes all zeros before and after Keep in mind that the rules for significant figures apply to all numerical
decimal places. reporting, including the uncertainties.

TABLE 1.5.4 Rules for calculations involving uncertainty

addition and subtraction Add the uncertainties.

e24 BIOLOGY 11 | UNITS1AND2

Multiply the uncertainty.

Maintain the uncertainty.

54+0.05+32+005=86+0.1
54+0.05+32+£01=86%0.15
54+005-32+005=22+0.1
54+0.05-32+£01=22+0.15

Add the relative uncertainties. 3.0+ 0.05x 1.5+0.05

=30+1.7%x15%33%=45%50%
3.0£0.05+1.5+0.05
=30£17%+15£33%=20%50%

3.14 x (4.1 £ 0.05) = 129+ 0.16
3.14x (4.1+1.6%)=129 +1.6%



Uncertainty due to nature

In nature, there are many sources of variation that make it impossible to measure
the same value twice. Examples of variations in nature are shown in Figure 1.5.4.
They include:

» genetic differences

- variation in the genetic code

- variation in the regulation of the code
 intracellular differences in molecular processes and capacity
o extracellular differences in the maintenance and relationships between cells,

tissues, organs and systems
» differences in how organisms relate (intraspecies and interspecies relationships)
 various abiotic factors affecting biotic factors in habitats and ecosystems
* local, regional and global differences in ecological relationships.

There are a few terms used to describe the variations found naturally in biology,
including ‘genetic variation’, ‘biological variation’ and ‘natural variation’. Genetic
variation is found in biological organisms and systems. Therefore, when the term
‘natural variation’ is used, it often refers to genetic variation. When reporting natural,
biological or genetic variation, it is best to choose one term and use it consistently.

The difficulty with uncertainty due to nature is that the true value can never be
known. Most biological experiments are open systems, so are influenced by many
variables. Also, most biological experiments measure non-invasive or indirect results,
making it difficult to achieve accuracy. Measuring a range of values is expected
in biology; therefore, analysis and evaluation using uncertainty to acknowledge
accuracy and precision is important when you interpret the results. Statistical
analysis helps to analyse the data and range of measurements, and determine
uncertainty (see Module 1.7).

FIGURE 1.5.4 (a) Close inspection of bees reveals variation in the shades of colour and banding.
(b) The same species of plant can be affected by different pH values in the soil, displaying variation
within a habitat. (c) Genetic variation within a family.(d) Genetic variation within plants shown by
wrinkled peas (left) and round peas (right).
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1.5 Review

SUMMARY

Accuracy is the ability to obtain the correct
measurement. To obtain accurate results, you must
minimise systematic errors.

Precision is the ability to consistently obtain the
same measurement. To obtain precise results, you
must minimise random errors.

Uncertainty is a range of measurements from the
experiment in which the true value is thought to be.
Error is the difference between a measurement and
the true value; this is not an indication of human
error or maintaining scientific validity.

Uncertainty and error values are presented as a
range (e.g. £0.25).

A simple way to calculate uncertainty is:

(maximum value — minimum value)
2

A simple way to calculate the absolute uncertainty
is:

uncertainty = +

smallest increment
2

A simple way to calculate the relative uncertainty is:

absolute uncertainty = £

relative uncertainty = i(absolute uncertamty) x 100

measurement

KEY QUESTIONS

Retrieval
1 Recall how values of uncertainty and error are

presented.

Comprehension
Explain the difference between accuracy and precision.

Explain the difference between raw and processed
data.

Identify the following scenarios as examples of random

or systematic error.

a You weigh the mass of a powder three times, using

the same scales and get three different readings.
b The tape measure you are using to measure
distance has been stretched.

¢ When electronic scales are zeroed, they read 0.05g.

Determine the instrumental error in the following
instrument.

BIOLOGY 11 | UNITS1AND2

7

The rules for calculations involving uncertainty are:

Calculation Rule

Addition and subtraction Add the uncertainties

Multiplication and division

Add the relative uncertainties

Multiplying with a constant
(absolute uncertainty)

Multiply the uncertainty

Multiplying with a constant
(relative uncertainty)

Maintain the uncertainty

Significant figures are the numbers that convey

meaning and precision. The number of significant

figures used depends on the scale of the

instrument.

The rules governing significant figures are as

follows.

- All non-zero digits are significant.

- All zeros between non-zero digits are significant.

- Trailing zeros (either decimal or not) if measured
are significant.

- Leading zeros are not significant (in numbers
with decimals, they only inform where the
decimal is placed).

Write the temperature measured by the thermometer

including the instrumental error.

The pipette shown on the right isa 10 mL
glass pipette with 0.1 mL increments. If
exactly 2mL was measured using this
pipette, write the value of this measurement
with the appropriate number of significant
figures.

N o

P TR O AR TR

Analysis

8 Calculate the average and uncertainty of

these two sets of data.
DatasetA: 11.4,10.9,11.8,10.6,11.5,11.1
Data set B: 25.3, 27.4, 22.0, 26.1, 284, 23.1

~ w




create tables to record and organise data
present data from tables into graphs
distinguish between types of graphs
select appropriate graphs to represent data
represent missing data in graphs

explain what an outlier is, and know how to represent outliers in graphs. R "

PRESENTING DATA IN TABLES

Tables record number values and allow you to organise your data. In general,
tables provide more detailed data than graphs, but it is easier to observe trends and
patterns in data in graph form than in table form.

Presenting raw data in tables

Tables organise data into rows and columns, and can vary in complexity according
to the nature of your data. Tables can be used to organise raw data and processed
data, or to summarise results.

The simplest form of a table is a two-column chart. The first column should
contain the independent variable (the one you control) and the second column
should contain the dependent variable (the one that may change in response to a
change in the independent variable).

As you can see in Figure 1.6.1, tables should have the following features:
¢ a descriptive title, including table number
e column headings (including the units)
» aligned figures (align the decimal points)
¢ the independent variable placed in the left column
* the dependent variables placed in the right columns.

Accurate, descriptive title,
/ i i '
Table 1: The effect of pH on plant growth including Table" and number

Independent /H_\f Plant Plant mass (g) for each day of the trial | Dependent variable
variable in the \?vat?:‘r number CTrial 1 CTrial 2> identifies the data
left column Ry 0J2J4\5]6J10]o]2T4]l6]8]10 set and shows the
~ 5 |1 \ units of measurement.
2
3
4
Average — ; ;
Space left to 711 I — frf)izcczgrtwc?ls "
calculate  ——— 2 repeat trials were
averages 3 conducted
4
Average
9 11 7
2
3 Space for
4 recording
Average \ the dependent
Rows show the different I | ) , d__~ variable values
treatments—the range of Each row shows a different organism
values for the independent (plant)—in this case four replicates at
variable. each pH level.

FIGURE 1.6.1 A model table and examples of features to be included in tables
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TABLE 1.6.1 Effect of temperature on mean
transpiration rate, including uncertainty

Temperature | Mean transpiration rate
(§(%) (mLg'h™)

15 0.038 £ 0.002
25 0.043 +£ 0.001
35 0.059 £ 0.001
45 0.074 £ 0.0015
y-axis:

dependent variable —

X-axis:

independent variable
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Presenting processed data in tables

Table 1.6.1 shows the relationship between temperature and mean transpiration
rate. It displays transpiration data in a processed format, because it displays the
mean of several values for each temperature. The uncertainty is also displayed,
which will be a requirement for assessments.

PRESENTING DATA IN GRAPHS

Graphs are used to display relationships, trends and patterns between two variables
with one proposed to be dependent on the other, as shown in Figure 1.6.2.

Figure 1: Protein standard curve of BSA

(bovine serum albumin) clear title

14
0.9 — 2
0.8
0.7

0.6 . )
Axis is proportionate

0.5 ] to data.

0.4 —

Optical density at 590 mm
.‘

0.3

0.2

0.1

0

1
o

+

I I

0 0.1

1 1 1 1 1 1 T
02 03 04 05 06 07 08 09

Protein concentration (mg mL™") units included

FIGURE 1.6.2 Examples of features to be included in graphs

There are several types of graphs, including line graphs, bar graphs and pie
charts. The best one to use will depend on the nature of the data. General rules to
follow when making a graph include the following.

* Keep the graph simple and uncluttered.

e Use a descriptive title, including figure number.

* Represent the independent variable on the x-axis and the dependent variable on
the y-axis.

e Start each axis at zero.

e Match the length of the axes to the data.

¢ Clearly label axes with both the variable and the unit in which it is measured.

¢ Use small symbols such as circles or squares for data points.

e Use different symbols for different data sets.

Scatterplots and line graphs

Scatterplots are appropriate and often best for continuous and discrete data.
They are used to show the relationship between two variables when one variable is
dependent on the other.

The data is plotted on the graph as a series of points the data can be continuous
or discrete (see Module 1.8). Each point should be drawn in pencil as a small circle
or cross. Alternatively, you can use a computer program to generate your graphs.



A line graph is a good way of representing continuous quantitative data. In a a Effect of humidity

line graph, the values are plotted as a series of points on the graph. A line can then on rate of transpiration
be drawn from each point to the next, as shown in Figure 1.6.3.This line shows the
change in data from one point to the next but does not predict the value of a point 7
between the plotted data. X
Tonnes of carbon fixing by rainforest ~ 6
canopies per month, 2017 £
— 124 = 57
@ 8
£ 10+ © 4
S c
E g 3
£ 6 \ 5,
C C
o 4+ ©
e /\ =
8 2 ™~ S~ — ~ 1+
—
0 T T T T T T T T T T 1 0
J FM A M J J A S O N D

T T T T T
20 40 60 80 100
Month, 2017 Relative humidity (%)
FIGURE 1.6.3 A line graph showing tonnes of carbon fixing by rainforest canopies per month, in

2017, with lines ruled from each point to the next b Change in tree trunk

circumference over time

Alternatively, a single straight or curved line can be drawn that passes an equal

distance between all data points, as shown in Figure 1.6.4.This is a trend line or a line

of best fit. It is used to show the overall trend in the data, and can be used to predict 350

values between the data points. A line of best fit usually does not pass through every data E 300

point. Its position can be estimated by eye (ensuring equal number of data points above %

and below the line but more accurate trend lines (used by scientists) can be acquired e 250

using programs to calculate the line mathematically from the data (see Module 1.7). f;: 200 x X

= _

Bar and column graphs 2 150 £

Bar and column graphs are used to show categories and discrete (discontinuous) %

data (see Module 1.8). 2 100

¢ A column graph shows the value of the dependent variable by the height of the § 50 *
column; the categories are labelled across the x-axis. =

* A bar graph shows the value of the dependent variable by the length of the 0 — T T T 7
horizontal bar; the categories are labelled up the y-axis. 510 15 20 25

Time (years)

FIGURE 1.6.4 Scatterplot graphs showing
(a) straight and (b) curved trend lines

Bar and column graphs are commonly used when the independent variable is
categorical rather than numerical, or when the numerical data is discrete. The bars
or columns are always the same width and the same distance apart.

Bar and column graphs are very useful for graphing qualitative and discrete data,
such as the number of base pairs and number of genes on each human chromosome
(Figure 1.6.5). Note that two different vertical axes are used for the different data
sets, which have very different scales.

Number of genes compared to number of base pairs on human chromosomes

4500 — 450

| mm geNnes N c

4000 == base pairs 400 3

¥ 3500 - 350 g
C

& 3000 L300

G (on

© 2500 - 250 ©

)

é 2000 - 200D

2 1500 L 150 E

1000 | - 100 g

500 Lso <2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y
Chromosome

FIGURE 1.6.5 A column graph comparing the number of genes (blue, left axis) and the number of base pairs
(pink, right axis) on human chromosomes
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Students

B ate breakfast
B did not eat breakfast

FIGURE 1.6.7 A pie chart presenting data on the
breakfast habits of students

Number of eagles sighted
over summer 2015-16

s

Number of eagles
L L L L L L

S ONDTI F M A
Month, 2015-16

FIGURE 1.6.8 A line graph with missing data.

This accurately represents the measurements

taken during the methodology.
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When the labels of the variables are long, horizontal bar graphs can be used. Bar
graphs are also used when the data ranges are variable and overlapping, such as
genome sizes, as shown in Figure 1.6.6.

Genome size of representative
groups of organisms

mammals — .
birds — l
amphibians — _
insects — -

fungi —

bacteria —

I I I I I I I I I
104 10° 10° 107 10% 10> 10 10" 10®

Base pairs per haploid genome

FIGURE 1.6.6 A horizontal bar graph comparing genome size of representative organisms from the
different kingdoms of life

Pie charts

A pie chart is a way of presenting qualitative or discrete quantitative data (see

Module 1.9, page ¢58). It shows each category of data as a proportion of the total

data. The chart is a circle divided into sections according to the proportions of each

category, like slices of a pie (Figure 1.6.7). Each category is coloured or shaded
differently so that it can be clearly distinguished from the other categories. It is
recommended to use pie charts only when there are few categories.

A circle is equal to 360°. To draw a pie chart, you must determine how many
degrees are needed for each category. This can be done as follows:

1 Add the amounts in each category to find the total.

2 Divide 360° by the total (this will tell you how many degrees of the circle one
value is worth).

3 Multiply the answer by the amount in the first category. Your answer will be in
degrees that can then be marked for the first category using a protractor on the
circle.

4 Repeat for each category.

Missing data

When you have missing data, leave a gap for it, as shown in Figure 1.6.8. Ensure
that the axes are complete (do not skip values) and do not join the data points that
have missing data points between them.



Anomalies and outliers

Sometimes one data point does not fit the trend and may be an error. This is
called an anomaly or outlier. Outliers are often caused by a significant random
error when measuring (see Module 1.5). Outliers are determined using statistical
calculations (Module 1.7), and they cannot be determined using a trend line. If you
have an anomaly or outlier in your results, include it in your graph but ignore it
when drawing the line of best fit (Figure 1.6.9).

Error bars/whiskers

When graphically representing data and results, the uncertainty, error or range in data can
be shown. When data is collected or measured, the precision or uncertainty is recorded
as 1. This should be shown in the graph. Inserting error bars or whiskers onto the data
points on a graph will display a range. This range can be the range in measurements,
instrumental precision, uncertainty, error or standard deviation for example.

As you will recall from Module 1.5, uncertainty and error are a range in which
the true value lies. A graph should indicate this. Choosing which range to indicate on
the graph depends on the analysis and interpretation of data trying to be achieved
in answering the research question or testing of a hypothesis. Module 1.7 explains
various calculations that are useful for analysing and interpreting data. Module 1.7
will assist with choosing which range to indicate on a graph to demonstrate reliability
or significance of results.

Distorting the truth

Poorly constructed graphs can distort the truth. For example, in Figure 1.6.10
you can see two figures that show the same data—the test results of two groups of
students. One group of students did not eat breakfast before doing the test, and scored
an average of 42 marks out of 50. The other group of students did eat breakfast and
scored an average of 48 marks out of 50. Figure 2 distorts the difference in marks
between the two groups by using a scale of only 40 to 50 marks on the y-axis. It is
important to make sure the figures you create do not distort your data.You should also
be wary of distorted data when interpreting figures in other publications.

Figure 1 Figure 2
50 T 50
45 [ 1 49
40 J 48 -
35 474
g 30 E 46
£ £
= 25+ = 45— L
> >
o O
o 20 L 44+
15 43
10 42
5 41
0 T T 40 T
Students  Students Students  Students
who do not who do eat who do not who do eat
eat breakfast breakfast eat breakfast breakfast

FIGURE 1.6.10 Figure 1 shows the difference between two groups of students’ test results (marks
out of 50) on the y-axis. Figure 2 shows the difference between the two groups within only a narrow
range of marks on the y-axis, which distorts the difference and makes it appear larger than it really is.

Protein standard curve of BSA
(bovine serum albumin)

0.9+ s

n (0.6

o
n
|
p

0.4+
0.3+

0.2 #
0.1 */

0

Optical density

T T T T T T T T T
0 0.1 02 03 04 05 06 0.7 0.8 09
Protein concentration (mg mL-T1)
FIGURE 1.6.9 A line graph showing an anomaly or

outlier, which has been ignored when adding the
line of best fit
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1.6 Review

Tables and graphs are used to represent scientific
data.

In general, tables provide more detailed data
than graphs, but it is easier to observe trends and
patterns in data in graph form than in table form.

Tables organise data into rows and columns, and
can vary in complexity according to the nature of
your data.

Tables should have:

- a descriptive title

- column headings (including the units)

- aligned figures (align the decimal points)

- the independent variable placed in the left column
- the dependent variable placed in the right column.

Graphs are used to display relationships, trends and
patterns between two variables with one proposed

to be dependent on the other.
» There are several types of graphs, including line

graphs, bar graphs and pie charts. The best one to

use will depend on the nature of the data.

KEY QUESTIONS

Retrieval
1 State the purpose of a trend line.

Comprehension

2 Describe why an anomaly or outlier, if known, is
ignored when drawing a trend line.

Analysis

3 Annotate two self-drawn graphs, one illustrating
an appropriate line of best fit and the other an
inappropriate line graph.

4 |Immunologists have measured the levels of antibodies

in blood serum to gather background data on

population responses to infection. They collected the

following data on the concentration of two different
types of antibody, IgG and IgA, from participants

ranging in age from 6 months to 20 years (the antibody
levels are listed in order of increasing age of subject):

Age of subject: 6 months, 1, 2, 4, 10, 20 years

Concentration of IgG (mg/100mL): 300, 600, 800,

1000, 1500, 1500

Concentration of IgA (mg/100mL): 50, 100, 100, 150,

200, 400
a Prepare a data table.
b Prepare a graph of the data.

Scatterplots are commonly used to display data in
the form of a graph, and can be used to plot raw or
processed data.

A trend line (line of best fit) is used to show the

overall trend in the data, and can be used to predict

values between the data points.

A line graph is a good way of representing

continuous quantitative data.

Bar and column graphs are used to show

categories and discrete (discontinuous) data.

- A column graph shows the value of the
dependent variable by the height of the column;
the categories are labelled across the x-axis.

- A bar graph shows the value of the dependent
variable by the length of the horizontal bar; the
categories are labelled up the y-axis.

A pie chart is a way of presenting qualitative or

discrete quantitative data.

Missing data is represented in graphs by leaving a gap.

An outlier is a data point that does not fit the trend,

and may be caused by an error.

Determine at least four ways that the following graph
could be improved.
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Protein concentration
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explain and calculate the following features of data sets: range, mean,
median and mode

» explain the statistical significance of standard deviation
explain the meaning of regression, linear regression, r-values and R? values

» understand that various statistical methods are used to analyse data sets,
including the Pearson coefficient and student t-tests.

\

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000.

One of the difficulties in the biological sciences is that direct measurements or
measurements within a closed system are challenging to obtain. Therefore, there
are various limitations and uncertainties in biology, commonly involving accuracy
and precision (see Module 1.5) as well as errors related to reliability and validity
(see Modules 1.8 and 1.9). To address this problem, biologists perform statistical
analysis to help understand the quality of the measurements and their meaning.
Ways to achieve good-quality evidence through good scientific practice are outlined
in Modules 1.8 and 1.9. This module will outline a basic understanding of common
statistical analysis used in biology and ones relevant to the Queensland Biology syllabus.

RANGE

The range is the difference between the highest and lowest values in a data set.
Table 1.7.1 shows the measurements taken for five different plants after treatment
with a plant hormone.

TABLE 1.7.1 Plant height in a hormone treatment experiment

Treatment Height (mm) Mean (mm) Range (mm)
58 378 320 377 363

hormone-treated 1 319.2 378 - 158 =220

untreated control 140 135 170 171 193 161.8 193 -135=58

To determine the range for values in Table 1.7.1, you subtract the smallest value
from the largest value. Notice how an abnormally large or abnormally small value in
the data set makes the variability appear high.

If one value appears vastly different, such as plant 1 in the hormone-treated
group, another statistical analysis may be used to determine whether it is an outlier.
An outlier is a value that lies outside (is much smaller or larger than) most of the
other values in a set of data.To determine if a value lies outside most other values, it
must be statistically calculated. This illustrates the importance of observation during
experiments and recording all details in a journal as the experiment is conducted.
The range outlines the total variation in measured results. No other analysis or
interpretation can be applied.

MEASURES OF CENTRAL TENDENCY

Measures of central tendency are single values that allow you to describe the
central position in a set of data. Measures of central tendency are sometimes also
called measures of central location. The mean, median and mode are all measures
of central tendency.
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TABLE 1.7.2 When to use the different measures ~ COnSider the dfta_ set3,5,7,8,8,8,10. ) o
of central tendency e The mean, x, is the average of a data set. It is calculated by dividing the sum of
the values by the number of values.

Type of data

DX+ Xy + X3
n

&:

where >, = sum of x; + x, + X3 = measurement, + measurement, + measurements,
n = total number of measurements
In this case,the meanis 3+5+7+8+8+8+10)+7=7.

¢ The median is the ‘middle’ value in an ordered list of values, which in this case
is the fourth value, which is 8.

¢ The mode is the value that occurs most often in a list of values, which in this case
is 8. This measure is particularly useful for describing qualitative or discrete data.

discrete or 4 4 4 The appropriate measure of central tendency to use depends on the type of data

Z;)S::tl:tzl::/ o you are working with (Table 1.7.2).

nominal v X X
(qualitative)

ordinal v v maybe
(qualitative)

Graphically representing the data using central tendency provides a clear and
succinct display of results. As there are many measured values and results in raw
data, the data can be difficult to analyse and interpret. It is much easier and less

TABLE 1.7.3 Measured resting heart rate (beats

per minute) for males and females complicated to interpret processed data compared to raw data. An interpretation
can be surmised by comparing three values (representing many results) (e.g. three
Resting heart rate (bpm) means), rather than 15 separate individual results in the raw data.

m“ However, it is important to note that statistical calculations do not produce the

true value; they produce a single value (or smaller number of values) that are meant to

7 69 represent many. As can be seen in'Table 1.7.3, the two means are processed values for five
78 68 measurements. The measured values for heart rate have been averaged using the mean.
72 & STANDARD DEVIATION
73 72 Standard deviation specifically estimates the spread of data in a population or set
76 71 of values. It calculates the spread or dispersion of data and its distance from the mean.
4 The standard deviation calculation assumes that the data being used is from a
&3 set in which a normal curve (or normal distribution) exists. A normal distribution of
Mean 75 Mean 70 data forms a ‘bell’ curve or a normal curve as seen in Figure 1.7.1. A normal curve

on a graph has:
» approximately 68.2% of all the measurements (data) within 1 standard deviation
(10) of the mean; that is, 34.1% above the mean and 34.1% below the mean
Normal distribution curve * approximately 27.2% of all the data between the first and second standard
deviation (between 16 and 20); that is, 13.6% above 16 and 13.6% below 16
» approximately 4.2% of all data between the second and third standard deviation
(between 26 and 30); that is, 2.14% above 26 and 2.14% below 26
214% e the final 0.2% above and below 36, 0.13% on either side.
0.13% When using standard deviation to analyse data, it is important to understand
what has been calculated. If a measured phenomenon is expected to be equivalent
from one test to another, then it would be expected that all measurements would be
ol _— very close to the mean, except for unusual results such as an error. Using standard
-36 206-lc 0 1o 20 3¢ deviation, you could decide that all accurate measurements should be within two
FIGURE 1.7.1 A normal distribution curve standard deviations (206) of the mean. Therefore, any measurement outside (greater
showing how far each standard deviation (o) than) 26 from the mean would be considered as an outlier (measurements that have
is from the mean (0). . .
a value outside of the expected calculation).

2.14%
0.13% | 13.6

34.1

»

4o W
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If standard deviation was used for a set of data in which variation is expected,
it could be used to demonstrate the variation. If the heights of all the females in a
Year 11 Biology class were measured, the results could look like those in Table 1.7.4.
A standard deviation could be used to estimate where individuals fit into the
assumed normal curve for the height of adult females in Australia.

Using the formula to calculate standard deviation (SD):
SD = / S %)+ (6, -+ (65— %)

n—1

where Y, = sum of

X{ = measurement,;

X = mean

n — 1 = number of measurements — 1

The standard deviation for the set of data is £8.5cm. Student 4 at 180.6cm is

more than 26 away from the mean (Figure 1.7.2). Therefore, it can be said that this
student is estimated to be in the top 3% of the adult female population for height.
This is not an outlier because variation is expected, so standard deviation was used
to understand the variance of female students in the class.

156.7

mean = 161.8
| +1SD

1722 180.6

150.7 153.9 164.5

160.4 | 163.4

156.8

161.8

FIGURE 1.7.2 This image plots the heights of the students from Table 1.7.4. The mean is represented
by the blue dot; one standard deviation from the mean is represented by the two green dots.

Worked example 1.7.1
CALCULATING THE MEAN AND STANDARD DEVIATION

TABLE 1.7.4 Height of female students in a
Year 12 Biology class

CSample | g o

student 1 164.5
student 2 156.7
student 3 172.2
student 4 180.6
student 5 163.4
student 6 158.8
student 7 1539
student 8 150.7
student 9 160.4
student 10 156.8
mean 161.8

student height:
160cm, 158cm, 123cm, 145¢cm

The heights of a group of students were measured, and are listed below. Calculate the mean and standard deviation for

Thinking Working
Write the formula for the mean. - le + X + X3
n
Insert the values and perform the calculation. — 160+158+123+145
x= 4
=146.5cm

Write down the formula for standard deviation.

n-1

SD:JZ(xl—?f+<x2—§>2+<xn—?)2

Insert the values and perform the calculation.

. \/2(1 60-146.5)% + (153 -146.5)% + (123 -146.5)° + (145 -146.5)°

4-1

3

=17cm

B \/2182.25 +132.25+552.25 + 2.25

>» Try yourself 1.7.1
CALCULATING THE MEAN AND STANDARD DEVIATION

The following data was collected for the amount of offspring mice had. Calculate
the mean litter size and standard deviation.

Litter sizes: 2, 14,6, 8,9, 11,5, 6
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REGRESSION

Regression is the term used to state that the independent variable causes the
result in the dependent variable during an experiment. Some relationships between
variables are causal, meaning that there is a cause and effect relationship.

There are numerous statistical calculations that estimate the causal relationship
between variables.

e Some calculations indicate how directly an independent variable causes the
dependent variable result. This attempts to show the strength of the relationship.

* Other statistical calculations for regression consider the variation in results and
attempt to predict the effect the independent variable has on the dependent.

In biology, due to the open system nature of experiments, not all relationships are
direct or straightforward. Often there are many variables that influence the dependent
variable and it is helpful to try and predict how much of an effect the independent
variable has on the dependent variable while other variables are also influential.

Pearson correlation coefficient

Linear regression is a calculation that estimates a direct linear relationship
between the independent and dependent variables. It assumes a direct causal
relationship. When used, a straight line (trend line of best fit) can be drawn on a
graph using all the data points (results) and an r value is displayed.

The r value calculated will be between —1 and 1, and can be anywhere in between;
for example, the r value could be —0.92,-0.78,-0.13, 0, 0.24, 0.81 etc. A positive r value
means that the independent variable causes an increase in the dependent value (Figure
1.7.3). A negative r value means that the independent variable causes a decrease in the
dependent value (Figure 1.7.1). The rvalues of —1 and 1 mean the relationship is perfectly
correlated and therefore 100% causal, r values of —0.91 or 0.91 means the correlation
between the variables is strong at 91%, and values of —0.13 or 0.13 would be due to a
weak relationship that is 13% correlated. A value of 0 means there is no relationship.
Remember that the negative and positive values refer to the type of relationship (positive
refers to an increasing relationship and negative to indicate a decreasing relationship).

°
r=0.7 r=0.3 L r=0
°
>—®
° °
° . °
° ° L4
) ° o PY
°
j °
° hd b
r=0 ] [}
°
* °
°
°
° ° °
°
° e ® °
.
°
e o
°
°

FIGURE 1.7.3 Scatterplot graphs demonstrating the line of best fit produced by the Pearson correlation coefficient with their associated r value
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The Pearson correlation coefficient calculates the strength of the relationship;
hence, the r value is an indicator of how strongly the dependent variable is related to
the independent variable. If the relationship is strong and no errors occurred during
experimentation, then it would be expected that the experimental data (results)
would be plotted near the trend line (the x and y intercepts) with an r value above
0.8 or between —0.8 and —1.0. Many different disciplines of science have different
interpretations of the r value. Some interpret values of 0.5 to 1.0 or —-0.5 to —1.0
to be strong, while others require values above 0.75, or from —0.75 to —1.0, to be
considered strong. The closer the value is to 0, the weaker the relationship is.

Along with establishing how strong the direct relationship is, you can also make
a forecast and extrapolate information. Extrapolation is when a trend or pattern is
shown on a graph and you predict beyond what the graph is showing, by continuing TABLE 1.7.5 The effect of exercise intensity on
the trend or pattern beyond what was measured. This is done so that you can heart rate using a treadmill
estimate what the result would be if further testing were done.

The Pearson correlation coefficient can use either processed or raw data in Exemifle intensity
its calculation. Raw data is best because the result of the calculation is a more (km h™) (bpm)

accurate representation of the relationship. However, it is important to note that rest 70
the calculation assumes that outliers have been removed. This would have to be

achieved using a different statistical calculation first. 1 73
Examples of using the Pearson correlation coefficient to analyse data are shown in 2 80
Tables 1.7.5 and 1.7.6. One experiment tested the effect of exercise intensity on heart rate 3 36
while the other tested the effect of temperature above 45°C on the rate of photosynthesis.
The rvalue for the Pearson correlation coefficient was calculated using the formula: “ 21
e n(Xxy) — (Xx) () 5 95
nzxZ _ zx 2 n 2 _ 2
VoI ) [n2y” - Q)7 6 99
where 7 = the number of samples (measurements) P -
x = dependent variable value on the x axis
v = independent variable value on the y axis 8 110
Completing statistical calculations is time consuming and due to multiple inputs 9 116
can easily result in errors. Most statistical calculations can be done easily using - -
software programs such as Excel.

. . R 2 11 125
Coefficient of determination (R“) b a1
Consider two groups of students conducting the same experiment, the effect of
exercise on heart rate from Table 1.7.5. One group uses a finger on the pulse to 13 136
count the heart rate over 10s and multiplies the result by 6 to calculate the beats per 14 141
minute (bpm).The second group uses a digital heart rate monitor. Figure 1.7.4 and
Figure 1.7.5 (on page e38) show the results in a scatterplot graph for both groups. 15 145

Effect of exercise intensity on heart rate (treadmill) r value 1.00
160 —
r=0.94
140 + TABLE 1.7.6 The effect of temperature (45°C
T 120 - and above) on the rate of photosynthesis
Q.
< 100 Temp. (°C) Rate of ghotosynthesis
) 2 -1
=] (CO,m<s™)
£ 80 .
= 45 55
2 60
47 52
40
49 45
20
51 40
I I I I I I I I I
2 4 6 8 10 12 14 16 18 53 20
- . -1
Exercise intensity (km h™") 55 10
FIGURE 1.7.4 Graphed results for group 1 using a finger on the pulse to count the heart rate. Linear
regression was used to establish a line of best fit. rvalue -0.96

CHAPTER 1 | BIOLOGY SKILLS AND ASSESSMENT TOOLKIT e37



e38

BIOLOGY 11 | UNITS1AND2

Even though both groups conducted the same experiment, the data is different.
Group 1 has an rvalue of 0.94 and group 2 has an r value of 1.00. As can be seen in
the graphs (Figures 1.7.3 and 1.7.4), the linear trend line (calculated by the Pearson
correlation coefficient) is very similar with a similar slope. So even though the raw
data is different between the groups, the trend line is very similar.

The coefficient of determination (R?) can calculate a value that indicates the
predictability between the variables based on how much the results vary. The coefficient
of determination produces a value that is an estimate as to how well you can predict the
dependent variable based on the change in the independent variable. In doing this, it
considers the variations in the results. In the example in Figure 1.7.4, the data of group
1 does not follow the linear trend line exactly and therefore as the exercise intensity (the
independent variable) changes consistently, the heart rate (dependent variable) does not
always change consistently with it. Sometimes the heart rate changes by 5, sometimes
by 2 or even by 10 or more. The coefficient of determination (R*) will estimate the
predictability in the measured results due to the variation.

Effect of exercise intensity on heart rate (treadmill)

160
140 —
= 120
= 100
80
60

r=1.00

bpm

Heart rate

40 -
20

T T T T T T T
2 4 6 8 10 12 14 16 18

Exercise intensity (km h™")

FIGURE 1.7.5 Graphed results for group 2 using the digital heart rate monitor. Linear regression was
used to establish a line of best fit.

The coefficient of determination produces a value between 0 and 1. If the value is
0, it is unable to predict the change in the dependent variable from the independent
variable. If the value is 1, then it can predict the change in the dependent variable
100% of the time without error. Any other number between 0 and 1 is considered
a percentage. For example, 0.76 means that the coefficient of determination can
predict 76% of the dependent variable results due to the independent variable. It is
interpreted as 76% of the variation in the dependent variable can be explained by
the independent variable.

Figures 1.7.6 and 1.7.7 show the results from the two class groups testing the
effect of exercise intensity on heart rate, and the coefficient of determination has
been calculated and displayed on the graph as the R* value.

In Figure 1.7.7 the heart rate was able to be predicted 99% of the time without
error from the exercise intensity. This suggests that very little influenced the
relationship between the variables; there is little chance that other variables or
biological processes influenced the results; there is little chance the methodology
(including error, bias or instrumental precision) influenced the results. This means
the results are highly reliable.

Figure 1.7.6 shows that the heart rate could be predicted from the exercise
intensity 89% of the time. This also suggests little influenced the causal relationship
between the independent and dependent variable. However, the R? value is lower
than group 2, meaning the results are less predictable due to more variation.
Compared to group 2, group 1 had variables that influence their results. This could
be due to other biological variables and processes, the methodology, error, bias or



instrumental precision. If the only difference in this example was the instrument
to measure the heart rate, then we can conclude that using a finger on the pulse to
count rate heart is less reliable (causes more variation).

Effect of exercise intensity on heart rate (treadmill)

160

R*=0.89

—_ = =
[ N
oS o o
1 1 1

Heart rate (bpm)

N A Y X
S o O O
| | | |

T T T T T T T T T
2 4 6 8 10 12 14 16 18
Exercise intensity (km h™")
FIGURE 1.7.6 Graphed results for group 1 using a finger on the pulse to count the heart rate with an R?
value of 0.89 between exercise intensity and heart rate

Effect of exercise intensity on heart rate (treadmill)

160 —
R*=10.99

140 —
= 120
100
80

60

Heart rate (bpm

40 -
20 -

T
2 4 6 8 10 12 14 16 18
Exercise intensity (km h™")

FIGURE 1.7.7 Graphed results for group 2 using the digital heart rate monitor with an R? value of
0.99 between exercise intensity and heart rate

In experiments, there could be a number of reasons for the R* value to not be
above 90% or close to 100%, and not all reasons should be considered due to poor
results or deficiencies in the experimentation. A scientist may be trying to establish
that no relationship exists and therefore would hope to produce a low R? value. Or
they may be trying to establish that a relationship exists but it is not known how
strong or direct the relationship may be and therefore an R? value between 0.50 and
0.90 would be valuable.

The formula to calculate the R? value (coefficient of determination) is:
1 _ 2= )x(y= )]

R2 =|xNT— 2
N (o,x0,)
where N = number of measurements (values) o, = standard deviation of x
x; = x value (independent variable) o, = standard deviation of y

X = mean for x value (independent variable)
y; =y value (dependent variable)
3 =mean for y value (dependent variable)
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Computer software and apps have formulas to conduct statistical calculations,
making it easier to perform such analysis. Also, fewer errors are made when
calculations are conducted using software.

Pearson correlation coefficient versus
coefficient of determination

Both statistical calculations produce a trend line of best fit and both analyse only a
linear relationship. Table 1.7.7 summarises the two statistical analytical tools.

TABLE 1.7.7 Summary of the two statistical analytical tools

Pearson correlation coefficient Coefficient of determination

Calculates How closely variables are related (correlated) How predictable the change in the dependent
variable is due to the independent variable

Result r value =-1.00 to 1.00 R? value = 0 to 1.00

Meaning The closeness of the relationship is given a value Provides a value that indicates the variation that
and whether the independent variable positively or always occurs in experimentation and influences the
negatively influences the dependent variable. results and the validity or reliability of the data.

Interpretation The strength of the relationship (correlation) is due to  The higher the value, the less variation in the data,
a causal relationship either directly or indirectly. therefore the more reliable or valid the data.

10.0+

9.0+

8.0

7.0+

6.0

5.0

Leaf length (cm)

4.0+

3.0

2.0

1.0+

An analysis of Figure 1.7.8 using the r and R” values could be interpreted as:
the r value of 0.97 shows a strong relationship between the length of time in days
and the length of a leaf (cm). The relationship between time and leaf length is
causal. The R? value of 0.93 is high, with 93% of the increase in leaf length being
predictable from the change in time. Even though the biological processes of leaf
length due to growth is a result of many variables, such as photosynthesis, cellular
respiration, nutrient access and supply, the predictability of leaf length (cm) due
to time (days) is high. In this experiment, very few variables influenced the results
more so than time. This could mean that the biological processes are closely related
to time. Or, as there is little variation in the data from the linear trend line, the results
are highly reliable.

Increase in length of leaf over time (days)
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2 4 6 8 10 12 14 16 18

Time (days)

FIGURE 1.7.8 Scatter plot showing the length of a leaf over a number of days with the r value of 0.97
and R? value of 0.93 displayed.




Spearman rank correlation

The Spearman rank correlation is another calculation that determines a trend line,
however it is able to be used for non-linear regression relationships, as seen in
Figure 1.7.9. This calculation estimates the strength and direction of a non-linear
relationship between two variables in a single direction. The results of +—1.0 to
1.0 are interpreted the same as the Pearson correlation coefficient (Figure 1.7.10).

Spearman correlation = -0.91

y
Spearman correlation = 0.92 4.0
y
3.5 35 °
° )
3.0 od ¢ 3.0 4
®e o."o o ’ .‘.
25- L AR BRA T 250 ¢ e
[ ™ e o [ J o0 L ©®
209 ey gete °° 2.0 Pl AT T
o ¢ e % ® .'..‘. oy %
1.5- S ° 1,57 c e, creey
S ° '
1 cogna
1.0—.. .0. 1.0 . °
[ )
0.5-® o 0.5+
°
e I I I I I I I I I I
0.2 0.4 0.6 0.8 1.0 X 0.2 0.4 0.6 0.8 1.0 X

FIGURE 1.7.9 The data in these graphs follows a non-linear pattern, and using the Spearman correlation, the graph on the left has a 0.92 (positive)
correlation, meaning as the independent x variable increases, so does the dependent y (in a non-linear fashion). The graph on the right shows a negative
correlation, meaning as x increases, y decreases in a non-linear pattern.

Spearman correlation = 1
Pearson correlation = (.88

o
0+ ..oﬂmw

T T T T T
0.2 04 0.6 0.8 1.0 X

FIGURE 1.7.10 An example of how the Spearman rank correlation explains the pattern in the data
more precisely than the Pearson correlation coefficient. Therefore, the relationship is non-linear.
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STUDENT t-TEST

The student ¢-test (also known as the t-test) compares two means to determine
if there is a difference between them. More specifically, the z-test is used for a null
hypothesis (a hypothesis that no change or difference will be seen in the results)
and estimates the probability that the difference between the means is due to natural
variation or by chance. As the null hypothesis assumes no change between a set
of results when the independent variable is changed, the t-test assumes the null
hypothesis is true and that any variation between the sets is due to natural variation,
and not the independent variable.

The calculation for the student z-test produces a z-value between 0 and 1.00
and is a percentage. For example, a z-value of 0.04 is 4% and a t-value of 0.82 is
82%. A t-value below 0.05 means that there is less than 5% chance (probability)
that the difference between the means of two sets of data is due to natural variation.
You would therefore reject the null hypothesis; you would reject that there is no
difference between the two means (therefore, the sets of results are significantly
different). A t-value of 0.43 means that there is a 43% probability that natural
variation or chance caused the difference between the means. The calculation of
t-values above 0.05 do not provide a strong enough estimation to reject the null
hypothesis, so no significant difference between the means would be the conclusion.

One of the unique features of the student ¢-test is that it can be used for small
sample sizes, although it is limited to being used for samples (data sets or sample
groups) that are related.

There are two types of student i-tests, unpaired and paired (Table 1.7.8).
An unpaired student z-test compares the means and data sets from two different
samples. A paired student z-test compares the means and data sets of the same
sample tested twice, before and after changing the independent variables.

TABLE 1.7.8 Examples of unpaired and paired student t-tests

Unpaired student t-test Paired student t-test

comparing the mean heights of the high comparing the mean height of the 14-year-
school swim team and the athletics team old boys in the athletics team one year, with
their mean height a year later

comparing the mean chloroplast counts comparing the mean chloroplast count of a
of a sample of Elodea from one pond and sample of Elodea from fresh water, with the
another sample from another pond same sample after being treated with salt
for 2 weeks
comparing the mean white blood cell comparing the mean white blood cell count
counts of a sample of people exposed to of a sample population in Brisbane, and
the flu in Brisbane and a sample from then the same sample population 2 months
Townsville later

It is best to use software such as Excel, IBM SPSS Statistics® or your graphics
calculator to calculate the z-value.



Worked example 1.7.2

USING THE STUDENT ¢-TEST TO COMPARE THE MEAN NUMBER OF CHLOROPLASTS IN TWO
DIFFERENT ELODEA PLANTS, ONE GROWN IN NATURAL LIGHT AND THE OTHER GROWN IN

THE SHADE

An experiment was conducted to test if sunlight has an effect on the number of chloroplasts
found in the cells of Elodea plants. A null hypothesis was developed, that there would be no
difference in the number of chloroplasts between plants grown in natural light and those grown
in shade. Calculate the t-value to determine if the null hypothesis is supported or not.

Thinking Working
Record the raw data from Plant No. of chloroplasts per cell
the experiment and place -
it into Excel. Natural daylight Shade
A 13 11
B 15 13
C 16 15
D 23 14
E 18 12
F 19 16
Ca.lCU|ate the. mean, Plant No. of chloroplasts per cell
using Excel ‘insert .
function’. Natural daylight | Shade
A 13 11
B 15 13
C 16 15
D 23 14
E 18 12
F 19 16
Mean 17 14

Summarise the results.

The mean number of chloroplasts for Elodea plants grown in
natural light is 17, while the mean for plants grown in the shade
is 14. There is a difference in the means but it is not known if

it is significant. Both groups include variation: Elodea grown in
natural light have a range of 10, while those grown in shade have
a range of 5.

Choose the t-test in
Excel ‘insert formula’.
Select sample 1 (plant A
results), then sample 2
(plant B results). Choose
2 tail, and then 2 again
for the type of t-test.

Plant No. of chloroplasts per cell
Natural daylight Shade

A 13 11

B 15 13

C 16 15

D 23 14

E 18 12

F 19 16

Mean 17 14

t-value 0.04

Summarise the results of
the t-test

There is a 4% chance that the difference between the means and
data sets is due to natural variation. Therefore, the difference in the
mean number of chloroplasts is significant. The hypothesis is not
supported, and therefore rejected.
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>» Try yourself 1.7.2

USING THE STUDENT ¢-TEST TO COMPARE THE MEAN NUMBER OF
CHLOROPLASTS IN TWO DIFFERENT ELODEA PLANTS, ONE GROWN IN
NATURAL LIGHT AND THE OTHER GROWN IN RED LIGHT

not.

An experiment was conducted to test if the colour of light has an effect on the
number of chloroplasts found in the cells of Elodea plants. One group of plants
was grown in sunlight while the other group was grown under red light.
Sunlight results: 14, 18, 19, 21, 24, 19

Red light results: 13, 14, 15, 15,17, 17

A null hypothesis was developed, that there would be no difference in the
number of chloroplasts between plants grown in natural light and those grown in
red light. Calculate the t-value to determine if the null hypothesis is supported or

Worked example 1.7.3

USING THE STUDENT ¢-TEST TO COMPARE THE MEAN NUMBER OF
CHLOROPLASTS IN ELODEA PLANTS BEFORE AND AFTER EXPOSURE TO SALT

An experiment was conducted to test if placing Elodea in salt water for 2 days
would affect the number of chloroplasts found in the cells of Elodea plants. A
null hypothesis was developed, that there would be no difference in the number
of chloroplasts between the plants in fresh water and the plants in salt water.
Calculate the t-value to determine if the null hypothesis is supported or not.

Thinking Working
Record the raw data from Plant No. of chloroplasts per cell
the experiment and place
it into Excel. Fresh water | Salt water
A 13 12
B 15 13
C 16 16
D 23 17
E 18 18
F 19 16
Callculate thg mean, Plant No. of chloroplasts per cell
using Excel ‘insert
function’. Fresh water | Salt water
A 13 12
B 15 13
C 16 16
D 23 17
E 18 18
F 19 16
Mean 17 15

Summarise the results.

The mean number of chloroplasts for Elodea plants
grown in fresh water is 17, while the mean for plants
placed in salt water is 15. There is a difference in
the means but it is not known if it is significant. Both
groups include variation, Elodea grown in fresh water
have a range of 10, while those grown in shade have
a range of 6.




Choose the t-test in the

Plant No. of chloroplasts per cell
Excel ‘insert formula’. Fresh water Salt water
Select sample 1 (plant A
results), then sample 2 A 13 12
(plant B results). Choose B 15 13
2 tail, and then 1 for the c 16 16
type of t-test. D 23 17
E 18 18
F 19 16
Mean 17 15
t-value 0.08

Summarise the results of
the t-test.

There is an 8% chance that the difference in the
means is due to natural variation. Even though a
notable difference exists between the two tests, it
cannot be interpreted as significant as it is above
5% (0.05) and may not be due to the exposure to
salt water. The hypothesis is supported.

>» Try yourself 1.7.3

USING THE STUDENT ¢-TEST TO COMPARE THE MEAN NUMBER OF
CHLOROPLASTS IN ELODEA PLANTS BEFORE AND AFTER EXPOSURE TO
BLUE LIGHT

An experiment was conducted to test if placing E/lodea under blue light for
2 days after being grown in natural light would affect the number of chloroplasts

found in the cells of Elodea plants.
Blue night results: 22, 19, 21, 21, 24, 16
Natural light results: 23, 18, 20, 21, 24, 19

A null hypothesis was developed, that there would be no difference in the
number of chloroplasts after exposure to blue light. Calculate the t-value to

determine if the null hypothesis is supported or not.

1.7 Review

The range is the difference between the highest and
lowest values in a data set.

The mean, X, is the average of a data set. It is
calculated from the formula:

%= Zx1 + Xp + X3...

n
where X = sum of X; + X, +X3 = measurement; +
measurement, + measurements, n = total number
of measurements
The median is the ‘middle’ value in an ordered list
of values.
The mode is the value that occurs most often
in a data set. The mode is particularly useful for
describing qualitative or discrete data.
Standard deviation is a measure of the spread or
dispersion of data and its distance from the mean.

Regression is the term used to state that the
independent variable causes the result in the
dependent variable during an experiment.

Linear regression is a calculation that estimates a
direct linear relationship between the independent
and dependent variables.

r values (Pearson correlation coefficients) indicate
the degree of correlation between variables.

r values are between -1 and 1.

A positive r value means that a positive
relationship exists between the variables, that is
the independent variable causes an increase in the
dependent value.

A negative r value means that the independent
variable causes a decrease in the dependent value.
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1.7 Review continued

» The closer the r value is to 1 or -1, the stronger the
correlation between variables.

- rvalues of -1 and 1 mean the relationship is
100% correlated

- rvalues of =0.91 or 0.91 mean the correlation
between the variables is strong (91%)

- rvalues of —0.13 or 0.13 are due to a weak
relationship (13%)

- An rvalue of 0 means there is no relationship.

» The coefficient of determination estimates how well
you can predict the dependent variable based on the
change in the independent variable.

« The coefficient of determination produces an R®
value between O and 1.

« The closer R? is to O the less predictable the
dependent result is based on the independent value.

The closer the R? is to 1 the more predictable the
dependent result is based on the independent value.

KEY QUESTIONS

Retrieval
1 Define ‘outlier’.
Comprehension

2 Describe what the standard deviation informs
scientists about a data set.

3 Describe what the student t-test informs scientists
about in a data set.

Analysis

4 For the data set below, calculate and record the:
a range
b median
¢ mode

d mean and uncertainty.
Data: 21, 28, 19, 19, 25, 24, 20
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The Spearman rank correlation determines a non-
linear trend line and the strength of non-linear
relationships, in a single direction.

The Spearman rank correlation produces a value
equivalent to the Pearson correlation coefficient and
is interpreted in the same way.

The student t-test assumes that any variation
between the sets is natural and is not due to the
independent variable.

Student t-test values are interpreted as a percentage
chance, for example, 0.42 is a 42% chance.
Student t-test values less than 0.05 are significant
and are caused by the independent variable.

Select the appropriate r value from the list below for
the following graphs.
r values: —0.90, —0.50, 0.00, 0.50, 1.00

by
dy
. * o . ® 1




PARTB STUDENT EXPERIMENT

The QCAA requires students to complete a student
experiment in Unit 3 Biology. In preparation for Unit 3,
teachers may choose to assign a similar assessment task
in Units 1 or 2, as preparation for Unit 3.

The student experiment assessment task requires
students to research a question or hypothesis. Students
use research conventions to investigate the question

or hypothesis by collecting, analysing and synthesising
primary data. The experiment requires students to
locate and use information beyond the scope of their
knowledge and what they have been given.

The student experiment requires students to undertake
the full scientific method. The Queensland Biology
syllabus states that this process begins with a practical
conducted during class, either a mandatory or a
suggested practical. This in-class practical will be altered
to conduct your own experiment.

It is recommended that during the class practical you
record your observations, queries and thoughts in a
logbook. These notes can be used to lead to a research
question or a hypothesis for the student experiment.

The student experiment constitutes 20% of the total
assessment in Unit 3 Biology.

A summary of the ISMG student experiment (IA2) is
provided below. The summary includes the objectives and
marking for this summative internal assessment.
The student experiment may be presented in:
« written form (e.g. scientific report), 1500-2000

words, or

+ multimodal presentation form (e.g. poster
presentation), 9-11 minutes.

Assessment objectives Demonstrated by m

Research and * Apply understanding » a considered rationale for the experiment
planning * Investigate « justifications for the experiment
» aresearch question that is specific and relevant
+ collected data that is sufficient and relevant
» considered risks and issues (ethical and environmental) and their

management
Analysis of * Apply understanding + use of relevant algorithms and correct data processing 6
evidence » Analyse evidence + detailed and careful coverage of relevant trends, patterns and
» Investigate through experimentation relationships in the evidence
» detailed and careful coverage of uncertainty and limitations of
evidence

» collection of relevant raw data and sufficient data

Interpretation * Interpret experiment evidence + a conclusion that is justified and addresses the research question 6
and evaluation » Evaluate experimental processes » adiscussion about the reliability and validity of the experiment
and conclusions that is supported by evidence

» providing possible improvements and extensions to the
experiment based on examination of evidence

Communication « Present the experiment’s findings, » scientific language and representations that are concise and fluent 2
including methodology, conclusions, ¢ suitable use of genre conventions
evaluation. » appropriate referencing conventions to acknowledge sources

Total 20
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The scientific inquiry is not a linear process. Scientists will not necessarily
complete these steps in the stated order and some steps may need to be
repeated or altered in order to more accurately address the research question, as
demonstrated below.

Idea to be investigated/modification

to in-class practical RESEARCH AND PLANNING

[ Rationale ]

[ Research question or hypothesis ]

| )

Methodology
* procedure
* materials and equipment
* risk assessment

* repeat experiment
several times

RESULTS AND ANALYSIS

[ Experimental data ]

[ Processing and analysis ]
INTERPRETING AND COMMUNICATING

[ Conclusions ]

Evaluation

* sources of error
* suggested improvements

Instrument-specific marking guide

Student responses are assessed against an instrument-specific marking

guide (ISMG). In developing your experiment and planning your response it is
important to always have in mind the assessment objectives and, in particular, the
characteristics that are described in the performance level descriptors.

The major features of ISMG are outlined below and shown for the Analysis of
evidence criterion.

The ISMG has:

» four criteria (criterion): research and planning, analysis of evidence,
interpretation and evaluation, and communication

+ performance levels, against which the qualities of the response are assessed

» performance level is comprised of a performance level mark, which may be a
single mark or two-mark range, and performance level descriptor

» performance level descriptor describes the characteristics that are
demonstrated by a response at this quality.
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The QCAA criterion ‘Analysis of evidence’ stipulates the characteristics of the
top performance level. The interpretation of these characteristics is shown in the

following table.

In order to be awarded a mark of 5 or 6 for this criterion, you need to show
thorough, thoughtful and comprehensive engagement with the task. For example,
appropriately applying algorithms and representations of data through correct
and relevant data processing is working at the highest performance level. However,
adequate application and basic data processing is working in the next lower
performance level. If the application is rudimentary and data is incorrect and
irrelevant, the performance level is lower again.

/Objectives \

Criterion: Analysis of evidence

These are the
objectives that will be
assessed. Student work
must demonstrate
these objectives.

The definition of the
objectives is in the
syllabus glossary. How
they will be assessed
is described by the
characteristics listed
in the ‘Key features’

Qectlon below. /

KPerformance level and

\

Objectives of assessment task

2 apply understanding of ... to modify experiments and process
primary data

3 analyse evidence from experiment

5 investigate ... through an experiment

Key features that distinguish between marking levels:

Marks

A

characteristics

The descriptor
contains all the
characteristics
required to achieve
this level of
performance.

The characteristics
outline the evidence
teachers will search
for in student work. If
these characteristics
are identified in
student work, then the
associated marks will

Qae awarded. /

» Processing relevant data correctly to demonstrate the
appropriate application of algorithms and representations
of data

» Thoroughly identifying relevant relationships, trends, patterns
to demonstrate systematic and effective analysis of evidence

» Thoroughly and appropriately identifying the uncertainty and
limitation of evidence to demonstrate systematic and effective
analysis of evidence

» Collecting sufficient and relevant data to demonstrate an
effective and efficient investigation

5-6 \

» Processing basic data to demonstrate an adequate
application of algorithms and representations of data

+ |dentifying obvious relationships, trends, patterns to
demonstrate effective analysis of evidence

 |dentifying the basic uncertainty and limitations of evidence
to demonstrate effective analysis of evidence

» Collecting relevant data to demonstrate an effective
investigation

3-4

» Processing data incorrectly or irrelevant data to demonstrate
a rudimentary application of algorithms and representations
of data

« Identifying incorrect or irrelevant relationships, trends and
patterns, demonstrating ineffective analysis of evidence

« Identifying incorrect or insufficient uncertainty and limitations
of evidence, demonstrating ineffective analysis of evidence

» Collecting insufficient and irrelevant data, demonstrating an
ineffective investigation

» Descriptors not addressed

In the modules that follow, you will find a guide to a scientific method
(Modules 1.8-1.10) followed by an outline on producing a scientific report

(Module 1.11).
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(Performance level )

Performance mark
The performance
indicator describes
requirements to
achieve marks.
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BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» identify and explain the difference between controlled, measured,
independent and dependent variables

develop a research question or hypothesis

evaluate research questions and hypotheses

use a scientific journal to record experiments and experimental data
plan, evaluate and refine scientific experiments

explain what validity and reliability mean in relation to experimentation
explain the difference between, and identify, qualitative and quantitative data
characterise qualitative data as either nominal or ordinal

characterise quantitative data as either discrete or continuous

explain the difference between replication and repeat trials

conduct risk assessments for planned experiments

recognise common chemical GHS codes and symbols.

>
>
>
>
>
>
>
>
>
>
>

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

All scientific work begins with research and planning. This includes understanding
the relationship between controlled variables or measured variables as well as
the independent and dependent variable. Research and planning is the foundation
of the scientific method and is always recorded in a journal. The journal will show
a chronological record of ideas, development of knowledge and understanding,
planning and refinement and is your personal all-encompassing document. Even
though the journal will be in chronological order, it most likely will not be entirely in
a conceptually logical order. The journal is on ongoing draft of scientific work from
which the final scientific report is written.

IDENTIFYING AN EXPERIMENT AND DEVELOPING
A RESEARCH QUESTION OR HYPOTHESIS

Identifying an experiment for the student experiment requires you to modify, refine,
extend or redirect a practical undertaken in class. Therefore, the experiment will be
similar to the class practical but altered to investigate something slightly different,
as shown in Figure 1.8.1.

An extension

To extend the experiment is to
make an alteration that will enable
further investigation and further
understanding to be developed
through the results.

A refinement

To refine an experiment is to make
an improvement or development
in the experiment so that it is
more precise.

Class
practical

A redirection

To redirect an experiment is to make
alterations in which the results will be
different, developing an understanding
of different relationships (the variables
may be the same or similar).

A modification

To modify an experiment is to make a

partial or minor change. This will result

in partially different or minor changes
in the results measured.

FIGURE 1.8.1 Chart showing possible changes to a class practical when developing a student experiment
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Identifying an experiment

During the class practical, record observations, points of interest, errors, ideas for
improvement or variables that you believe are significant to the experiment. Choose
one of these observations to alter. When choosing a topic or observation to alter,
consider the following.
e Start with an observation or topic about which you already have some knowledge
or understanding.
¢ Choose a topic/observation you find interesting.
¢ Check that your school laboratory has the resources for you to perform the
experiment or investigate the topic.
¢ Choose a topic that can provide clear measurable data that shows how variable y
depends on variable x.
Table 1.8.1 shows examples of modifying, refining, extending or redirecting
practicals into a topic of interest for a student experiment.

TABLE 1.8.1 Some ideas for changes to class practicals

Class practical Modification, refinement, Student experiment idea
extension or redirection

Investigate the effect of surface area to modification and refinement Investigate the effect of surface area to volume ratio on cell
volume ratio on cell size (1 cm cube shape—25 mL volume cells of various shapes.
compared with a 2 cm cube).
extension Further investigate the effect of surface area to volume ratio
on cell size—maintain the same shape, 3cm, 4cm and 5¢cm
cubes.
Use a light microscope to observe extension Prepare wet mount slides to observe microorganisms,
prepared slides of cells in plants comparing and contrasting cellular structures and sizes of
and animals to identify nucleus, microorganismes.
cytoplasm, cell wall, chloroplasts and
cell membrane. Calculation of total redirection Use a high-powered light microscope to study different layers
magnification and field of view is of plant cells in a leaf to observe chloroplast concentration.
e, redirection Use a light microscope to observe the chloroplast
concentration in various plants.
Investigate the effect of temperature on extension Investigate the effect of temperature on the rate of reaction of
the rate of reaction of an enzyme. an enzyme with various substrate concentrations.

The Queensland Biology syllabus requires the student experiment report to
justify the alteration of the methodology from the class practical. This is addressed
in the section ‘Refining the methodology’ (page €65).

When altering the class practical to identify a student experiment, it is best to
think of a single variable that may influence the outcome (independent variable).
This may require some research. The more variables that are changed (including
measured and controlled variables), the more research is required and the more
complex the task becomes. Note that some alterations of variables may require the
alteration of other variables.

If only one variable is changed (the independent variable) then the class practical
can be used as the control and the data collected can be used to compare results.

Defining the variables

The factors that can change during your experiment or investigation are called
the variables. An experiment or investigation determines the relationship between
variables, by measuring the results. There are four categories of variables, as shown
in Figure 1.8.2 on page e52. You should have only one independent variable.
Otherwise you could not be sure which independent variable was responsible
for changes in the dependent variable (the results). If both the independent and
dependent variable are altered, then the data between the class practical and student
experiment is not comparable.
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Independent variable
a variable that is controlled by the
researcher (the one that is
selected and changed deliberately)

Dependent variable
a variable that may change in
response to a change in the
independent variable, and is

measured or observed

Types of
variables

influence the dependent variable,
so are kept constant during

Controlled variables

the variables that would Measured variables

the variables in an open system
that cannot be controlled and

; R therefore must be measured
the investigation

A class practical
investigated diffusion

of two cells of a different

shape with the

FIGURE 1.8.2 The four types of variables in experiments

Developing a research question

A research question is defined as a question that directs the scientific inquiry
activity. Its purpose is to focus the research investigation or student experiment,
inform the direction of the research, and guide all stages of inquiry, analysis,
interpretation and evaluation.

The question determines the experiment, and the experiment is testing the
question. A research question should:
* Dbe specific and relevant to the class experiment
e clearly identify the subject matter of the experiment
» specify the scope or conditions of the inquiry
e aim to find trends, patterns of relationships between two variables.

Consider the example in Figure 1.8.3.

As a question that can be

answered, this can be written:

'Will the shape of a cell with an
increased SA:V ratio

An alteration to the
practical could be to test
the effect of

same surface area to volume SA:V ratio in cells of increase the rate
observation: ratio (SAV). alteration to the same shape. ) of diffusion?’
class class question
practical practical
FIGURE 1.8.3 The process from class observation of a practical, to altering the practical and
developing a possible question
Background research for the student experiment would follow to refine the
question. The research could include:
¢ information about the variables
e correlations between variables
¢ ideas for refining the question—do not reject ideas that might seem improbable
at this stage.
Figure 1.8.4 demonstrates the process of question refinement and the resultant
question that will guide the student experiment.
* Surface area to
volume ratio (SA:V)
Larger cell influences Will the shape
diffused more diffusion. of a cell affect
dye, and in the smaller Refine, extend, * Greater SA:V the rate of
cell, dye diffused redirect or Can surface results in diffusion when
closer to centre modify the area affect greater rate the volume
Obselrvation: of cell. altenlation class practical. Lestion diffusion? background of diffusion. | (afine | is controlled?
class LOEEES 7@ research | question
practical practical
FIGURE 1.8.4 Refining the question
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The structure of a research question

All research questions should state the independent and the dependent variables.
The question should ask if the independent variable will affect the dependent
variable. The research question must specifically outline variables in a way that is

measureable; this also allows the question to be answered.

Consider the following example:

independent variable

Will the’shape of a cell with an increased SA:V ratio‘increase the

As the research question is constructed, it should:
¢ include measurable variables—the independent and dependent variables

* have a guiding word, such as what, why, would or will

e be phrased so that a definitive answer can be developed

dependent variable

rate of diffusion?

e be able to link the guiding word to command verbs such as identify, describe,
compare, contrast, distinguish, analyse, evaluate or create so that a specific task can
be determined.

Table 1.8.2 gives examples of constructed research questions.

TABLE 1.8.2 How to interpret an inquiry question

Guiding word Example research questions What are you being asked to do?
What are the command verbs?

what - What difference does surface area make to diffusion? « Identify and describe specific evidence, reasons and
examples from a variety of possibilities. /dentify and
describe.
will » Will natural antibiotics be more effective than synthetic Identify and describe, giving reasons for effectiveness.
antibiotics? Identify and describe.
how * How does the volume of cells of the same shape affect Identify and describe in detail a process or mechanism.
diffusion? Give examples using evidence and reasons. Identify and
» How does substrate concentration affect enzyme describe.
activity?
» How do different wavelengths influence the number of
chloroplasts in plant cells?
why » Why do cells in different layers of a plant leaf have Explain in detail the causes, reasons, mechanisms and
different concentrations of chloroplasts? evidence for. Identify and explain.
» Why is the relationship between enzyme activity and
temperature non-linear?
would » Would salinity affect prokaryotes and eukaryotes Evaluate. Justify, giving reasons for and against (using
equivalently? evidence and comparisons). Evaluate and justify.
is/are « Are all prokaryotic cells smaller than eukaryotic cells? Evaluate. Justify, giving reasons and evidence. Evaluate

on what basis

» Is the cell wall of bacteria different from one species to
another?

* On what basis is the substrate—enzyme complex a
limiting factor in enzyme activity?

and justify.

Evaluate. Justify, using reasons and evidence. Evaluate and
justify.

can « Can enzyme concentration increase the rate of enzyme Evaluate and assess. Is it possible? Give reasons,
activity? suggesting possible alternatives. Evaluate, assess, justify
and create.
do/does » Does surface area or volume affect the rate of diffusion? Evaluate. Justify using reasons and evidence for and
against. Evaluate, assess and justify.
should « Should hands be washed with plain soap or antibacterial Evaluate advantages and disadvantages, implications and

soap?
» Should hands be washed to reduce cross-
contamination?

limitations. Make a judgement. Evaluate, assess, justify and
create.
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Formulating a hypothesis

From the research question, a hypothesis can be developed. A hypothesis is a
statement that proposes a relationship between variables, because it is based on some
level of understanding. This statement must be testable, meaning it must specifically
and clearly state a change in variables that can be tested through measurement.

The student experiment does not necessarily require a hypothesis and it is not
always appropriate or beneficial. A hypothesis, if it is suitable, requires the controlled
variables to be more stringent during the experiment, resulting in an analysis of raw
data that can specifically address the original inquiry of the observation. With more
stringent controls, it may be possible for errors and uncertainties to be reduced. The
interpretation of results may be more straightforward (though not always).

Scientists use literature reviews and background research to develop an
understanding of an observation and then infer a reason for their observation. Their
inference is then tested by experimentation to determine if it is true (verified or
supported) or false (falsified or refuted).

Because the hypothesis proposes a specific relationship between the independent
and dependent variables, the hypothesis can either be supported or refuted by the
results. To be able to propose a specific relationship the scientist must have some
knowledge and understanding of the variables.

To develop a hypothesis, similar steps are undertaken to developing a question.
Steps for formulating a hypothesis are shown in Figure 1.8.5.

Observe the
class practical

Alter the
class practical

Do " Express as a hypothesis (this expresses
De\l/;lstpi)otﬁe background Relf?setig:e a proposed relationship between the
q research q independent and dependent variables).
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FIGURE 1.8.5 Process for formulating a hypothesis

To formulate a hypothesis, write it in terms of the dependent and independent
variables:

independent variable dependent variable

If happens, then wiII happen.

Consider the following at this example.

independent variable dependent variable

If 1|lbake pumpkin and sweet potatoes at the same temperature‘, then’the pumpkin will cook fasterL

The ‘if” part of the hypothesis refers to the independent variable—the variable
you alter in the experiment. The ‘then’ part relates to the dependent variable, which
is the variable you measure or observe.

A hypothesis does not need to include ‘if” and ‘then’ in its wording. For example,
the previous hypothesis could also be worded in the following ways:

e Example 1: Pumpkin will cook faster than sweet potatoes when they are cooked
at the same temperature.

¢ Example 2: When cooked at the same temperature, pumpkin will cook faster
than sweet potatoes.

A good hypothesis can be tested to be true (verified or supported) or false
(falsified or refuted) by investigation.

Benefits of a hypothesis include:

* methodology guidance: provides specific limitations and guidance (due to the
proposed relationship) directing the planning of the experiment

*  methodology guidance: suggests specific variables to control and measure

e results: offers guidance in an analysis (processing data to determine if the
proposed relationship exists)



« results analysis is specific: gives direction for the display of results to be specific
to the hypothesised relationship between the variables

» evaluation is specific: directs what should be considered for adjustments in the
methodology to improve or extend the experiment.

EVALUATING YOUR RESEARCH QUESTION OR HYPOTHESIS

The quality of the research question or hypothesis is vital to the quality of the
response that can be written (in the student experiment report, the data analysis,
evaluation and conclusion).

Once you have developed a research question or hypothesis, stop to evaluate it
before progressing. Follow the prompts in Figure 1.8.6 to refine and improve the
research question or hypothesis.

Relevance

» Does the question relate to the appropriate
topic in the syllabus?

+ Does the question relate to a class practical?

+ Is it possible to investigate the research?

Rethink and rewrite the question
> so it does relate to a topic and is
able to be investigated.

no

yes

Specificity
+ Are the independent and dependent variables
clearly stated?
Are variables worded so measurement can be
achieved?

+ State the variables clearly and
no explicitly.
* Include variable details so the type
of measurement/observation is known.

yes

. + Check the question is clear, and
Answerability has one specific focus of

Can the question be directly answered, investigation, and is not too broad.

verified or falsified? no ~| * Check that the method you use tests

the question.

yes

+ Rethink the breadth of the
question, making it more
specific so it can be
completed on time. Identify
the knowledge/skills
needed and upgrade if you
feel ill-prepared.

Avoid investigations that

Achievability

Timeframe: can the question be
answered in the allocated time?
Skills and knowledge: do you have
the knowledge and laboratory skills
to explore the question? no
Practicality: are resources and
laboratory equipment readily

available?

Safety and ethics: consider the

safety and ethical issuses associated

with the question you will be investigating.

yes

Begin the student experiment.

need sophisticated or
unusual equipment.

If there are ethical issues,
consider how they can be
addressed.

FIGURE 1.8.6 A chart summarising steps to evaluate the student experiment research question
or hypothesis.
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Examples of hypotheses and research questions
The following examples demonstrate that the student experiment may be expressed
as either a hypothesis or a question to be investigated.
Hypothesis: As the intensity of exercise increases, the heart rate will increase
linearly.
Research question: Is the relationship between exercise intensity and heart
rate linear?
Hypothesis: The degree of wilting in plant leaves will increase as room
temperature increases from 25°C to 55°C.
Research question: Will wilting of plant leaves occur when room temperature
increases from 25°C to 55°C?

Hypothesis: A 20% tea tree oil solution will result in a zone of inhibition greater
than control (water) on agar plates with E. coli lawn culture.

Research question: Does 20% tea tree oil have antibacterial properties?

DEVELOPING THE RATIONALE

Once you have decided upon a hypothesis or question, you should provide a
rationale. The rationale is where you explain the scientific concepts appropriate to
the research question

Researching relevant scientific information

The student experiment in the Biology syllabus requires students to:

e research what is currently known about the relationship between the dependent
and independent variable

e develop a methodology that allows sufficient, relevant data to be collected that
enables the research question to be answered

¢ manage the risks and issues associated with the experiment.

The ISMG for the student experiment (IA2) states that in the research and
planning students are required to demonstrate:
e arationale for the experiment that demonstrates consideration
* methodological modifications that have been justified
* a methodology that collects data that is pertinent to, and adequate to test the
research question, with deliberate design.

Furthermore, the Biology syllabus expects background scientific information to
be used in a rationale for the experiment to:

» explicitly justify the modifications to the methodology (alterations to the class
practical)

e explain how the methodology will enable the research question to be answered
through the collection of the data

e inform risk, ethical and environmental management. This relates to identifying
how the risks associated with the experiment will be mitigated through personal
protective equipment or specific features of the methodology. The ethical and
environmental issues could relate to the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes or the Animal Ethics Committee for
each use of ‘animals’ or type of use of ‘animals’.

The rationale is also expected to inform the interpretation of the evidence
(results) and conclusion.

There is so much information to record during a student experiment that it
would be best to keep it all in a single document. Scientists always document all
their ideas, questions, background research and literature reviews, methodology
drafts and revisions, results, refinements etc. in a single document. It is called the
scientific journal.



Taking notes and recording your thoughts in the scientific journal keeps a
record of all information that arises during the process of the scientific method. It
is unknown how vital some information will become throughout the process until
it is complete and summarised into the scientific report. This information will be
used in a rationale for the experiment; to explicitly justify the modifications to the
methodology (alterations to the class practical); provide a reason for collecting data
and to inform risk, and ethical and environmental management. It is also expected
to inform the interpretation of the evidence (results) and conclusion.

The purpose of researching background scientific information in the scientific
method is to develop understanding and knowledge. This information must be relevant
to the independent and dependent variables in the research question. As the variables
become known, this will direct the research. The scientific method specifically requires
scientists to demonstrate understanding and knowledge of the direct, and possibly
indirect, relationship between the independent and dependent variables and perhaps
controlled or measured variables. Background research is essential to achieve this.

PLANNING AND REFINING METHODOLOGY

This section is a guide to some of the key steps that should be taken when planning
and refining an investigation.

Planning experiments

Onceyou have formulated your research question or hypothesis, defined the variables,
and developed knowledge and understanding of concepts and relationships, you
will need to develop your experiment. You will also need to consider the ethical and
safety implications of the testing during the experiment.

Create a work schedule that outlines the time frame of your experiment
(including all trials and/or samples). Make sure you include sufficient time to
repeat experiments if necessary. If you have planned well, you will be able to test
your methodology and run trials. Check with your teacher that your protocol and
schedule (methodology) are appropriate, and that others will be able to repeat your
experiment exactly by following the methodology you have written. You need to be
able to perform your experiment independently, in the time available in the school
laboratory, and with minimal support from your teachers and school laboratory
staff.

The methodology of your experiment is a specific step-by-step procedure.
However, in the final scientific report, the methodology may be written in paragraph
form.You must ensure that the methodology is valid, specific, reliable and accurate.
All of these factors need to be considered when planning.

Validity

Validity refers to whether an experiment or investigation is in fact testing the set

research question or hypothesis. Is the experiment obtaining data that is relevant to

the question?

Factors influencing validity include:
¢ whether your experiment measures what it claims to measure; in other words,

your experiment should test your hypothesis or research question

¢ the certainty that something observed in your experiment was the result of your
experimental conditions and not another cause that you did not consider;in other
words, whether the independent variable influenced the dependent variable in
the way you have concluded and by keeping all other variables constant (except
those being measured)

e the degree or scope to which your findings can be generalised to the wider
population from which your sample is taken (the chosen samples represent the
general population), or to a different population, place or time.

To ensure an investigation is valid, it should be designed so that only one variable
is being changed at a time. The remaining variables must remain constant so that
meaningful conclusions can be drawn about the relationship between variables.
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Also, the raw data that collected during the experiment must be appropriate to
ensure the data is valid. To ensure validity, carefully determine the:
* independent variable
e dependent variable
e controlled and/or measured variables
e appropriate raw data that will be collected (quantitative versus qualitative), and
that each will be measured, collected or controlled appropriately.

Data can be either qualitative or quantitative. Qualitative data is descriptive
and unmeasurable and uses descriptions or adjectives to record observations.
Quantitative data is empirically measurable and uses instruments to record
observations as numbers with units.

Qualitative and quantitative data have further subsets in each category (Figure 1.8.7).

Qualitative data—can be observed but
not measured

They can only be sorted into groups or

Quantitative data—can be measured.

Height, mass, volume, temperature, pH

categories such as flower colour or
leaf shape.

and time are all examples of
quantitative data.

Nominal data
Variables are categorical variables in
which the order is not important.

1 Example 1: the gram positive or gram
negative bacteria, and sex (male or
female)

Example 2: genotypes—AA, Aa or aa

Ordinal data
Variables are categorical variables in
which order is important and groups
have an obvious ranking or level.

Example 1: a person’s Body Mass Index
(BMI), and order of flowers opening

Example 2: perceived exertion from 1
to 10 in an aerobic endurance test

Discrete data

Variables consist of only integer
numerical values, not fractions.

— Example 1: the number of
nucleotides in a sequence of DNA

with dark brown eyes

Example 2: the number of students

Continuous data

Variables allow for any numerical
value within a given range.

Example 1: the measurement of

and pH

Example 2: time to reach peak
enzyme activity or peak

height, temperature, volume, mass

photosynthetic rate, temperature,
pH, height

FIGURE 1.8.7 Qualitative and quantitative variables

Measurement of temperature requires an instrument and provides quantitative
data. It is not appropriate to record qualitative data for temperature (e.g. cold, warm
or hot) (Figure 1.8.8).

a %

FIGURE 1.8.8 (a) A thermometer or a wireless
temperature sensor will measure temperature
empirically and provides quantitative data that can
be analysed statistically. Processing empirical data
can produce discrete, explicit and comparative
analysis. (b) Feeling heat radiating from a heater

is an example of qualitative data; it is based on
personal observation. Qualitative data cannot be
statistically analysed.
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Depending on the experiment, it may be appropriate to record the qualitative
observation (e.g. colour of algae), or perhaps measuring the quantitative results of
wavelength (e.g. light emitted from a light source (Figures 1.8.9 and 1.8.10).

FIGURE 1.8.9 (a) When recording the colour of leaves using qualitative data, a reference image
like this one helps to record good qualitative data. (b) Colour can also be measured using a
spectrophotometer, which measures the wavelength emitted or reflected by the object. This would
produce quantitative data.

b _ == heutral
alkaline
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10-*10-** 10-*2 10-" 10-"© 10-° 10-¢ 107 10-® 10-5 10 10 10-2 10" 1

— = pH scale >

FIGURE 1.8.10 (a) Recording the order in which flowers open is an example of an ordinal variable
that is qualitative data. (b) The pH scale can be measured numerically (empirically) on a continuous
scale from 1 to 14. This is an example of a continuous variable that is quantitative data.

Controls

Controlling as many variables as possible to determine what has influenced the
results provides more accurate and precise data.

It is difficult—sometimes impossible—to eliminate all variables that might
affect the outcome of an experiment. Such variables in biology include time of
day, temperature, amount of light, season, and level of noise. To overcome this
set up a second group within the experiment (called a control group) that is
identical in every way to the first group (the experimental group) except for
the single experimental (independent) variable that is being tested. This allows the
examination of one variable at a time (the independent variable), which is required
to validly test a hypothesis.
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FIGURE 1.8.11 If you can reproduce your
results, then they are reliable.
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Randomisation

Random selection of your sample reduces selection bias and improves validity.
Selection bias occurs when the sample does not reflect the wider population. For
example, if you were scoring phenotypes in large trials of genetically modified crop
plants, it is more valid to choose locations at random throughout the plot than one
in which you choose only the edges of the plot. Random selection encourages the
collection of data or evidence from samples that will more likely include the true
value (see Module 1.5). Random selection of samples should result in samples that
reflect natural variation.

If the experiment is an investigation of an open system, for example an ecological
relationship within a natural habitat, the random selection of samples are required
to test if the inferred relationship may exist in nature. If the experiment is in a closed
system and controlled, the controlled variables need to reflect natural conditions
as much as possible to minimise selection bias of conditions and influencing the
relationship between the tested variables.

Reliability

Reliability refers to the notion that if the experiment is repeated many times, the
results obtained should be equivalent. Reliability (repeatability) is the ability to
obtain the same results if an experiment is repeated (Figure 1.8.11).The closer the
results to the true value, the more reliable they are. Because a single measurement
or experimental result will be affected by errors, replication of samples within an
experiment and repeat trials are key components of reliability.

To improve reliability you should:

* specify the materials and methods in detail (including precision and uncertainties
in measurement)

* includereplicate (several) samples within each experiment or several observations
within an investigation

» take repeat readings of each sample

e run the experiment or trial more than once.

Sample size is extremely important in scientific experiments. The sample size

aids with repeatability and therefore reliability and affects the:

» representation of the phenomenon

e natural variation, errors and uncertainty

* results by offering more evidence to support the experimental results

The greater the sample size, the more reliable the data. Reasons why a

measurement or observation could vary include:

* natural variation

e random error

e uncalibrated instruments or instrumental error
* influence from unforeseen variables.

Accuracy and precision are also important in obtaining reliable (repeatable) data
(see Module 1.5).

Sourcing appropriate equipment and materials

You will need to decide on the materials, technology and instrumentation that
will be used to carry out your experiment or investigation. It is important to
find the right balance between items that are easily accessible and those that will
obtain accurate and precise results. When conducting your investigation, you
will need to record in your journal the precision of the chosen instrumentation’s
precision and how this affects the accuracy and validity of your results. This will
form part of your scientific report.



ELECTRONIC DATA ACQUISITION IN SCHOOLS

Data collection has advanced since 20 years ago, when discrete measurements were
recorded with manual tools and human readings over short periods of time. Now
you can connect independent sensors to any device, which enables simple and highly
effective electronic data acquisition over extensive periods of time, from any location.

Data acquisition can be achieved through sensors, or probes, recording data
to a standalone device, computer, tablet or even a phone (Figure 1.8.12). The
software generally graphs the data and performs the uncertainty propagation
automatically. This specialised software allows for many analysis functions not
found in standard spreadsheets. Many smart watches (Figure 1.8.13) and apps
in phones include digital sensors that can be accessed and used for some class
practicals and experiments.

Electronic data acquisition and data logging

Electronic data acquisition takes advantage of highly accurate sensors to collect
data directly to a computing device. There are a variety of sensors, probes and
instruments that can measure different phenomena on a single device. Some
examples of data acquisition devices are shown in Figure 1.8.14.

Often, one of the measurements is time; the user decides what the other
measurement (or variable) is by selecting the type of sensor, or probe, to use.
Probes can measure temperature, distance, water content, electrical quantities,
concentration of gases in air, loudness of sound or the amount of pollutants in the
environment and many more phenomena.

Recording is done accurately and can be continuous or manual, and the
measurements are saved electronically. The saved measurements can then be
accessed via a computer or directly from the tablet screen.

FIGURE 1.8.14 (a) Sensors connected to computing devices such as phones and tablets are readily
used in the field. (b) Many different probes and sensors can attach to a single device, such as those
being used for water quality measurements here. (c) They can be very precise and measure multiple
times per second, such as the frequency and amplitude of air vibrations in sound. (d) They are
usually easy to use and produce results immediately for example, providing the temperature of skin
upon contact.

FIGURE 1.8.12 Data acquisition software
produces real-time graphs that can be
downloaded or printed.

FIGURE 1.8.13 Many smart watches and phones
have digital sensors and in-built data loggers.
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FIGURE 1.8.15 A close-up view of a direct drive

TR

kart steering wheel and data logger

FIGURE 1.8.16 When planning an investigation,
you need to identify, assess and control hazards.

Administrative
controls

Personal
protective
equipment

Elimination

Substitution

The rate at which measurements are recorded is called the sample rate or
capture rate. For example, the data capture rate can be varied from as short a time
as every 1 x 107> s through to once an hour, depending on what the operator needs.
Probes and electronic data acquisition have extensive applications throughout many
industries. They provide informative feedback to manufacturers during the assembly
of vehicles and also many devices (especially electronics) for quality control and
assurance. They are also used for diagnostic testing of equipment in aeroplanes,
commercial air-conditioners and office equipment, such as photocopiers, and in
cars to provide data on speed (Figure 1.8.15), oil and engine operation.

RISK ASSESSMENT

While planning for an experiment or investigation in the laboratory or outside in
the field, it is important for your safety and the safety of others that you consider
the potential risks.

Everything we do involves risk. Risk assessments identify, assess and control
hazards. A risk assessment should be performed for any situation, whether in the
laboratory or in the field, that could harm people or animals. Always identify the
risks and control them to keep everyone safe (Figure 1.8.16).

To identify risks, think about the following:

» the activity that you will be carrying out

e where in the environment you will be working, for example, in a laboratory,
school grounds, or a natural environment

* how you will use any equipment, chemicals, organisms or parts of organisms
that you will be handling

¢ what clothing you should wear, for example, laboratory (lab) coat and goggles.

The hierarchy of risk controls is shown in Figure 1.8.17. It is organised from
the most effective to least effective. The most commonly used risk control measure
that addresses most risks is personal protective equipment (PPE). The least
common, but most protective, control measure is eliminating the risk from the
scientific investigation.

Eliminate dangerous equipment,
procedures or substances.

Substitute different equipment, procedures or substances to use
that will achieve the same result, but have less risk associated.

\

Isolation

A

Isolate the person and the hazard. Examples include physical barriers such
as guards in machines, or fume hoods to work with volatile substances.

Administrative controls can provide guidelines,
procedures, warning signs and safe behaviours.

Personal protective equipment (PPE) includes wearing safety glasses, lab coats, gloves
and respirators etc. where appropriate, and provide these to other participants.

FIGURE 1.8.17 The hierarchy for risk control is shown in this pyramid, marked from bottom to top in order of increasing importance.
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Personal protective equipment

Everyone who works in a laboratory wears PPE to help keep them safe. PPE includes:
* safety glasses
¢ shoes with covered tops
» disposable gloves for handling certain chemicals
* adisposable apron or a lab coat if there is risk of damage to clothing.
Some PPE is shown in Figure 1.8.18.

FIGURE 1.8.18 PPE includes protective eye wear, lab coats and gloves.

Chemical codes

The chemicals at school or the hardware shop have a warning symbol on the label.
These are chemical (HAZCHEM) codes. In 2017, the Globally Harmonised
System of Classification and Labelling of Chemicals (GHS) was introduced in
Australia for use in workplaces, including school laboratories. Some common
pictogram codes and their meanings are shown in Table 1.8.3.

Safety data sheets

Each chemical substance has an accompanying document called a safety data
sheet (SDS) (Figure 1.8.19 on page e64). An SDS contains important safety and
first-aid information about each chemical you commonly use in the laboratory. If
the products of a reaction are toxic to the environment, you must pour your waste
into a special container (not down the sink).

The SDS provides employers, workers and health and safety representatives
with the necessary information to safely assess and manage the risk of hazardous
substance exposure.

TABLE 1.8.3 Some common codes and their

meanings

Symbol ‘ Meaning

Corrosive: can
dissolve or

eat away at
substances,
including tissues
such as your skin
or airways

Acute toxicity: can
cause injury or
death if ingested,
inhaled or
absorbed

Health hazards:
cause discomfort,
pain or itchiness

Flammable: is
flammable

Chronic health
hazard: including
any biological
harm; for
example, cancer,
allergy, breathing
difficulties
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RISK ASSESSMENT e Iso(nnu Flammable. fumes.
Bacteria in yoghurt
od x a
Written by: Mr Smith Commenced on: 25 Jul 2017 Expires: 25 Oct 2018 rost t}abo. SN (=73X8 m), Soda glags
Potential hazards Standard handling procedures

Classes for which experiment is required Breakage of test tbes. Cuts from chipped test-tube Inspect and dscard any damaged test tubes. Sweep up
Teacher: Mr Smith Year Group: 11 Blology Room Perlod Date rims. Melts at red heat In roaring bunsen flame (sodlum  broken glass with brush and dustpan; do not use

u 1 Mon 1/1/18 fusion test) and shatters when dropped into water; use  fingers.

ftems to be by

Wre Inoculating lcops 10
Milk nutrient agar plates 20

Tape for sealing agar plates

Permanent markers (black) 10

Box of matches 10 OR spark lighters 10
Incubator set at 25 degrees

Spray bottles of 70% ethanol 5

or
Senior Biology

Equipment to be used

gauze to protect against flying glass fragments.

Chemicals to be used and

|adhesive tape

| Potential hazards
Do not tape over mouth Or Nose, OF USE 35 3 restraint

| box of matches

| Potential hazards
| Box bums violently if ignited

Plain home brand yoghurt 10x 3m In test tubes/microtubules with lid Agar Sold

g Class: nc PG: none (k-12) Users: (1.2.3,4.5,6) CAS: 5002:180
GHS data: Not classified 35 a hazardous chemical.
Potential hazards
Low toxicity
ethanol 5-13 M (24-70% wt/wt) (ethyl akohol) CH3CH0H(aq)
Class: 3 PG:m 7-12 Users: 1.2,3,4,5 UN-3170 CAS: 64175
GHS data:

Flammable liquid and vapour
NN @ Causes eye irritation
Potential hazards Standard handling procedures
FLAMMABLE. Uiquid irritates eyes. Prolonged contact with  70% wtiwt ethanol is the optimum concentration for
Standard handiing procedures skin causes irritation, Low toxicky Higher concentrations  Killing bacteria and is often used as a sterilizng liquid.

form olently expiosive mixtures with nitric ackd and Ethanol Is a controlled substance, not usually available in

Keep dry Used matches should never be returned to the

box. Count boxes out and in. other oxigising agents. Reaction of 70% wt/wt ethanol schools. Aqueous methyfated spirits is the usual

with acidified dichromate solution is highly exothermic Substitute in schools.

[

|bunsen bumer

| Potential hazards

| Roaring flame is very hot and can cause severe burns

| Rapid passage of hand through fully luminous flame

| usually does not resulk in a burn, Roaring bunsen burner

| may "bum back” at low gas flow, with flame emerging

| from air holes in base; this makes the base of the

| burner hot to towuch and liable to cause bums. Gas from

| gas tap or from end of rubber tube burns with large
luminous flame, likely to cause burns. Rubber hose is

| easity melted by flame from burner, e.g. if burner

| knocked over, resulting in fire from burn hole in tube.

| Ensure hair is tied back, s0 does not catch alight.

Potassium reacts explosively with agqueous ethanol.

Standard handiing procedures Living organisms to be used
Inspect and clean the jet and base of bunsen burners bacteria
regularty. Inspect and replace tube whenever any sign of

wear or damage is noticed. Use only hoses of the Potential hezards Standard handling procedures
correct size 1o ensure a comfortable fit on both bunsen Possibility of infection during experiments with unknown S?m' school authorities ban the culturing of unknown
bacteria. Some bacteria are highly ga in due to the of

burner and gas tap.
INE S PR culturing pathogens. Many school authorities do not

permit sub-culturing of bacteria from wild cultures. Your
school authority may aliow commercially obtained pure
strains of non pathogenic bacteria to be subcultured
from one plate to another, provided the appropriate
safeguards are followed. Risk group 1 organisms, as
described in AS/NZS 2243.3:2010, are generally

' hand sanitiser

regarded as sultable for supervised school experiments.
Check the policy of your school authority

|incubator

|

| Potential hazards

| Possible source of electrical shock if not wired correctly.
| Possible ignition source.

yoghurt
Standard handiing procedures Potential hazards Standard handling procedures
Check for electrical safety each time before use. Test ALLERGY ALERT. Some Individuals are allergic to dalry Store in refrigerator for maximum of 1 week or untl|
and tag at regular intervals. products. Do not eat in Science laboratory, due to the expiry date,

possibility of chemical contamination.

| inoculation loop

| Potential hazards

| Loop will be hot following flame sterilization and may

| cause burns. Vihen flaming the loop, ensure the loop is
| held at a downwards angle to reduce the amount of

| microbial aerosols created.

Others

Students will wear safety glasses throughout the procedure,
spark lighters - overuse will dGamage flint: caution to be issued.
milk allergies - will not be ingested: caution students with allergies.

Standard handling procedures

Ensure no flammable liquids near flame during
stesilization. Ensure loop is flame sterilizad before and
after use. Do not inoculate unknown organisms since
they may be pathogenic. Knowledge

1 have read and understood the potential hazards and standard handling of all the hemi

| marker pen
Potential hazards
| Inhaling the contents may be harmful due to the volatile

and living organisms
I have read and understood the (Material) Safety Data Sheets for all chemicals used and produced

Standard handiing procedures 1 have copies of the (Matarial) Safety Deta Sheets of all the chemicals available in or near the laboratory
Recap tightly after use. Do not allow students to Inhale

FIGURE 1.8.19 Two pages from a risk assessment for a bacterial experiment that uses the safety data sheet (SDS) to alert the reader to any potential
hazards, including appropriate measures to reduce risk of harm.
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Ethical considerations

When planning an investigation, you should identify possible ethical considerations
and evaluate their necessity or ways to reduce or mitigate them. Ethics is a set of
moral principles by which your actions can be judged as right or wrong. Every
society or group of people has its own principles or rules of conduct. Scientists have
to obtain approval from an ethics committee and follow ethical guidelines when
conducting research that involves animals, including, and especially, humans.
Ethical issues could include the following.

* How can this affect wider society?

* Does one party benefit over another; for example, one individual, a group of
individuals or a community?

e Is there a risk of harm (physical or mental) to people involved in the research?
* Does it prevent anyone from gaining their basic needs?

* How can this impact on future ethical decisions or issues?

* Does the research cause damage to the environment?

* Does the research cause harm to other living things?

* In reality, school biology investigations will generally have minor ethical issues, if
any, but you should consider these in your planning.
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Scientific research involving humans or animals
must be approved by an ethics committee before it
can commence. All research involving animals in

(1107/18>

Australia must comply with the Australian Code of

_cheek cell (animal)

golgi ?

Practice for the Care and Use of Animals for Scientific
Purposes. However, there might still be public

cell membrane

“cellmembrane

vacuole?

chloroplast

fold in the cell|

concern about some types of research. The use of
live animals in research (e.g. for testing the safety
of pharmaceutical products) is also an issue for
many people.

Refining the methodology

As the planning of the methodology is not linear,
refinement may occur several times (due to further
background research, refining the research question
or as variables become understood). Scientists will
employ an experimental methodology that has been

Glo7118>

refined many times over several years.

| slookatdifferent plant cells

Record all refinements in the journal. The
following may help with refining the methodology.

* Look at different animal cells

N\
/

* Look at different prokaryotes

/ | Prokaryotes = bacteria *Teacher says we have bacteria stored in lab.
| | = Protists
I } = fungi

' ! Method alteration (extension)
I | Need to research bacteria * View plant, animal and bacterial cells

| } * Draw specimens and label differences

2

113/07/17
| Cell structure -~ membrane

| Bacteria can be more easily seen when coloured. Gram-positive and

| gram-negative can distinguish between bacteria . This can be seen under.
(easybiologyclass.com) |

.amicroscope.

| Bacteria too small to see distinct structures under school microscope..

¢ Record everything.

¢ Be prepared to make changes and refinements to
the plan and methodology.

¢ Note any difficulties encountered and the
ways they were overcome. Every test carried
out can contribute to the understanding of the
investigation as a whole, no matter how much of

a disaster it may first appear.

Figure 1.8.20 shows a student journal
demonstrating basic developments and refinements
in their methodology.

If the expected data is not obtained, do not worry.
As long as the data can be critically and objectively
evaluated, the limitations of the investigation can
be identified and further investigations proposed,
the work is worthwhile. The syllabus requires an

s===—==—x peptidoglycan cell wall

evaluation and a suggested improvement to the

“ periplasmic space

plasma membrane

methodology or experiment in the scientific report.

itive = violet purple

In the scientific report, you will have to justify your

'm’”’ e OUter membrane
—_—

= periplasmic space
peptidoglycan cell wall
plasma membrane

gram-negative = pink

| Method

| Alterations to method:

|+ view different species of bacteria
+use gram staining

FIGURE 1.8.20 Demonstrating the alteration and refinement of a class practical into a

(easybiologyclass.com) |

modification.

ﬂ It is common for experimentation and testing
not to occur according to plan. It is vital that
comprehensive background research has been
undertaken. Refinements are often made
during experimentation to improve validity and
reliability. This may be due to time constraints,
instrumental limitations or resource limitation.
Refinements also reduce error and uncertainty
as the experimenter becomes aware of these
problems.

student experiment in a student’s journal. (a) The observations from the class practical.
(b) The recordings of ideas and possible alterations to the class practical, developing a
student experiment. (c) The refinement of the student’s idea for the experiment, basing

the refinement on research.
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1.8 Review

An independent variable is a variable that is
controlled by the researcher (the variable that is
selected and changed).

A dependent variable is a variable that may change
in response to a change in the independent
variable, and is measured or observed.

Controlled variables are the variables that are kept
constant during the investigation.

Measured variables are the variables in an open
system that cannot be controlled and therefore
must be measured.

Research questions should have the following
characteristics:

and revisions, results and refinements related to an
experiment.

Validity refers to whether an experiment or
investigation is in fact testing the set research
question or hypothesis.

Data can either be qualitative or quantitative.
Qualitative data is descriptive and unmeasurable
and uses descriptions or adjectives to record
observations.

Qualitative data can be characterised as either:

nominal, when the order of data is not important
ordinal, when the ordering of data is important.

Quantitative data is empirically measurable and

- include measurable variables (the independent
and dependent variable)

uses instruments to record observations.
» Quantitative data can be characterised as either:
- discrete, when data can only be recorded as
particular numerical values
- continuous, when data is not restricted to
particular numerical values, but occurs within a
given range.

- have a guiding word, such as who, what, why or
will

- be phrased so that a definitive answer can be
developed

- be able to link the guiding word to command
verbs (such as identify, describe, compare,
contrast, distinguish, analyse, evaluate or create) so
that a task can be determined.

» Reliability refers to the notion that if the experiment
is repeated many times, the results obtained should

be consistent.
» A simple way to formulate a hypothesis is to link

the independent and dependent variables using the
following sentence structure.
- If (independent variable) happens, then
(dependent variable) will happen.
» A scientific journal is a document scientists use
to record all their ideas, questions, background
research and literature reviews, methodology drafts

» Reliability is improved by:
- replication, having multiple samples within an
experiment
- repeat trials, repeating the experimental test.
» Risk assessments identify, assess and control
hazards.

+ HAZCHEM pictograms are warning images used to
identify hazardous substances.

KEY QUESTIONS

Retrieval
1 a State the meaning of the term ‘variable’. 2
b Copy and complete the table with definitions of the
types of variables.

Comprehension

Write each of the following inferences as a hypothesis

that could be tested using grass in an experiment. Use

the terms ‘If... then ... or ‘when/will’.

a This grass receives the rain run-off from the path
when it rains.

b The concrete path insulates the grass roots from the
heat and cold.

¢ People do not walk on this part of the grass.

d The soil under the path remains moist while the
other soil dries out.

Controlled
variables

Independent
variable

Dependent
variable
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3 Write a hypothesis to test whether: Analysis

a carrot seeds or tomato seeds germinate quicker 8 Identify the difference between quantitative and
b sourdough, multigrain or white bread goes mouldy qualitative data.
the quickest 9 Select the best hypothesis, and explain why the other
¢ Trigg the dog likes dry food or fresh food better. options are not good hypotheses.
4 |dentify whether the following pieces of information A If light and temperature increase, the rate of
about a cup of coffee are qualitative or quantitative. photosynthesis increases.

B Transpiration is affected by temperature.

Information Qualitative Quantitative . ) .
C Light is related to the rate of photosynthesis.
cost $3.95 D Multigrain bread will show mould faster than white
bread.
robust aroma
10 Consider the seedling growth investigation below.
coffee temperature 82°C a State the independent variable for the experiment.

b State the dependent variable for the experiment.
¢ List the controlled variables stated in the procedure.
d Explain the importance of controlling all variables

cup height 9 cm

frothy appearance

except the dependent variable.

e |dentify three variables that could be used to modify
this experiment and describe a modification for
each variable.

volume 180mL

strong taste

white cup f Write a research question for each variable used to
modify the experiment in part e.
5 Identify the independent, dependent and controlled g Refine each research question from part f.

the following hypotheses.

a An increase in temperature will Purpose
lead to an increase in the rate of To investigate the effect of pH on seedling growth.
transpiration in plants. Hypothesis

. . . If the soil pH is increased, then seedling growth will increase.
b If there is no light, there will be P 88

no photosynthesis in the leaves Procedure
1 Germinate twenty pea seeds on damp cotton wool and
of a plant. choose twelve with a height of about 12 mm.
¢ Ifacup of hot chocolate has a 2 Plant a seedling in each of twelve pots of the same size.
lid on it, then it will stay hot for a For each pot, use 80 g of quality potting mix, and water

longer period of time with 10 mL of tap water. Safety note: ensure that gloves

and a mask are worn when handling potting mix, as it

d Because thin candles have less may contain harmful microbes.
wax to _bum’ they will burn faster 3 Label each pot with the pH treatment the soil will receive:
than thick candles. four pots at pH 5, four pots at pH 7 and four pots at pH 9.
6 Explain the reasons for having 4 Weigh each pot to the nearest 0.1 g. Draw up a data table

and record the results for each pot in the column for day 0.
5 Reweigh the seedlings in their pots 2 days later. Record the

SDS for the chemicals used in the

laboratory. results for each pot in the column for day 2.

7 Determine the appropriate course 6 Immediately after weighing, give each plant 10 mL of water
of action if you spilled a chemical at the appropriate pH according to the label on the pot.
substance on yourself with the 7 Repeat steps 5 and 6 every 2 days for the next 10 days.
following label. 8 Keep plants in the same position where light is available to

maintain lighting conditions.

9 Repeat steps 1-8 twice to reduce the chance of variability
between trials.

variables that would be needed to investigate each of :
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Rudimentary (basic) set-up

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» determine relevant data that is needed to test the research question or
a hypothesis

» determine what is considered to be sufficient data to test the research
question or a hypothesis

» select appropriate equipment to collect relevant and sufficient data.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Now that you know about the variables involved and you have planned your
experiment methodology, you can conduct the experiment. Experiments rarely run
according to the precise plan.

CONDUCTING THE EXPERIMENT

While conducting the experiment, you must control the variables and maintain the
conditions to ensure the measured or recorded raw data is valid and reliable. If
experimentation is in an open system such as an ecological investigation or survey,
some variables to be measured (e.g. temperature, time, date, weather conditions
and any other biotic and abiotic factors of influence) cannot be controlled in the
methodology. Other people must be able to repeat your results under the same
conditions. Therefore, all variables must be measured.

Ensure you choose instruments with appropriate precision, remembering that
the instruments determine the significant figures and the accuracy and reliability of
your results. The more precise the instrument, the more accurate the measurement
and the more reliable the data is.

TABLE 1.9.1 Examples of rudimentary compared to improved experimental testing

Agar cells used to test effect of SA:V on
diffusion prepared by hand

Agar cells used to test effect of SA:V on
diffusion prepared by butter knife using a
ruler

Improved set-up

Estimating temperature of a liquid by hand Measuring time with a 5-minute sand timer

i

Measuring temperature with a digital
thermometer (sensor) with known precision
and uncertainty

Measuring time with a digital timer with
known precision and uncertainty
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Possible considerations when conducting an
experiment

Depending on what your experiment is testing, there are several aspects of the
experiment that should be included in the planning. These include:

* equipment

e instruments

* safety precautions

e time (preparation, testing)

e complexity of testing

» chemical concentrations and volumes

* sequential order of activities to complete testing.

Equipment

The choice of equipment and instrumentation will influence the reliability of your
experiment. Where possible, use equipment rather than human means to conduct
experiments. Some examples are shown in Table 1.9.1.

When conducting the experiment, it is recommended to use the most precise
instruments available. With higher precision instruments, there is less chance of
error and lower uncertainty in the measurement. Table 1.9.2 demonstrates the
benefits of greater precision instruments by reducing uncertainty.

TABLE 1.9.2 The difference in precision between instruments

Lower precision instrument

Glass thermometer with a precision of Measuring beaker with a precision of £5 mL Microscope of magnification x400
+2.5°C
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Higher precision instrument

Digital laser thermometer with a precision Measuring cylinder with a precision of Microscope of magnification x1000
of +0.05°C +0.25 mL
ml -
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Safety precautions

Always use safe procedures. The use of common sense is essential. For example,
all glass equipment and instruments should be used at the back of the bench so
students walking by do not cause an accident. Place a sign on the lab bench warning
other students and staff not to touch the equipment.

You must follow your school’s and teacher’s safety and risk assessment guidelines.
Completing the risk assessment may require completing a form or completing an
online process.
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COLLECTING SUFFICIENT AND RELEVANT DATA

It is important that the instruments and methodology used enable you to measure
and collect the data needed. The data must be relevant to the variables in the
research question or hypothesis. Also enough data and enough sampling is required
when collecting or measuring data. Otherwise, the analysis and interpretation of the
data will not be reliable or valid in relation to the research question or hypothesis.

Collecting sufficient data

The term ‘sufficient’ is defined by the Queensland Biology syllabus as ‘enough or
adequate for the purpose’.

You need to collect enough data to substantiate whether or not a relationship exists
between the variables. This includes collecting an appropriate number of replicates
and an appropriate number of individual samples (also known as observational or
collection points). It is also important that you collect data around interesting points
in your range, such as any parts of a graph where the curve is changing direction.

Together, the number of replicates and individual samples determine the sample
size. This is vital to achieving and determining a valid interpretation of the data.

Table 1.9.3 outlines examples of sample size and their effect on the results of
an experiment and the resultant interpretation. The example results are from an
experiment into the effect of temperature on enzyme activity.

TABLE 1.9.3 Examples of sample size and their effect on the results of an experiment

Example of analysed data ‘ Effect of sample size on analysis

10's of O, production from peroxidase A line graph With only two individual sample
at various temperatures . .
304 with two sample | points, these results suggest an
= points. inappropriate linear relationship
E between temperature and enzyme
§ 20 activity—that enzyme activity
S 154 increases with temperature.
'(§
a 10+
S
T T
0 20 30
Temperature (°C)
10's of O, production from peroxidase A line graph with | The spread between the chosen
at various temperatures . P . .
three sample individual sample points is
35 points using an inappropriate for this experiment
~ 30 uneven scale. because they should be evenly
1S 25 spread. This example produces
5 results with an incorrect
S 207 relationship between temperature
el .
O 15 and enzyme activity—that enzyme
(‘;N 104 activity increases and then
s plateaus as temperature increases.
s 30 3
Temperature (°C)
10's of O, production from peroxidase A line graph The chosen number of individual
at various temperatures . . . 0 :
35 showing limited sample points is somewhat
104 sample points. appropriate. This may be
S sufficient, but the true relationship
< 257 is not displayed. The next example
g 20 of displayed results provides more
=) .y n .
3 sl validity for the relationship.
a
o 10+
5,
0 30 35 40
Temperature (°C)
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10s of O, production from peroxidase Aline graph The number of individual sample
at various temperatures . . o

35 with appropriate | points here best demonstrates the
304 number and relationship between the variables.
E distribution of
< ¥ sample points.
T 20
>
B8 15
o
o' 104

54

0 20 30 40 50 60
Temperature (°C)
10's of 0, production from peroxidase A line graph These results are due to only

304 atvarious temperatures based on data a single measurement for
= that had no each individual sample point
E 259 replicates. (temperature) without any
5 20 replicates. In this example, the
© o
S 154 40°C measurement was an error,
3 but without replicates errors will
gN 109 influence the results.

5,

20 30 40 50 60
Temperature (°C)

Collecting relevant data

The variables to be measured or collected must be directly related to the proposed
independent—dependent variable relationship. Additional variables can be measured or
collected that are indirectly related to the hypothesised relationship, if the background
research shows it could be beneficial in the analysis or interpretation of the relationship.
If you do not have any background research relating a variable to the research question or
hypothesis, then it is not relevant, and therefore is not to be measured or collected.

1.9 Review

* The choice of equipment and
instruments will influence the
reliability of the experiment.

» The precision of equipment
and instruments is important
for accuracy and reliability.

» The collected and measured
data must be relevant to
the proposed relationship
in the research question or

KEY QUESTIONS

Retrieval

1 Explain why it is important to choose appropriate equipment and
instruments to conduct experiments.

Comprehension

2 Explain how the precision of equipment can impact scientific conclusions.

Analysis

3 Astudent recorded the following data below to test the hypothesis, ‘Does
an increase in temperature increase the rate of germination of radish

seeds?’ Assess whether sufficient and relevant data was collected to
address the research question.

hypothesis.

+ Equipment used during an Temperature | Light Number | Number Seed Seed Colour of
experiment should enable (°C) present? | of seeds | of seeds colour | shape germinated
you to collect and measure planted | germinated leaves
relevant data to address 0 yes 10 0 brown | spherical | yellow
the research question or no 10 0 brown | spherical | green
hypothesis. 10 yes 10 6 brown | spherical | green

no 10 5 brown | spherical | yellow
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FIGURE 1.10.1 It is important to read the
bottom of the meniscus at eye level in order to
avoid parallax error. This student is showing how
to use a piece of white card (or a tile) to improve
the contrast between the solution and the scale.
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BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» analyse raw data to produce processed data
» interpret data to draw valid conclusions.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

You must record all measurements and observations made during the experiment
(in the journal). This is the raw data. Choosing not to record certain measurements
or observations (raw data) is invalid, shows bias and is scientifically fraudulent.
Unusual and unexpected measurements and observations may be due to valid
relationships between variables that are unknown to the scientist. This cannot be
determined until the raw data is processed, analysed and interpreted.

The results, after analysis, need to show whether or not a relationship exists
between the variables in the research question. To achieve this, the results need to
be presented appropriately. Being able to present results appropriately depends
on appropriate measurement, observation and recordings (e.g. quantitative or
qualitative). Make sure you plan this before conducting the experiment.

After you have analysed the raw data, you represent the data, using mathematical
and scientific conventions, in tables, graphs, schematics or diagrams. Refer to
Module 1.6 for specific guidance on producing quality and appropriate graphs and
Module 1.11 for details regarding representing results.

ANALYSING

Analysing the raw data enables processing in many ways to search for relationships
between variables and trends or patterns in the data, uncertainties and errors,
outliers and results of significance. This will produce processed data.

There are a number of ways of presenting data, including tables, graphs, flow
charts and diagrams. The best way to visualise the data depends on the nature of the
data. More information on these different formats is provided in Module 1.6. In this
section, you will learn how to discuss your investigation and draw evidence-based
conclusions in relation to your research question.

It is important that when you are analysing data, you do not selectively process
it to demonstrate what you want to see. Such bias will result in using analysis tools
(e.g. statistics) inappropriately and erroneously and will result in invalid conclusions
and academic fraud. Quality scientific analysis processes the raw data as it is and is
open to any result, including any relationship, trend or pattern revealed as a result
of the investigation.

IDENTIFYING ERRORS

Most practical investigations have errors associated with them. For example, parallax
error can occur when reading a burette measurement (Figure 1.10.1). As shown in
Figure 1.10.2, there are many different types of errors that can occur.



Errors

Systematic errors
(produces a bias)

Random errors

Systematic errors include:

+ a balance that has not been calibrated,
for example, to weigh an amount of salt

+ a digital thermometer that measures
0.4°C higher each measurement

+ a solution with a concentration of
1.1 mol L™ instead of 1.0 mol L™

+ a person reading the scale on a burette
with a constant parallax error

Random errors could include:

* error in estimating the position of a
needle between divisions on a scale

+ pH fluctuations during the measurement
of temperature

Reducible
random errors

!

Resulting error is in the same direction
for every measurement and will either be
too high or too low as a result. These
errors lead to bias.

Random errors follow no regular pattern.
The measurement is sometimes too large
and sometimes too small.

Reducible random errors include:

+ misreading the numbers on a scale
+ not labelling a sample adequately
* not recording the result of the

experiment when it was measured
+ spilling a portion of a sample

i

If unsure of a measurement, check it by
repeating it.

Reduce systematic errors by calibrating
equipment to increase the accuracy of
any measurements (e.g. pH meters and
weighing balances). To increase precision,

Reduce random errors by taking multiple
measurements of the same quantity, then
calculating an average. For example,
multiple stop watches are used to

take a greater number of measurements measure time for reaction rates.
for each quantity and take an average.
Pipettes, burettes and volumetric flasks
have greater precision than using a
beaker to measure volumes of liquids.
When using a pipette and/or volumetric
flask, ensure that you look at the bottom
of the meniscus on the calibration line.

To avoid parallax error, ensure that you
take measurements at eye level, as shown
in Figure 1.10.1.

FIGURE 1.10.2 Types of errors that can be made in an experiment

Analysing precision

Understanding the uncertainty and precision is vital to any analysis of data. In
biology there is always variation in measurements. You need to determine how
much variation is due to natural biological variation and how much is due to the
measurements and instruments.

Always display the precision and uncertainty of the instruments as a range of data
next to the results (e.g. measurement + x. See Module 1.5 for more explanation).
If you perform calculations with the results, then you must do the appropriate
calculations with the uncertainties (see Module 1.5). When the total uncertainty is
known, it can be established if variation in the data is due to the instrument or the
variables being tested.

If the measurements between samples or tests fall within the uncertainty range
of the instrument (Table 1.10.1), then the variation in results could simply be due
to the instrument. If the difference between the measured results is greater than the
uncertainty range, then the variation in the results is not due to the instrument and
is due to other variables.

Table 1.10.1 shows the resting arterial blood oxygen measurements of several
recreational athletes, and there is variation between the measured results. The arterial
blood oxygen content between athletes 1 and 2 has a difference of 0.4 mL L. The
uncertainty in measurement due to the accuracy of the instrument is + 0.5 mL L™,
therefore the difference between athlete 1 and 2 is within instrumental uncertainty. The
difference between athletes 1 and 2 may be due to the instrument and not biological
reasons. As this cannot be determined with certainty, it must be interpreted that there is
no biological difference between athletes 1 and 2.

TABLE 1.10.1 The resting arterial blood oxygen
levels in several recreational athletes

Total arterial oxygen

(mLL?)
athlete 1 206.3£0.5
athlete 2 205.9+0.5
athlete 3 206.8 £ 0.5
athlete 4 208.2 £0.5
athlete 5 199.5+0.5
athlete 6 199.8+0.5
mean 204.4£0.5
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The difference between athletes 3 and 4 is greater than the uncertainty range
of the instrument. Therefore, you can be certain the difference is due to reasons
other than the instrument. If the methodology controlled the extraneous variables
appropriately and nothing unforeseen influenced the results, then you can interpret
the difference between the athletes to be due to biological reasons related to the
experiment rather than instrumental uncertainty.

It is important to understand the accuracy and precision of the instruments
because it affects the interpretation of the results. There are a few ways to analyse
precision, including:

e instrumental uncertainty, which displays the precision of the instrument and
explains instrumental variation in the measured results

e range, which outlines the difference between the smallest measurement and the
greatest

e central tendency (e.g. mean) with instrumental uncertainty, which outlines the
potential variation in instrumental measurements due to the instrument’s design
or increments.

For more information about analysing data, see Module 1.7.

Analysing validity and theoretical relationships

TABLE 1.10.2 The resting arterial blood oxygen You must process the ?esults an'd datato }ook for trenfis,' patterns or Fhﬁ“erences. Some
levels in several recreational male and female of the first processes in analysing data is to use statistical calculations to determine
athletes the true values, uncertainties, errors and significance of the measurements. Once

. you understand the quality of the data, then you can analyse the validity in relation
Total arterial oxygen blished th cal
(mL LY to established theoretical concepts.

Table 1.10.2 shows the difference in arterial blood oxygen between males and
females. The mean male and female arterial blood oxygen content has a difference
athlete 1  2063+05 1965+ 0.5 of 7.0 mL L', which is greater than the instrumental uncertainty and therefore
is due to biological differences (barring methodological issues or unforeseen
variables). Because the difference in results has been established as being due to
athlete 3 206.8+0.5 1987 + 0.5 experimental variables and not the instrument, processing the data using statistics
can help analyse and ascertain which variable is the cause of the difference.

athlete 2 2059+ 0.5 196.8 £ 0.5

thlete 4 208.2+0.5 1959+ 0.5 . . . .
athiete It becomes important during the processing and analysis of the data to know

athlete 5 199.5+0.5 193.4+0.5 which methods or statistics to use. No scientist knows how to use all statistical
athlete 6 1998405  2033+05 calcula‘ugng they use or have a resource.that ouﬂ}nes the purpose anc.l function of

each statistical calculation and refer to this every time they process their results and
mean 204.4+£05 1974+05 data. Module 1.5 outlines many common useful statistical calculations to process

and analyse data. Refer to this module every time you are processing the results of
your class practicals or student experiments.

The results in Table 1.10.2 require statistical analysis to investigate the biological
difference between males and females. The mean alone is not scientifically
considered a significant difference. Further statistical analysis can determine if
a significant difference exists, indicating if there is a valid biological difference
between them. Without any further statistical calculations, the following is a list of
plausible explanations for why a difference in arterial blood content could have been
observed between males and females.
¢ Background research outlines that female blood oxygen levels are typically lower

than males.

e The sample of males and females chosen may not represent the typical
population, therefore:

- there could be sample bias in the results due to the selection criteria used to

choose the volunteer athletes, causing systematic error

- there could be sample bias due to the type of people who volunteered, causing

random error

- one group, either male or female, could all be of a higher athletic standard; for

example, the recreational male athletes could be general gym users while the
recreational females athletes could be from a team of netballers
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- some recreational athletes could exercise two times a week or others could
exercise five times a week, resulting in uncontrolled biological variables that
influence the results.

¢ The health of the volunteers may not all be equivalent.
¢ The body size and morphology may be vastly different.

Statistical calculations only perform functions with literal numbers; the calculation
does not know where the numbers come from or what they represent. Therefore,
analysing is a combination of processing numbers and the experimenter placing
those numbers into a context. It is also vitally important to record observations
during the experiment so that when analysing, the correct context can be given to
the processed data with as little bias as possible.

In the example in Table 1.10.2, if all variables were controlled and observations
made during the experiment confirmed that the experiment went to plan, then
statistical processing can be applied to the measured data. In this case, the -value
can be calculated as shown in Table 1.10.3, which shows that the independent
variable (gender) affects the dependent variable (arterial blood oxygen content).

Table 1.10.3 shows that for the comparison between the male and female means,
the z-value is 0.01.This means that there is a 1% chance that the difference in the means
is due to natural or biological variation (in the typical population and assuming that
males and females are the same). Therefore, there is a 99% chance that this difference
is not typical and must be related to or due to the independent variable, gender.

Statistical analysis can also find anomalies and outliers in data that are not valid
measurements. During the experiment, your record of observations may provide a
reason for an outlier in your data if one is found (see Module 1.6).This can then be
used to suggest improvements in the methodology to remove such measurements.

If the results follow the established theoretical relationship, then there are a few
ways to analyse the theoretical relationship between variables (see Module 1.7).
These are the:

e Pearson correlation coefficient—to determine if a linear relationship exists (that
the variables correlate), the direction and how strong the linear relationship is

e coefficient of determination—estimates the predictability in the measured results
due to the change in the independent variable

e Spearman rank correlation—determines if a non-linear relationship exists in a
single direction

¢ student r-test—determines if there is a difference between two means beyond
natural variation (normal distribution).

INTERPRETING

Once the results have been processed and analysed, you offer explanations of what
occurred and why it occurred. Processing and analysing data is the manipulation of
the numbers or observations to understand and ascertain true values, uncertainties,
errors, anomalies and relationships. Interpreting is placing this understanding
into words and providing an in-depth explanation of what the numbers mean.
Interpretation is writing an explanation of the results.

Interpretations should never provide an explanation beyond the constraints of
the experimentation and methodology. Interpretations are not meant to provide all
the answers or comprehensive explanations for everything related to an experiment.
Interpretations are only valid and reliable if they are based on what was measured. It
is important to note that science can never measure the true value of a phenomenon.
Therefore, the interpretation is always an inference. In addition, the interpretation
of results in the scientific report should always be concise.

TABLE 1.10.3 Resting arterial blood oxygen
levels in several recreational male and female

athletes

Total arterial oxygen
(mLL?Y)

athlete 1
athlete 2
athlete 3
athlete 4
athlete 5
athlete 6
mean

t-value

2063 £0.5
2059+ 0.5
206.8 £0.5
2082+ 0.5
199.5+0.5
199.8 £ 0.5
204.4 £0.5
0.01

196.5+0.5
196.8 £ 0.5
198.7 £ 0.5
1959+ 0.5
1934 +0.5
203.3+£0.5
197.4£0.5

CHAPTER 1 | BIOLOGY SKILLS AND ASSESSMENT TOOLKIT e75




It is important to interpret only the measured results and not the planned or

expected results.

If the results follow expectations then this research can be used to interpret the
theoretical reasons for the measured results. However, ensure the interpretation
stays within the limits of the uncertainties, instrumental precision and statistical
analysis (e.g. r values or R? values, student s-test). For example, if you have not
determined statistical significance, do not state that the results are significant. If
an outlier has not been determined by statistical calculations, do not state a result
or measurement is an outlier.

When the results do not follow expectations, interpret them as such. You still need
to relate the results to theory, and so you may need to do further research in order
to explain the results. This is where recording observations during the experiment
in the journal becomes invaluable. When the results do not occur as expected,
the observation provides a clue or a basis for what concepts or relationships
need to be further researched. Further research will provide the theory to offer a
plausibility (infer a reason) for the results. When the results are not as expected,
it is important that you use statistical analysis to establish that the results did not
follow expectations, rather than just stating because it ‘looks’ like it.

Once the interpretation is complete in your journal, you can write the scientific

report, summarising all the scientific work and method used for the experiment.

1.10 Review

+ Raw data includes the measurements and
observations made during an experiment.

* Processed data is derived from processing and
manipulating raw data.

* Processed data enables trends, patterns and
differences to be identified.

KEY QUESTIONS

Retrieval

1 State the two types of data.

2 Define ‘systematic error’.

3 Describe random error.

Comprehension

4 Use a graphic organiser to summarise what is
involved in:
a processing of data
b interpreting data.
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» If the measurements between samples or tests

fall within the uncertainty range of the instrument,
then the variation in results could simply be due to
the instrument.

* Interpretations of data attempt to explain the
observed results.

Analysis

5 A group of subjects was given a drug believed to lower
blood pressure. Analyse the data below to determine if
it can be concluded the drug lowers blood pressure.

Sample Systolic blood pressure (mmHg)
Before drug After drug
administration | administration

subject 1 120+ 2 118+2

subject 2 121+£2 117 +£2
subject 3 119+2 116 +£2
subject 4 118+ 2 116 +2

subject 5 140+ 2 1362

subject 6 130+2 127 £2

mean 125+ 2 122+2




1.11 Communicating and writing a
scientific report

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» identify and explain the sections of a scientific report
» write a scientific report.

To write a scientific report, you need to follow some general conventions. Even . )
though there are many ways to present a report, it must follow a scientific genre 0 Your journal should contain
and meet the requirements of the Queensland Biology syllabus. This module will all the information required to

rovide a guide to writing an appropriate scientific report. complete your scientific report
P gu J PProp P for the student experiment.

SCIENTIFIC WRITING AND LITERACY AIETE ISRl elie
reports summarise research

Scientists use words (the agreed scientific language and terms) that have specific and information gathered on

meanings, which may differ from the understanding of the term in common a topic. The scientific report
language. This allows a common understanding of words across all languages, to does not require much time to
convey scientific meaning. Table 1.11.1 provides some examples of the differences complete when reporting from a
in the understanding of words in common language and in scientific language (even comprehensive journal.

if it is slight).

TABLE 1.11.1 A comparison of common and scientific language

Common language meaning Scientific language meaning Difference in meaning

sample A representative part or a single item from  The specifically chosen physical Very similar. The scientific term is specific
a larger whole or group, especially when representatives of a phenomenon  to a controlled or measured phenomenon.
presented for inspection or shown as that was tested, measured or The quality is not known until after
evidence of quality observed during experimentation analysis, although inspection is carried
or an investigation out through testing. In common language,

‘sample’ can be used generically while
in scientific language it is specific to the
independent variable.

results To proceed or arise as a consequence, The recorded evidence of the Very similar. The scientific term requires
effect, or conclusion; to have an issue or sample during experimentation or measurement or explicit recording of the
result observation observed consequence or effect arising
from the independent variable.
significance  Something that is conveyed as a meaning  Important; of consequence; Similar. The scientific term refers to the
often obscurely or indirectly; the quality expressing a meaning; indicative;  quality of being important. To establish
of conveying or implying; the quality of includes all that is important; importance, statistical analysis has to
being important sufficiently great or important have been conducted to achieve the
to be worthy of attention; meaning, or indicate sufficient difference,
noteworthy; having a particular or worth, and to indicate a particular

meaning; indicative of something  meaning.

correlation The state or relation of being correlated; A relationship existing between Almost identical. The scientific term refers
specifically a relation existing between phenomena on the foundation of to when data processing or statistics has
phenomena or things or between statistical or processed analysis been applied to the common term. As
mathematical or statistical variables which such, the strength of the correlation can
tend to vary, be associated, or occur be predicted or assumed.

together in a way not expected on the
basis of chance alone
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Ensure that the report is written using scientific language and conventions. Your
report should be fluent and concise. Carefully plan all parts of the report:

* introduction

e summary of altered methodology
e results

e analysis and interpretation

e evaluation and conclusion

e suggested improvements.

Writing fluently and concisely

The report should be brief and comprehensive, so only use the words required
to communicate your information. Writing a concise report avoids repetition and
helps remain within the required word count or length. Use scientific language as
it allows you to communicate details and knowledge in fewer words. Table 1.11.2
demonstrates communication of the same concept in a few different ways. Being
fluent and concise will significantly influence the word count of the report and the
quality of the writing.

TABLE 1.11.2 Communicating concepts in various ways

outlining the basic
details of a virus
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Viruses are small molecules that use cells to reproduce. This is fluent and concise. However, it lacks scientific

terms or language to convey in-depth understanding.

Viruses are tiny little objects made up of numerous parts  This is fluent, but not concise. There is repetition (e.g.

that infect cells. They cannot reproduce themselves so ‘tiny’ and ‘little’, which have the same meaning, and

need other cells to replicate them, using their own (host ‘reproduce’, which is stated twice). It also uses many
cells) components. Inside a virus, you will find genetic words without using scientific terms to provide detail and
molecules such as DNA and RNA. These are surrounded understanding.

by a capsule or envelope called a capsid. Therefore, This may be useful language in the journal when learning
viruses are tiny and need other cells to replicate/ about a topic, but not in the scientific report.

reproduce.

Viruses are obligate, intracellular parasites. They are This is fluent and concise. In-depth understanding is
composed of genetic material enclosed in a capsid and communicated through scientific terms, which enable

cannot replicate outside of cells.

| UNITS1AND2

much information to be conveyed in fewer words.

Writing in a scientific genre

There are a number of genres or styles of scientific communication, including
literature review, empirical essay and poster presentation. This module will focus
on scientific reports. A report is a document that communicates a summary of
information, focusing on the main points of interest. It uses headings, sections,
tables and graphs to present information. A scientific report is written to scientific
conventions, including format and language.

Reporting

Using headings in scientific reports is essential. There are international conventions
for scientific report writing; however, they are specific to the journal publication.
There is no single convention for scientific report writing. Table 1.11.3 lists headings
that are commonly used in scientific reports and describes the information that
would be provided under each heading. Sections can be broken down further into
subsections, as shown. As it can be seen some subheadings are suitable for more
than one section; however, each scientific report will only use each heading and sub-
heading once. It is best to ask your teacher about the headings they prefer and ask
how to align your scientific report and its headings to the syllabus.



TABLE 1.11.3 Scientific report sections, headings and information

Scientific report Common title
sections alternatives

title

abstract

introduction

methodology
* sampling technique
* preparation
» experiment

results

* raw data

« analysis

« statistical analysis
* interpretation

conclusion

* analysis

* interpretation
 discussion

» evaluation

references

background
information
background research
literature review
rationale

procedure
modifications to
methodology

processed data
analysis
interpretation

interpretation
discussion
evaluation
sources of error
suggestion for
improvements/
modifications

Expected information within the section

A specific statement that outlines the expected relationship between independent
and dependent variable. Or a question asking about the relationship between the
independent and dependent variable.

A summary of the entire experiment/investigation in a single paragraph outlining the
main information for each section: background information, method, results, analysis
and conclusion. Usually includes 1-3 sentences per section, usually less rather than
more.

Information already known or inferred from previous experimentation and scientific
literature specific to the research question or hypothesis. Explains the current scientific
knowledge about the relationship between the independent and dependent variable
and any other variables that may alter the relationship. Must also refer to the original
experiment and justify the modification that was made.

An outline of the exact details, including specific details about instruments, equipment
models and precision, techniques employed and all information so other scientists can
repeat the experiment. It is not common to differentiate the materials (equipment and
instruments used) from the procedure that uses them.

The type of data presented is unique to specific journal publications. However, in
general, all the data, observations and results need to be presented to explain the
interpretation and conclusion. The results must show all the required information to
answer the research question or hypothesis.

An explanation of the results, including quality of experimentation (accuracy, precision,
validity and reliability of the methodology), relating the results to current scientific
understanding (theory). The strength of the relationship between the experimental
evidence (data, observations or results) is to be stated.

A list of all sources used in the scientific report

Scientific writing

The report is written for a scientific audience, so it is important to use appropriate

scientific language and conventions. This contrasts with English writing used in

everyday situations.

The student experiment report should have paragraphs, with each paragraph
explaining only one idea. The first sentence (topic sentence) of the paragraph
introduces the topic. Following sentences provide the details of the idea. The final
sentence concludes the idea. Each sentence should flow on to the next, slowly building
the details of the explanation. The report should be brief and comprehensive, so you
should only use the words required to communicate and use language that conveys
detailed understanding.

Reports should be written in:

e past tense because the experiment was conducted in the past

e third person, passive voice and impersonal verbs—science uses this language
convention (Table 1.11.4 on page ¢80)

» scientific language—the terms used are specific to concepts, models and theories

* objective, unbiased language—avoid subjective and emotional or persuasive
writing (Table 1.11.5 on page e¢80)

e concise language—avoid unnecessary repetition and express ideas. Scientific
language allows more details, knowledge and understanding to be communicated
in fewer words. Use shorter sentences that are less wordy. Table 1.11.6 on page €80
shows some examples of more concise wording.
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TABLE 1.11.4 Examples of first-person and third-person narrative

| put 50g of marble chips in a conical First, 50g of marble chips were weighed and
flask and then added 10mL of 2mol L™ then placed into the conical flask; then 10mL
hydrochloric acid. of 2mol L hydrochloric acid was added.
After | observed the reaction, | found that ...  After the reaction was completed, the

results showed ...

My colleagues and | found ... Researchers found ...

TABLE 1.11.5 Examples of persuasive writing versus scientific writing styles

Use of biased and subjective language Use of unbiased and objective language
» The results are extremely bad, atrocious, * The results showed ...
wonderful ... » The implications of these results
+ This is terrible because ... suggest ...
» This produced a disgusting odour. * The results imply ...
+ Health crisis » This produced a pungent odour.

* Health issue

Use of exaggeration Use of non-emotive language
» The object weighed a colossal amount, » The object weighed 256 kg.
like an elephant.

Use of everyday or colloquial language Use of formal language

» The bacteria passed away. » The bacteria died.

» The results don't ... * The results do not ...

» The researchers had a sneaking » The researchers predicted/hypothesised/
suspicion ... theorised ...

TABLE 1.11.6 Examples of wordy and concise language

Verbose language Concise example

Due to the fact that ... Because ...

Smith undertook an investigation into ... Smith investigated ...
It is possible that the cause could be ... The cause may be ...
End result ... Result ...

In the event that ... If...

Shorter in length ... Shorter ...



Presenting scientific ideas

An efficient way of presenting complex data and explaining scientific concepts is
through photographs, graphs, tables and scientific models such as flow charts and
diagrams. Ensure you include:

¢ a descriptive and informative title

¢ labels, captions or descriptions, units of measurement, uncertainty

e numbering; for example, Figure 1, Figure 2, Table 1, Table 2

e asource if the work is not your own or is adapted from work that is not your own.

Using tables and graphs

In general, tables provide more detailed data than graphs. However, it is easier to
observe trends and patterns in graphs, making them a very useful tool for presenting
evidence. Pie charts illustrate percentages well, while bar charts and line graphs
illustrate relationships between variables well. Tables and graphs will communicate
in-depth information concisely. More information on tables and graphs can be
found in Module 1.6.

Editing your report

Editing your report is an important part of the process. After editing your report,
save new drafts with a different file name and always back up your files in another
location. Pretend you are reading your report for the first time when editing. Once
you have completed a draft, it is always good practice to read your work a few hours
or a day or two after you have completed it. When reading your own work, read
it carefully, following the punctuation, grammar and spelling as it appears on the
page. This is more easily achieved if you read the report aloud.

When editing, look for content that:
e is ambiguous or unclear
e is repetitive
e is awkwardly phrased
e s too lengthy
e is not relevant to your research question
e is poorly structured
e lacks evidence
* lacks a reference (if it is another researcher’s work)
e contains spelling mistakes.

Acknowledging sources

The student experiment does notrequire a bibliography; a reference listis sufficient.
A bibliography is a list of all the sources you used during the research to develop
understanding (including information in the journal), even if the information was
not used directly or explicitly in the scientific report. A reference list only lists the
sources used and cited (referenced in the text) in the scientific report.

All the quotations, documents, publications and ideas used in your scientific
report need to be listed in the references and acknowledgements. In order to avoid
plagiarism and to ensure you properly credit other people for their work, you must
complete this accurately. References and acknowledgements also give credibility to
your study and allow the audience to locate information sources should they wish
to study it further.
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Plagiarism is using other people’s work without acknowledging them as the
author or creator. To avoid plagiarism, include a reference every time you report
the work of others; for example, at the end of a sentence or following a diagram. If
you quote directly from a source, enclose the text in quotation marks. Referencing
will ensure you give credit to the original author and it will enable the reader to find
the original source.

Referencing

List your sources at the end of the report in alphabetical order (by author last name
or organisation name).

Compile your references in a separate document as you conduct the student
experiment. The APA (American Psychological Association) style is currently the
most commonly used referencing style.

In-text citations

Each time you write about the findings of other people or organisations, you need
to include an in-text citation and provide the full details of the source in a reference
list. In the APA style, in-text citations include the first author’s last name and date
in brackets (author, date).

The following examples show the use of in-text citation and the reference list

entry in APA Style.
o In-text citations: two options for including in the sentence are:

- Itwas reported that in testing of five pro-oxidant additives added to commonly
manufactured polymers, none resulted in significant biodegradation after
three years (Selke et al., 2015).

- Selke et al. (2015) reported that in testing of five pro-oxidant additives
added to commonly manufactured polymers, none resulted in significant
biodegradation after three years.

e  Reference list: the example above would be:

- Selke, S., Auras, R., Nguyen, T.A., Aguirre, E.C., Cheruvathur, R., & Liu,
Y. (2015). Evaluation of biodegradation—promoting additives for plastics.
Environmental Science & Technology, 49(6), 3769-3777.

ADDRESSING THE SYLLABUS ISMG

Your final scientific report must address all the characteristics in the performance
level descriptors of the student experiment ISMG. Before you begin the scientific
report, plan the sections and titles and then assign the ISMG characteristics to each
section. As outlined earlier, there is no single convention for the scientific report,
and the student experiment ISMG characteristics will fit into any scientific report
style. You will just need to decide where after discussing this with your teacher.

Word limits or word count guides can be assigned to each section. Apply a larger
word count to the sections requiring explanations such as the rationale, discussion/
conclusion and perhaps the analysis (depending on the convention chosen). This
word allocation will act as a guide, but is flexible. Make sure your response does not
exceed the word limit prescribed by the assessment specifications.

When you edit your completed report, assess whether it includes all the evidence
in the four criteria (Research and planning, Analysis of evidence, Interpretation and
evaluation, Communication) that make up the ISMG (IA2). These are the words
that follow ‘demonstrated by ...



1.11 Review

» A scientific report has the following features: required for others to repeat the same results.

- title—a specific statement that outlines the Should include both the original and modified
expected relationship between independent and elements of the experiment. Detail of the
dependent variable. methodology must enable sufficient data to be

- abstract—a single-paragraph summary of the collected.
entire experiment/investigation. - results—the relevant data, observations and

- introduction—an explanation of the current results relating to the experiment.
scientific knowledge about the relationship - conclusion—an explanation of the results,
between the independent and dependent including quality of experimentation. The
variable (demonstrating application of explanation is related to current scientific
understanding) and any other variables that may understanding. The strength of the relationship
alter the relationship (considered rationale) between the experimental evidence is stated.

- method—an outline of the exact details of the - references—a list of all sources used in the
experiment, including specific details about scientific report.
instruments, equipment models and precision, » The scientific report must address the requirements
techniques employed and all information of the syllabus.

KEY QUESTIONS

Retrieval 5 A scientist designed and conducted an experiment to
a methodology decrease in the function of the liver in people?
b conclusion a The discussion section of the scientist’s report

included comments on the accuracy, precision,
reliability and validity of the investigation. Read each
of the following statements and determine whether

2 Recall in which section of a scientific report you would
find processed data.

Comprehension they relate to precision, reliability or validity.
3 Explain when it is appropriate to use a: i Only teenage boys were tested.
a bibliography ii Six boys were tested.
b reference list b The scientist then extended the fast food study
Analysis to 50 teenage boys in the experimental group
4 a Determine which graph could show a change in and 50 teenage boys in the control group. In the
transpiration as temperature changes. experimental group, all 50 subjects gained body

mass. The scientist concluded that all the subjects
gained weight as a result of the experiment. Deduce
whether or not this conclusion is valid. Explain why
or why not.

¢ Provide recommendations to improve the validity
and reliability of this investigation.

b Conclude which graph illustrates the following
observation.
You are growing a bacterial culture on agar and
make observations from days 3-6 in which the
results seem to indicate a plateau in the number

A of colonies. B

. 1 Describe the information that is included in the test the following hypothesis. :
: following sections of a scientific report. Could an increased consumption of fast food cause a !
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PART C RESEARCH INVESTIGATION

The QCAA requires students to complete a research
investigation in Unit 4 Biology. In preparation for Unit 3,
teachers may choose to assign a similar assessment task
in Units 1 or 2, as preparation for Unit 3.

The research investigation assessment task requires
students to investigate a claim, by drawing on secondary
evidence from scientific texts. Students use research
conventions to analyse and interpret the evidence to reach
a justifiable conclusion about the claim. The research
requires students to locate and use information beyond
the scope of their knowledge and given data.

The research investigation requires you to gather
secondary evidence on a research question. The QCAA
Syllabus states that students must work individually to
develop and investigate their research question based on
a number of possible claims the teacher provides.

Evidence must be obtained by researching scientifically
credible sources, such as scientific journals, books, and
websites of governments, universities, independent
research bodies or science and technology manufacturers.
The student experiment constitutes 20% of the total
assessment in Unit 4 Biology.

A summary of the objectives and marking for the
summative internal assessment research investigation 1A3
(Unit 4) is provided below.
The research investigation may be presented in:
« written form (e.g. scientific report), 1500-2000

words, or

« multimodal presentation form (e.g. poster presentation),
9-11 minutes.

Assessment objectives Demonstrated by m

research and * Apply understanding

» a considered rationale showing how the research question was

planning » Perform an investigation developed from the claim
» aresearch question that is specific and relevant
+ a collection of sufficient and relevant sources
analysis and » Analyse the evidence sourced + detailed and careful coverage of relevant trends, patterns and 6

interpretation during the research.

relationships

« Interpret the research evidence. + detailed and careful coverage of the evidence limitations
« justified scientific arguments based on evidence

conclusion and  Interpret the evidence from the » a conclusion that is justified and addresses the research question 6
evaluation research. » insightful examination of the evidence quality
» Evaluate the processes, claims + extension of the investigation findings that are credible
and conclusions within the » consideration of possible improvements and extensions to the
research investigation that are relevant to the claim
communication » Present the research findings, + scientific language and representations that are concise and fluent 2
including arguments and + suitable use of genre conventions
conclusions » appropriate referencing conventions to acknowledge sources
Total 20

The scientific inquiry is not a linear process. Scientists will not necessarily
complete these steps in the stated order and some steps may need to be repeated
or altered in order to more accurately address the research question.
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Instrument-specific marking guide

Student responses are assessed against an instrument-specific marking guide
(ISMG). In developing your research investigation and planning your response, it is
important to always have in mind the assessment objectives, and in particular the
characteristics that are described in the performance level descriptors.

The major features of ISMG are outlined below and shown for the Research and
planning criterion. The table is an interpretation of assessment criteria. Just as
with the student experiment, the ISMG is organised into:

« four criteria, though these differ for the research investigation: research
and planning, analysis and interpretation, conclusion and evaluation, and
communication

« performance levels, against which the qualities of the response are assessed
+ performance level mark, which may be a single mark or two-mark range

+ performance level descriptor.

In the modules that follow, you will find a guide to the research investigation.

Criterion: Research and planning

Objectives of assessment task
2 apply understanding of ... to develop research questions

5 investigate ... through research ¢ |
Key features that distinguish between marking levels: Marks (Performance level )
* Applying an understanding of the subject matter in an informed 5-6

way that demonstrates development of the research question

from the claim

¥ Applying an understanding of the subject matter in an informed

way, that demonstrates careful consideration of the rationale for

the question

-+ Development of a research question that is specific and relevant
from effective and efficient investigations

« Using sufficient resources that are relevant in and effective and
efficient investigation

Performance mark
The performance
indicator describes
requirements to
achieve marks.

Examples of
performance
characteristics

« Applying an understanding of the subject matter in an adequate 3-4
way that demonstrates links from the claim to the research
question

« Applying an understanding of the subject matter in an adequate
way that demonstrates a reasonable rationale for the question

« Development of a research question that is relevant from an
effective investigation

+ Using resources that are relevant to an effective investigation

« Applying an understanding of the subject matter in a rudimentary | 1-2
way that demonstrates a weak rationale between the research
question and the claim

* Development of an inappropriate research question from an
ineffective investigation

» Using irrelevant and insufficient resources in an ineffective
investigation

+ Descriptors not addressed 0

CHAPTER 1 | BIOLOGY SKILLS AND ASSESSMENT TOOLKIT e85



FIGURE 1.12.1 An article with a claim in the title

The
Reporter post

-

Purple rice can reduce risk
of heart disease and diabetes
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1.12 Developing the research
question from a claim

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» analyse a claim to identify scientific concepts, variables and measureable
terms within a claim

» develop a research question or hypothesis from a claim.

The research question should specifically address one of the concepts associated with
the claim. It should clearly state the relevant variables. All the research conducted for the
research investigation will be directly related to the research question. Therefore, the
process begins with the claim and understanding the concepts it addresses.

UNDERSTANDING THE CLAIM

The Queensland Biology syllabus defines a claim as ‘an assertion made without
any accompanying evidence to support it’.

The assertion or claim can be a sentence, a statement within a sentence, the title
of an article, a quote or anything published in any form. The assertion has to be in
isolation from any justification using data, research, evidence or reason from known
information to support it. (Figure 1.12.1). Your teacher will provide you with a
number of possible research claims. Your task will be to develop a research question
based on one of these claims. Your research question will focus your investigation,
making it necessary to gather evidence so that you can evaluate the claim.

So how is a research question formed from a claim that is not supported by
evidence? The claim itself has to be analysed and understood. Within the claim,
identify one or more of the following:

* known scientific concepts

* variables

* measurable terms

e ideas related to concepts

* aterm that is stated to influence another.

You should record all the information you collect during the investigation in
a journal, including the process of developing a research question from a claim.
This will be used in your research investigation report to address the ISMG
characteristic about developing a research question from a claim. Write down all
the elements found in the claim and try to categorise them using the above list.
Each element within the claim may suit more than one category. Table 1.12.1
outlines an example of analysing and categorising elements of a claim.

If you unpack the claim into elements such as related terms and concepts,
variables and measurable items, you can formulate questions using the elements
within the claim.



TABLE 1.12.1 Three examples of analysing and classifying elements of a claim

Example 1
Claim Still, it's important to water your potted Classifying elements of the claim
plants 3-4 times per week because the soil is  Water
likely to dry out more quickly. « known scientific concepts—cellular and homeostatic processes
] ] ) ] use water (e.g. temperature, hydration, cellular respiration and
Source and An article from the lowa public radio website photosynthesis)
cor!text of in reft_erence to potting rowgr?ng plants in_a « variable in many concepts (plant growth, temperature, homeostasis,
claim container compared to traditional gardening cellular respiration and photosynthesis)
in a garden bed « measurable
El e . Water ;Na\‘l:::ecr |Cn|1;|uences soil drying
of the claim » Water cycle (3-4 times/week) Y

» known scientific concept

* measurable

« related to concepts (plant growth, temperature, homeostasis, cellular
respiration and photosynthesis)

Soil drying

» variable in plant growth and cellular respiration and photosynthesis

* measurable

 related to plant growth, cellular respiration and photosynthesis
concepts

Plants causing soil to dry more quickly

» variables in growth, water cycle, cellular respiration and
photosynthesis

* measurable

» related to growth, water cycle, cellular respiration and photosynthesis

» Soil drying
» Plants causing soil to dry more quickly

concepts

Purple rice could combat cancer, diabetes Classifying elements of the claim

and heart disease but experts say it's too Purple rice

difficult to produce. « variable related to pigment and contents of rice

o » concept related to genetically modified organisms, nutrients, digestion

Source and A newspaper article in The Sun quotes and nutritional value
context of Chinese researchers that genetically « influences diabetes
claim engineered rice can combat diabetes (and Diabetes

other diseases) « known scientific concept in disease, hormonal imbalance and

homeostasis
» measurable term (type | or Il, blood insulin or blood sugar levels)
» influenced by purple rice
Combat diabetes
* measurable term (blood insulin and sugar levels)
» related to homeostasis, hormonal and disease concepts

Elements » Purple rice

of the claim » Diabetes

+ Combat diabetes

« Difficult to produce

Example 3
... he is vaccine-injured ... Classifying elements of the claim
Vaccines
Source and A Daily Telegraph newspaper article outlining . 3 known scientific concept
context of a parent’s claim regarding their son Injury

claim * a measurable term

Immunisation and immunity

Elements « Vaccines : .
« ideas related to vaccine concept

of the claim * Injury
* Immunisation and immunity
» Vaccine causes injury
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FORMING A QUESTION

A research question needs to be formed from the claim because the variables stated
in the claim may not be measurable or directly observable.

After extrapolating and expanding the claim further into possible scientific
elements, you can use each of these elements to form a question (Table 1.12.2). It
is best to formulate a number of questions and write them all down in your journal.
Each question must specify a dependent variable and enable a response that will
evaluate the validity or the reliability of the claim.

This necessitates forming questions and using the elements of the claim in the
phrasing of the research question. To complete this task, you will need to have an
understanding of the dependent and independent variables in the elements of the
claim. The claim may identify a dependent variable or independent variable; if not,
they will be elsewhere in the material.

Some guidelines to help form a question are:
finding a dependent variable or refining it by rephrasing the variable into
something measurable

choosing an element of the claim to become the independent variable, or
identifying it in the material

phrasing a question to ask if the independent variable will influence, cause or
correlate with the dependent variable

writing a few different questions. Usually the questions improve as you write
more, which allows the formulation of a more developed research question.
Read through Table 1.12.2 to see examples of questions formed from the
elements of the claims from Table 1.12.1.

TABLE 1.12.2 Three examples of formulated questions from a claim

Example 1

Claim Still, it’'s important to water your potted plants 3-4 times per week because
the soil is likely to dry out more quickly.

Elements Water

iiiEE i Known concepts—cellular and homeostatic processes use water (e.g.
temperature, hydration, cellular respiration and photosynthesis)

DldultiElERES o A Can plant homeostasis affect water in soil?
questions + B Can plant photosynthesis affect the soil?
+ C Can the temperature of soil affect plant homeostasis?

Claim Purple rice could combat cancer, diabetes and heart disease but experts
say it's too difficult to produce.

Elements Purple rice
idiiEE ) Variable related to pigment and contents of rice

FiIEELEE o A Can the pigments causing the purple colour of rice help diabetes?
questions » B Are the nutrients causing the purple colour of rice related to insulin?

Claim ... he is vaccine-injured ...

Elements Immunisation and immunity
ORGEEETE Are ideas related to vaccine concepts

FdallEERES o A Can immunisation cause injuries?
questions + B Can the immunity gained from vaccines cause injury?



REFINING THE RESEARCH QUESTION

As you conduct research into the concepts of the independent and dependent
variables, new information will likely refine the question.
The process of developing a research question is often cyclical (Figure 1.12.2).
It is important to record your development of conceptual understanding and
the knowledge you gain about the relationships between variables. The research
investigation requires evidence of the development from the claim to the research
question, as stated in the ISMG.

0 The research question and the development of the research question from the
claim using research, scientific concepts, knowledge and understanding is related
to ISMG characteristics:

e a carefully and deliberately constructed rationale identifying an easy to
understand development of the claim from the research question

e aresearch question that is clear, and applicable and pertinent to the
methodology

¢ selection of adequate, applicable and pertinent resources.

During the research, continue to record your findings in your journal and make
note of any ideas that may arise related to the questions. As you develop your
knowledge and understanding about the variables, refine the research question to
be more specific.

The goal is to develop the research question to a point in which exact data or
evidence can be found regarding the variables in the question. Hence, it will develop
into a research question when evidence from research can answer the question.
Table 1.12.3 compares formulated research questions that were refined.

TABLE 1.12.3 Development of the original formulated questions into research questions

Example 1

Formulated » A Can plant homeostasis affect
questions water in soil? the soil?
Refined research » A Can plant thermal
question homeostasis increase water loss

from soil? soil?

Formulated
questions

+ A Can the pigments causing the purple colour of rice
help diabetes?

Refined rese
question

+ A Can the pigments causing the purple colour of rice
reverse type 2 diabetes?

» B Can plant photosynthesis affect

+ B Can plant photosynthesis
decrease the amount of water in

claim

extracting
elements of

—
the claim ini
research reﬂnl_ng
question
formulating t i
questions
reflnlng research
question
~—

FIGURE 1.12.2 A diagram of a common process
for developing a research question. This cycle
can be repeated as many times as necessary
until a scientist is satisfied with the investigation
question.

Still, it's important to water your potted plants 3-4 times per week because the soil is likely to dry out more quickly.

» C Can the temperature of soil
affect plant homeostasis?

» C Can the temperature of soil
affect rate of plant transpiration?

Purple rice could combat cancer, diabetes and heart disease but experts say it’s too difficult to produce.

» B Are the nutrients causing the purple colour of rice
related to insulin?

« B Will purple rice affect the insulin response after a
meal differently to normal rice?

Claim ... he is vaccine-injured ...

Formulated
questions

» A Can immunisation cause injuries?
injury?

Refined research
question

+ A Can immunisation cause permanent
neurological disorders?
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« B Can the immunity gained form vaccines cause

+ B Can the immunity gained from vaccines cause
an allergy?
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In your research investigation report, your recorded research in the journal will
be used to write the considered rationale for the research question, displaying its
clear development from the claim. Your research investigation report will outline
its step-by-step development, justifying the steps that occurred in developing the
research question using scientific concepts, knowledge and understanding.

The Syllabus glossary definition for ‘specific’ (required by the research
investigation ISMG) is ‘clearly defined or identified; precise and clear in making
statements or issuing instructions; explicit’. The glossary defines ‘relevant’ as
‘bearing upon or connected with the matter in hand; to purpose; applicable and
pertinent; having a direct bearing on’.

Therefore, a specific research question must explicitly identify the dependent and
independent variables. The research question must be connected to the considered
rationale and the topic of study.

1.12 Review

* Aclaim is an assertion made without any » Research questions and hypotheses can be
accompanying evidence to support it. developed from claims by identifying the underlying

Retrieval
1 Define ‘claim’.

2 State what a research question should following claims.

explicitly identify.

Comprehension

3 Outline why a research question is refined.
4 Explain how refining a research question is related to

e90
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scientific concepts and variables of a claim.

Analysis
5 Formulate a question and then a hypothesis for the

a Red wine stops cancer.
b Chocolate kills dogs.
¢ Global warming will kill domestic cats.

6 Specify how research and understanding will enable
the research question to be relevant to the ISMG.



1.13 Finding and choosing suitable
resources

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» distinguish between primary and secondary sources
» locate a range of primary and secondary sources
» determine the validity and reliability of a source.

When you gather scientific evidence for the research investigation, source it from
reputable publications including:

* scientific journals: research papers and scientific reviews

» scientific articles written by organisations who apply scientific research to their

industry

« commercial articles such as science magazines, newspapers and also websites.

Your research investigation report must include a reference list of cited resources.
The resources used should be sufficient and relevant. The Biology syllabus defines
sufficient as ‘enough or adequate for the purpose’, and relevant as ‘bearing upon
or connected with the matter in hand; to the purpose; pertinent; applicable and
pertinent; has direct bearing on’. Figure 1.13.1 points out the features of sources
deemed ‘sufficient’ and ‘relevant’.

valid and reliable information—
based on sample size,
significant findings,
methodologies used to
test variables

Primary and secondary

sources (that are valid

and reliable) are both
valuable sources.

credible information
from authoritative
sources

sufficient and

relevant sources |——_|

relevant information
directly related to
research question

current and up-to-date
information

Use a variety and
number of sources to
achieve ‘sufficient'—no

single resource can
provide sufficient
information.

accurate and precise
information

FIGURE 1.13.1 Features of sources suitable for the research investigation
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« first-hand records of events or experiences

SOURCING INFORMATION

Consider whether the information you use is from a primary or secondary source.

Primary and secondary sources

Table 1.13.1 summarises the characteristics of primary and secondary sources.
Sometimes the same type of resource may be classified as both primary and
secondary, depending on when and by whom it was written. For example, a
scientist’s journal article on a clinical trial of treatments for teenage obesity is a
primary source, while a general magazine article about teenage obesity, written by
a journalist and referring to the scientific study, is a secondary source.

TABLE 1.13.1 Summary of primary and secondary sources

* interpretations of primary sources

written at the time the event happened + written by people who did not see or experience

original documents

the event
+ use information from original documents but rework it

results of experiments + textbooks

scientific journal/magazine articles * biographies

reports of scientific discoveries * newspaper articles

photographs, specimens, maps and artefacts * magazine articles

interviews with experts + radio and television documentaries

websites (if they meet the criteria above) » websites that interpret the scientific work of others
» podcasts

| UNITS1AND2

A primary source is written by the observer/witness of an event or the scientist
who conducted the research. The information has only been processed by the original
observer, so it is the least biased of all available sources of information. However,
even primary sources may be biased, because the observer or researcher had to
make choices related to the observation, control of variables, use of instruments and
choices for processing data.

Secondary sources of information are not eye-witness accounts butinterpretations
of events by other people. As second-hand information, their accuracy and reliability
may be reduced, and events may be interpreted through the writer’s perception and
bias. You should aim to use a wide range of data sources when using secondary
data, to cross-check for accuracy, reliability and validity of information.

When searching for information and evidence, follow these guidelines.

1 Determine if it is a primary or secondary resource.

Confirm it is valid.

a Check that it contains information that is specifically related to the claim.

b Check that the evidence and information is pertinent to the variables in the

research question.
3 Assess its reliability.
a Is it current/recent information?
Is it up to date in its understanding of relationships?
Is the evidence equivalent to other sources?
Check its credibility—consider who the author is, their qualifications
and expertise.

e Evaluate the methodology, including what variables were controlled
or measured.
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Articles in scientific journals

Peer-reviewed scientific journals are excellent sources of information. Journals are
collections of scientific reports written by scientists who conducted research. The
reports and articles in scientific journals are published primary sources, meaning
they are the results of the experiments (Figure 1.13.2).
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Squeezing the Muscle: Compression Clothing and Muscle
Metabolism during Recovery from High Intensity
Exercise
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Abstract

The of this skelﬂalmusdebbodﬁmandglu(oseumuhmbk!ps(ﬂﬂandm.
Qquadriceps femoris (QF) 1) during recovery from high intensity cycle exercise, and 2) while wearing a compression short

applying ~37 mmHg to the thigh muscles. Blood flow and glucose uptake were measured in the compressed and non-
compressed leg of 6 healthy men by using positron emission tomography. At baseline blood flow in QF (P=0.79) and BF
(P=0.90) did not differ b the and the non-comp: leg. During recovery muscle blood flow was
higher compared to baseline in both compressed (P<0.01) and non-compressed QF (P<<0.001) but not in compressed
(P=0.41) and non-compressed BF (P=0.05; effect size =2.74). During recovery blood flow was lower in compressed QF
(P<0.01) but not in BF (P =0.26) P to the d muscles. During baseline and recovery no differences in

was 1o it

blood flow were detected between the superficial and deep parts of QF in both, d (baseline P=0.79;
P=0.68) and non-compressed leg (baseline P=0.64; recovery P=0.06). During recovevy gluoose uptake was Nghev in QF
compared to BF in both conditions (P<0.01) wnh no dﬁereme the ¢ and d thigh.

Glucose uptake was higher in the deep d to the rficial parts of QF ion leg P=0.02). These results
demonstrate that wearing compression shorts with ~37 mmHg of external pressure reduces blood flow both in the deep
and superficial regions of muscle tissue during recovery from high intensity exercise but does not affect glucose uptake in
BF and QF.
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Introduction
Skeletal muscle blood flow incorporates a key role in acrobic

In the past two decades, various forms of compression clothing
have been applied by clite and recreational athletes duc to

muscle metabolism mav.chmg the delivery of oxygen and energy
b for ds, as well as the D of
waste products and heat from the muscle tissue. The response of
skeletal muscle blood flow and metabolism at the onset of and during
excrcise are well documented. In general, muscle blood flow
increases rapidly with an exercise-depended phmu afier appmx-

accumulating evidence regarding the possible performance [7,8]
and recovery [9-11] enhancing properties. Early rescarch showed
that the a.pphcaxnn of 15 mmHg external pressure while lying in
supine position n:dutts the cross-sectional arca of the venous
systems (from 2.63 em” to 0.33 cm?) thereby clevating mean linear
blood flow \tlocn) (from 0.5 cm/s 1o 25 cm/s) [12] and lhm

imately 30 s of exercise [1,2]. Muscle blood flow is he

reducing contact time and thromb [13]. The appli
of compression seems to enhance muscle blood flow |H| and has
P been iated with cnh d cl of bolites, such as

distributed [3] in 2 manner that it is higher in the deeper d

1o the superficial parts of the m. quadriceps femoris [4].

Another point is that blood glucose concentration plays an
imponam role in restoring muscle glycogen during recovery from
exercise [5]. Lnfonumutly, litde is known about the crucial role of
blood flow and its association to glucose uptake, dunng recovery
from high intensity exercise [6] and so far no study i

blood lactate [15,16]. However, it also has been suggested that
reduced levels of blood lactate are auributable to a greater
retention of the molecule within the muscle [15,16]. In this context
two recent ki reviews ized the cl'l'ccu of compr

sion on bolite ¢} w0 be 1 [17,18]. In this

this matter in with the application of p sl
clothing.

PLOS ONE | www.plosone.org

regard, ially cothing with a high level of compression
(>30 mmHg) has not been investigated regarding its effects on
blood flow and glucose uptake during recovery.

April 2013 | Volume 8 | Issue 4 | ¢60923

FIGURE 1.13.2 An extract of an article in a scientific journal, of a research report written by scientists.
It follows a strict structure: an appropriate title; the names of the authors; an abstract; and the report,
which includes introduction, method, results, analysis, conclusion and reference list.

You may find it difficult to access scientific journals because many journals
require subscriptions or financial membership. However, some journals are free.
Figure 1.13.3 on page €94 provides ideas for accessing scientific journals.
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school libraries

Public Library of
Science, known
as PLOS

PubMed and
Science Direct

universities

I

Many school
libraries have access
to scientific journals.

Offers free access to
articles in journals.

I

Offer free searches.

Most university
libraries are open to
the public.

Ask a librarian at
your school if you
can access
scientific journals.

FIGURE 1.13.3 Suggestions and information on accessing scientific journal articles.

Access to some The library holds
|  articles requires —  journals from all
membership. over the world.

Access on campus
but some
universities allow
access off campus.

FIGURE 1.13.4 A science magazine you might

b ;
——— e

|\
A\ Al »

>E
ACTEDDIE

find in your school library

e94
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Table 1.13.2 outlines some advantages and disadvantages of sourcing and using
articles in scientific journals for the research investigation.

TABLE 1.13.2 Advantages and disadvantages of using scientific articles for the research investigation

Advantages Disadvantages

+ written by experts « information is complex and challenging

+ authoritative information (peer-reviewed) to understand—complex language and

» most current information advanced processing and analysis of data
* logical, organised layout » requires an understanding of scientific

+ content is relevant to the topic language and numeracy to understand

+ contain an abstract that summarises all * may be time-consuming to read
information in the article (if you don’t and analyse
find the information in the abstract, the » well-established concepts do not have
article is not relevant) recent published articles

* primary source » may be difficult to locate

Books and physical publications

Secondary sources such as good science magazines and books are valuable sources
of secondary information.

The first source you should use is your textbook. The language and concepts
are presented specifically for high school students. In addition, the textbook
addresses the syllabus objectives. Non-fiction books and magazines will probably
be commonly used resources for the research investigation. Common commercial
science magazines in your school library could include New Scientist, Cosmos,
Scientific American and The Helix (Figure 1.13.4). Table 1.13.3 outlines some
advantages and disadvantages of non-fiction books as sources for your research.

TABLE 1.13.3 Advantages and disadvantages of using book resources for the research investigation

* may be written by experts » may not have been published recently
» potentially authoritative information » can be accessed by only one person at
* logical, organised layout a time

« content is relevant to the topic * may have more bias than primary

+ contain table of contents and index to sources

help find relevant information
+ easily located in libraries
+ written in language that is
understandable



Searching online

Online sources include online scientific organisations such as CSIRO, NCBI, AIMS,
Bioscience (Oxford Academic) and other university publications and presses. Many
government and privately funded science organisations publish material, as do
not-for-profit scientific organisations. Websites may direct you to magazines and
scientific journals, such as those described above, the news, podcasts, blogs and
videos (institutional, company and personal).

Information on the internet must be very carefully scrutinised. The openness and
ease of publishing on the internet means information may not be valid and reliable.
Use the earlier guidelines (see page €92) to help you evaluate sources. Table 1.13.4
outlines advantages and disadvantages of locating and using information online.

When searching for relevant information, you will need to use a search engine
and use appropriate search terms. Some tips when searching online include
the following.

e Break your search statement into concepts and key words.

¢ Find synonyms, other related terms and concepts that apply to the topic.

¢ Create concepts of 1-3 words to enter into the search engine.

e Try different combinations of terms.

¢ Don’t settle for the first sites on the list for your first attempt and look beyond
the first page of results

¢ Look through the results for sites from science organisations and research
institutions (e.g. CSIRO, WEHI, NIH; .gov, .org), universities (.edu) and science
journals and magazines.

TABLE 1.13.4 Advantages and disadvantages of using internet resources for the research report

Advantages Disadvantages

» quick and easy to access » can easily become distracted by non-

+ allows access to hard-to-find information

allows access to the whole world; millions
of websites

information is potentially more up to date
may be interactive and use animations to
enhance understanding

relevant information

a lot of ‘junk’ sites and potentially more

biased material

need to discern search engine results to

find most useful sites
cannot always tell how up to date

information is

» can be hard to tell who has responsibility
for authorship

» information may not be well ordered

* may not be reliable, valid or credible

Overview of resources

Your textbook should be your first source of reliable information. Other information
should be consistent with this. Articles published in journals and magazines often
present findings of new research, which may or may not be confirmed later, so
be careful not to treat such sources of information as established fact. Scientific
journals are peer-reviewed (critically reviewed by other specialist scientists), which
make them more credible than other sources.
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SKILLBUILDER

Evaluating sources for validity and reliability

Determining the validity and reliability of a source can be a challenging task. For some sources, it is easy to find details
about the author, evidence and currency, while others only contain content and do not offer any other details. Another
difficulty is when learning about a new topic or concept, we are all novice learners so it can be challenging to tell if a
source is valid or not.

These tables outline examples of evaluating a resource step by step, for a claim about the effect of temperature on
enzyme activity

SOURCE EVALUATED: Observing single enzyme molecules interconvert between activity states upon heating—scientific research article

Primary Is this an eye-witness account or  primary » Research article published in PLOS

or a second-hand source? » Research results published in article

secondary

Validity Does it contain information yes » Outlines information directly related to effect of temperature on
that is specifically related to the enzyme structure and activity
claim?
Is the evidence and information yes » Information, experiment and results are specific to temperature
pertinent to the variables in the (independent variable) and enzyme activity (dependent variable)

research question?

SEHELITAY Is it current/recent information?  yes » Published January 2014
Is it up to date in its yes » Information outlines fast dynamic changes to enzyme conformity
understanding of relationships? (structure) due to temperature cited from recent resources (up to
2012).
Is the evidence equivalent to mostly » Some results are new and previously untested, therefore provides
other sources? new knowledge never before seen.
Check credibility—consider who » Authors Marcin J. Rojek, David R. Walt are scientists from the
the author is, their qualifications Department of Chemistry, Tufts University, Medford, Massachusetts,
and expertise USA
» David R. Walt is the scientific founder of Quanterix, which funded the
experiment
Try to find the sample size known » 1000 individual samples for each temperature

Try to establish what variables known + Temperature (40°C, 45°C and 50°C)

were controlled or measured « Sample size
« Solution concentrations (of all solutions)
» Equipment (numerous pieces of equipment | do not understand)
* Numerous others | do not understand
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SOURCE EVALUATED: Bioninja enzyme activity

Primary Is this an eye-witness account or a second-hand source?  secondary » General info with schematic diagrams
or
secondary
Validity Does it contain information that is specifically related to yes « Effect of temperature on enzymes
the claim?
Is the evidence and information pertinent to the yes » Temperature (independent variable) and
variables in the research question? enzyme activity (dependent variable)
SEIEBIA Is it current/recent information? unknown * No dates provided; however,
corroborates with other sources
Is it up to date in its understanding of relationships? unknown * Resources not listed; however,
corroborates with other sources
Is the evidence equivalent to other sources? yes » Equivalent to other sources
Check credibility—consider who the author is, their unknown * No author published

qualifications and expertise

Try to find the sample size unknown » Not published
Try to establish what variables were controlled or unknown * Not published
measured

Test the skill

In researching the claim ‘There is more than one way to photosynthesise’, the article ‘The photosynthetic process’ at
https://www.life.illinois.edu/govindjee/paper/gov.html was found. Evaluate this source in relation to its usefulness in
investigating the claim. Use a table like those in the examples above, to make a judgement of the validity and reliability
of the source.

SOURCE EVALUATED: The photosynthetic process https://www.life.illinois.edu/govindjee/paper/gov.html

Primary or Is this an eye-witness account or a second-hand source?
secondary

Validity Does it contain information that is specifically related to
the claim?

Is the evidence and information pertinent to the
variables in the research question?

Reliability Is it current/recent information?
Is it up to date in its understanding of relationships?
Is the evidence equivalent to other sources?

Check credibility—consider who the author is, their
qualifications and expertise. Are they qualified?

Try to find the sample size

Try to establish what variables were controlled or
measured

CHAPTER 1 | BIOLOGY SKILLS AND ASSESSMENT TOOLKIT e97



1.13 Review

Scientific evidence for the research investigation
can be sourced from numerous publications
including scientific journals, scientific articles and
commercial articles.

KEY QUESTIONS

1

Decide whether each of the following is a primary or

a secondary source.

a a newspaper article about global warming

b an experiment to investigate chemical changes
when mixing combinations of chemicals

¢ an interview with a forensic scientist about using
science in tracking criminals

d a website with information about genetic
engineering

Comprehension
2 Use a graphic organiser to depict the characteristics

e98

. Retrieval

of primary and secondary sources, and when to
use each.
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A primary source is written by the observer/witness
of an event, or the scientist who conducted the
research.

A secondary source is a document that refers to or
analyses a primary source.

Analysis
3 You are learning about genetically inherited diseases

and are searching for facts about cystic fibrosis.

Determine which of the following resources should be

the most valid, after applying the evaluation step-by-

step guide in the Skillbuilder on pages €96 and e97.

Explain your answer.

A the book Cystic Fibrosis, published in 1997

B the article ‘Living with cystic fibrosis’ published in
the Daily Mail on 23 February 2008

C the website www.cysticfibrosis.org.au, accessed on
30 October 2015



1.14 Research: taking and organising
notes

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» use your scientific journal to take and organise notes, and to refine
experimental procedures
» paraphrase information found in primary and secondary sources.

As previously mentioned, you should keep a journal to record all the ideas, research
and developments of the research investigation. Once all the work is complete, the
information in the journal should form the basis of your research investigation
report. There is no need to produce new work because it is already completed in
the journal.
Scientists organise their journal notes to record the:
¢ date of journal entries
e journal entries for:
- ideas, observations, proposals and questions
- research background information for ideas, observations, proposals and
questions
- refinements
- personal explanations of information, concepts, ideas, observations, proposals
and questions (this often includes diagrams)
- results, data and evidence
e origin of information (recording sources).

RECORDING DATE OF JOURNAL ENTRIES

Always place the date at the beginning of the work you are doing. This is how
professionals catalogue and file information. When trying to find previous work
completed, most people try to remember ‘when’ they completed the work. They
think ‘I’'m sure I did the research of Y after I found the information on X last week’.
Always date your work and research; it will become a simple yet effective filing
system.

o Many professionals use a couple of cataloguing systems when they are
recording information in their journals. They usually record the date of entries
and provide a title for their entries. The titles are often related to their own work
and objectives (categories) rather than the title of the source. The title of the
source is recorded when the origin is recorded. The most common cataloguing
techniques are dates, titles and recording the source.

RECORDING JOURNAL ENTRIES

Each journal entry should follow a cataloging system; most typically this is the date
and a title. A reference point or cataloging system helps you to find information
when you are searching for information later.

Ideas, observations, proposals and questions
You may be surprised how often simple ideas, observations, proposals and questions
influence, direct and help your research days or weeks later.
Your ideas, observations, proposals and questions could be related to:
* the variables or concepts involved in your investigation
* new terms you were exposed to and do not understand
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e data or evidence you do not currently comprehend but which are important to

a part of the investigation
* statistics about significance in the analysis of some information
* ideas and proposals about possible future research and questions.

Record all of these in your journal. Later they may:
e save you time by:

- preventing you from researching the same idea twice

- helping you to link ideas from one day or week to the next when you return

to your work

- suggesting guidance and pathways for research and queries that are related
e provide links between concepts in the future that are currently unknown
» provide answers (or partial answers) to future issues, conceptual blocks and questions
* develop understanding of unrelated concepts that become pertinent later.

The content and recordings in your journal will not be in a logical conceptual
order, as are your class notes or a textbook. This is because you are researching
unfamiliar knowledge and you won’t know how it all fits together until the research
is complete. The journal will contain all you need to complete the report later.
Before you add an entry to your journal, make sure you have recorded the date and
provided your own title for the entry.

Researching background information

Information taken from a source should be re-written or summarised in your own
words in the journal. Avoid copying information verbatim so you are not tempted to
plagiarise when you write up the research investigation.

It can be difficult sometimes to paraphrase (re-word) sources into your own
words, especially if it is already expressed well and concisely. Before you write and
record the research information, read the material and understand its meaning.
Without referring back to the source, write notes in your journal, in your own
words. Use multiple sources and a dictionary as references for information. In
your journal, your notes should be detailed with extended explanations that you
will fully comprehend when you refer back to them at a future date. See Worked
example 1.14.1 for a few examples of re-wording information.

Worked example 1.14.1
RE-WORDING INFORMATION FROM SOURCES

An information source states that:

‘It can be expected that the days will be warm and the nights will be cool over the next 3 days due to the high-pressure

system moving across the region!

Re-word this information into your own words.

Thinking

Working

Can swap the order of information, the object (the Due to the high-pressure system moving across the region, the days
warm days and cool nights) with the reason (high will be warm while the nights will be cool.

pressure system).

Can change numerous words such as adjectives, It has been predicted that during the daytime it will be warm while

verbs, adverbs and nouns.

the evenings will be cool for about 3 days, as a high-pressure system
travels over the region.

Can elaborate on the information to explicitly The weather forecast expects (made a prediction based on computer

outline explanations.

simulations) that the temperature during the day will be warm
(22-25°C) and the evenings will be cool (below 12°C) due to a high-
pressure system (weak high-pressure system), which dissipates clouds
and allows direct sunshine to warm the Earth’s surface. However, in
the evenings this system brings cool air from higher altitudes that is
no longer warmed by the Sun.

el00
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>» Try yourself 1.14.1
RE-WORDING INFORMATION FROM SOURCES

An information source states that:

‘This will be followed by a low-pressure system which will bring cooler days and
not so cool nights.

Re-word this information into your own words.

Personal explanations and interpretation

Your journal is a valuable tool that is personal to you. As such, it should be written
and displayed in formats that you understand and that make meaning of information
to produce the research investigation report. It can include writing, drawings and
schematics (e.g. flow charts).

Sometimes, one form of recording information provides more details than
others. The details are not only facts; they can be the order of events, their location
or their physical orientation. Therefore, use a variety of ways to record or present
the information to encapsulate more comprehensive details. Figure 1.14.1 presents
the same information in a few different ways.

a ‘ b

| Protein is synthesised using coded information from DNA. The DNA | NA i ied in NA

| code is replicated into an RNA strand which is transported to the ! —(codedinformation)
| ribosome (which is at the endoplasmic reticulum). Here the ribosome
| uses the coded information to build a protein.

RNA transported to
Endoplasmic recticulum and
Ribosome

Ribosome uses coded
information to build protein

c 1 DNA containing 2 DNA code for protein 3 Ribosome receives RNA
the code to is copied into an strand and builds
make protein. RNA strand. protein using the code.

The growing
polypeptide
chain eventually
constitutes a
protein.

attached
amino acid

ribosome

N 4
UGCUAG C¢
GUACGAUCUG)

FIGURE 1.14.1 Three ways of recording the same information in a journal: (a) a written summary on protein synthesis;
(b) a flow chart showing protein synthesis as a schematic; (c) a diagram explaining protein synthesis
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Glucose concentration (mg/dL)
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Results, data and evidence

When you find scientific results, data or evidence in a resource, it is important to
record the values or reproduce them in the journal. Figure 1.14.2 shows examples
of research evidence and how they can be reinterpreted for a journal entry. Along
with the results, data or evidence includes:

specific details and your own interpretation of significant values

the trend or pattern

the comparison or difference between one set of values and another

the statistics used to establish significance and also the author’s interpretation.
When making journal entries of data, statistics and methods (e.g. R’ value,

confidence interval, standard deviations or Pearson coefficients), it is important that
you express the information in your own words.You will most likely have to conduct further
research to understand the statistics, their meaning, and the author’s interpretation of the
results as you will come across new statistical calculations you haven’t seen previously.

—e— insulin GKR
5U/kg bw. (N=28)

~e— insulin glargine
5U/kg b.w. (N =5)

~#-0.9% NaCl (N = 6)

b

1617117

| Data analysis

| Fig 3 a-d Glycaemia profiles personal interpretation: !
| Each graph shows how much glucose is in the blood after being injected |

_manufactured by companies for diabetics), a new insulin molecule

600

1004

T

4 8 12 16 20
Time (hours)

—e~ insulin GEKR
5 U/kg b.w. (N = 10)

—e— insulin detemir
5U/kg b.w. (N =10)

~e- 0.9% NaCl (N =7)

24

_(genetically engineered) and salt.
| Graph a)

* Green line salt. Did not remove much glucose from the blood
when injected.

¢ Blue line = insulin GKR 5 (genetically engineered). Removed
alot of glucose from the blood, then returned to normal
reasonably quickly over 12min.

* Purple line = insulin glargine (typical manufactured molecule).
Removed a lot of glucose from the blood, then returned slowly to |
normal by 20min.

* Crosses and black circles above data is significant according to
p<0.5

T T
12 16 20

e
0

24
Time (hours)
(©)
700
600+
X
X x X -
5Oo-".x x X T 1 | j

Glucose concentration (mg/dL)
5
o
1

100

~e— insulin SR
5 U/kg b.w. (N = 10)
-e- insulin glargine
5 U/kg b.w. (N = 10)
~#- 0.9% NaCl (N = 6)

| What does p < 0.05 mean: !
| Is a statistical calculation that estimates the probability of something.

L |_occuring within natural variation (assuming a null hypothesis). Here, it is|
_between the salt and insulin results and also the GKR5 and glargine |

variation causing the results in less than 5%. =

| These results mean that there is more than a 95% chance that these
| results are due to the independent variable (the different type of
| insulin). (source: http://www.stasdirect.com/help/basics/p_values.htm)

g

700+

[ I T Y -
(=3 (= (=3 (=3 j=3
? (=] (=1 (=1 (=1

1 1 1 1

Glucose concentration (mg/dL)

T T T T
8 12 16 20
Time (hours)

24

—e— insulin AKR
5 U/kg b.w. (N = 10)

—e— insulin glargine
5 U/kg b.w. (N=6)

—e— 0.9% NaCl (N=6)

FIGURE 1.14.2 The interpretation of original primary evidence from a research journal
article: (a) primary evidence displayed in graphs with statistics; and (b) student’s
interpretation in their journal
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Recording the origin of information

As you conduct your investigation and research, it is important to write down
the source of the information. This will enable you to return to the source later to
continue researching, collect further information or recheck details. You will also be
required to produce a reference list in the report, and it will save time if you have
already recorded the source of the information.

Table 1.14.1 shows what information to record about sources you use.

TABLE 1.14.1 Information that should be recorded about sources used in the research report

N

+ author/s + author/s or name of organisation

. title . title

» date of publication » date website was written or updated
* publisher » date website was accessed

+ place of publication » website address (URL)

+ page/s

1.14 Review

» There is no single method for taking and organising notes.
» A scientific journal enables scientists to record and organise their notes.
» Scientists continually revise and refine their experiments on the basis of previous experimentation and results.

KEY QUESTIONS

Retrieval
1 List the information that should be recorded about
an online source in your journal.

Comprehension

b A team of scientists from the Oregon Health and

Science successfully repaired a defective gene
in human embryos. The gene that was targeted
. ] ] o caused a heart defect, known as hypertrophic
2 Explain the benefit of keeping a scientific journal. cardiomyopathy, which causes sudden death in
Analysis young adults.
3 Rewrite the following text in your own words. ¢ This study found that water temperature had

a A group of patients was administered adrenaline no significant effect on the amount of bacteria

during a cardiac arrest to determine if adrenaline
would improve patient outcomes. There was

no statistically significant improvement in

patient outcome between patients who received
adrenaline and those who did not.

remaining on hands after washing. Rather, the
length of time spent scrubbing hands, as well as
the vigour of scrubbing, had the most effect on
removing bacteria from hands.

1
1
1
1
1
1
1
1
1
1
1
Science University and Korea’s Institute for Basic .
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1.15 Writing a report for the research
investigation

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» write a report for your research investigation
» write a literature review for your research investigation.

There are many ways to present your report of your research investigation. A written
report should be 1500-2000 words long and can include a literature review, an
empirical essay and an annotated bibliography. Alternatively, you can create a poster
or a multimodal presentation of 9—11 minutes in length. This is not an exclusive list.
Even though there are many ways to present your report, it must follow a scientific
genre and meet the requirements of the Biology syllabus.

Writing a research investigation report requires scientific communication
and you will need to follow scientific genre conventions. An explanation of these
requirements has been provided in Module 1.11. A report should communicate
information in a logical sequence (introduction, body and conclusion) and may
contain subheadings. Many of the characteristics of the student experiment are
closely related to the research investigation. The focus of the student experiment is
on interpreting data collected during a scientific investigation, while the focus of the
research investigation is to explore a claim.

Table 1.15.1 summarises the characteristics of the genres for presenting the
research investigation. This module focuses on the literature review.

TABLE 1.15.1 Summary of features of presentation genres for the research investigation

Science presentation | Brief description
genre

literature review A report that evaluates information found in a publication, » Abstract

related to the selected topic. The report gives a theoretical + Introduction to topic, providing context

base for the claim (question), and analyses and interprets » Discussion of information/data

information/data related to the claim. The objective is to point < Analysis of information/data

out strengths and weaknesses of the claim. + Evaluation of information/data

» Conclusion related back to claim

empirical essay Very similar to a literature review. - Presented as paragraphs that flow on in a
annotated Notes, comments and explanations about article(s). An el CrElppme 6lf B

bibliography evaluation of a claim after investigating how other sources ° Lezs sUloineaeings

treat the claim.

poster An oral presentation accompanies the poster. Poster presents  + Includes all the above
ideas concisely and clearly. These ideas are elaborated upon + Visual, oral and text presentation
in the oral presentation. » Uses font size, colour, dot points, subheadings,
logical flow of information to effectively deliver
information
LITERATURE REVIEW

A literature review usually includes an introduction, a body and a conclusion.
It critically analyses information and convinces the reader of the significance
or importance of the topic being investigated. This is achieved by presenting
information in a logical sequence that guides the reader through the material to
understand its significance. The research question provides the foundational
direction and guidance of the literature review.
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Qualities found in a literature review

Not all qualities and elements of a full literature review will be appropriate for the

research investigation. The literature review will be limited to the word count and

ISMG characteristics in the syllabus. Depending on the research question and the

topic being investigated, your literature review may:

¢ determine the current understanding of the topic

e provide an overview of key concepts (relevant to the research question)

e identify important relationships between variables (specific to variables that
influence the independent or dependent variables stated in the research question)

¢ identify strengths and weaknesses of evidence in the information used for the
above points

¢ identify any gaps in the research

* identify any conflicting evidence.

One of the key qualities of a literature review is that it is a critical analysis of the
evidence to communicate a true understanding of the ‘big picture’ about a topic.
It does not just summarise information. Very few phenomena are witnessed in
science, especially biological science, so facts are not exactly known. Science is more
about models, theories, laws and principles, and their continual development. The
literature review should critically analyse evidence, both strengths and weaknesses,
as well as the gaps and conflicts to convince the reader about the current state of a
large jigsaw puzzle of conceptual relationships.

A literature review should:

e critically analyse the evidence—establish what it means and account for the
statistical processing of data used (be sure to analyse the methodologies, samples,
results and data processing and analysis)

« discriminate between relevant and irrelevant sources and content—only use the
relevant in the literature review

¢ logically inform and convince the reader—plan the introduction, body and
conclusion.

There is no strict rule about the number of articles you should consult for the
research investigation. The term ‘sufficient’ is defined by the QCAA Biology syllabus
as ‘enough or adequate for the purpose’. The purpose of the research investigation
is to evaluate the claim. Therefore, if the number of articles enables you to draw
a justified conclusion about the research question and explore both sides of the
argument, then the number of sources is sufficient. Relevant research is that which
is connected to the rationale and unit under study.

A thorough analysis requires complete attention to every detail. Therefore, the
research should include analysis and synthesis from different sources. It should
identify patterns, trends and relationships that are related to the investigation. Also,
it should be explicitly connected to the research question as well as clarify where the
sources agree and disagree.

The analysis should identify all the limitations of the research because this may
affect how valid the information (primary or secondary) is to the research question.
Do not analyse data and its limitations in a way that only demonstrates what you
want to show. Such bias will result in an inappropriate and erroneous conclusion
that is invalid. Quality scientific analysis is open to any result.

Justified scientific arguments are those that are supported by sound reasons or
evidence. Therefore, you must apply your scientific understanding and conceptual
knowledge to the evidence that you have examined.

You should consider the following factors.

e State whether a pattern, trend or relationship was observed between the
independent and dependent variables.

¢ Describe what kind of pattern it was and specify under what conditions it was
observed.
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¢ Note and explain any deviations in the data or information.
* Identify any limitations in the data or information researched. Why and how do
these limitations affect the validity to the research question or conclusion?
Your analysis of information may also include an evaluation of the methodology
used by authors to obtain their data or information.

Conclusion and evaluation

In the conclusion, the discussion should include an understanding of the features
of the evidence that limit its usefulness. For example, did the sampled population
reflect the population referred to in the research question? Is the data from measured
samples or from estimated models? Did the studies occur under different conditions
or categorise the independent variables differently so comparison was impossible?

The above questions require a justified discussion that evaluates the reliability
and validity of evidence. Therefore, it is important to discuss the limitations of each
source. You can do this by:

e evaluating the method of evidence collection

» identifying issues that could affect validity, accuracy, precision and reliability of
evidence

* stating sources of systematic and random errors

* recommending improvements to the evidence to improve validity.

In the discussion, you should recommend improvements to the investigation that
are linked to the evidence and would address the limitations and gaps in knowledge
that have been identified during the research investigation. Your suggestions must
be connected to the claim and allow further investigation.

Communication

This section will provide a guide to writing an appropriate scientific report and
some of the general conventions that need to be followed for a literature review.

Once a plan for the literature review has been developed, word limit guides can
be assigned to each section (Figure 1.15.1).The notes in your research journal will
give you a good idea of which sections will require more words for explanations
than others. The journal will also help you make decisions on which figures, data
and evidence to include and also how many words may be required to elaborate on
the evidence. Distribute the total word count across all sections you plan to include
in the literature review.

The word limit guide is not binding. As you complete your review you can
alter the word guide and distribution of the word count if you feel it is necessary.
However, make sure the limit outlined in the syllabus is never exceeded.

Planning the research investigation report will help address the syllabus ISMG.
Figure 1.15.1 illustrates how planning can to be done to ensure the syllabus ISMG
is addressed.

a b c

__| Literature review outline: __| Literature review outline: | Literature review outline:
1. Introduction 1. Introduction 1. Introductioy- 400 words
2. Analysis 2. Analysis 500 words
3. Interpretation 3. Interpretation retation — 200 words
4. Evaluation 4. Evaluatl.on g valuatl‘on - 600 words
5. Conclusion 5. Conclusion 5. Conclusion -~ 300 words

[ ) ) 6. Reference list 6. Reference list
. ©.Referencelist

X Introductlon (plan address ISMG) informed apphcatlon of

|den1;|fymg clear development of the research questlon

lntroductlon (plan address ISMG) informed applncatuon of

ldentlfymg clear developmern; of the research questlon

FIGURE 1.15.1 Planning the literature review. (a) A planned outline of the research investigation report to ensure the syllabus ISMG is addressed.
(b) Assigning the ISMG characteristics to the sections in the planned outline. (c) The word count guide planned.
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Structure of a written report

Although the use of headings in scientific reports is essential to guide and direct
scientists to particular information, there is no single correct convention for a
scientific report. A typical structure includes an introduction, body, conclusion and
reference list.

Edit the report after you have completed it. Editing is an important part of the
process. After editing your report, save new drafts with a different file name and
always back up your files in another location. Pretend you are reading your report
for the first time when editing. When reading your own work, do not read it as what
you intended to write it but what you have actually written. Reading the report out
aloud to yourself will help you read it more critically.

When editing, look for content that is:
e ambiguous or unclear
e repetitive
e awkwardly phrased
¢ too lengthy
e not relevant to your research question
e poorly structured
¢ lacking evidence
* lacking a reference (if it is another researcher’s work).

1.15 Review

» There are several genres that can be used to report » A literature review critically analyses information
a research investigation, such as a literature review, and convinces the reader of the significance or
empirical essay, poster presentation and annotated importance of the topic being investigated.
bibliography.

KEY QUESTIONS

Retrieval

1 State the convention for the literature review genre. 3 Outline how you would achieve an analysis of
the methodologies, samples and results in a

Comprehension : :
literature review.

2 Explain the purpose of a literature review.
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UNIT

Cells and multicellular
organisms

Cells as the basis of life
Multicellular organisms

Unit 1 objectives

Students will:

describe and explain cells as the basis of life, and multicellular
organisms

apply understanding of cells as the basis of life, and
multicellular organisms

analyse evidence about cells as the basis of life, and
multicellular organisms

interpret evidence about cells as the basis of life, and
multicellular organisms

investigate phenomena associated with cells as the basis of life,
and multicellular organisms

evaluate processes, claims and conclusions about cells as the
basis of life, and multicellular organisms

communicate understandings, findings, arguments and
conclusions about cells as the basis of life, and multicellular
organismes.
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CHAPTER

2 The fundamental cell

By the end of this chapter, you will understand the importance of cells as the basic
structural and functional units of life on Earth and how the development of new
technology continues to enhance our understanding of the structure of the cell and
cellular processes. You will learn about the components of different types of cells,
and how the structures and systems of cells function to sustain life. You will also
have an understanding of the fluid mosaic model of the cell membrane and of the
different processes by which a cell moves substances across this membrane.

Syllabus subject matter
Topic 1 e Cells as the basis of life

B CELL MEMBRANE

» describe the structure of the cell membrane (including protein channels,
phospholipids, cholesterol and glycoproteins) based on the fluid mosaic
phospholipid bilayer model
describe how the cell membrane maintains relatively stable internal conditions
via the passive movement (diffusion, osmosis) of some substances along a
concentration gradient
explain how the cell membrane maintains relatively stable internal conditions
via the process of active transport of a named substance against a
concentration gradient

understand that endocytosis is a form of active transport that usually

moves large polar molecules that cannot pass through the hydrophobic cell
membrane into the cell

recognise that phagocytosis is a form of endocytosis

predict the direction of movement of materials across cell membranes based
on factors such as concentration, physical and chemical nature of the materials
explain how the size of a cell is limited by the relationship between surface area
to volume ratio and the rate of diffusion

PROKARYOTIC AND EUKARYOTIC CELLS

recognise the requirements of all cells for survival, including:
- energy sources (light or chemical)
- matter (gases such as carbon dioxide and oxygen)

- simple nutrients in the form of monosaccharides, disaccharides,
polysaccharides
amino acids, fatty acids, glycerol, nucleic acids, ions and water
removal of wastes (carbon dioxide, oxygen, urea, ammonia, uric acid, water,
ions, metabolic heat)
recognise that prokaryotic and eukaryotic cells have many features in common,
which is a reflection of their common evolutionary past
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recall that prokaryotic cells lack internal membrane-bound organelles, do not
have a nucleus, are significantly smaller than eukaryotes, usually have a single
circular chromosome and exist as single cells
understand that eukaryotic cells have specialised organelles to facilitate
biochemical processes
photosynthesis (chloroplasts)
cellular respiration (mitochondria)
synthesis of complex molecules, including proteins (rough endoplasmic
reticulum), carbohydrates, lipids and steroids (smooth endoplasmic
reticulum), pigments, tannins and polyphenols (plastids)

- the removal of cellular products and wastes (lysosomes)

identify the following structures from an electron micrograph: chloroplast,
mitochondria, rough endoplasmic reticulum and lysosome
compare the structure of prokaryotes and eukaryotes

SCIENCE AS A HUMAN ENDEAVOUR

Link the history of cell theory to the development of microscopes.
MANDATORY PRACTICALS

Investigate the effect of surface area to volume ratio on cell size.

Prepare wet mount slides and use a light microscope to observe cells in
microorganisms, plants and animals to identify the nucleus, cytoplasm, cell
wall, chloroplasts and cell membrane. The student is required to calculate total
magnification and field of view.
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understand the importance of cells as the basic structural and functional

units of life on Earth

» understand the difference between light microscopy and electron
microscopy

» calculate magnification of microscope images and field of view.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Cells are the basic structural units of all living things. The cell theory is one of the
fundamental principles of biology. It is based on microscopic and experimental
studies of tissues, from all types of organisms, carried out over the last 300 years.

In this module, you will learn about cell theory, the differences between plant
and animal cells, and the microscopy techniques that are used to view cells and their
components.

CELL THEORY

The cell theory was developed over hundreds of years by scientists of various
nationalities and depended on the technology available at the time.

Cells are the basic structural units of living organisms. The cell theory states that:
» all organisms are composed of cells
e all cells come from pre-existing cells
e the cell is the smallest living organisational unit.

BIOGENESIS

The cell theory states that all cells arise from pre-existing cells. This is known
as biogenesis.

Until the 1850s, the idea of spontaneous generation was accepted as the origin
of small organisms, such as maggots. According to the theory of spontaneous
generation, some organisms could suddenly form from certain types of matter, such
as a grain of sand or dead flesh.

However, experiments by Francesco Redi on maggots in the 17th century and
Lazzaro Spallanzani on microorganisms in the 18th century refuted spontaneous
generation. These scientists showed that the presence of maggots and microorganisms
was a result of contamination rather than spontaneous generation.
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FIGURE 2.1.1 The cells in a plant, an animal and a bacterium have common features, including a cell membrane, cytoplasm, DNA and ribosomes.

Not all features are visible here.

0 Proteins are large molecules
composed of one or more
polypeptides. Polypeptides
are long, chain-like molecules
consisting of many amino acids
linked together.

THE CELL

Cells are the basic structural unit of all living things. There are two fundamentally
different cell types: prokaryotic cells and eukaryotic cells. The differences between
the types of cells are explained in more detail in the next module.

Although there are different types of cells, the cells of plants, animals and
bacteria have a number of common features. Some of these features are shown in
Figure 2.1.1 and include:

e a cell membrane, which separates the interior of the cell from the outside
environment

e cytoplasm, which consists of the cytosol and, in eukaryotes, the organelles;
cytosol is a gel-like substance that is made up of more than 80% water and
contains ions, salts and organic molecules

« DNA (deoxyribonucleic acid), which carries hereditary information, directs
the cell’s activities and is passed accurately from generation to generation

* ribosomes, which are organelles responsible for the synthesis of proteins.

Cells contain organelles, which have specialised functions. Organelles
are subcellular structures involved in specific functions of the cell. This
compartmentalisation of the cell ensures that the chemical processes of the cell can
occur efficiently. Each organelle is functionally and structurally distinct. Organelles
are surrounded by membranes to separate their processes from other parts of the
cell and to provide an optimal cellular environment for the biochemical reactions
occurring in the cell. Prokaryote cells do not contain any membrane-bound
organelles.

CELL SIZE

Cells vary greatly in size, as can be seen in Figure 2.1.2. Most cells are microscopic
and, thus, you need a microscope to see them. Cell size is usually measured in
micrometres. There are 1000 micrometres (um) in 1 millimetre (mm). There are
exceptions, such as the egg cell of some bird species, which can be many centimetres
in diameter. Some typical cell sizes are as follows:

* bacterium: 0.1-5 um long

*  human: 10-200 pum long

*  Paramecium (a single-celled eukaryote): about 150 um long.
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The thickness of cell membranes also differs and can be between 0.004 and
0.1 um.

100 pm

80 um

60 um

40 um

20 um

g g

plant cell human cheek cell human red blood cell  bacterium

FIGURE 2.1.2 A typical plant cell, human cheek cell, human red blood cell and bacterium. Note the
great difference in size between the eukaryotic cells and the prokaryotic cell (bacterium).

The size of the cell is determined by its ability to efficiently move substances
into, out of and around the cell. Unicellular (single-celled) organisms, such as
bacteria, must be able to absorb their requirements from their environment quickly
and then move these materials around the cell to perform the necessary functions of
life. These functions include basic metabolic processes such as cellular respiration,
homeostasis and reproduction. However, as cells become larger, this movement
becomes less efficient. Multicellular organisms have overcome this problem by
developing complex transport systems to ensure that each cell is efficiently supplied
with the nutrients and gases needed to sustain life.

Units of measurement

The development of sophisticated microscopy technology to observe cells and
intracellular particles has allowed scientists to measure increasingly smaller objects
(Figure 2.1.3).This has led to the development of appropriate units of measurement
to describe microscopic lengths.

cell
membrane

ribosome

”

leaf tissue

| CFI KD N DY Y DN (T S
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0.1 nm 1 nm 10 nm 100 nm 1 pm 10 um

100 um 1 mm 10 mm

FIGURE 2.1.3 The scale shows the range of size of a variety of cells, organelles and molecules within a cell. The scale is logarithmic to accommodate the

range of sizes shown.
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FIGURE 2.1.4 A comparison of the ranges of
the light and electron microscopes (the scale is

logarithmic)

In the International System of Units (SI units), the unit for length is the
metre (m). Table 2.1.1 illustrates the derivation of the smaller units of length in
relation to the metre. Refer to Chapter 1 (Part A) for detailed assistance with units
of measurements.

TABLE 2.1.1 Sl units for smaller units of length relative to the metre

Fraction of a metre m Symbol _

one hundredth = 765 = 0.01 = 102m centimetre 1 = 162 am

millimetre mm 1m=103mm

__1 — 103
one thousandth = 1000 = 0.001 =103m

micrometre pm 1m=10°um

. R 16
one millionth = 1000000 = 0.000 001 =10°m

nanometre  nm 1 m=10°%nm

- 1
one thousand millionth = 1000000000
= 0.000 000 001 =102m

INVESTIGATING CELLS

Cytology is the study of cells. Cytologists (scientists who study cell structure and
function) and histologists (scientists who study tissue structure) use a variety of
tools and techniques, including several microscopy techniques. Modern microscopy
techniques, including light and electron microscopy (Table 2.1.2), have greatly
advanced our understanding of the structure and function of cells. The type of
microscope used depends on the characteristics and properties of the specimen
to be observed, such as the size of cell or cell component and whether it is living
or dead (Figure 2.1.4). Scientists also consider the access to and costs of using
specialist facilities and preparing specimens when deciding which microscopy
technique to use.

TABLE 2.1.2 A comparison of modern microscopy techniques

_ Light microscope Transmission electron microscope Scanning electron microscope

Radiation source
Wavelength (nm)
Lenses

Specimen

Maximum
resolution (nm)

Maximum
magnification

Stains

Type of image

light
400-700

glass

living or non-living supported on

glass slide

200

1500x

coloured dyes

may be coloured

electrons electrons

0.005 0.005
electromagnetic electromagnetic

non-living supported on a small
copper grid in a vacuum

non-living supported on a metal disc
within a vacuum

1 10

250000x 100000x

impregnated with heavy metals coated with carbon or gold

monochrome unless stained monochrome unless stained
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LIGHT MICROSCOPY

Most cells are so small that they can
only be seen with a microscope like the
one shown in Figure 2.1.5. The light
microscope uses light and a system
of lenses to magnify the image. One
lens is called the objective lens and the
other is the eyepiece or ocular lens.

One of the main advantages of light
microscopy is that it allows you to view
living cells in colour.

Sample preparation is usually
quick and simple. Stains can be used to
highlight different components of cells
in colour. A thin specimen is mounted
on a glass slide and placed on the stage
under the lenses. Light travels through
the specimen and into the lens system,
and the image is viewed by eye or with
a digital camera (Figure 2.1.6).

eyepiece/ocular lens

coarse adjuster

fine adjuster

objective lenses
movable stage \E ,'f ‘

condenser

light source \

The condenser lens beneath the
movable stage concentrates light from
the light source onto the specimen, and the image is focused by the coarse and fine
adjusters. Different parts of the specimen can be viewed by moving the specimen
on the stage.

Light microscopy techniques used in cytology include histology, autoradiography,
fluorescence and confocal microscopy. Each of these uses visible light to examine
cells and tissues.

FIGURE 2.1.5 A light microscope and its parts

Fluorescence microscopy

Figure 2.1.7 shows a fluorescent microscope, which is used to examine cells that are
naturally or artificially fluorescent. Fluorescent cells contain molecules that absorb
light of one wavelength (called the exciting wavelength, which is usually ultraviolet)
and emit another wavelength (and therefore a different colour). By using filters to
block out the exciting wavelength, the light emitted by the fluorescing molecules can
then be seen against a black background, as shown in Figure 2.1.8. If the cells do
not contain fluorescent molecules, fluorescent dyes (called markers) can be added
that attach to the structures being investigated, such as DNA, particular proteins or
cell wall components.

Immunofluorescence involves using a fluorescent tag that is linked to an antibody
(see Chapter 7), which then attaches to its particular target antigen in the cell.

101 1012

FIGURE 2.1.7 (a) A fluorescent microscope uses filters to alter the emitted wavelength of light to enable the cell components to be more easily seen
in contrast with those surrounding it. (b) Visible light spectrum is part of the electromagnetic spectrum.

eyepiece

focusing: coarse biective len
adjustor objectiveiens
sample
stage

light source:
mirror or illuminator

FIGURE 2.1.6 The lenses of a light microscope
magnify the image.

FIGURE 2.1.8 A fluorescence light micrograph
of a stained section through an adrenal gland.
This section through an adrenal gland has been
stained with a fluorescent dye. The red parts
are a particular enzyme, the blue parts are cell
nuclei and the green—yellow parts are proteins
in blood vessels.

Wavelength (m)

6 x 107

5x10° 7% 10~
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FIGURE 2.1.9 A confocal laser scanning
micrograph of the green cone-headed
planthopper (Acanalonia conica). The image
(top to bottom: posterior, dorsal and ventral
views) shows cog or gear-like structures of the
structure at the top of each hind leg, which
allows the hind legs to interlock and move
together in perfect synchrony. Laser light from
the microscope causes the stained specimen to
fluoresce and reveal variations in the chitin (the
main component in the exoskeleton) structures.
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FIGURE 2.1.11 A transmission electron
micrograph of a plant leaf, showing chloroplasts,
with lipid droplets showing in one. The pale area
to the upper left is a vacuole and the cell wall is
also visible at the lower right.

cell wall

Confocal microscopy

Confocal microscopy is a relatively new technique that allows scientists to obtain
‘optical sections’ of a cell or tissue, stained with fluorescent markers, without actually
sectioning or slicing the cells. Confocal microscopy produces high-resolution images
of very thin sections of a specimen. An example is shown in Figure 2.1.9. Laser light
is passed through a pinhole and lens, which directs highly focused light onto only
a tiny part of the specimen. This eliminates light reflecting from adjacent parts of
the section, which normally blurs the image. When the object is slowly scanned in
this way, an optical section of the sample is viewed on a computer screen. Thicker
samples can be imaged in thin sections and then reconstructed in three dimensions
by image analysis software. Confocal microscopes and the required computer
software are very expensive, and the production of images is slow. However, they
can produce startling three-dimensional views of living structures.

ELECTRON MICROSCOPY

In electron microscopy, an object is
viewed by using an electron beam
instead of light. This allows you to
see structures in far more detail than
is possible with light microscopy. An
electron microscope produces a narrow
beam of electrons that is maintained by
electromagnetic lenses, which are coils
that surround the tube and emit an
electromagnetic field. Electrons striking
the specimen are absorbed or scattered,
or pass through it. The image is then
recorded digitally and processed.

The image obtained with an
electron microscope has a much higher
resolution and greater depth of field
than an image from a light microscope.
Electron microscopy produces only
black and white images, but these
are often coloured later to highlight
important features.

Transmission electron
microscopy

Figure 2.1.10 shows a transmission
electron microscope. In transmission
electron microscopy (TEM), the
electron beam travels through an
ultrathin section (less than 100 nm
thick) of a specimen. This allows very
fine details of cellular structures to be
seen, like those shown in Figure 2.1.11.

Because the specimen must be in
a vacuum in the transmission electron
microscope, the specimen is first
chemically fixed to stop the structures from collapsing and then dehydrated with
alcohol. It is then embedded in a plastic resin, sectioned with a diamond cutter
called an ultramicrotome, and stained.

FIGURE 2.1.10 A transmission electron
microscope. Specimens are specially prepared
and the image is taken within a vacuum to
ensure the electron beam remains focused.
Therefore, only non-living materials can be
observed under the transmission electron
microscope.
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Scanning electron microscopy

Figure 2.1.12 shows a scanning electron microscope. In scanning electron
microscopy (SEM), the electrons bounce off a specimen that has been coated
with an extremely thin layer of an electrically conducting material such as gold.
This gives a high-resolution image of the surface features but cannot show internal
details (Figure 2.1.13).

Autoradiography

Autoradiography is a method that allows scientists to identify specific organelles
or the location of molecules within a cell or tissue. The tissue is first treated with
a radioactively labelled substance that is taken up into the part of the cell that is
being investigated, such as the nerve tissue shown in Figure 2.1.14. The tissue is
sliced into very thin sections that are placed against a very thin high-resolution
photographic film. The radioactive substance emits beta particles that produce an
image on the film. The tissue sections are stained so that the photographic image can
be located in relation to cellular structures. This technique can be used to indicate
which organelles are active under particular circumstances.

Although autoradiography is still sometimes used with light microscopy, it is
more commonly used with electron microscopy.

FIGURE 2.1.14 An autoradiograph of a slice through nerve tissue from the visual centre of the brain,
showing how visual messages from one eye are received by the brain. Rows of neuron (nerve cell)
cubes are laid out in columns on the outside of the brain tissue, and the active areas of the brain
have absorbed a radioactive chemical. The glow is developed onto photographic paper and produces
an autoradiograph.

electron
gun

anode

electron beam

focusing
magnets

TV scanner

secondary
electron
detector

scanning
coils

electron
detector

stage
egg shell

FIGURE 2.1.12 The scanning electron
microscope detects secondary electrons emitted
by atoms excited by the electron beam. The
specimen is prepared by coating it with an
electron-dense, electrically conductive material
such as gold and therefore can only be used on
non-living objects.

layer of rods
and cones

FIGURE 2.1.13 A coloured scanning electron
micrograph of a section through the retina of an
eye, showing cone and rod cells
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FIGURE 2.1.15 The Australian Synchrotron

is about the size of the Brisbane Cricket
Ground. The large diameter is needed to
accelerate particles to almost the speed of light.
Synchrotron light of different wavelengths can
be obtained from several points around the
circumference.

short wavelength
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range gamma rays
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Australian [ visible light
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FIGURE 2.1.16 The electromagnetic spectrum,
showing the range generated by the Australian
Synchrotron and the range of visible light

The synchrotron and its use in biology

A synchrotron is a machine in which a beam of electrons is accelerated almost to
the speed of light. Powerful magnets guide the beam into a particular path, usually
a circle.

The first synchrotron was built in 1945 and was the size of a small room.
The largest synchrotron is the Large Hadron Collider in Switzerland, which
has a circumference of 27 km. Figure 2.1.15 shows a diagram of the Australian
Synchrotron in Melbourne, which is one of the most advanced synchrotrons, and
can produce an extremely intense beam of radiation in a wide range of wavelengths.

Most biological investigations using synchrotrons involve visible light. Visible
light is a small part of the electromagnetic wavelengths that can be generated by a
synchrotron. It lies between the longer wavelengths (radio waves, microwaves and
infrared) and the shorter wavelengths of ultraviolet light, X-rays and gamma rays.
This is shown in Figure 2.1.16.

Synchrotron light allows matter to be seen at the atomic scale, including the
nanosecond-by-nanosecond behaviour of protein molecules such as antibodies.
Scientists can collect, in hours, data on the structure of proteins that would once
have taken weeks or months. While structural biology is their most important
application, synchrotrons are useful in many other areas, such as nanotechnology
and materials science.

Synchrotrons allow complex protein structures to be determined quickly and
are central to drug design and development. They allow further development of
medical imaging technologies and the analysis of biological samples to potentially
help diagnose diseases.

MEASURING CELLS

A compound light microscope can be used to examine in detail thin sections of plant
and animal tissues and determine the size of the cell and its visible components. To
do this, you need to determine the magnification and field of view of the microscope.

Total magnification of a microscope

The total magnification of a microscope is calculated by multiplying the magnifying
powers of the objective and the eyepiece. The eyepiece (or ocular lens) of a
microscope is the lens closest to the eye, and usually magnifies objects by 10 times
(X10) their actual size. The other lens is the objective lens and is located on the
rotating part of the microscope barrel. There are usually three or four objective
lenses, each allowing for a different degree of magnification.

For example, a X10 objective used with a X10 eyepiece gives a total magnification
of x100.

Worked example 2.1.1
CALCULATING TOTAL MAGNIFICATION OF A MICROSCOPE

Determine the total magnification of a compound light microscope if a x10
ocular lens and a x10 objective lens were used.

Thinking Working

Determine the magnification of the ocular lens Ocular lens = x10
by reading the markings on the outside of the
eyepiece.

Determine the magnification of the objective Objective lens = x10
lens by reading the markings on the outside of
the lens.

Multiply the ocular lens by the objective lens to | Total magnification = 10 x 10
calculate the total magnification - %100
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>» Try yourself 2.1.1 /’—\
CALCULATING TOTAL MAGNIFICATION OF A MICROSCOPE \
Calculate the total magnification of a light microscope if a x10 ocular lens and a
x40 objective lens were used.

Field of view and size of specimens ( \

To estimate the size of specimens viewed, you need to calculate the field of view
under the microscope. Also, all biological drawings require a scale. You can measure -

the initial field of view by using a stage micrometer slide, which is a minigrid on a I'mm 100}um
microscope slide, as shown in Figures 2.1.17 and 2.1.18.

The minigrids or micrometers can be moved so that the edges of the grid lines /
are against the side of the field of view (circle of light visible when looking through \
the ocular lens). Then you can count the number of divisions across the field of view i )
and measure the diameter of the circle of light visible. Field of view - 2288 ﬁﬁ 600 pm

If you change the field of view (what you see) by doubling it, then the magnification = 4.6 mm
decreases by half; that is, you see more (field of view) but you see it in less detail. FIGURE 2.1.17 The field of view of this

microscope using the x4 lens is 4.6 mm
(or 4600 pm). You can work this out by using

the minigrid.

1 division = 0.01 mm

If you change the field of view by halving it, then the magnification increases
twofold; that is, you see less, but you see it in more detail (Figure 2.1.19).

€) Increase field of view = decrease magnification
Decrease field of view = increase magnification

100 X 0.01 mm =1 mm

FIGURE 2.1.18 A stage micrometer slide for
determining field of view

0 School microscopes typically
have the following magnifications
and fields of view. Microscopes
usually have x10 eyepieces.

The total magnification is the
product of the eyepiece and
objective lenses.

FIGURE 2.1.19 Leaf epidermis cells under a high power lens (x40). The field of view is 450 um. Objective | Total Field of
There are about 30 cells across the field of view, so the average width of a leaf epidermis cell lens
is 450/30 =15 pm.

magnification | view

x4 x40 4.5 mm
x10 x100 1.5 mm
x40 x400 450 pm
x100 x1000 150 pm
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____________________________________________________________

SKILLBUILDER

Measuring the field of view

To measure the field of view, follow
these steps.

1

Place the micrometer grid on the
microscope stage.

Focus using the x4 objective

lens so that you can see the grid
clearly. Record this in Table 2.1.3.
Adjust the micrometer grid
position so that it is in the field of
view.

Adjust the slide position so that
one line is on the edge of the field

of view, as shown in Figure 2.1.17.

Count the grid lines across and
estimate the diameter of the
circle you see. On the lowest
magnification, the field of view
should be about 4.5 mm or
4500 pm.

Change to the x10 objective lens
and estimate the size again. The
field of view should now be about

1.5 mm or 1500 pm. You should
be able to use the microgrid

to measure the exact distance
across the field of view.

7 Move the microgrid to the centre
of the field of view.

8 Focus on the microgrid using the
x40 objective lens, remembering
that the microgrid lines are
100 um apart. The field of view
on high power should be about
450 um.

TABLE 2.1.3 Measurement of field of view
for three different magnifications

Field of view
diameter

Microscope

maghnification

____________________________________________________________

Worked example 2.1.2

DETERMINING FIELD OF VIEW

Thinking

Calculate the total
magnification at low power.

Calculate the total
magnification at high power.

Working

Magnification = ocular lens x objective lens
=10x4
=x40

Magnification = ocular lens x objective lens
=10x40
=x400

Measure the field of view
using the stage micrometer
at the lowest magnification.

Field of view = 4.5 mm = 4500 um at low power

Increase the magnification of
the image by changing the
objective lens.

Calculate the ratio between
the initial magnification and
the new magnification.

high power
low power
400
= 40

10

Ratio =

Reduce the field of view
under high magnification by
the same ratio.

If magnification has increased by 10 times, then
field of view has reduced by 10 times.

4500 _ 450 ym

New field of view = 10
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It is important to measure the field of view every time you use a different
microscope because there are differences between microscopes, which affect the
estimates of the size of specimens. Once you have calculated the field of view for
each lens, you can estimate the size of a whole specimen or the size of individual
features, such as cells.

Knowing the field of view, you can estimate the size of the specimen. For
example, if you are looking at a transverse section of a leaf and you can see exactly
half of the leaf under extra low power, then you can estimate that the leaf is
2 X 4.5 mm = 9 mm long.

If you wish to calculate the size of the individual cells in the leaf, then you
can count the number of cells across the high power field of view, as shown in
Figure 2.1.19.

When measuring specimens, it may also be possible to use an eyepiece graticule.
This apparatus is placed in the microscope eyepiece. The image appears as a
transparent scale (usually with 100 divisions) at the same time as the specimen on
the microscope slide. Before use, you must calibrate the graticule against a stage
micrometer, as illustrated in Figure 2.1.20.

Determining the magnification of cells in images

We often see images of cells with an indication of the magnification scale beside
them, as shown in Figure 2.1.21. Magnification refers to the number of times an
image is larger than the original. This can be calculated using the formula:

observed size of image (measured with a ruler)
actual size (before magnification, usually in um)

I
orM—Z

magnification =

____________________________________________________________

SKILLBUILDER

Calibrating a graticule

To calibrate a graticule, follow these steps.

1 Superimpose the two images of the eyepiece graticule and the
stage micrometer.

2 Determine the ratio between the graticule scale and the stage micrometer.
100 units of the graticule is equivalent to 0.25 mm on the stage

925 _ 0.0025 mm

micrometer. Therefore, each division of the eyepiece is 100

or 2.5 um.

3 Place the specimen slide on the stage and use the eyepiece graticule
to determine the size of the cells. Each cell in the diagram is about 20
eyepiece divisions in diameter. Therefore, the cell must be 20 x 2.5 ym or
50 ym in diameter.

____________________________________________________________

eyepiece graticule
(scale in arbitrary
units)

10 20 30 40 50 60 70 80 90 100

b eyepiece
graticule

10 20 30 40 50 60 70 80 90 100

e o
[

0

0.1 0.2

stage micrometer
(scale marked in
0.01 mm and 0.1 mm divisions)

€ red blood cells on a slide
on the stage of the
microscope

0 10 20 30 40 50 60 70 80 90 100

M

eyepiece graticule
in the eyepiece
of the microscope

FIGURE 2.1.20 Using the eyepiece graticule and
stage micrometer to determine size of specimen
under a light microscope
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FIGURE 2.1.21 A human cheek cell,
magnification unknown

FIGURE 2.1.23 A transmission electron
micrograph of mesophyll tissue (spongy tissue
responsible for photosynthesis in leaves) taken
from a young leaf of maize (Zea mays). It shows
large central vacuoles (white), thin cell walls and
air spaces. Each cell is about 80 pm in length.

Worked example 2.1.3

CALCULATING CELL SIZE USING A SCALE BAR

Calculate the length of the human cheek cell in Figure 2.1.21.

Thinking

Working

Measure the scale bar.

In Figure 2.1.21, it is 0.5 cm.

Convert to pm.

Every 0.5 cm =3.33 ym

Measure the diameter of the cell
image using a ruler.

The cell is approximately 4 cm in diameter.

Convert the diameter of the cell
to um.

Actual size =

4cm x 3.33pum
0.5cm

=26.64 ym

>» Try yourself 2.1.3

CALCULATING CELL SIZE USING A SCALE BAR

Calculate the length of the cell and the
diameter of the contractile vacuoles in
the image of the Paramecium in

Figure 2.1.22.

FIGURE 2.1.22 A Paramecium cell

contractile vacuoles

0 Magnification is the number of times greater an image is than the actual object

image size

magnification = actual size of object

Resolution is the ability to distinguish between two objects that are very close
together. The higher the resolution of an image, the greater the detail that can be

seen (Figure 2.1.23).

Worked example 2.1.4

CALCULATING MAGNIFICATION OF A PHOTOGRAPH OR IMAGE

Calculate the magnification of the image in Figure 2.1.23.

Thinking Working
Remember the formula for the M = image size
determination of magnification. actual size

Use a ruler to measure the size of the
cell in the image and convert to ym.

1 mm = 1000 um
So 60 mm = 60000 pm

Use the equation to calculate the
magnification.

_ 60000 pm
M= 80 um
=x750

>» Try yourself 2.1.4

CALCULATING MAGNIFICATION OF A PHOTOGRAPH OR IMAGE

Figure 2.1.21.

Calculate the magnification of the image of the human cheek cell in
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CELL REQUIREMENTS FOR LIFE

Like organisms, all cells have certain requirements. All life requires a source of
energy. The amount of energy required depends on the type of cell, its stage of
growth, and its level of activity. Cells also require nutrients and water for growth,
maintenance and repair. The nutrients are organic compounds (including proteins,
carbohydrates, lipids and vitamins) and minerals. These materials, or simpler
substances from which they can be made, must be obtained from the surrounding
environment. Cells also require constant environmental conditions to be
maintained so that they survive and reproduce. Plants can use inorganic materials
from their environment to manufacture their own organic materials in the process
of photosynthesis. All cells use these organic materials to produce energy in the
process of cellular respiration. This relationship is shown in Figure 2.1.24.

In using energy (e.g. from monosaccharides, disaccharides and polysaccharides,
lipids and proteins, all explained in Module 3.1) and carrying out the processes
of growth, maintenance and repair, cells produce substances that are of no use to
them or may be harmful to the cell. These waste substances (e.g. carbon dioxide,
oxygen, urea, ammonia, uric acid, water, ions and metabolic heat) are often
removed by releasing them into the external cellular environment. The ways that
cells exchange substances with their environment depend upon the type of material
being exchanged. Cells must also be able to sense and respond to changes in their
internal and external environments.

Cell nucleus

Cell energy

Cell membrane

Mitochondria

Food

Cell nucleus

Animal Cell

FIGURE 2.1.24 The relationship between photosynthesis and cellular respiration for the production
of cellular energy in plant and animal cells
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SCIENCE AS A HUMAN ENDEAVOUR

History of cell theory

Today, cells can be studied by many different types of
microscopes. The two main types of microscopes are

the light microscope and the electron microscope. The
development of this technology over many centuries has
led to our understanding of the fundamental principles
of cell biology and the structure of the cell, and how

the cellular processes are coordinated and controlled.
Below is a brief outline of the history of cell theory, and
demonstrates how our understanding of cells depends on
advances in microscopy.

Hooke: the discovery of cells

The first description

of cells was made by
Robert Hooke in his book
Micrographia, published in
1665. Hooke made a thin
slice of cork from the bark
of a tree and examined

it under a very simple
compound microscope
he had made himself, as
shown in Figure 2.1.25.
He saw that the bark was
made up of hundreds of
little ‘empty boxes’, which
gave it a honeycomb

appearance. He called the Published in 1665

FIGURE 2.1.25 Robert Hooke's drawing
of his light microscope in Micrographia,

Pasteur: disproving the theory of
spontaneous generation

In 1859, Louis Pasteur experimented with boiling beef
broth in two flasks. Each flask had a glass ‘swan-neck’

(or 'goose-neck’) to prevent contaminants in the air from
reaching the broth (Figure 2.1.26). No microorganisms
grew in either of the swan-neck flasks. When the swan

neck was broken on one flask and the broth was exposed
to the air, microorganisms began to grow in the broth. The
unbroken flask remained free of microorganisms. Pasteur
had finally disproved the theory of spontaneous generation.

Pasteur also showed that boiling and cooling wine
and milk killed any microorganisms that may have been
present in them. This process has been named after him
and is called pasteurisation.

An important implication of Pasteur’s experiment is
that it provided the scientific basis for the germ theory
of infection. This theory states that germs are widely
present in the environment and are the cause of many
diseases. Understanding germ theory eventually led to
the development of antiseptic procedures in medicine.

Lamarck and Dutrochet: all living
things are composed of cells
By the early 19th century, the compound light

microscope had become a standard tool of biologists,
and living animal and plant cells were easy to observe.

boxes ‘cells’. Hooke was

looking at empty dead cells and could only see the plant
cell walls with this microscope. When he later looked at
fresh plant tissue, he noted the cells appeared to contain
water. A few years later, Marcello Malpighi produced more
detailed descriptions of plant cells.

Leeuwenhoek: first
observations of living cells

In 1676, Anton van Leeuwenhoek observed many
living cells under the microscope, including
bacteria, blood cells and egg and sperm cells. He
used compound light microscopes with improved
lenses to view the cells magnified 270 times.
Leeuwenhoek was the first scientist to describe
the reproduction of unicellular organisms,

which he called ‘animalcules’. As a result of

this discovery, he was able to infer that the
sperm needed to enter the egg for fertilisation,
questioning the theory of spontaneous
generation for the formation of new organisms.

flask.
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Broth is boiled
in a swan-neck

In the early 19th century, Jean Lamarck stated that
all living things consisted of a mass of cells, and that
complex solutions move in and out of cells. René Dutrochet
supported this idea, stating, ‘plants are composed entirely
of cells, or of organs that are obviously derived from
cells...the same is true for animals’.

FIGURE 2.1.26 Pasteur’s experiment disproved
the theory of spontaneous generation.

Ay

Pasteur removes
the swan-neck
from the flask.

As time passes, the
broth remains free
of contamination by
microorganisms.

Consequently,
microorganisms
contaminate the
broth.
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Schleiden and Schwann: cells are
organised into tissues

By the middle of the
19th century, the
fundamental principle
that entire organisms
are composed of highly
organised groups of cells
was broadly accepted.
This was largely due to
the work of Matthias R
Schleiden (Figure 2.1.27) P "

on plant tissues, and FIGURE 2.1.27 Matthias Jakob
Theodor Schwann Schleiden (1804—1881)

(Figure 2.1.28) on animal
tissues. Working in
collaboration in the 1830s,
Schleiden and Schwann
recognised that the
organelle they had been
independently studying
played an important role
in the development of
both plant and animal
cells and the formation
of specialised tissue. The
two scientists had been

FIGURE 2.1.28 Theodor Schwann
(1810-1882)

investigating the role of

the nucleus and were able to identify that the cells develop
or transform over time into the ‘different and necessary
elements of structure for the adult state’. Schwann defined
the cell as containing a nucleus, fluid and a wall (even if
not visible) and proposed a general cell theory that was

to become the basis for our modern understanding of

cell theory.

Remak and Virchow: the theory of
biogenesis

Until the 1840s, most biologists still believed that cells
formed spontaneously from body fluids or from the
nucleus, which they thought was the embryo of a new cell.
Then Robert Remak discovered that new cells were formed
by a single cell dividing in two, with the nucleus dividing at
the same time, as shown in Figure 2.1.29. He did this by
staining the cell membrane so the cell could be observed
during cell division, proving that some cells originated from
pre-existing cells. In the 1850s, Rudolph Virchow used

FIGURE 2.1.29 A cell dividing to form a new cell

Remak’s discovery to popularise the theory of biogenesis:
that all cells come from pre-existing cells. Because of
Virchow’s great popularity, this theory was quickly accepted
in Europe, and then the rest of the world to become the
third tenet in modern cell theory.

The development of cell theory over the centuries
clearly illustrates how the use, development and
improvement in microscope technology has influenced the
evolution of scientific ideas. As microscopy techniques and
lens quality improved, greater resolution and magnification
of specimens was possible. This allowed new processes
and structures to be observed and the development of cell
theory. This process of scientific discovery continues with
the development of new microscope technology such as
electron microscopes and immunofluorescent microscopy
to enable scientists to observe particles inside the cell at
the nanoscale.

Review

1 Draw a timeline illustrating the historical development
of the cell theory and the contributions of important
scientists such as Hooke, Leeuwenhoek, Pasteur,
Remak, Schleiden and Schwann.

2 Scientists have continued using light microscopy to
observe cells despite the technological advances of
electron microscopy. Discuss what advantages light
microscopy has over electron microscopy and how
this will continue to be of benefit for cytologists in
the future.
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2.1 Review

Living organisms have common characteristics and
requirements—they are made of cells, are chemically
complex and highly organised, exchange energy

and materials with their environment, grow and
reproduce, sense and respond to their environment,
and show changes that are often adaptive.

The cell theory is a fundamental principle of biology,
and is based on evidence collected over the last
300 years.

The cell theory states that:

- all organisms are composed of cells

- all cells come from pre-existing cells

- the cell is the smallest living organisational unit.
All cells have a cell membrane, cytoplasm, genetic
material in the form of DNA and ribosomes.

There are two fundamentally different types of cells:
prokaryotic and eukaryotic.

KEY QUESTIONS

Retrieval

1 State the cell theory.

2 Name three components that all cells possess.

3 Identify the parts of the light microscope labelled A-G

in the following diagram.
A

Comprehension

4

5

Explain the main differences between light microscopy
and electron microscopy.

Convert 2.5 mm (millimetres) into um (micrometres).

Cells vary greatly in size, and a microscope is

needed to see most cells.

Laboratory research techniques include microscopy.

- The magnification of the microscope is
determined by multiplying the magnification
of the ocular lens by the magnification of the
objective lens.

- To calculate the field of view, you use a minigrid,
and then you can estimate the size of your
specimen.

Light microscopes use visible light and a system of

lenses to magnify images.

Electron microscopes use an electron beam focused

by electromagnets to view objects. They have a

much higher magnification and resolution than a

light microscope.

Analysis

6 Contrast prokaryotic and eukaryotic cells.

7 Compare transmission electron microscopy and
scanning electron microscopy.

8 Assess how fluorescence microscopy might be used to
visualise a bacterial capsule.

9 The following photo shows hair follicle cells. Deduce

which type of microscope was used to take the image.

10

Ocular lens

x10

a Complete the following table.

Objective lens
x4

Total magnification | Field of view

x10

x40

x100

b Determine which magnification and field of view
would be best for viewing cells about:
i 20 um long
ii 0.7 mm in size.
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understand the difference between prokaryotic and eukaryotic cells

» understand the classification of organisms into domains and kingdoms

» understand the importance of cell compartmentalisation and specialisation
in multicellular eukaryotic organisms

» identify the differences between prokaryote and eukaryote cells

» sketch and label simple cell diagrams of plant and animal cells.

The two fundamentally different cell types are prokaryotic cells and eukaryotic
cells. Organisms are classified according to which cell type they have. Protists,
fungi, plants and animals are composed of eukaryotic cells and are classified as
eukaryotes. Bacteria and archaea are composed of prokaryotic cells and are
classified as prokaryotes. Prokaryotic cells are small and lack membrane-bound
organelles, but they still have a number of features in common with eukaryotic cells.
Figure 2.2.1 shows typical prokaryotic and eukaryotic cells.

Prokaryotic cell Eukaryotic cell
;
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FIGURE 2.2.1 A typical prokaryotic cell and eukaryotic cell. Note the different membrane-bound
organelles in the eukaryotic cell and the lack of such organelles in the prokaryotic cell.

CLASSIFICATION

In older classification systems, all organisms were divided into five ranks, called
kingdoms. Prokaryotic organisms were placed in the kingdom Monera and
eukaryotic organisms were placed in the kingdoms Protista, Plantae, Fungi and
Animalia. These systems were based on the morphology (appearance and structure)
of organismes.
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FIGURE 2.2.3 A typical prokaryotic bacterial cell

However, in the late 1970s, the use of DNA techniques in the emerging field
of evolutionary genetics led to the discovery of two different types of prokaryotic
cells. This resulted in the development of a system with three domains and six
kingdoms (Figure 2.2.2). Domains are now the highest rank in taxonomy, instead
of kingdoms. Prokaryotes are divided into two domains: Bacteria and Archaea.
All eukaryotic organisms are placed in a third domain called Eukarya. The four
kingdoms within the Eukarya domain remain the same: Protista, Plantae, Fungi and
Animalia. This is shown in Figure 2.2.2.

1

Domain Bacteria  Archaea  Eukarya

]
$ %

Plantae Fungi Animalia

O
(d
W, ”

Protista

Kingdom Bacteria  Archaea
FIGURE 2.2.2 The classification of living things, showing the three domains based on cell types, and
the six kingdoms. Bacteria and Archaea have prokaryotic cells. Protista, Plantae, Fungi and Animalia

have eukaryotic cells.

PROKARYOTES

Prokaryotic organisms are unicellular and have a simple cell structure. Bacteria,
cyanobacteria (photosynthetic bacteria) and archaea, such as methanogens, are
examples of prokaryotes. Prokaryotic organisms can be found everywhere, even in
extreme environments such as volcanoes.

Most prokaryotic cells are small and therefore have a large surface area relative
to their volume (see Module 2.3 for a discussion of surface area to volume ratio).
This allows the cells to take in and release materials efficiently and replicate quickly.

The structure of a typical prokaryotic cell is shown in Figure 2.2.3. Prokaryote
cells lack membrane-bound organelles, and their cytoplasm contains scattered
ribosomes that are involved in the synthesis of proteins. The genetic material
of prokaryotic cells is usually a single, circular DNA chromosome called a
genophore. The genophore is contained in an irregularly shaped region called
the nucleoid. Unlike the nucleus of eukaryotes, the nucleoid does not have a
nuclear membrane.

The chromosomal DNA of prokaryote cells is attached to the cell membranes
by a region of the chromosome called the origin. In addition to this chromosomal
DNA, many prokaryotic cells also contain small rings of double-stranded DNA
called plasmids.

The cell membrane of prokaryotic cells is surrounded by an outer cell wall.
Many bacteria also have a capsule outside the cell wall. The capsule protects the cell
from damage and dehydration.

Many prokaryotes have flagella that enable them to move freely. Some also have
small hair-like projections called pili, which are involved in the transfer of DNA
between organisms and help movement. Specialised pili that can attach to surfaces
are called fimbriae.
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Bacteria

Most prokaryotes in the domain Bacteria are microscopic single-celled organisms.

Fossil evidence dated at 3.5 billion years old confirms that bacteria were the first 0 Carbohydrates are organic

type of living organisms on Earth. Today, bacteria are still the most numerous type compounds of carbon, hydrogen

of organism in the biosphere. and oxygen, with the number of
Bacteria have very diverse metabolisms and can survive in a great range of hydrogen and oxygen atoms in the

ratio 2:1. This ratio of 2:1 is the
same ratio of hydrogen to oxygen
for water. Sugars and starches
are examples of carbohydrates.
Proteins and carbohydrates

habitats and conditions. For example, numerous species of bacteria are common
in environments of moderate temperature that are moist and low in salt, where
sunlight or organic compounds are plentiful, and in or on plants and animals.

Other species of bacteria need little oxygen to survive because they have
evolved specialised chemical pathways to extract energy from their environment e as earETimes e
and manufacture complex energy-rich molecules such as carbohydrates (see as complex structures
Chapter 3). Bacteria can obtain energy from sunlight (photosynthesis) or by (peptidoglycans) to become part
reducing inorganic compounds such as sulfates or ferric ions (chemosynthesis). of the cell wall of bacteria.

Bacteria play an important role in ecosystems because they break down many
kinds of substances, including plant and animal remains and wastes. Bacteria are
also widely used in industry to manufacture foods such as cheeses and yoghurt, and » [/ i ' :g, \‘
in medicine, to produce antibiotics, drugs and even human insulin. Some bacteria } /‘ ”
can break down oils and plastics, which makes them useful for pollution control. '/ i

“ n
o

Gram-positive and gram-negative bacteria
The cell walls of prokaryotes are distinctive for containing murein (also known as a

I T

peptidoglycan), which is a complex molecule consisting of sugars linked by amino ﬂ /
acids. In most bacteria, the murein forms a cell wall in a mesh-like layer outside " - Vag >
the cell membranes. Prokaryotic bacteria are commonly identified as either gram- \ 'L '
negative or gram-positive depending upon the structure of their cell wall. A purple ‘ / \& | =
stain called crystal violet i d for thi .\\ v: S
ystal violet is used for this purpose. I y, ‘ ,
Gram-positive bacteria have a thicker layer of murein that absorbs and holds the K ﬁ
stain, so they give a purple or ‘positive’ result. Gram-negative bacteria have a much / ),’,. Sy
thinner layer of murein that does not retain the stain as well, so they give a pink or “ ‘mey

‘negative’ result, as shown in Figure 2.2.4. The difference in colour on staining the ~ FIGURE 2.2.4 A light micrograph showing gram-
bacterial cell wall is one way that cytologists identify the type of bacteria present in ~ POsitive (stained purple) and gram-negative

a sample. Other structural features of bacteria used for identification include their (stained pink) bacteria

shape. Some bacterial shapes are shown in Figure 2.2.5.

/N AV ¥ A 77 A

FIGURE 2.2.5 (a) A scanning electron micrograph of Shigella dysenteria bacteria—rod-shaped gram-negative bacteria that cause disease in humans.
Shigella dysenteria is found in contaminated water supplies. (b) A light micrograph of a Spirulli species of bacteria—spiral-shaped bacteria found in
marine environments. (c) A scanning electron micrograph of Staphylococcus aureus (commonly called ‘golden staph’)—spherical-shaped bacteria that
cause disease in humans. Here the bacterial cells are being engulfed by a white blood cell. The bacteria are coloured orange in this image to represent
their actual colour.
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compounds, including fats and
oils, composed mainly of carbon,
hydrogen and oxygen. Lipids have
proportionally less oxygen than
carbohydrates, and may contain
other elements. Lipids are an
integral structural component of
cell membranes.

There are numerous types of gram-negative and gram-positive bacteria. For
example, gram-positive cocci are spherical bacteria and include Staphylococcus
(Figure 2.2.5¢) and Streptococcus, which can cause serious diseases or death in
humans. Antibiotic medicines such as penicillin have been used to treat diseases
caused by bacterial infections. The different types of antibiotics are effective at
preventing the formation of the murein cell wall or at disrupting other metabolic
activities. You will learn more about the types of diseases and their treatments in
Chapter 7.

An example of a gram-negative bacterium is a cyanobacterium, like those shown
in Figure 2.2.6. Cyanobacteria were once called blue-green algae because they
contain chlorophyll, but they are prokaryotes and are placed in the Bacteria domain.
Cyanobacteria often form dense colonies in shallow estuaries or fresh water. Some
species can form large colonies (‘blooms’”) that produce toxins capable of killing fish
and other aquatic life and cause illness in humans.

\ 3 L i

FIGURE 2.2.6 (a) A scanning electron micrograph of Synechococcus cyanobacteria. (b) A colony of
Synechococcus cyanobacteria in a lake.

Archaea

The prokaryotes in the domain Archaea include extremophiles. These are
organisms that can live in extreme conditions, such as:
» areas of high temperatures (thermophiles)

e areas of low temperatures

e the upper atmosphere

* very alkaline environments

¢ very acidic environments (acidophiles)

* very salty environments (halophiles)

e environments with little or no oxygen

e areas without light

* petroleum deposits deep underground.

Archaea hold records for living in the hottest places (121°C), the most acidic
environments (pH 0), and the saltiest water (about 30% salt). However, some
archaea live in less extreme environments, such as open seas.

The unique place of archaea among living organisms was not recognised for a
long time. The main reason for this was because the extreme habitats where they live
made it difficult for scientists to find archaea organisms and also to culture them in
a laboratory. Another reason is that most archaea look very similar to bacteria, even
though they are as different from bacteria as humans are.

The ability of archaea to live in extreme environments is partly due to their
unique cell membranes. Like other living organisms, archaea possess a cell
membrane composed mainly of lipids. Cell membranes need to be fluid to respond
to external deformations and damage and allow proteins to move around.

The lipids in eukaryotic cell membranes have fluidity and selective permeability,
but only in a narrow range of temperatures and pressure. The lipids in archaean
membranes are different because they form a unique cell membrane structure.
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The structure remains fluid and permeable over a wide range of temperatures, from
freezing cold to boiling hot, and at extreme depths of the ocean floor.

There are many different types of extremophiles. Hyperthermophiles such
as Pyrococcus furiosus, which is shown in Figure 2.2.7, can survive in very hot
environments such as undersea vents, where temperatures are often above 100°C.
Pyrococcus can also thrive under high pressure—they are barophilic. This means
they can withstand the extremely high pressure at the ocean floor. Sulfolobus
species, which live in volcanic springs, are thermophiles as well as acidophiles—
they can survive both high temperatures and high acidity. You can see Sulfolobus in
Figure 2.2.8. Extremophiles have evolved many unique adaptations to ensure their
continued existence in environments where most organisms are not able to survive.

g , " 9
Differences between bacteria and archaea S : ) .
Despite their name, archaea are not the most ancient group of organisms. DNA glf‘;hl;,g:rfﬁifmé;ﬁﬁg ?Dl;%scl)eccctl(sjr;urzgcsrgs raph
studies have shown that bacteria are the most ancient group. The evolutionary  Pyrococcus can only exist in very hot
relationship between archaea, eukaryotes and bacteria remains unclear. While  environments such as hot undersea vents.
archaea and gram-positive bacteria share many structural features and metabolic
pathways, suggesting a common ancestor, many other archaea genes are more
similar to the genes found in eukaryotic cells.
The cells of bacteria and archaea are different in a number of ways.

¢ Archaea have a different type of lipid structure in the cell membranes.

¢ Bacterial cell walls contain murein; archaean cell walls do not contain murein
(although there is a similar compound in some archaea).

* Both have diverse metabolic systems, but methanogenesis (in which methane is
produced) is unique to archaea.

EUKARYOTIC CELLS

Eukaryotic cells are relatively large and more complex than prokaryotic cells. They
possess membrane-bound organelles such as a nucleus and mitochondria. Protists,
fungi, plants and animals are called eukaryotes because they are composed of o

eukaryotic cells. FIGURE 2.2.8 Sulfolobus are thermophiles as
well as acidophiles. They thrive in hot, acidic
environments.

As well as a cell membrane surrounding the cytoplasm, eukaryotes have internal
membranes that form specialised compartments within the cell. This is known as
cell compartmentalisation. The membrane-bound compartments are organelles,
which are specialised structures that have specific functions, as shown in Figure 2.2.9.
However, not all organelles have membranes; for example, ribosomes and centrioles.

Plant cell Animal cell
i s ! cilium
centriole
'Sosome i
‘ ly: : ribosomes Seriliasiie / cell membrane
mitochondrion rough >\

endoplasmic reticulum smooth
endoplasmic

smooth reticulum

endoplasmic reticulum
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nucleolus
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nucleus
nucleus

nuclear
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cell wall PO
reticulum
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peroxisome

vesicle Golgi apparatus secretory vesicles cytoplasm

FIGURE 2.2.9 The many membrane-bound organelles of eukaryotic cells can be seen in these illustrations of a plant cell and an animal cell.
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COMPARISON OF PROKARYOTIC AND EUKARYOTIC CELLS

There are a number of differences between prokaryotic and eukaryotic cells
(Table 2.2.1). In eukaryotic cells, the DNA is contained in the nucleus, in the
form of linear chromosomes. Their cytoplasm contains many different membrane-
bound organelles. Some eukaryotic cells are surrounded by a cell wall composed
of carbohydrates. You can identify the nucleus, cytoplasm and organelles in the
diagram of typical eukaryotic cells illustrated in Figure 2.2.10.

TABLE 2.2.

1 Comparison of prokaryotic and eukaryotic cells

Prokaryotic cells Eukaryotic cells

Size + Very small » Larger, with large variation in size
Surface area to » Large » Smaller
volume ratio (SA:V) » Allows materials to diffuse in and out of the » Results in slower diffusion
cell rapidly
Membrane-bound » Absent * Many organelles bound by membranes, forming an
organelles organised internal structure
Chromosomal DNA * DNA chromosome in the form of a single-stranded « DNA in the form of linear, thread-like chromosomes
loop » Located in the nucleus, which is separated from the
» Located in a region of cytoplasm called the nucleoid, cytoplasm by a double-layered membrane
lacking a membrane
Ribosomes * Many tiny ribosomes scattered in the cytoplasm * Many ribosomes, either attached to the endoplasmic
reticulum, or free in the cytoplasm
Cell membrane » Bilayer of phospholipid molecules enclosing the » Bilayer of phospholipid molecules enclosing the
cytoplasm in bacteria cytoplasm
» Phospholipids are different and sometimes fuse into
a monolayer in archaea
Cell wall * In bacteria, consists of a protein—carbohydrate * Present in fungi, plants and some protists
compound called murein » Consists mainly of carbohydrates: chitin in fungi and
cellulose in plants
Flagella + May have flagella to provide movement » May have flagella or cilia for motility (but not in fungi)
» Consist of three protein fibrils coiled in a helix and » Consist of a highly organised array of microtubules
protruding through the cell membrane and wall (hollow protein tubes) enclosed by the extended
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FIGURE 2.2.10 Diagram of a typical plant cell
and an animal cell, showing major organelles
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Each membrane-bound organelle has a different function, so each organelle
requires a different internal composition, including a high concentration of enzymes
and reactants.

Role of organelle membranes

The membranes surrounding organelles control the movement of substances between
the organelle and the cell’s cytosol. Just as cell membranes enable the cytosol to have
a different composition from the cell’s surrounding environment, membrane-bound
organelles can have a different composition from the surrounding cytosol and other
organelles. Because the environment on either side of the membrane is regulated,
different types of biochemical reactions can occur in each region. Therefore, the
metabolic reactions performed within the cells can occur efficiently within regions of
optimal environmental conditions. The role of membranes to regulate cell function
will be explored in Module 2.4.

Benefits of compartmentalisation

Cellular compartmentalisation benefits the cell in several ways. It:

» allows enzymes and reactants for a particular function to be close together in
high concentrations and under the right conditions, such as optimum pH levels,
so that the processes within the organelles are very efficient

« allows processes that require different environments to occur at the same time,
in the same cell

¢ makes the cell less vulnerable to changes in its external environment, because
changes affect the cytosol much more than the membrane-bound organelles
such as mitochondria or chloroplasts.

Cell specialisation

In unicellular organisms, one cell must perform all functions. However, in
multicellular organisms, such as animals and plants, there are many different types
of cells, each with their specialised function. Muscle cells and red blood cells in
mammals, and palisade cells in plants, are examples of specialised cells. These are
shown in Figure 2.2.11.

i

0 i y /

FIGURE 2.2.11 (a) A coloured transmission electron micrograph of a human heart muscle cell. (b) A coloured scanning electron micrograph of human red

0 Enzymes are proteins that act
as biological catalysts. Enzymes
speed up rates of biochemical
reactions that would otherwise
take place much more slowly.
Their action is specific: they
catalyse (cause or accelerate) only
one type of reaction. You will learn
more about enzymes and the
factors affecting enzyme activity
in Chapter 3.

blood cells. (c) A coloured scanning electron micrograph of a cross-section of a rosemary leaf, showing palisade cells.
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All the cells of an organism contain the same genetic instructions. During
the early development of a multicellular organism, all of its cells look similar. As
the organism develops, cells differentiate to become structurally and functionally
distinct and produce different proteins and enzymes. The various proteins present
in different cells arise from differences in the pattern of gene activity—certain genes
are ‘switched on’ and others are ‘switched off’. This is illustrated in Figure 2.2.12.
Differentiated cells are said to be specialised. You will learn more about the process
of cell specialisation in Chapter 4. Biologists have determined that certain proteins
bind to some genes so that they are not ‘switched on’.

RO DNA

Proteins
switch off

* some genes. *
- -

muscle cell nerve cell

FIGURE 2.2.12 Cell differentiation occurs because different genes become active, and others become
inactive, and produce the different types of cells, which are then specialised.

Cell specialisation is found in all multicellular organisms. Cells are more
efficient if they carry out a single function rather than many functions. A nerve cell
is specialised to carry signals rapidly across large distances. It could not do this if it
also had to break down food to obtain nutrients or protect against disease.

Plants have cells specialised for photosynthesis, exchange, transport, strength
and protection. Animal cells are specialised to conduct messages, to provide
protection, movement and support, and for exchange and transport. The human
body is composed of more than 200 different types of cells.
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2.2 Review

» There are two fundamentally different types of cells—
prokaryotic and eukaryotic.

+ Organisms with prokaryotic cells are called
prokaryotes. They are classified into two domains:
Bacteria and Archaea.

« Organisms with eukaryotic cells are called
eukaryotes. They are classified into the domain
Eukarya, which is divided into four kingdoms:
Protista, Fungi, Plantae and Animalia.

» Prokaryotic cells have a simple structure, with a
nucleoid lacking a membrane, scattered ribosomes,
and DNA mainly in a single-stranded loop in
the nucleoid.

» Eukaryotic cells have a complex structure,
membrane-bound nucleus, many organelles in the
cell cytoplasm, and DNA mainly in chromosomes in
the nucleus.

KEY QUESTIONS

Retrieval
1 Describe the differences between prokaryotes
and eukaryotes.

2 Identify which kingdoms contain organisms that are
composed of eukaryotic cells. Recall some examples
from each kingdom.

Comprehension

3 Draw and label a typical plant and animal
cell.

4 Explain what is meant by ‘cell specialisation’.
5 Explain what is meant by 'cell compartmentalisation'.

* Archaea (the extremophiles) are often found in
very harsh environments where their unique cell
membrane structure protects them.

« Compartmentalisation in eukaryotic cells:

- allows enzymes and reactants to be concentrated
in particular organelles of the cell

- maintains the right conditions for enzymes and
reactants to function

- allows incompatible chemical reactions to take
place simultaneously within the cell

- reduces the cell's vulnerability to environmental
changes.

Analysis

6 The following diagrams are of two cells observed with
an electron microscope.
a Describe evidence that cell A is prokaryotic.
b Describe evidence that cell B is eukaryotic.
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) extracellular fluid

cell membrane

intracellular fluid

FIGURE 2.3.1 The cell membrane regulates
the movement of substances between the
extracellular fluid and intracellular fluid.

€ Extracellular fluid is body fluid
outside the cell membranes;
it includes blood plasma and
interstitial fluid.

'f"‘ B s

that protects them from water loss when on
land.

FIGURE 2.3.2 Crabs have an external skeleton

2.3 The cell membrane

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand the role of the cell membrane in the regulation of movement of
materials into and out of the cell

» describe the structure of the cell membrane (including protein channels,
phospholipids, cholesterol and glycoproteins) based on the fluid mosaic
phospholipid bilayer model

» sketch a diagram of the phospholipid bilayer and explain the functions of
each of the molecules that make up the membrane.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

In this module, you will learn about the composition and characteristics of the cell
membrane. You will also study the ways cells can increase the surface area of the cell
membrane available for the exchange of substances.

THE CELL ENVIRONMENT

Cells exist in a watery environment of extracellular fluid, which can be a large
amount of fluid or a thin surface layer of fluid. In plants, the cell wall is porous and has
little effect on the movement of molecules. So all living cells exist in an environment
that is a layer of fluid in contact with the outer cell membrane. The composition of
this fluid is critical to the stability of cells because it is from this environment that
cells obtain the nutrients they need. The cell membrane controls the movement of
substances between the extracellular fluid outside and the intracellular fluid (or
cytosol) inside the cell. A diagram of the cell membrane is shown in Figure 2.3.1.

Extracellular fluid in unicellular organisms

For unicellular organisms, the extracellular fluid is simply the watery external
environment in which they live. Unicellular organisms can do little to control their
environment and may die if it changes significantly.

However, some unicellular organisms such as yeasts can become dormant
until their environment returns to optimal conditions. Other organisms can move
slowly to a place where conditions are more suitable for their needs. For example,
unicellular algae can move towards light, and some bacteria can detect and move
towards nutrients or away from toxic substances.

Extracellular fluid in multicellular organisms

Conditions for cells in multicellular organisms are more stable than those of
unicellular organisms. The more complex the organism, the more control it has over
the environment in which its cells exist, and the more independent the organism is
from its external environment. Whether they live in water or on land, multicellular
organisms have an outer layer that acts as a protective barrier, such as a crab’s
exoskeleton as shown in Figure 2.3.2.This outer layer creates an internal environment
for the organism that is different from their external environment, and organisms
can better regulate their internal environment for optimal cell function. Therefore,
in multicellular organisms, the environment of the cells is the extracellular fluid that
surrounds them.
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Most multicellular organisms can regulate their internal environment, often very
precisely. This allows them to provide the specific conditions needed by specialised
cells and tissues, and for their cells to function more efficiently. Commonly regulated
aspects of the internal environment are:

* temperature

e oxygen concentration

e carbon dioxide concentration

e pH (acidity or alkalinity)

e osmotic pressure (concentrations of salts or ions)
* nitrogen waste concentration

¢ glucose concentration.

Importantly, the way cells interact with the extracellular fluid of the internal
environment is regulated by the cell membrane.

CELL MEMBRANE COMPOSITION

Cell membranes have the same basic structure in all organisms, which serves to
separate the interior of the cell (the cytoplasm) from its external environment. Most
membranes are also asymmetrical, meaning one layer has different properties from
the other. For example, the pattern of proteins and carbohydrate molecules in the
external surface is different from the pattern in its internal surface.

The composition and characteristics of the cell membrane are related to the
needs and function of the cell. The cell membrane performs important functions
such as transporting molecules into and out of the cell, and recognising and
communicating with other cells.

Phospholipids and the phospholipid bilayer

The cell membrane is a lipid—protein barrier that surrounds the cell and regulates
the movement of materials between the inside and outside environment of a cell.
It is typically about 7 nm wide. The phospholipids found in the cell membrane
are composed of a phosphate group, a glycerol molecule and two hydrophobic
fatty acid tails, as shown in Figure 2.3.3. The phosphate end of the molecule, which
is polar and therefore hydrophilic (‘water loving’), faces the aqueous regions of
the cellular environment. The non-polar, fatty acid, part of the phospholipid is
hydrophobic (‘water hating’) and faces inwards to the bilayer to form an oily region
that becomes the barrier for most water-soluble materials.
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FIGURE 2.3.3 The structure of a phospholipid
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The phospholipid bilayer of the cell membrane is called a bilayer because it
has two layers of phospholipids. The hydrophilic heads form the outside and
inside lining of the cell membrane, and the hydrophobic tails of the two layers of
phospholipids meet in the middle. This is illustrated in Figure 2.3.4.
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s
.

S

hydrophilic head

hydrophobic tail

FIGURE 2.3.4 A phospholipid has a hydrophobic ‘tail" and a hydrophilic ‘head’.

Figure 2.3.5 shows how phospholipids arrange themselves in water and in oil.
The phospholipids make cell membranes impermeable to water-soluble particles,
ions and polar molecules. The movement of these molecules across the membrane
is controlled by protein channels, which allow the cell to regulate the exchange of
molecules with the environment. Controlling the movement of substances into and
out of the cell is central to important processes that keep the cell alive, such as cell
respiration, digestion and elimination of wastes. You will learn more about transport
across cell membranes later in this module and in Module 2.4.

6 A phospholipid is a molecule a b
consisting of long-chain fatty
acids (which are hydrophobic),

a phosphate group and glycerol T
(which is hydrophillic). It is S <
the major component of cell —
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monolayer v

bilayer membrane

FIGURE 2.3.5 (a) The arrangement of phospholipids when water is on one side and oil is on the other
side. (b) The arrangement of phospholipids when water is on both sides—a bilayer is formed.
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Fluid mosaic model

Singer and Nicolson initially described the dynamic nature of the cell membrane
as a ‘fluid mosaic’ in 1972. In their model, the phospholipids can move within the
membrane by diffusion and a mosaic of discontinuous protein particles may be
found floating in the phospholipid bilayer like icebergs. Figure 2.3.6 illustrates the
fluid mosaic model.

carbohydrate

glycoprotein
external membrane
surface

phospholipid
bilayer

internal membrane
surface

cholesterol

cytoskeleton
filaments

FIGURE 2.3.6 The fluid mosaic model of a cell membrane, showing the phospholipid bilayer in which
large protein molecules are embedded

This fluid mosaic model is now widely accepted as the basic model of all
biological membranes. According to this model, cell membranes consist of two layers
of phospholipid molecules, with other molecules such as proteins, carbohydrates
and cholesterol scattered throughout the membrane.

Molecules of the cell membrane are not fixed in place. Cell membranes are
fluid structures, which means that individual phospholipid molecules (and some
proteins) are free to move about within the layers. However, they rarely cross from
one side of the membrane to the other. Most of the phospholipids and some of
the proteins can move laterally, and sometimes some molecules are able to flip-
flop transversely across the membrane. This movement is shown in Figure 2.3.7.
The rate at which the molecules move within a layer of the cell membrane varies.
Proteins in the membrane can move sideways throughout the membrane, but they
move much slower than the phospholipids.
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FIGURE 2.3.7 The movement of
phospholipids in cell membranes
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enhancing membrane fluidity.
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FIGURE 2.3.8 These two diagrams show the
effects of unsaturated and saturated fatty acid
tails on the fluidity of the cell membrane.

0 Cell membranes are phospholipid
bilayers that enclose the
cytoplasm and subdivide the cell
into compartments (organelles).

¥
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cholesterol

FIGURE 2.3.10 The cholesterol molecules are
embedded within the hydrophobic fatty acid
region of the cell membrane.

The ability of the phospholipids and proteins to move gives the cell membrane
its fluid nature. Membrane fluidity is also influenced by how much unsaturated fatty
acids are in the phospholipid molecules—more unsaturated fatty acids make the
membrane more fluid, as shown in Figure 2.3.8. The fluidity of the cell membrane
is very important because it affects how permeable the membrane is. It also makes
it possible for proteins to move within the membrane to particular areas where they
are required to carry out their function.

Figure 2.3.9 shows the components of the cell membrane. As well as the
phospholipid bilayer, the cell membrane comprises cholesterol, proteins and
carbohydrates.
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FIGURE 2.3.9 Components of the cell membrane

Cholesterol

Figure 2.3.10 shows how the cell membranes of eukaryotes contain cholesterol, a
type of fatty molecule, between the phospholipid molecules. Cholesterol stabilises
the membrane but does not affect its fluidity, and reduces the permeability of the
membrane to small water-soluble molecules.

Cholesterol acts as a buffer against changing temperatures. At high temperatures,
cholesterol stops the cell membrane from becoming too fluid by restricting the
movement of phospholipids. At low temperatures, cholesterol prevents the cell
membrane from solidifying by restricting the tight packing of phospholipids.

Proteins

Like phospholipid molecules, proteins in the cell membrane can move about to
some extent, but this movement may be limited to particular regions of the cell
membrane.

Proteins that are a permanent part of the cell membrane are called integral
proteins. Proteins that are a temporary part of the cell membrane are called
peripheral proteins. Peripheral proteins bind to integral proteins or penetrate
into one surface of the cell membrane (Figure 2.3.9). When integral proteins
span both phospholipid layers they are also called transmembrane proteins.
Transmembrane proteins are involved in a number of important cellular and
intercellular activities. These activities are illustrated in Figure 2.3.11.
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FIGURE 2.3.11 Different functions of cell membrane proteins

Integral proteins have many functions in the cell membrane (Figure 2.3.11). For
example, these proteins:
e actas transport channels to transport molecules and ions through the membrane
« function as enzymes

are involved in signal transduction
» function in cell-cell recognition

connect cells to each other

act as attachments to the cytoskeleton and the extracellular matrix.

Carbohydrates

Carbohydrates associated with cell membranes are usually linked to protruding
proteins (forming glycoproteins) or to lipids (forming glycolipids) on the

outer surface of the membrane (Figure 2.3.9). They play a role in recognition and ™ ,
adhesion between cells, and in the recognition of antibodies, hormones and viruses 113
by cells.
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2.3 Review

SUMMARY

The external environment of living cells is the layer
of extracellular fluid that is in direct contact with the
cell membrane.

For unicellular organisms, the extracellular fluid is
the watery environment in which they live and that
they can do little to control.

Multicellular organisms have an internal
environment that is more or less independent from
the external environment. The external environment
of the cells is therefore the extracellular fluid that
surrounds them.

Cell membranes separate the interior of the cell,

the cytoplasm, from the external environment and
control the movement of substances between the
two.

Cell membranes consist of a double layer of
phospholipid molecules. They contain protein
molecules of various sizes as well as fatty molecules
such as cholesterol. They are also associated with
other molecules, including carbohydrates.

Retrieval

1
2

List three functions of the cell membrane.

Identify the component of the phospholipid molecule
that does not allow most water-soluble substances to
pass through the phospholipid bilayer barrier of the cell
membrane.

Comprehension

3

B KEY QUESTIONS

Membrane-bound proteins may have carbohydrates
attached. Explain the role these proteins play in the cell
membrane.

a The illustration shows the structure of a typical cell

membrane. ldentify the compounds labelled A and B.

b With specific reference to the structure of compound
A, describe how compound A is organised to form
a bilayer.

The phospholipid nature of the cell membrane
makes it impermeable to water-soluble particles,
ions and polar molecules.

Cell membrane proteins:

- provide selective channels that enable water-
soluble particles and ions to travel through the
cell membrane

- catalyse reactions associated with the cell
membrane

- communicate with the external environment and
other cells

- bind with other cells.

5 Explain the importance of the fluidity of the cell
membrane for the function of eukaryotic cells.

6 Explain the role the cell membrane plays in regulating
the internal environment of a cell.

Analysis

7 You are asked to give a one-minute summary to the

class on the fluid mosaic model of the cell membrane.

Consider the key points necessary for your response
and organise them appropriately to clearly explain the
fluid mosaic model to your class.
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BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand the differences between diffusion, osmosis, facilitated diffusion
and active transport and name some examples of the types of substances
transferred by each method

» understand the importance of surface area to volume ratio for cell function

» understand that endocytosis is a form of active transport that usually
moves large polar molecules that cannot pass through the hydrophobic
cell membrane into the cell

» understand that phagocytosis is a form of endocytosis

» predict the direction of movement of materials across the cell membrane
on the basis of factors such as concentration, physical and chemical nature
of the materials

» explain how the size of a cell is limited by the relationship between surface
area to volume ratio and the rate of diffusion

» calculate surface area to volume ratios

» conduct an investigation to compare the efficiency of movement of
materials that have different surface area to volume ratios.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

In the previous module, you learnt about the composition of the cell membrane,
and that one of its main characteristics is exchanges of molecules between the
cytoplasm and the external environment of the cell. Small molecules and water are
constantly transported across the cell membrane in both directions. Depending on
their size and polarity, molecules diffuse between the phospholipid molecules or
pass through channels formed by proteins embedded within the membrane. For
larger molecules such as proteins and polysaccharides, bulk transport across the cell
membrane is used. In this section, you will learn about the selective permeability of
the cell membrane. You will also explore the various methods employed to control
the exchange of molecules, including diffusion, facilitated diffusion, osmosis, active
transport and bulk transport by endocytosis or exocytosis.

CELL MEMBRANE PERMEABILITY

To maintain the composition of the intracellular fluid, cells can control which
molecules move into and out of the cell across the cell membrane. The regulation
of movement is because of two features of biological membranes. Cell membranes
are semipermeable, and have transmembrane proteins. The phospholipid bilayer
acts like a molecular sieve, controlling what moves between the intracellular and
extracellular environments. As Figure 2.4.1 shows, many different types of molecules
can move across cell membranes, and they do so in different ways, depending on
their properties, such as size, charge, polarity and solubility (Table 2.4.1).

water oxygen
L T carbon dioxide
monosaccharides S
—, nitrogenous waste
/ (e.g. ammonia, urea)  FIGURE 2.4.1 Cells
i i exchange many
amino acids ) )
substances with their
lipids environment across
) . the cell membrane.
various ions

0 Semipermeable membranes
allow solvent molecules to pass
through, but prevents at least
some of the solute molecules from
doing so.
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6 A solute is a substance dissolved
in another substance, known as
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the solvent.

TABLE 2.4.1 The cell membrane’s permeability to different molecules

Molecule or ion Permeability of membrane
to the molecule or ion

small uncharged molecule  oxygen, carbon dioxide permeable

lipid-soluble, non-polar alcohol, chloroform, permeable

molecule steroids

small polar molecule water, urea permeable or semipermeable

small ion potassium ion (K*) sodium non-permeable (molecule

ion (Na*), chloride ion (CI7) passes through protein

channels)

large, polar, water-soluble amino acid, glucose non-permeable (molecule

molecule passes through protein
channels)

Permeable membranes are not selective in what molecules pass through them. All
solutes and the solvent can pass easily across permeable membranes. Membranes
are said to be ‘semipermeable’ or ‘selectively permeable’ when they allow some
particles or solutes and the solvent to pass through the phospholipid part of the cell
membrane, but not other solutes. Figure 2.4.2 illustrates the movement of particles
across permeable and semipermeable membranes.

a b

. permeable _ semipermeable
f membrane membrane

@ o o e o o o © oo °
° (6} (6}
o ©7[® o © e © 0 o
e C o o e o o
o © ®
© o o e © (¢}
® e e o o
e © net movement o © o no net movement
S ) of solute across ° of solute across
b membrane © o membrane

FIGURE 2.4.2 (a) When a membrane is permeable, to the solute and the solvent, the solute particles
cross the membrane down the concentration gradient. (b) If the membrane is impermeable to the
solute, then only the solvent can cross the membrane and the solute is prevented from diffusing
through the membrane.

Because of their hydrophobic lipid nature, cell membranes are permeable to
small, uncharged molecules and lipid-soluble molecules. In other words, small,
uncharged molecules and lipid-soluble molecules can move freely through the
phospholipid bilayer. However, the lipid nature of cell membranes makes them
impermeable to:
¢ most water-soluble molecules
* ions (atoms or groups of atoms with an overall positive or negative charge)

e polar molecules (molecules with charged regions but no overall charge).

Membranes that do not allow substances to diffuse across them are referred to
as non-permeable. Molecules that cannot diffuse across the phospholipid bilayer
may enter and exit the cell through specific protein channels in the cell membrane,
which are shown in Figure 2.4.3.
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lipid-soluble small certain most
molecules uncharged water-soluble water-soluble
(alcohol, molecules molecules molecules
chloroform) (water, urea, (some ions, (proteins,
oxygen, animo acids, sugars, ions)

carbon dioxide)

monosaccharides)

protein
channels A phospholipid
/\ molecule

FIGURE 2.4.3 If the cell membrane is not permeable to molecules, protein channels must assist the
molecules to cross the membrane.

PASSIVE TRANSPORT

Diffusion of molecules across the cell membrane without the expenditure of
energy is known as passive transport. The three types of passive transport across
membranes are diffusion, facilitated diffusion and osmosis. The movement of a
molecule across a biological membrane is called passive transport when the cell
does not have to expend energy to make it happen.

Diffusion

Particles in a solution move from an area of high concentration to an area of low
concentration. This process is called diffusion and is shown in Figure 2.4.4.

Particles are always in constant random motion. The random motion is a result
of the kinetic energy (energy of movement) of the molecules or ions and results in
many collisions of the particles. Because there are many particles colliding with each
other during this process, the overall movement of particles is very slow.

Solute molecules can diffuse across a membrane only if the membrane is
permeable to them. There is a constant movement of solute molecules backwards
and forwards across the membrane. If the solute concentration is higher on
one side of the membrane than the other, more solute molecules cross from the
area of higher concentration to the area of lower concentration (i.e. down its
concentration gradient), as you can see on the left side of Figure 2.4.5. However,
if the concentration of solute molecules is the same on both sides of the membrane,
there is always about the same number moving across in either direction. That is,
there is no net movement from one side to the other.

net diffusion net diffusion equilibrium

e e wess
i = i
e | — | §oET - 1% @
B % i
i = i

dye particles membrane cross-section

CHAPTER 2
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FIGURE 2.4.4 Diffusion results in the random
dispersal of solute molecules throughout a
solvent.

FIGURE 2.4.5 The solute particles are able to
diffuse across the semipermeable membrane
from high concentration (on the left) to low
concentration. When equilibrium is reached,
solute particles continue to randomly diffuse
from both sides of the membrane but there is
no change to the overall concentration. Dynamic
equilibrium has been established.
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0 Diffusion is the passive net
movement of molecules from

a region where they are in high
concentration to a region where

they are in low concentration.

outside of cell

(1

1()

inside of cell

FIGURE 2.4.6 In facilitated diffusion, particles
move from one side of the membrane down
the concentration gradient mediated by specific
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membrane carrier proteins or channel.

If the membrane is semipermeable (i.e. it is impermeable to some molecules)
there is no movement of those molecules from the area of higher concentration to
the area of lower concentration, as you can see on the right side of Figure 2.4.2 on
page 38.

Diffusion can be seen when a drop of ink (the solute) is placed in a jar of still
water (the solvent). The dye particles in the ink move randomly through the water
until the colour is homogenous (evenly spread). In other words, the solute particles
move from an area of high solute concentration (the drop of ink) to the areas of low
solute concentration (the rest of the jar). The solute particles are said to have moved
down the concentration gradient.

Diffusion is called a passive process because it does not require additional
energy from outside the system (in the form of ATP). It occurs only because there
is a concentration gradient. The types of diffusion across membranes include simple
diffusion, facilitated diffusion and osmosis (a special form of diffusion).

Factors affecting rate of diffusion

The three main factors that affect the rate of diffusion across a membrane are:

* concentration—the greater the difference in concentration, the higher the rate of
diffusion. When the concentration is equal on both sides of the membrane, the
net diffusion is zero, even at high temperatures

e temperature—the higher the temperature, the higher the rate of diffusion.
Increasing the temperature increases the speed at which molecules move

* particle size—the smaller the particles, the higher the rate of diffusion through
a membrane.

Facilitated diffusion

The phospholipid bilayer of the membrane is impermeable to certain particles,
including ions and large polar molecules. However, certain proteins in the membrane
allow for the diffusion of these particles into and out of the cell. Because the diffusion
of these molecules is assisted by proteins, and does not require any additional energy
to be added to the system, the process is called facilitated diffusion.
In facilitated diffusion:
¢ the membrane transport proteins are specific for particular particles, so transport
is selective; some particles are transported and others are not
e transport is more rapid than by simple diffusion
* thetransport proteins can become saturated (fully occupied) as the concentration
of the transported substances increases

* the transport of one particle may be inhibited by the presence of another particle
that uses the same transport protein

* no additional energy is required; the particles move down their own concentration
gradient.

The two main types of membrane transport proteins in facilitated diffusion are
channel proteins and carrier proteins. Membrane proteins provide channels
for the passage of water-soluble (polar) molecules and ions across the phospholipid
bilayer. Channel proteins are specific for a substance. They do not usually bind with
the molecules being transported. Channel proteins function like pores that open
and close to allow the passage of specific molecules. They are mainly involved in the
passage of water-soluble polar particles, such as ions.

Carrier proteins bind the molecules being transported, causing the protein to
change shape (conformation), which allows specific molecules to be transported
across the membrane. You can see this in Figure 2.4.6. After the molecule has
crossed the membrane, the carrier protein is restored to its original shape.
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Osmosis

Osmosis refers to the net diffusion of water molecules across a semipermeable
membrane.

If a dilute and a concentrated solution are separated by a semipermeable
membrane that allows the movement of free water molecules but not solute
molecules, the free water molecules move across the membrane from the dilute to
the concentrated solution.

In osmosis, net diffusion of water occurs through a semipermeable membrane
from a dilute to a concentrated solution in an effort to achieve equilibrium. Diffusion
occurs down water’s concentration gradient, which is also known as the osmotic
gradient and is shown in Figure 2.4.7. The pressure causing the water to move
along this gradient is called osmotic pressure.

o free water molecule @ sugar molecule © hydrated sugar molecule

sugar solution
pure water (contains hydrated sugar molecules
(100% free water molecules) and free water molecules)

dilute
° @ sugar solution

) high
concentration
O of free

water molecules

v o 9

o
(€]

- O ‘
| .

FIGURE 2.4.7 A net movement of water molecules from a dilute solution through a semipermeable
membrane into a concentrated solution is osmosis.

Osmosis can be demonstrated by using Visking tubing (containing a strong
sugar solution coloured with food dye) attached to a clear capillary tube and
submerged in a beaker of water, as shown in Figure 2.4.8. Visking tubing is a
synthetic semipermeable membrane made from cellulose. In the Visking tubing,
water molecules bind to the sugar molecules. As a result, there are fewer free water
molecules in the Visking tubing and a net movement of free water molecules into
the tubing by osmosis occurs. This causes an increase in the volume of liquid in
the tubing, increasing the pressure and forcing the coloured solution to rise up the
capillary tube.

In osmosis, we are always comparing solute concentration between two
solutions. The terms ‘isotonic’, ‘hypertonic’ and ‘hypotonic’ solutions are often used
to describe the difference.

» Isotonic solutions: the solutions being compared have equal concentrations

of solutes.
¢ Hypertonic solutions: the solutions with the higher concentration of solute

(and hence lower concentration of free water molecules).
¢ Hypotonic solutions: the solutions with the lower concentration of solute

(hence higher concentration of free water molecules).

Effect of osmosis on cells

The cell membrane is permeable to water, so when cells are placed in fresh water,
an osmotic gradient draws water into the cells. This is because the cytosol is a
concentrated solution containing many dissolved substances. In other words, the
cytosol has a low concentration of water. For example, if red blood cells are placed
in fresh water, the cells absorb so much water by osmosis that they swell and may
eventually burst, releasing red pigment into the water, as shown in Figure 2.4.9¢
(page 42). Conversely, if red blood cells are placed in a solution that is more
concentrated than their cytosol, water leaves the red blood cells by osmosis and
causes them to shrink (crenation). This is shown in Figure 2.4.9a.

semipermeable
membrane

concentrated
sugar solution

of free water
© | molecules

net movement of
free water molecules

)
capillary ———— | liquid rises

tube

Visking
tubing

sucrose
solution

low concentration

water

FIGURE 2.4.8 A Visking tubing apparatus for the

demonstration of osmosis
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For cells with cell walls, such as plant cells and prokaryotes, the cell wall helps to
maintain the cell’s water balance. For example, if a plant cell loses water by osmosis,
it starts to shrivel and the cell membrane starts to pull away from the cell wall—the
cell is said to have become plasmolysed (Figure 2.4.9d). However, if the plant cell
absorbs water by osmosis, it swells to some extent but the relatively inelastic cell
wall prevents the cell from bursting. The cell wall expands until it exerts a pressure
back on the cell, known as turgor pressure. Turgor pressure prevents further water
uptake. At this point, the plant cell is turgid (Figure 2.4.9f).

Hypertonic Isotonic Hypotonic
solution solution solution
a Crenated b Normal ¢ Lysed

H,0

H,O
Animal cell / /‘ H,0
(red blood cell) p H,0
shrivelled cells normal cells cells swell, burst

d Plasmolysed e Flaccid f Turgid

Plant cell
(root cell)

cytoplasm shrinks normal cell normal turgid cell
from cell wall

FIGURE 2.4.9 The effect of three different solution concentrations on an animal cell and a plant cell

ACTIVE TRANSPORT
Figure 2.4.10 illustrates active transport. Active transport involves the use
0 Active transport requires the use of energy by the cell to transport particles across membranes. Because active
of energy to move substances transport uses energy, it can move substances against a concentration gradient
against a concentration gradient. from low concentration to high concentrations. Active transport enables a cell to

maintain internal concentrations of small solutes that differ from concentrations
in its environment. The membrane transport proteins in active transport are all
carrier proteins.

extracellular o Q O o
fluid o : ° °
] 'n -
cell ol
membrane
000 &) o \oatransport
ctoplasm 9@ © © O Q oo protein
Qo ° PN = P

FIGURE 2.4.10 Active transport requires an energy source so that the molecules can be transported
across the membrane.
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Active transport and facilitated diffusion compared

Passive transport does not require an additional energy source. There are three types
of passive transport: diffusion, facilitated diffusion and osmosis. Diffusion (Figure
2.4.11a) occurs when substances move from high to low concentrations. In facilitated
diffusion (Figure 2.4.11b), substances move from high to low concentrations with
help from a transport protein. Osmosis is the movement of water from high to low
water concentrations. Active transport (Figure 2.4.11c¢) requires an energy source.
As a result, it usually moves substances from low to high concentrations.

Passive transport Active transport

FIGURE 2.4.11 Passive
transport of molecules
across the membrane does
not require energy. Active

diffusion facilitated diffusion ' transport does require an
energy source.

The comparison between passive transport and active transport can be seen in
Table 2.4.2.

TABLE 2.4.2 A comparison of passive and active transport

Passive transport

Simple diffusion m Facilitated diffusion

Active transport

Type of substance hydrophobic molecules, small water hydrophilic molecules; for hydrophilic molecules; for
polar molecules; for example, example, calcium ions, example, glucose, amino
water, oxygen, carbon dioxide glucose, amino acids, sodium acids, sodium ions, potassium

ions ions

Type of membrane none none channel protein carrier protein

protein required carrier protein

Direction of down concentration gradient down down concentration gradient against concentration gradient

movement of concentration

molecules gradient

Energy requirement none none none requires energy in the form

of ATP

Active transport has the same properties of selectivity, saturation and competitive
inhibition as facilitated diffusion because it also occurs through transport proteins
(Figure 2.4.12 on page 44). Selectivity means that some substances are transported
but others are not. Saturation means that there is no increase in the rate of transfer
when all transport proteins are open. Competitive inhibition means that one
substance can inhibit the transport of another substance by using the same transport
protein.

But unlike facilitated diffusion, which can occur through either channel or carrier
proteins, active transport only occurs through carrier proteins. Because active
transport uses energy, it can move substances against a concentration gradient (from
low concentrations to high concentrations). In comparison, facilitated diffusion uses
no energy, so it can only move substances down a concentration gradient.
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Transport rate as a function
of temperature

C alone

B alone

B in presence of C

Rate of transfer through channel

A alone

Concentration of substance

FIGURE 2.4.12 Theoretical transport rate
versus concentration for the movement of
three substances through a channel protein.
Substances B and C are transported, but not
substance A—this demonstrates selectivity.
The rate of transfer of substances B and C
flattens out when their concentrations reach

a certain level, demonstrating saturation. The
rate of transport of B is less when C is present,
demonstrating competitive inhibition.
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In different situations, either facilitated diffusion or active transport may be used
to transport a particular molecule. Whether a cell uses facilitated diffusion or active
transport depends on the specific needs of the cell.

For example, glucose is actively transported from the gut into epithelial cells
lining the gut so it can enter the bloodstream.This process is regulated by hormones,
principally insulin and glucagon. If gut glucose levels are high, blood glucose levels
increase. If gut glucose levels are low, active transport makes sure that the little
glucose that is in the gut gets pumped into the epithelium from where it can move
to blood through facilitated diffusion.

In contrast, red blood cells move glucose by facilitated diffusion. This makes
sense because glucose concentration in the blood is usually maintained within a
narrow range. In addition, cells convert glucose into other chemicals as soon as
it enters the cell, keeping the intracellular concentration of glucose lower than the
blood concentration of glucose.

BULK TRANSPORT

Large polar molecules and other substances that cannot pass through the
hydrophobic cell membrane can enter or exit the cell via bulk transport. Bulk
transport includes exocytosis and endocytosis (Figure 2.4.13). Both exocytosis and
endocytosis are forms of active transport because they require energy.

Exocytosis and endocytosis

Figure 2.4.13 illustrates how cells transport large molecules into and out of the cell.
Exocytosis is the movement of substances out of the cell, from the cytoplasm to
the extracellular fluid. A transport vesicle, which may contain wastes or substances
needed for secretion (e.g. digestive enzymes), fuses with the cell membrane and the
junction then breaks down, releasing the enclosed materials. Unicellular heterotrophs
such as amoebas remove digestive wastes in this way.

FIGURE 2.4.13 To transport large
molecules that proteins cannot
transport, cells use endocytosis and
exocytosis, which require vesicles
and energy.
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Endocytosis is the movement of substances into the cell, from the extracellular
fluid into the cytoplasm. Particles near the cell membrane are enclosed by the
membrane, which then pinches off to form a vesicle enclosing the particle. In
eukaryotes, this vesicle may then become fused with a lysosome so that its contents
can be digested for use by the cell. The two forms of endocytosis are pinocytosis
and phagocytosis. Pinocytosis is the entry of extracellular fluid and substances
such as proteins and sugars that are carried in it. Phagocytosis is the entry of large
particles such as bacteria and cell debris.

SURFACE AREA TO VOLUME RATIO AND CELL SIZE

All cells must exchange nutrients and wastes with their environment via the cell
membrane. In addition, enzymes that are bound to the cell membrane catalyse
many important cellular processes.

The surface area of the cell membrane around a cell affects the rate of exchange
that is possible between the cell and its environment, and can affect certain processes
catalysed by membrane-bound enzymes.

Larger cells have greater metabolic needs, so they need to exchange more
nutrients and waste with their environment. However, because of the surface area
to volume relationship, they do not have a proportionally larger surface area of cell
membrane for this exchange to take place. So being small helps cells to maximise
their efficiency in exchanging matter with their environment.

Surface area versus volume

The relationship between surface area and volume can be explained using cubes,
as shown in Figure 2.4.14. A cube with a side length of 1 cm has a surface area of
6 cm? and a volume of 1 cm?. The surface area to volume ratio of a 1 cm cube is
thus 6:1 (or 6). A cube with a side length of 10 cm has a surface area of 600 cm?
and a volume of 1000 cm3. A 10 cm cube thus has a surface area to volume ratio
of 600:1000, or 0.6. Comparing these two cubes, it can be observed that, while the
volume of the bigger cube is 1000 times larger than the volume of the smaller cube,
its surface area is only 100 times larger.

1 cm
| —

m

10 cm

Side length lcm 10 cm
Surface area 6 cm? 600 cm?
Volume 1 cm3 1000 cm3
Surface area to 6 0.6
volume ratio

FIGURE 2.4.14 Two cubes, showing the relationship between surface area and volume
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Worked example 2.4.1

SURFACE AREA AND VOLUME

A

~2cm—

Consider the two objects shown below. Both objects have a volume of 8 cm3.
Which shape has the greater surface area to volume ratio?

Thinking

Working

Look at shape A. Identify
the dimensions of the
cube.

Shape A:
6 sides, each with width of 2 cm and height of 2 cm

Calculate the surface
area of shape A, given
that there are six sides,
each with the same area.

Surface area=6x2 x 2
=24 cm?

the dimensions of the
cube.

Calculate the surface SA _ 24
area (SA) to volume (V) v 8
ratio of shape A. =3
Look at shape B. Identify | Shape B:

2 sides, each with width of 2 cm and height of 1 cm
2 sides, each with width of 4 cm and height of 1 cm
2 sides, each with width of 2 cm and height of 4 cm

Calculate the surface
area of shape B, given
that there are six sides
with three different areas.

Surfacearea=2x2x1)+(2x4x1)+(2x2x4)

Calculate the surface
area to volume ratio of
shape B.

=4+8+16
=28 cm?
SA _ 28
vV — 8
=35

Compare the surface

area to volume ratios.

Therefore, shape B has the greater surface area to
volume ratio.

>» Try yourself 2.4.1

SURFACE AREA AND VOLUME

Consider the two objects shown below. Which shape has the greater surface area

to volume ratio?

A

-2 cm—

3cm

/1(cm
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2.4 Review

SUMMARY

Membranes are impermeable to most water-
soluble molecules, ions and polar molecules. These
substances can only pass through protein channels.
Lipid-soluble substances can diffuse through the
phospholipid bilayer.

Diffusion is the passive movement of solute
molecules along a concentration gradient, from a
region of high solute concentration to a region of low
solute concentration.

There are three types of diffusion across cell
membranes: simple, facilitated and osmosis.
Simple diffusion involves solutes to which the
membrane is permeable, including lipid-soluble
substances, small molecules and water molecules.
The rate of diffusion is affected by concentration,
temperature and particle size.

Facilitated diffusion is through selective channels

in membranes that permit or enhance the passive
movement of particular ions and molecules down

KEY QUESTIONS

Retrieval

1

2
3

Complete the following table by recalling whether the
phospholipid bilayer is permeable, semipermeable or
not permeable to each substance described.

their own concentration gradient. Facilitated diffusion
generally occurs at a more rapid rate than simple
diffusion.

Osmosis is the net diffusion of water across

a semipermeable membrane down its own
concentration gradient called the osmotic gradient
(i.e. from a low solute concentration to a high solute
concentration).

In active transport, energy is expended to move
substances across cell membranes through protein
channels against their concentration gradient.
Exocytosis (moving substances out of the cell) and
endocytosis (moving substances into the cell) are
forms of active transport involving vesicles that

fuse with the cell membrane. These forms of active
transport are generally used to transport larger
molecules in bulk.

A large object has a smaller surface area to volume
ratio than a small object with the same shape.

5 Explain how active transport is different from diffusion.
6 Consider the red blood cells in the illustrations

below. The arrows indicate the net direction of water
movement. Applying your understanding of osmosis,

. describe how red blood cells would:
Substance Examples Permeability .
a shrink
small uncharged | oxygen, carbon b swell and burst.
molecule dioxide
o red blood cell
lipid-soluble, alcohol,
concentrated

non-polar chloroform, solution plasma fresh water
molecule steroids
small, polar water, urea
molecule }4\(‘2{ < @ > > /—\

_ —— L
small ion potgssm.m ion (K", oy

sodium ion (Na*),
chloride ion (CI7) .
cell shrinks cell swells and bursts

large, polar, amino acid, — net movement of water
water-soluble glucose
molecule Explain why the cell membrane is permeable to

Define ‘selective permeability’.
List the factors that increase the rate of diffusion.

Comprehension

4
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Osmosis is a special kind of diffusion. Define osmosis.
Draw a diagram to illustrate your answer.

chloroform (and equivalent chemicals).

Determine why a large surface area to volume ratio
is important in exchanging materials between cells/
organisms and the external environment.

continued over page
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2.4 Review continued

Analysis

9

10

11

Compare endocytosis, exocytosis, phagocytosis and
pinocytosis. Describe where in your body you would
expect each process to occur.
Compare simple and facilitated diffusion. Include an
example of each.
Consider the two objects shown below, which have the
same volume of 64 cm3. Determine which shape has
the greater surface area to volume ratio.

Q4 cm

A B

4cm

2cm

4
cm 8cm

4cm

12 Determine whether a round cell of 6 mm diameter will

absorb substances via diffusion at a greater rate than a
round cell of 3 mm diameter.
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2.5 Cell organelles

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» know and understand that eukaryotic cells have specialised organelles to
facilitate cellular processes such as the synthesis of complex molecules,
energy transformation, the storage of materials and the removal of cellular
wastes and products

» identify cell organelles including chloroplasts, mitochondria, rough
endoplasmic reticulum and lysosomes in electron micrographs.

©0000000000000000000000000000000000000000000000000000000000000000000000000000000000000 e

You will recall from Module 2.2 that the two fundamentally different types of cells
are prokaryotic and eukaryotic cells, and that organisms are classified into one of
three domains (Bacteria, Archaea or Eukarya), according to their cell type.

Bacteria and archaea are prokaryotes. Their cells do not contain membrane-
bound organelles. Animals, plants, fungi and protists are cukaryotes. While
eukaryote cells may differ in appearance and function, they all contain membrane-
bound organelles, such as those seen in Figure 2.5.1.

In this module, you will learn more about the structure and function of organelles.

FIGURE 2.5.1 Plants are eukaryotes and so their cells have membrane-bound structures, some of
which can be seen in this scanning electron micrograph. The cell wall is the external layer. Inside the
cell wall are chloroplasts (brown), the nucleus (pink) and a large vacuole in the centre of the cell.

FUNCTION AND STRUCTURE OF ORGANELLES

Organelles are subcellular structures that have a specific function (Table 2.5.1).
Some organelles, as mentioned earlier, are membrane-bound compartments within
the cytoplasm. Membrane-bound organelles are only present in eukaryotic cells.
Prokaryotic cells have some non-membrane-bound organelles, such as ribosomes,
a cell wall and sometimes flagella, although the structure and composition of these
are usually different from those of eukaryotic cells.
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€) Enzymes are protein molecules

nuclear pores % nuclear %
e envelope

that act as biological catalysts.
Enzymes speed up the rate of
reactions that would otherwise
have taken place much more
slowly. Their action is specific:
they catalyse only one type of
reaction. You will learn more
about the role of enzymes in
cellular processes in Chapter 3.

FIGURE 2.5.2 A scanning electron micrograph
of the external surface of a nuclear envelope in
an onion root tip cell. The envelope consists of
a double membrane (purple), which encloses
the nuclear DNA. The nuclear pores (black
circles) are pathways for the transport of

larger molecules between the nucleus and the
cytoplasm. Contained within the nucleus are
the chromatin fibres (yellow and orange), which
contain the chromosomes.

40S subunit/

60S subunit

FIGURE 2.5.3 A single eukaryote ribosome
consists of a larger 60S subunit and a smaller
40S subunit.
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Role of organelle membranes

The membranes surrounding organelles control the movement of substances
between the organelle and the cell’s cytosol. Just as the cell membrane of a cell
enables the cytosol to have a different composition from the cell’s surrounding
environment, the membranes of membrane-bound organelles enable each organelle
to have a different composition from the surrounding cytosol and other organelles.
Each membrane-bound organelle has a different function. For this reason, each
organelle requires a different internal composition, including a high concentration
of enzymes and reactants that are needed for the organelle’s particular function.
Cellular organelles are involved in a number of different functions (Table 2.5.1).
Their functions include the synthesis and processing of proteins and lipids, energy
transformations, storage, and maintaining the structure of the cell.

TABLE 2.5.1 Organelles and their functions

Organelle Present in Present in
plants animals

Involved in synthesis  nucleus v v
and processing of i
proteins and lipids ribosome v v
rough endoplasmic reticulum v v
Golgi apparatus v 4
lysosome X v
smooth endoplasmic (4 v
reticulum
Involved in energy mitochondrion v v
transformations
chloroplast (4 b 4
Involved in storage centrioles sometimes 4
and cell structure
flagellum or cilium (4 v
vacuole v small
cell wall (4 X

Synthesis and processing of proteins and lipids

The following organelles are involved in the synthesis and processing of proteins
and lipids in eukaryotic cells.

Nucleus

In eukaryotes, most of the DNA (genetic material and nucleic acids) is contained
in the nucleus, which is a large organelle surrounded by a double-layered nuclear
membrane. The genetic material in the nucleus takes the form of linear chromosomes
composed of DNA and proteins. Chromosomes are usually not clearly visible,
except during cell division. The nuclear membrane contains pores that link it with
the cytoplasm. You can see these pores in Figure 2.5.2. The information for the
synthesis of new proteins is present in the DNA.

The most visible structure inside the nucleus of a non-dividing cell is the
nucleolus. The nucleolus is composed of proteins, DNA and RNA, and is where
ribosomes are assembled.

Ribosomes

Cells contain many thousands of ribosomes, which are only about 30 nm in diameter
and therefore only visible using an electron microscope. Ribosomes are composed
of proteins and ribosomal RNA (rRINA), and are sites of protein synthesis. They
consist of two subunits joined together, as shown in Figure 2.5.3.
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The subunits in eukaryote ribosomes are different from those in prokaryote
ribosomes. Ribosomes are either free in the cytoplasm or bound to rough
endoplasmic reticulum.

Ribosomes translate mRINA into proteins. Proteins produced in free ribosomes
will function in the cell’s cytoplasm, while proteins synthesised in ribosomes bound
to the rough endoplasmic reticulum are secreted out of the cell, packaged into
organelles or inserted in cell membranes.

Endoplasmic reticulum

Endoplasmic reticulum is a network of intracellular membranous sacs (cisternae)
and tubules that link with the cell membrane and other membranous organelles,
including the nucleus. The endoplasmic reticulum can be rough or smooth.

Rough endoplasmic reticulum has ribosomes attached, which synthesise
proteins. These ribosomes are bound to the membrane of the rough endoplasmic
reticulum, as shown in Figure 2.5.4. After the proteins are made, they pass into
the endoplasmic reticulum cavity containing enzymes. The enzymes add sugar
molecules to the proteins to form glycoproteins.

Rough endoplasmic reticulum is abundant in cells that actively produce and
export proteins, such as pancreatic cells, which secrete digestive enzymes. From the
rough endoplasmic reticulum, proteins move into the Golgi apparatus for export
from the cell.

Smooth endoplasmic reticulum contains the enzymes involved in the synthesis of
molecules other than proteins, such as phospholipids and steroids. It is abundant in
steroid-secreting cells in the testes, ovaries, kidneys and adrenal glands. Figure 2.5.5
shows smooth and rough endoplasmic reticulum in the cells of a human fetus.

Golgi apparatus

Figure 2.5.6 shows the Golgi apparatus (also called the Golgi body or Golgi
complex), which is a stack of flattened smooth membrane sacs called cisternae.
Unlike the rough endoplasmic reticulum, the cisternae in the Golgi apparatus are
not connected. When proteins formed in the rough endoplasmic reticulum reach the
Golgi apparatus, vesicles are formed from each cisternae to transport the proteins
from one cisternae to the next. The proteins are modified for use by the cell, or for
transport out of the cell. The cisternae then form transport vesicles to move these
materials into the cytosol or out of the cell, such as secreted hormones. Vesicles
budding from the Golgi apparatus also carry membrane-bound proteins to the cell
membrane and digestive enzymes into lysosomes.

Golgi
apparatus

FIGURE 2.5.6 A scanning electron micrograph of the Golgi apparatus of an olfactory bulb cell (part
of the brain involved with smell). The Golgi apparatus consists of a stack of flattened interconnecting
membranous sacs. It is the site in the cell of synthesis of biochemicals that are packaged into
swellings at the margins of the sacs and become pinched off as vesicles (small yellow spheres).

FIGURE 2.5.4 A scanning electron micrograph
of endoplasmic reticulum in a cell found in the
olfactory epithelium (inside the nasal cavity).
Endoplasmic reticulum is a network of folded
membranes forming sheets, tubes or flattened
sacs in the cell cytoplasm. On the surface of
some of the endoplasmic reticulum membranes
are ribosomes (yellow spheres).

reticulum
£Z
- .

L% endoplasmic ;’ﬁ
reticulum 1
e et A
FIGURE 2.5.5 A scanning electron micrograph
showing smooth (right) and rough (left)
endoplasmic reticulum (light pink) inside a
Leydig cell of a 14-week-old human fetus.
Leydig cells synthesise steroid hormones in
the male testis. Lipid droplets (round blue
structures) supply the cholesterol needed for the
biosynthesis of steroids. Mitochondria (yellow)
produce chemical energy for the cell.
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partially

digested
material inside

lysosome

FIGURE 2.5.8 A scanning electron micrograph of
two lysosomes in a pancreatic cell. Lysosomes
(green) are small spherical vesicles bound by a
single membrane (clearer on lower lysosome).
Material that probably represents partially
digested cell organelles can be seen in each
lysosome.

0 Exocytosis is the fusion of a
vesicle with the cell membrane,
expelling its contents outside the
cell.

P—— = cell membrane -

- e — 1: < - - 77,, 4_/'—

FIGURE 2.5.7 The Golgi apparatus has a cis face, which faces the endoplasmic reticulum, and a trans
face, which faces the cell membrane.

The Golgi apparatus has two faces: the cis face and the rrans face, as shown
in Figure 2.5.7. The cisternae of the cis face are connected to the endoplasmic
reticulum, either directly or by small transport vesicles. This allows the proteins made
in the rough endoplasmic reticulum to enter the Golgi apparatus. The cisternae of
the trans face are connected to the cell membrane by large secretory vesicles, which
contain proteins to be secreted outside the cell. The membranes of the cis face more
closely resemble the membranes of the endoplasmic reticulum, and the membranes
of the rrans face more closely resemble the cell membrane in their composition.

Secretory cells have a well-developed Golgi apparatus, but in other cells the
Golgi apparatus is small. Some products packaged by the Golgi apparatus, such as
the enzymes found in lysosomes, are not released from the cell.

Lysosomes

Figure 2.5.8 shows two lysosomes, which are specialised vesicles that digest (break
down) unwanted matter. They are the recycling units of the cells. They are found
only in animal cells. Lysosomes are formed when a transport vesicle containing
enzymes is released from the Golgi apparatus and fuses with another vesicle called an
endosome. The endosome contains molecules brought into the cell by endocytosis.
Lysosomes fuse with vesicles containing unwanted matter such as damaged
organelles or foreign matter. The enzymes in the lysosome then digest the unwanted
matter. Small molecules that the cell can re-use may diffuse back into the cytoplasm,
but the rest are retained in the lysosome or released from the cell by exocytosis.

Summary: synthesis and processing proteins and lipids

Protein and lipid synthesis and processing is shown in Figure 2.5.9. DNA is
transcribed inside the nucleus into RNA. RNA moves out of the nucleus and
binds to ribosomes. Ribosomes synthesise proteins using the information on the
RNA. Proteins that are secreted out of the cell are made in the ribosomes bound
to the rough endoplasmic reticulum. These proteins are modified and packaged
in the Golgi apparatus. Vesicles arising from the Golgi apparatus fuse with the
cell membrane, releasing their contents from the cell. They also insert membrane-
bound proteins into the cell membrane. Lipids are synthesised and processed in the
smooth endoplasmic reticulum.

52 UNIT 1 | CELLS AND MULTICELLULAR ORGANISMS | TOPIC 1 « CELLS AS THE BASIS OF LIFE



nutrients

. / secretion

ribosomes

. cisternae
~* — proteins

secretory
vesicles,
cell lysosomes
membrane rough carbohydrate smooth
endoplasmic and lipid endoplasmic
reticulum building blocks reticulum

FIGURE 2.5.9 A typical animal cell, showing the organelles involved in synthesising and processing
proteins and lipids

Energy transformations

Mitochondria and chloroplasts are the organelles involved in energy transformations
within eukaryotic cells.

Mitochondria

Mitochondria (singular mitochondrion) are organelles composed of two
membranes. The inner membrane of the mitochondria has folds called cristae, as
shown in Figure 2.5.10. There are two different compartments inside mitochondria:
an intermembrane space and the matrix. The matrix is the fluid-filled space enclosed
by the inner membrane and contains a double-stranded DNA molecule. Different
enzymes are found inside each compartment and on each membrane.

Mitochondria are involved in the energy transformations that release energy
from organic molecules for use by the cell. The number of mitochondria in a cell is
related to the cell’s energy requirements. Very active cells, such as heart muscle cells,
have many of thousands of mitochondria.

Chloroplasts

Figure 2.5.11 shows chloroplasts,which are organelles involved with photosynthesis.
They have a double-stranded DNA molecule and are green because of the large
amounts of chlorophyll (a green pigment) they contain. They are present in plants
and many protists, but never in animals or fungi.

Chloroplasts are composed of a system of three membranes: the outer membrane,
the inner membrane and the thylakoid system. Thylakoids are disc-shaped sacs.
This system of membranes forms compartments within the chloroplast that contain
different enzymes.

Chloroplasts trap light energy, which is used to split water molecules into
hydrogen and oxygen. The hydrogen then combines with carbon dioxide to make
glucose, and the oxygen is released into the atmosphere as a waste product.

e
inner membrane
(forms folds
called cristae)
hondrion -

- i *

L o

FIGURE 2.5.10 A scanning electron micrograph
of a single mitochondrion in the cytoplasm

of an intestinal epithelial cell. The cylindrical
mitochondrion (pink, centre) has a highly folded
internal membrane, which provides a large
surface area for aerobic respiration.

chloroplasts &%

"l

FIGURE 2.5.11 A transmission electron
micrograph of two chloroplasts seen in the leaf
of a pea plant, Pisum sativum. Each chloroplast
is seen cut lengthways and contains stacks of
flattened membranes (yellow) known as grana.
The chloroplasts contain chlorophyll and are
surrounded by an external double membrane.
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FIGURE 2.5.12 An illustration of a section
through a plant cell, revealing its internal
structure. At the centre of the cell is a large
vacuole, which maintains the cell’s shape, stores
useful materials and digests the cell's waste
products.

plastids (amyloplasts)
W

FIGURE 2.5.13 A scanning electron micrograph
of amyloplasts (oval) in the sectioned cells of a
potato (Solanum tuberosum). Amyloplasts are
starch-storing plastids, or plant organelles.

0 Xylem is the tissue in vascular
plants that transports water and
nutrients upwards from the roots.

Storage and cell structure

The following organelles are involved in storage and also support the cell structure
in eukaryotic cells.

Vacuoles

Vacuoles are membrane-bound, liquid-filled spaces that store enzymes and other
organic and inorganic molecules. They occur in most cells, in different numbers.
Figure 2.5.12 illustrates a plant cell vacuole. Vacuoles in animal cells and plant cells
are different. Animal cells contain many small temporary vacuoles, but most plant
cells contain a single large permanent vacuole surrounded by a membrane called the
tonoplast. In plants the vacuole provides structural support by helping to maintain
turgor and it seems that lysosome function also occurs here in the plant vacuole.

Plastids

Plastids are organelles involved in the synthesis and storage of different chemical

compounds. They contain a double-stranded DNA molecule and possess a double

membrane. Plastids develop from simple organelles called proplasts. Animal cells

lack plastids. Plastids can be:

» chloroplasts, which are involved in photosynthesis and are found only in plants
and some protists

* leucoplasts, which are involved in storage

* chromoplasts, which contain colour pigments and occur in petals and fruit.
Amyloplasts, as shown in Figure 2.5.13, are a type of leucoplast in plants. They

are commonly responsible for synthesising and storing starch, but can also convert

the starch back to sugar when the plant requires energy.

Cell wall

The cell wall is a rigid structure outside the cell membrane of plant cells, fungal cells
and some prokaryote cells. You can see the cell wall in a Hookeria moss cell in Figure
2.5.14. In plants, the cell wall is composed mainly of cellulose. The fungal cell wall
is made of chitin.

The cell wall provides support, prevents expansion of the cell, and allows water
and dissolved substances to pass freely through it. Lignin in the cell walls of woody
plants, especially in the xylem, gives them additional strength.

chloroplasts

FIGURE 2.5.14 A light micrograph of cells in a leaf of shining Hookeria moss (Hookeria lucens).
The leaf is made up of a single layer of cells. A cell wall (blue) encloses each cell, and numerous
chloroplasts containing the pigment chlorophyll (green, round) are seen in each cell.
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Cytoskeleton

Figure 2.5.15 shows fibroblast cells and their components. The cytoskeleton
consists of microtubules of the protein tubulin and filaments of the protein actin.
The cytoskeleton supports the cell’s structure, allows the cell to move and assists in

the transport of organelles and vesicles within the cell.

Centrioles

Centrioles are a pair of small cylindrical
structures composed of microtubules,
as shown in Figure 2.5.16. They are
present in most eukaryotic cells, but
many plant cells do not have centrioles.
Centrioles are involved in cell division
and in the formation of cell structures
such as cilia and flagella.

Cilia and flagella

Cilia and flagella (singular cilium and
flagellum) are hair-like structures on the
surface of cells and are shown in Figures
2.5.17 and 2.5.18. They consist of an
arrangement of microtubules enclosed
by an extension of the cell membrane.
Cilia move with an oar-like motion and
are usually shorter and more numerous
than flagella. Both structures are
involved in the movement of the cell or
things around the cell.

cell wall

cell membrane

FIGURE 2.5.16 A transmission electron
micrograph of centrioles (rainbow coloured
objects in the centre of the image). Centrioles
are are mainly composed of the protein tubulin
and are involved in assembling the spindle that
pulls cells apart during mitosis.

FIGURE 2.5.15 A fluorescent light micrograph
of fibroblast cells. Fibroblasts are cells that give
rise to connective tissue such as collagen, the
main structural protein in the body. The cell
nuclei are purple, actin filaments are yellow and
microtubules of tubulin, protein filaments that
make up part of the cytoskeleton, are white.

bacterium

FIGURE 2.5.17 (a) Bacterial flagella consist of three protein fibrils coiled in a helical pattern.
(b) A scanning electron micrograph of a Salmonella typhimurium bacterium. This rod-shaped,
gram-negative bacterium moves by using its long, hair-like flagella (yellow).

5 =) 7 ¥ J
FIGURE 2.5.18 A scanning electron micrograph
of the surface of the trachea (windpipe). Pollen
(orange) and dust (brown) that have been
breathed in can also be seen. The surface of
the trachea is made up of cells with hair-like
cilia (green), which, together with mucus, trap
airborne particles and remove foreign matter
from the air tubes and lungs.
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A summary of the structure and function of the major cell organelles is given in

Table 2.5.2.

TABLE 2.5.2 Summary of organelle structure and function

nucleus

rough endoplasmic reticulum

ribosome

Golgi apparatus

lysosome

smooth endoplasmic reticulum

mitochondrion

.

membrane-bound: double membrane
contains DNA

membrane-bound: network of cisternae
ribosomes bind to its membranes

made of proteins and rRNA

membrane-bound: stack of cisternae that are
not connected to each other

membrane-bound: vesicle containing digestive
enzymes

membrane-bound: network of cisternae

membrane-bound: double membrane, inner
membrane is highly folded
contains DNA

contains hereditary information

processes and modifies proteins

synthesises proteins

processes and packages proteins

digests cellular waste material and foreign matter

synthesises lipids

obtains energy from organic compounds

chloroplast » spherical or ellipsoidal, with double membrane uses light energy, carbon dioxide and water to
» contains DNA and thylakoid sacs produce glucose
centriole » small structure in the cytoplasm, consisting of involved in cell division and the formation of cell

cilium or flagellum

microtubules

external structure consisting of microtubules

structures such as flagella and cilia

motility; movement of substances across cell
surface

vacuole * membrane-bound, fluid-filled vesicle stores substances; also involved in cell structure in
plant cells
plastid » small, with double membrane synthesises and stores various organic molecules
+ contains DNA
cell wall » external structure surrounding cell membrane cell structure and protection

2.5 Review

composition depends on type of cell

The main structures in an animal cell include
the nucleus, ribosomes, Golgi apparatus, rough
and smooth endoplasmic reticulum, vacuoles,
mitochondria, lysosomes, vesicles and centrioles.

» Organelles are the functioning units of the eukaryotic .
cell.
* The main structures in a plant cell include the
nucleus, tonoplast, vacuole, Golgi apparatus, rough
and smooth endoplasmic reticulum, ribosomes,
plastids, mitochondria and cell wall.
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KEY QUESTIONS 5 For. each of the images A-D:
a identify the name of the organelle

Retrieval b describe the organelle’s function

1 Identify the common role of mitochondria and
chloroplasts in a cell.

2 Label the parts of the following plant cell.
A

Analysis
6 You have been assigned the task of determining
whether a sample contains plant or animal cells.

Comprehenspn Identify what features of the sample would help you in
3 Identify which organelles would be most abundant this task

in each of the following cell types.

a enzyme-secreting cells

b muscle cells

¢ storage cells in a potato

d cells that carry out photosynthesis in a leaf
e cyanobacteria

7 An experiment was conducted to investigate the
synthesis of a type of organic substance from B-cells in
the pancreas.

A radioactive material was injected into the secretory
tissue. The level of radioactivity in various organelles of
this type of cell was then measured every 60 minutes.

________ ! Explain your reasoning in each case. The results are summarised in the table below.
4 Consider the following images. Identify which cell is a
plant cell and which is the animal cell. Percentage of total radioactivity
Time Rough | Golgi Immature | Mature
(min) em'ioplasmlc apparatus secretory sec.retory
reticulum vesicles vesicles
0 77 10 0 13
60 17 57 15 11
120 20 15 45 10
180 21 13 16 50
240 21 11 13 55
300 20 11 12 57

a Deduce the type of substance being synthesised.
b Identify the trend or pattern in radioactivity in the:
i endoplasmic reticulum
ii Golgi apparatus.
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MANDATORY PRACTICAL 1

Investigating surface area to volume ratio

Research and p[anning 1 Puton disposable gloves, a lab coat and safety glasses.
Aim 2 Gently place each of the three agar cubes in the

beaker and cover them with sulfuric acid.
To investigate the surface area to volume ratio of cells
and link to the understanding that cells are limited by
their ability to efficiently transport materials across the
cell membrane.

Rationale (scientific background to the
experiment)

All cells are surrounded by a cell membrane. The cell
membrane is a semipermeable barrier that controls
the movement of substances into and out of the cell.
Movement across the cell membrane is two-directional,
and occurs via diffusion, osmosis or active transport.

xh.hhb' o

Generally, the larger the volume of a cell, the larger
the surface area. Surface area to volume ratio (SA:V) is
a measure of these two factors combined. Smaller cells
usually have a larger surface area compared to their
volume. This allows cells to move molecules across their
cell membranes in an efficient manner. It also explains
why single-celled organisms are limited in their size.

The ‘pink agar’ cubes are models of cell size. They
have been prepared using sodium hydroxide and
phenolphthalein. Phenolphthalein is an indicator that is
pink in alkaline solutions and turns colourless in neutral
and acidic solutions. The pink agar turns clear in the
presence of sulfuric acid, which is evidence of diffusion.
Timing
60 minutes
Materials

+ 3 ‘pink agar’ cubes of the following dimensions: 1 cm3,
2cm3, 3cm3

+ 100 mL of 0.1 mol L~ sulfuric acid

» cutting board and knife

w

Set the timer for 10 minutes.

4 Every 2 minutes, gently turn the agar cubes to ensure
even exposure to the acid.

At the end of the 10 minutes, gently remove the agar
cubes with the spoon and blot onto paper towel to
remove excess acid.

6 Cut each cube open and measure the height and
width of the remaining pink prism. Assume that the
length is the same as the height measurement. It is
important to work efficiently at this point as diffusion
will continue to occur.

height

width

height

* ruler with millimetre increments
+ plastic spoon ik
* 250 mL glass beaker
+ paper towelling

« timer

7 Calculate the surface area to volume ratio of each
Method cube.
Risk assessment 8 Calculate the rate of diffusion in each cube.
Assessment of risks include chemical hazards and physical Variables

hazards. Before you commence this practical activity, you
must conduct a risk assessment. Complete the template
in your Skills and Assessment book or download it from
your eBook.

i Independent: the volume of the cube
Dependent: the rate of diffusion

iii Controlled: concentration of sulfuric acid, temperature,
time of exposure to acid, amount of stirring
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Analysing
Raw data

1 Complete the following table. In the final column,
calculate the SA:V so that the volume ratio is 1.

Length of each side of
cube (cm)

Surface area (SA)
(cm?)

Volume (V) (cm3)

SA:V SA:V, where Vis 1

10 6 x 102 =600

10% = 1000

600:1000 0.6:1

3

2

1

0.1

Note: 10 cm and 0.1 cm cubes are for comparison only.
Guide to calculations:

+ surface area = length x width x number of sides

» volume = length x width x height

Processed data

2 Calculate the percentage of each block that has been
reached by the diffusion of acid.

Cube Dimensions of coloured Volume of coloured | Volume of whole | Volume of % of cube uncoloured
prism remaining (length, prism remaining cube (Y) (cm3) uncoloured portion | (Y-X x 100)
width, height) (cm) X) (cm3) (Y - X) (cm?3) Y

3cm

2cm

lcm

» Reflect and check that your data analysis demonstrates
these characteristics

[ Effective investigation of phenomena is demonstrated by
the collection of sufficient and relevant raw data

[ Accurate application of algorithms, visual and graphical
representations of data is demonstrated by appropriate
processing and presentation of data to aid the analysis and
interpretation of data

Analysis

3 Create a new table that shows the relationship
between SA:V and percentage of cube uncoloured for
each cube.

Compare the percentages of cube uncoloured you
obtained with those of three other groups.
a Explain why the results should be similar for
each group.

b If a group did not obtain similar results, suggest a

reason for this.

4 |dentify two potential errors encountered in the
procedure. Suggest how these could be minimised if
the procedure were modified.

» Reflect and check that your analysis demonstrates
these characteristics

[ Systematic and effective analysis of evidence is
demonstrated by a thorough and appropriate error analysis

[0 Systematic and effective analysis of evidence is
demonstrated by a thorough identification of relevant
trends, patterns and relationships

[ Insightful and valid interpretation of evidence is
demonstrated by drawing a valid and defensible conclusion
based on the analysis
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MANDATORY PRACTICAL 1 « CONTINUED

Interpreting and communicating
Conclusion

1

State the relationship between surface area to volume
ratio and rate of diffusion.

2 Outline the data that you have collected that supports
this conclusion.

3 Explain why cells are limited in their ability to grow
larger over time.

Evaluation

4 |dentify at least one assumption that this activity
makes about the shape of cells.

5 Explain whether the potential errors you identified
above had a significant effect on your conclusions.
In other words, do you consider the level of uncertainty
caused by the potential errors reasonable?

Improvements

6 If you were to repeat this experiment, identify the steps

60

that you would do differently. Consider how you could:
a change the methodology

b improve your technique

¢ reduce error and uncertainty.

Extension

7

If a single-celled organism, such as an amoeba, were
to split in half, thus reducing the volume of each

compared to the original, what would happen to the
SA:V ratio of each new cell compared to the original?

In general, motile animal cells are significantly smaller
than plant cells. Using the evidence collected in this
activity, suggest why.

Investigate the cells that line the small intestine. Name
the extensions that increase the SA:V ratio. Explain

the purpose of these cells in relation to the role of the
small intestine.

Reflect and check that your evaluation demonstrates
these characteristics

Critical evaluation of processes is demonstrated by a
discussion of the reliability and validity of the experimental
process supported by evidence such as the quality of the
data (as quantified in the error analysis)

Critical evaluation of the conclusion is demonstrated by

a discussion of the veracity of the conclusions with
respect to the error analysis and limitations or sufficiency
of the data

Insightful evaluation of processes and conclusions is
demonstrated by a suggestion of improvements or
extensions to the experiment which are logically derived
from the analysis of the evidence
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MANDATORY PRACTICAL 2

Observing cells

Research and planning

Aim

+ To view different examples of cells under the light
microscope and further understand cell structure and
specialisation.

» To practise calculating total magnification, field of view
and cell size.

Rationale (scientific background to the
experiment)

Cells are the basic building blocks of life. Whether it is a
unicellular organism or a complex multicellular organism,
all cells have some common features. At the most basic
level this includes a cell membrane, cytoplasm, DNA
and ribosomes.

Cells are generally classified broadly into prokaryotes
and eukaryotes. Eukaryotes are often grouped as either

plant or animals cells. In this practical activity, you will view

a range of plant and animal cells. Consider how the cells
are both similar and specialised to allow each particular
cell type to perform a specific role within the organism.
You will also calculate the total magnification and field of
view to determine cell size.

Timing

60 minutes

Materials

+ light microscope

* microscope lamp

+ micrometer grid

+ teat pipette

+ toothpick

+ mounted needle

» small beaker of water

+ white tile

» scalpel

» glass microscope slides and coverslips
* paper towel

» onion segment

» small piece of banana

» iodine stain in dropper bottle

+ tweezers

* sample Elodea plant

» prepared slides of human cheek cells, human blood,

mammalian nerve cell/s, and any other cell types
available.

dads

Method
Risk assessment

Assessment of risks include chemical hazards and physical
hazards. Before you commence this practical activity, you

must conduct a risk assessment. Complete the template in
your Skills and Assessment book or download it from your

eBook.

Part A Preparing slides
Onion cells

1

2

4

5

Cut off a thin piece of onion.

A

=

Use the tweezers to peel a very thin layer of epidermis

(this looks like tissue paper).

Place the sample on a clean glass slide and flatten it

as much as possible. Add a single drop of iodine.

Gently lower the coverslip onto the slide, using a
mounted needle. Try to minimise any air bubbles.
Blot any excess stain at the edge of the coverslip as
required.

coverslip

Set the sample aside until you are ready to view it
under the microscope.
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MANDATORY PRACTICAL 2 « CONTINUED

Banana cells Part B Viewing and drawing slides under
6 Smear some banana on the toothpick. the light microscope
14 Set up your microscope on the workbench.

15 Calculate the field of view diameter using the x4, x10
and x40 objective lenses.

16 View each of the slides (those that you prepared and
also the pre-prepared ones).

17 Sketch two or three cells accurately, showing the
position of the cells in relation to each other. Try to
select cells that are not overlapping one another.

7 Put the banana cells on a clean glass slide.

18 Include the magnification and a scale of size for

toothpick with
each sketch.

banana cells

19 Note and label the visible organelles within each
cell. For the slide of human blood, try to identify the
different cell types.

8 Add a single drop of iodine solution and cover with a Analysing

glass coverslip.
Raw data

1 Complete the table.

Microscope magnification Field of view diameter

9 Blot any excess stain at the edge of the coverslip as

required.
£5 Processed data
_ _ o 2 Sketch two or three cells for each slide. For each
10 Set the sample aside until you are ready to view it diagram, include: slide title, magnification, scale,
under the microscope. labelled organelles.
Elodea cells

. > Reflect and check that your data analysis demonstrates
11 Select a small, thin leaf from the Elodea plant. these characteristics

12 Place the leaf gently onto a glass slide and cover it

gently with a coverslip. [ Effective investigation of phenomena is demonstrated by

) ] o the collection of sufficient and relevant raw data
13 Set the sample aside until you are ready to view it [J Accurate application of algorithms, visual and graphical

under the microscope. representations of data is demonstrated by appropriate
processing and presentation of data to aid the analysis and
interpretation of data
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Analysis

3 Explain why it is important that the specimens used to
prepare a slide are as thin as possible.

4 List any organelles you did not see. Explain why you
did not see these organelles.

5 Plant cells often contain chloroplasts. Suggest why
chloroplasts were present in the Elodea cells but
absent from the banana and onion.

6 Account for why chloroplasts tend to be found around
the outer edge of the Elodea cells.

7 Suggest why bananas show a large number of
leucoplasts in the cells of the fruit.

8 Suggest how the shape of a typical nerve cell (or
neuron) enables it to communicate messages within
the nervous system.

9 Mature human red blood cells lack a nucleus. Propose
why. Summarise the role of red blood cells within
the body.

» Reflect and check that your analysis demonstrates
these characteristics

[ Systematic and effective analysis of evidence is
demonstrated by a thorough and appropriate error analysis

[ Systematic and effective analysis of evidence is
demonstrated by a thorough identification of relevant
trends, patterns and relationships

[ Insightful and valid interpretation of evidence is
demonstrated by drawing a valid and defensible conclusion
based on the analysis

Interpreting and communicating
Conclusion

1 Name the visible features that were common to all
cells viewed.

2 Summarise the main ways that plant cells are different
from animal cells.

Evaluation

3 Explain why it is necessary to look at multiple cell
types before you make generalisations about cells
and organelles.

4 Explain whether the potential errors you identified
above had a significant effect on your conclusions. In
other words, do you consider the level of uncertainty
caused by the potential errors reasonable?

Improvements

5 If you were to repeat this experiment, identify the
steps that you would do differently. Consider how
you:

a might change the methodology
b might improve your technique
¢ could reduce error and uncertainty.

Extension

6 There are a variety of white blood cells found in
human blood. Research the name and role of two
specific types of white blood cells.

7 Search the internet for electron micrographs of
various cells. Print out the micrographs and label the
organelles.

> Reflect and check that your evaluation demonstrates
these characteristics

[ Critical evaluation of processes is demonstrated by a
discussion of the reliability and validity of the experimental
process supported by evidence such as the quality of the
data (as quantified in the error analysis)

[ Critical evaluation of the conclusion is demonstrated by a
discussion of the veracity of the conclusions with respect to
the error analysis and limitations or sufficiency of the data

[ Insightful evaluation of processes and conclusions is
demonstrated by a suggestion of improvements or
extensions to the experiment that are logically derived from
the analysis of the evidence
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Chapter review

KEY TERMS

active transport

amino acid

biogenesis

carrier protein

cell

cell compartmentalisation

cell membrane

channel protein

chloroplast

cholesterol

chromosome

concentration gradient

cytology

cytoplasm

cytosol

diffusion

DNA (deoxyribonucleic
acid)

KEY QUESTIONS

Retrieval

1 The cell theory states that:

endocytosis
eukaryote
exocytosis
extracellular fluid
extremophile
facilitated diffusion
genophore
glycolipid
glycoprotein

Golgi apparatus
hydrophobic
inorganic compound
integral protein
intracellular fluid
lysosome
mitochondria
mRNA

murein

A all organisms are made up of cells.
B all cells arise from pre-existing cells.
C the cell is the smallest functional unit of living

things.
D all of the above.

non-permeable
nucleoid

nucleolus
organelle

organic compound
0SMosis

osmotic gradient
osmotic pressure
passive transport
peripheral protein
phagocytosis
phospholipid
pinocytosis
plasmid
prokaryote

protein

ribosome

RNA (ribonucleic acid)

rough endoplasmic
reticulum

rRNA

semipermeable

solute

solvent

taxonomy

tonoplast

transmembrane protein

vesicle

4 List three features that distinguish prokaryotic from

eukaryotic cells.

5 Label the parts of the animal cell in this diagram.

2 Select the statement that accurately describes
eukaryotic cells.

A Eukaryotic cells have circular chromosomes and
membrane-bound organelles, and some also have
cell walls.

B Eukaryotic cells have linear chromosomes but not
membrane-bound organelles, and some have cell
walls.

C Eukaryotic cells have linear chromosomes and
membrane-bound organelles, and some also have
cell walls.

D Eukaryotic cells have linear chromosomes and
membrane-bound organelles, but not cell walls.

3 Identify which of the following is/are never found in
prokaryotic cells.

A DNA

B mitochondria

C cytosol

D cell wall

6 Draw and prepare a table to summarise the major
functions of phospholipids, cholesterol, glycolipids,
glycoproteins, and proteins in cell surface membranes.
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7 Many single-celled organisms such as Amoeba feed 14 Explain why the phospholipid heads of the cell

by a process in which the cell membrane engulfs solid membrane are always pointed towards the cytosol
food particles to form a food vacuole. This process is and extracellular fluid, whereas the ‘tails’ are always
called: orientated toward the middle of the membrane.
A phagocytosis. 15 Describe the two types of proteins used in facilitated
B active transport. diffusion.
C pinocytosis. Analysis
D osmosis. 16 The following image is a nerve cell. With specific

8 The organelle on which proteins are assembled is reference to the visible structures of the cell, deduce
called the: whether this image was taken using an electron
A nucleus. microscope or a light microscope.

B endoplasmic reticulum.
C Golgi apparatus.
D ribosome.

Comprehension

9 Explain which type of microscope would be best for
the study of:
a changes in a white blood cell
b details of surface texture of a hair.

10 Summarise the properties of archaean cell walls that
allow them to be extremophiles.

11 Explain how the compartmental organisation of
a eukaryotic cell contributes to its biochemical
functioning.

12 According to the fluid mosaic model of membrane

structure, proteins of the membrane are mostly:

A spread in a continuous layer over the inner and
outer surfaces of the membrane.

B confined to the hydrophobic interior of the
membrane.

C embedded in a lipid bilayer.

D randomly orientated in the membrane, with no fixed
inside—outside polarity.

E free to depart from the fluid membrane and
dissolve in the surrounding solution.

17 A microscope was set up to view some cells as
illustrated in the following diagram.

a A microscope is set up with an ocular lens of
x10 magnification and an objective lens of x4
magnification. Calculate the total magnification.

b Looking down a microscope, the field of view is
determined to be 450 um. Calculate the actual
length of each cell measured in um.

13 Identify which of the following factors would tend to
increase membrane fluidity.

a greater proportion of unsaturated phospholipids

a greater proportion of saturated phospholipids

a lower temperature

a relatively high protein content in the membrane

a greater proportion of relatively large glycolipids

compared with lipids having smaller molecular

masses

mooOw>
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18 The following diagrams represent the field of view visible when a variety of cell types
is viewed at different magnifications. The lines in the grids are 100 ym apart.

A Protozoans B Bacterial cells
/ 1
VN s i S-ATE
/ <h \ Paramecium Diplococcus Spirilli
A
|
: :
- o ,ﬂ:f’/ /_ amoeba Streptococcus
C 0 =5 )
2o (1| Bacillus
IE[=]=[=]]
100x
C Animal cells D Animal cells
1
/ P \ = skin cells
. 93 Vi = S
{ y 'b"l‘f A “,}—\-— cheek cells 3‘;‘;’ :
\ e / red blood cells ‘
400X 1000x
E Cells from a plant stem F Cells from the leaf of a plant
epidermal cell
palisade cell

\\\ phloem cells

|

a Use the information in each image to estimate the
length of each type of cell from the list below. In
this instance, the length of the cell is the longest
dimension of the cell, top to bottom or left to right.

b Organise the cells in the list below in order of size
from smallest to largest.

phloem, palisade, Diplococcus, epidermal, Spirilli,
cheek cells, human skin cells, Streptococcus, red
blood cells, amoeba, Paramecium, Bacillus
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19 Below are two cells observed under a scanning or 22 Two solutions are separated by a semipermeable

a transmission electron microscope. membrane as illustrated below.
Q
o oo Q' Q
Q0 0 :o—o— semipermeable
Q. Q QQ Qo membrane
solqte — Q Q :O O\
particle Q Oo o E 90 ™ solvent molecule
Q 50 ) Qo
Q 9

Deduce in which direction (if any) there would be a
net movement of particles.

23 Two different solutions with the same volume are
placed on either side of a semipermeable membrane
in a U-shaped glass tube, as shown in the following
diagram. The membrane is permeable to salt but not
glucose.

The tube is then left to stand for several days. Predict

what would happen to the:

a salt concentration on each side of the membrane

b glucose concentration on each side of the
membrane

¢ fluid levels on each side of the membrane.

a One of the two cells is from a prokaryote. Explain

which one. © —
b Determine if the eukaryotic cell is from an animal or ]
a plant.

20 You are given a microscope slide with a sample of © ©
cells smeared on it and asked to identify the cell type. low high
The cells are circular with a dark round mass at their salt salt
centre. You estimate that the cells are approximately high low

. glucose glucose
20 pm in diameter.

a Classify the cells as prokaryotic or eukaryotic cells.
b Infer what organelle the dark round mass at the

centre of the cells could be. semipermeable

membrane
21 For each of the following responses to envrionmental
factors, infer the most effective body shape and 24 In mammals, cells lining the:
surface area to volume ratio of an organism for a alveoli of the lung take up oxygen by diffusion
survival. b tubules of the kidney take up glucose by active
a gaining heat from its environment transport
b preventing heat loss ¢ small intestine take up fat droplets by pinocytosis.
¢ maximising heat loss. Explain why the different methods of uptake are

appropriate for the substances taken up in each case.
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The following diagram represents living cells. Cell A,
tissue B and tissue C all have the same volume.

cell A

tissue B

tissue C

Determine which one of the follow statements is

correct.

A In distilled water, tissue B would gain water at a
greater rate than cell A.

B In distilled water, the cells in tissue C would shrink
at a greater rate than cell A.

C In a concentrated salt solution, tissue C would gain
water at a greater rate than cell A.

D In a concentrated salt solution, tissue C would lose
water more slowly than tissue B.

Solutions of different sugar concentrations were
prepared and a rod of peeled potato tissue of the
same known mass was put into each solution. After
1 hour, the potato was removed and its mass was
measured again. Results are summarised in the
following table.

Concentration of sugar Change in mass (g)

(g/100 mL)

20 0.68 Decrease
18 0.40 Decrease
14 0.01 Increase
12 0.18 Increase
10 0.32 Increase

6 0.59 Increase

2 0.84 Increase

a Use this data to plot a graph showing the change
in mass of the potato tissue with changes of the
concentration of sugar.

b Use the graph to predict the mass change if a rod
of potato tissue was placed in a sugar solution of
8 g/100 mL.

¢ ldentify any trends and patterns in the data and
explain these results making specific reference to
the data.

Knowledge utilisation

27

28

A new unicellular organism has been discovered by

light microscopy. Its characteristics include:

¢ internal membrane-bound circular structures
composed of DNA

e two whip-like structures located close to each other
at one end of the cell

e asemirigid structure outside the cell membrane

e a length greater than its width

e a chloroplast.

In your studies on cell biology, you have identified

six main groups of organisms based on their cell

structures: plant cells, animal cells, fungal cells,

protists, bacteria and archaea.

Hypothesise which group this new organism would

most likely belong to and give two reasons to support

your answer.

At the cellular level, materials move through the cell

membrane by several processes. At the organ level, the

exchange of materials is facilitated by the arrangement

of cells, which provides a large surface area. Discuss

this statement with specific reference to the processes

by which materials move through the cell membrane.

Outline three of the processes. For each process:

a give an example of a material taken up

b state where this uptake occurs

¢ explain why the process is appropriate.
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CHAPTER

@ The functioning cell
5\

It has long been acknowledged that because cells are the smallest discrete living
unit, they are the building blocks of living organisms. The name ‘cells’ was coined
by Robert Hooke as he examined empty, dead cork cells through his microscope.
But it was only in the 20th century, with the advent of the fields of enzymatics and
proteomics, that scientists have come to realise, and appreciate, the dynamic world
that exists within a single cell. Every cellular function, every part of every metabolic
pathway, depends on the actions of a unique group of molecules called enzymes.

In this chapter, you will learn about the intricate and definitive structures of these
molecules, and the factors that influence their effectiveness as biological catalysts.
You will journey down the metabolic pathways of photosynthesis and cellular
respiration and understand their importance, not only in technological advances in
food production and fitness, but in the life of every living organism on this planet.

Syllabus subject matter
Topic 1 e Cells as the basis of life
B INTERNAL MEMBRANES AND ENZYMES

+ explain, using an example, how the arrangement of internal membranes can
control biochemical processes (e.g. folding of membrane in mitochondria
increases the surface area for enzyme-controlled reactions)
recognise that biochemical processes are controlled and regulated by a series
of specific enzymes
describe the structure and role of the active site of an enzyme
explain how reaction rates of enzymes can be affected by factors, including
temperature, pH, the presence of inhibitors, and the concentrations of reactants
and products

ENERGY AND METABOLISM

recall that organisms obtain the energy needed to recycle adenosine
triphosphate (ATP) from glucose molecules in the process of cellular respiration
recall that the process of photosynthesis is an enzyme-controlled series of
chemical reactions that occurs in the chloroplast in plant cells and uses light
energy to synthesise organic compounds (glucose), and the overall process can
be summarised in a balanced chemical equation

carbon dioxide + water —ghtenerey

6CO, + 12H,0 —BMEe8Y o ¢ 4 O, + 60, + 6H,0
summarise the process of photosynthesis in terms of the light-dependent
reactions and light-independent reactions

demonstrate the relationship between the light-dependent reactions and light-
independent reactions

glucose + oxygen + water




recognise that cellular respiration is an enzyme-controlled series of chemical
reactions and that the reaction sequence known as aerobic respiration
(glycolysis, Krebs cycle and electron transfer chain) requires oxygen

summarise the reactions of aerobic respiration by the chemical equation
glucose + oxygen —— carbon dioxide + water + energy

CeH,,0¢ + 60, — 6CO, + 6H,0 + 36-38ATP
recall that, with an undersupply of oxygen, ATP is produced from glucose
by the reaction sequence known as anaerobic respiration (glycolysis with

‘fermentation’)
analyse multiple modes (i.e. diagrams, schematics, images) of energy transfer

SCIENCE AS A HUMAN ENDEAVOUR
Compare and contrast the induced fit and lock and key models of enzyme.
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3.1 Molecular composition of
organisms

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» distinguish between organic and inorganic molecules
» identify the four main types of organic molecules
» understand the biological role of each type of organic molecule.

©0000000000000000000000000000000000000000000000000000000000000000000000000000000000000 ool

All life is composed of the same few elements. There are 92 naturally occurring
elements. Only 11 of these are found in organisms in more than trace amounts, and
four of these—carbon (C), hydrogen (H), oxygen (O) and nitrogen (INN)—make
up 99% of organisms by mass. The same elements are also found in rocks, soil and
air. However, there is a difference in the way that these atoms are organised into
larger compounds in living organisms. Organisms, such as the plants and animals
in Figure 3.1.1, produce compounds that contain carbon and hydrogen known as
organic compounds. All other compounds, whether in living or non-living things,
are called inorganic compounds.

€ An element is a substance that
contains one or more atoms that
have the same number of protons.

A molecule contains two or more
atoms chemically joined together.

A compound is a molecule that
contains at least two different
elements.

FIGURE 3.1.1 Ariver in the Daintree rainforest in North Queensland. The plants, animals, rocks and
water found in the rainforest all contain molecules. Only the plants and animals produce organic
compounds.

In this module, you will learn about the difference between organic and inorganic
compounds. In addition, you will explore the four main types of organic molecules—
nucleic acids, carbohydrates, lipids and proteins.

inorganic organic
carbon dioxide nitrogen water oxygen methane ethene
CO, N; H,O 0, CH,4 CH.
glucose lactic acid
C5H1206 C3H603

FIGURE 3.1.2 Some common molecules in organisms. Carbon atoms are coloured black, oxygen red, hydrogen white, and nitrogen blue.
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0 Any molecule that is found

72

in a living organism is called

a biomolecule. Examples of
biomolecules are fatty acids,
carbohydrates and hormones.
Large biomolecules are

called biomacromolecules.
Biomacromolecules can be made
up of thousands of atoms and

include proteins and nucleic acids.

ORGANIC MOLECULES

Organisms produce complex compounds that contain carbon and hydrogen, as
shown in Figure 3.1.2 (on page 71). These are called organic compounds because
the first compounds discovered were produced by or found in organisms. Most
large organic molecules are composed of many smaller organic molecules linked
together.

All other elements and compounds, whether in living or non-living things, are
referred to as inorganic. Inorganic substances that are important for living organisms
include water, oxygen, carbon dioxide, nitrogen and minerals (e.g. Mg?* or Fe?*).

The four main types of organic molecules are carbohydrates, proteins, nucleic
acids and lipids. Carbohydrates, proteins and nucleic acids are huge and are also
known as biomacromolecules. Biomacromolecules are chainlike molecules called
polymers (polys, meaning ‘many’, and meros, meaning ‘part’). Polymers are formed
by joining together many smaller units (monomers) to form a chain.

In organisms, organic molecules can be converted from one form into another.
Units may be linked together to form larger molecules. For example, glucose units
may be linked together to form larger carbohydrates such as cellulose, shown in
Figure 3.1.3. Other chemical groups may be attached to form molecules such as
glycoproteins (proteins with sugars attached, Figure 3.1.4) and phospholipids
(lipids with phosphate attached, Figure 3.1.5).When food is plentiful, carbohydrates
are converted into fats for storage; when food is scarce, the reverse occurs and even
proteins can be converted into small molecules to use for energy.

FIGURE 3.1.3 Cellulose is a polymer. A strand of cellulose is made of several glucose molecules
joined together.

FIGURE 3.1.4 A computer model of a fibrillin glycoprotein. The protein component is represented by
ribbons and the sugars are represented by the ring structures.
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CHOLINE FIGURE 3.1.5 Two models showing
polar PHOSPHLTE the structure of a phospholipid.
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Carbohydrates

Carbohydrates are the most abundant organic molecules in nature. They
are an important source of chemical energy for living organisms (e.g. glucose).
Carbohydrates are also used for energy storage; in plants, energy is stored as
starch, while in animals, energy is stored as glycogen. Carbohydrates, in the form of
cellulose, are also used for structural support in plants.

Carbohydrates are compounds made of carbon, hydrogen and oxygen.
There are three main groups of carbohydrates: monosaccharides, disaccharides
and polysaccharides. You can see these in Figure 3.1.6. The basic subunits of
carbohydrates are the simple sugars, called monosaccharides, meaning ‘single sugar’.
Examples of monosaccharides include glucose, fructose and galactose, shown in
Figure 3.1.7. In monosaccharides, the hydrogen and oxygen are present in the same
proportions as in water: two hydrogen atoms for each oxygen atom. The general
formula is C,H, O,. For example, three monosaccharides have the same chemical
formula, C.H,O,: glucose, fructose and galactose. While these monosaccharides
have the same number of carbon, hydrogen and oxygen atoms, each molecule has a
different structure, and therefore has different properties.

glucose (C,H,,0,) fructose (C;H,,0,) galactose (C;H,,0,)

6 126
Q . o

99 99

@ .9
99" .8

v
9 v
,@ /9
CH,OH CH,OH
H 0 OH O OH
H H
OH H \\OH H
OH H H
H OH OH H H OH

FIGURE 3.1.7 Structural chemical formulae and models of three monosaccharides: glucose, fructose
and galactose. In the models, grey spheres represent carbon atoms, white spheres represent
hydrogen atoms and red spheres represent oxygen atoms.

€ Carbohydrates are organic
compounds, such as sugars,
starch and cellulose, that are
made of carbon, hydrogen and
oxygen. Carbohydrates as a
class include monosaccharides,
disaccharides and polysaccharides
(complex carbohydrates). Only
polysaccharides are polymers and
hence also fall under the category
of biomacromolecules.

O o0

monosaccharide disaccharide

starch

/)

polysaccharides

glycogen

cellulose

FIGURE 3.1.6 The structures of some
carbohydrates
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lactose (C._H..O,.)
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sucrose (C,,H,,0,,)

CH,OH CH,OH
H 0 H o_ H
H
OH H H  OH
OH 0 CH,OH
H OH OH H

FIGURE 3.1.8 Structural chemical formulae
and models of the disaccharides lactose and
sucrose. In the models, grey spheres represent
carbon atoms, white spheres represent
hydrogen atoms and red spheres represent
oxygen atoms.

three molecules
of fatty acids

glycerol
fatty acid tail

FIGURE 3.1.10 The structure of lipids

peptide bonds

A

O |:| amino acid
A [ subunits

FIGURE 3.1.11 The structure of proteins

When two monosaccharides are joined together they form a disaccharide
(meaning ‘two sugars’), and a molecule of water is removed. Milk sugar (lactose)
is made from glucose and galactose, whereas cane sugar (sucrose) is made from
glucose and fructose. The two disaccharides have the same chemical formula
(C,,H,,0,)), but the atoms are arranged differently, causing the molecules to have
different properties. Figure 3.1.8 shows the structures of some disaccharides.

When many sugars are joined together, they form biomacromolecules called
polysaccharides (‘many sugars’). Some polysaccharides are composed of one type
of monomer, such as starch and cellulose. Complex polysaccharides consist of
different monosaccharide subunits in the same molecule, such as murein found in
the cell walls of bacteria (Figure 3.1.9).

= inner plasma
membrane

e

FIGURE 3.1.9 A coloured transmission electron micrograph of the bacterium Bacillus megaterium,
showing the nucleoid, inner plasma membrane and cell wall, which contains murein

Lipids

Lipids are fatty substances that consist of non-polar hydrophobic molecules.
They include fats and oils, which are important as energy-storing molecules.
Figure 3.1.10 shows the structure of some lipids. Phospholipids are an important
component of cell membranes, which contain the cell’s contents and subdivide it
into many sub-cellular compartments. Steroids are lipids that act as membrane
components, hormones and vitamins.

Lipids are composed of carbon, hydrogen and oxygen, but in different
proportions to carbohydrates. Lipids contain a much smaller proportion of oxygen
and often contain hydrocarbon chains. Lipids can also contain other elements such
as phosphorus and nitrogen.

Proteins

Proteins are more complex than carbohydrates or lipids. There are thousands of
different kinds of proteins, and their functions vary widely. While carbohydrates
and lipids are similar in all plants and animals, each kind of organism has its own
unique proteins. Some proteins form structural components of cells; others are
enzymes, hormones or carrier molecules. For example, haemoglobin is a protein
that carries oxygen in the blood.
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All proteins contain carbon, hydrogen, oxygen and nitrogen; many also contain
sulfur and often phosphorus and other elements. Proteins are composed of chains
of smaller subunits called amino acids, as shown in Figure 3.1.11. Amino acids in
proteins are linked by a particular kind of chemical bond called a peptide bond, and
proteins are called polypeptides or polypeptide chains (Figure 3.1.11). There are 20
different amino acids commonly found in proteins.

The study of all the proteins of an organism is known as proteomics. In medicine,
99% of all drugs are proteins, or act by binding to proteins. A better understanding of
proteins and proteomes (all the proteins produced by organisms) will help develop
new pharmaceuticals, clarify the relationships between genes and diseases (e.g. by
identifying marker proteins for diseases) and lead to better treatments.

Nucleic acids

Nucleic acids are the genetic material of all organisms, and they determine many

of the features of an organism. Nucleic acids are biomacromolecules composed of

long chains of subunits called nucleotides. A nucleotide consists of a phosphate, a

sugar and a nitrogen base, as shown in Figure 3.1.12.
There are two types of nucleic acids:

¢ deoxyribonucleic acid (DNA), which carries the ‘instructions’ for assembling
proteins from amino acid subunits using a genetic code. DNA is passed
accurately from cell to cell during cell division. The four bases in DNA are
adenine (A), thymine (T), guanine (G) and cytosine (C)

* ribonucleic acid (RNA), which plays a major role in the manufacture of proteins
within cells. The four bases in RNA are adenine (A), uracil (U), guanine (G)
and cytosine (C).

Vitamins

Vitamins are organic molecules that animals require in small amounts for normal
functioning. Animals can synthesise some vitamins, but must obtain others in their
diet. For example, most mammals can synthesise vitamin C, but humans must
obtain it in their diet. Vitamins may be water-soluble (such as vitamins B and C)
or lipid-soluble (such as vitamins A, D, E and K). Water-soluble vitamins must
be consumed regularly in the diet because they cannot be stored in body tissues.
Lipid-soluble vitamins can be stored. Many vitamins are important because they
are needed to make particular enzymes.

INORGANIC MOLECULES
Water

Life evolved in water. Most organisms are 70-90% water, and the chemical reactions
that take place in cells take place in a watery medium. This is why the properties of
water, such as pH, cohesiveness and heat capacity, are important in many biological
processes. Water molecules are very cohesive, which means they have a strong
tendency to stick together. This property allows thin columns of water to be pulled
up tree trunks without breaking. (Figure 3.1.13). Bonds between surface molecules
also cause surface tension, which allows small insects, such as the pond skater in
Figure 3.1.14, to walk across the surface of water without breaking into the water
molecules and sinking.
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FIGURE 3.1.12 The structure of nucleic acids

FIGURE 3.1.13 Mountain ash trees (Eucalyptus
regnans) are the tallest of all flowering trees and
can reach a height of up to 114 m. Cohesion
between water molecules holds the water
together and allows the water to be drawn up
the trunks of the trees.

FIGURE 3.1.14 A common pond skater (Gerris
lacustris) can walk on water. Notice that the
legs of the pond skater seem to ‘press’ on the
surface of the water.
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Water has a high heat capacity—it can absorb a great deal of heat with very little
increase in temperature. This is important for temperature regulation. When you
exercise, the chemical reactions taking place in your cells produce heat. Much of
this heat can be absorbed by the water in your body, without the cells heating up
significantly. Because water has a high heat of vaporisation (a high amount of energy
is required to transform 1 gram of liquid water into water vapour), evaporation of
even small amounts of water is effective in cooling that part of the body surface
(Figure 3.1.15).

Oxygen and carbon dioxide

Most cells need oxygen to release energy from food molecules in processes known
collectively as cellular respiration. Therefore,a constant supply of oxygen is
necessary to maintain the activity of these cells. It is usually easy for organisms
that get their oxygen from air because the atmosphere is 21% oxygen (Figure

. —_— 3.1.16). However, oxygen is not very soluble in water, so organisms that get their
FIGURE 3.1.15 A coloured scanning electron oxygen from water either are small, flat and relatively inactive, or have very efficient

micrograph of the skin surface of the back of ventilation systems with a large surface area for gaseous exchange, such as the fish
a human hand, showing sweat droplets (blue). U
gills in Figure 3.1.17.

Evaporation of water on the skin surface is a
method of controlling body temperature. Carbon is the key atom in organic molecules, as many organic molecules are

formed initially from chemical processes that use CO, in the atmosphere. Carbon
dioxide (CO,) is taken from the atmosphere (which contains approximately
0.035% by volume of carbon dioxide, Figure 3.1.16) by plants, some bacteria and
some protists. It is used in the process of photosynthesis to make sugars, some of
which are eaten by animals. Carbon dioxide is returned to the atmosphere mainly
by the decay of organic material and as an end product of cellular respiration. This
cycling of carbon through organisms and the atmosphere is critical to the survival of
all organisms.

Nitrogen

Organisms require nitrogen in relatively large amounts because it is a key
component of all proteins. There is an abundance of nitrogen available because the
atmosphere comprises approximately 78% nitrogen gas (Figure 3.1.16); however,
most organisms cannot use nitrogen in this form. Some bacteria and cyanobacteria

Chemical composition of air
oxygen 21% argon 0.93%

nitrogen 78% convert atmospheric nitrogen into compounds that can be used by plants in a
+ carbon dioxide 0.035% process known as nitrogen fixation. The most important nitrogen-fixing bacteria are
+ others 0.035% the symbiotic bacteria found in the roots of plants, including legumes, casuarinas
FIGURE 3.1.16 Air is a mixture of mainly and acacias (Figure 3.1.18).

nitrogen, oxygen and argon.

‘ P\

FIGURE 3.1.18 (a) Nodules containing nitrogen-fixing bacteria on the roots of a garden pea (Pisum

micrograph of mackerel (Scomber scombrus) sativum). (b) A coloured scanning electron micrograph of nitrogen-fixing soil bacteria (Rhizobium
gills, showing the large surface area for gaseous species) in a root nodule of a bean plant. These bacteria (green) have a symbiotic relationship with
exchange the plant.
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Nitrogen compounds produced by the soil bacteria are absorbed by plants and
used to make amino acids. Heterotrophs obtain their amino acids by consuming
plants and other organisms. They also produce nitrogen-rich waste (manure),
which has traditionally been used as a plant fertiliser.

Minerals

Mineral salts are naturally occurring inorganic compounds produced by the
weathering of rocks. The water-soluble mineral salts produced by weathering are
absorbed as ions into the roots of plants (Figure 3.1.19), making them available to
be eaten by animals. Humans require more than 20 minerals. Biologically important
minerals include phosphorus, potassium, calcium, magnesium, iron, sodium, iodine
and sulfur. Many others are needed in small (trace) amounts.

Mineral ions are found in the cytosol of cells, in structural components (such
as bone), and in the molecules of many enzymes and vitamins. They may also be
incorporated into other important organic compounds in cells. Phosphorus is present
in the phospholipids of cell membranes and in ATP (adenosine triphosphate)—
an important energy carrier in cells (see Module 3.5). Magnesium is an important
constituent of chlorophyll, and iron is the central atom in every haemoglobin
molecule in red blood cells (Figure 3.1.20). Calcium, potassium and sodium ions
are important for the normal performance of cardiac muscle cells, and calcium and
phosphorus are found in bones and teeth (Figure 3.1.21).

e o B
FIGURE 3.1.19 A soil profile showing the
harizons (layers), which vary in colour depending
on the mineral content in the soil. Plants absorb
these minerals when they draw water out of the
soil.

FIGURE 3.1.21 Bone matrix is made up of
inorganic components including salts of calcium
and phosphorus.

FIGURE 3.1.20 Haemoglobin is made up of four protein subunits (coloured ribbon structures). Each
subunit has an oxygen-binding site, or haem group (turquoise). Within each haem group there is one
atom of iron (green). Oxygen molecules are shown as paired red spheres.
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3.1 Review

SUMMARY

Organic components include carbohydrates, lipids,
proteins and nucleic acids.

Inorganic components of living organisms include

water, oxygen, carbon dioxide, nitrogen and minerals.

Carbohydrates are important as energy sources and
for structural components of organisms.

Lipids play an important role in cell membranes.

Proteins are composed of amino acids and their
functions vary. Organisms have their own unique
proteins.

Minerals are important for building many enzymes.

KEY QUESTIONS

Retrieval
Define ‘organic compound’ and ‘inorganic compound’.

Define ‘polymer’.

List the two forms of nucleic acids and explain their
roles.

Define ‘mineral salts’.

Comprehension

Describe the four biomolecules. Indicate whether or
not they are polymers, and describe the subunits
involved.

Explain the difference between monosaccharides,
disaccharides and polysaccharides.

8

Structural organic molecules and vitamins are small
organic molecules that are vital for normal cell
function.

Nucleic acids carry the genetic information of cells.
Important properties of water include cohesiveness,
surface tension, heat capacity and pH.

Oxygen is needed for efficient energy supply in
organisms.

Carbon dioxide is the ultimate source of carbon for
organic molecules, and nitrogen is a key molecule of
proteins.

Determine whether carbon dioxide is organic or
inorganic. Explain why.

a Explain the importance of nitrogen for living

organisms.
b Summarise what nitrogen-fixing bacteria are and
why they are important.

Analysis
9 A biomolecule consists of carbon, hydrogen, oxygen,

nitrogen and sulfur. Deduce what type of biomolecule
it is.

10 Determine the type of biomolecule represented by the

image below.
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3.2 Enzymes and biochemical
pathways

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand that enzymes act as catalysts to initiate chemical reactions by
lowering the activation energy required for the reaction

» understand that enzymes have an active site, or groove, on their surface
that is shaped to bind with specific molecules, called substrates

» recognise that ‘induced fit' is the currently accepted model for enzyme
function

» recognise that an enzyme’s rate of reaction is influenced by temperature,
pH, cofactors, inhibitors and concentration.

Nearly every function of a living organism depends on proteins. Proteins have a
large range of functions in living organisms, including speeding up biochemical
reactions, playing a role in cell-to-cell recognition and cellular communication,
movement, storage and even structural support. A human has tens of thousands of
different proteins, and each protein has a specific sequence of amino acids, giving it
a unique shape that enables it to carry out its particular function.

In this module, you will learn about the features of a particular subset of proteins,
enzymes. You will learn about enzymes’ specificity for particular substrates, and
how they interact with substrates to catalyse biochemical reactions. You will also
learn about the importance of enzymes in biochemical pathways.

ENZYME STRUCTURE

As with every protein, enzymes are formed by linking together a DNA-programmed
sequence of amino acids. The primary chain is then meticulously folded (secondary
structure) and coiled (tertiary structure) into a precise and functional, three-  FIGURE 3.2.1 Enzymes are intricate and

. . . o 3 complex molecules that act as catalysts for
dimensional, gl'obular shape. Figure 3.2.1 shows the folding in the enzyme HIV-1 biochemical reactions. This enzyme is HIV-1
reverse transcriptase.

reverse transcriptase that mediates the copying
Most enzymes are complex globular proteins with one or more grooves around  of genetic information, in this case by the

their surface. These grooves are called active sites and are fundamental to enzyme  human immunodeficiency virus (HIV) when
function. Active sites are unique in their size and shape, and only specific types of ~ INfecting cells.

molecules will fit. The molecules that fit into an enzyme’s active
site are known as substrates. While most enzymes are highly
specific, and act only on a single substrate, some enzymes can
act on many substrates, and therefore regulate many biochemical
reactions.

Enzymes are often named after the substrate that they act
upon, and usually have an -ase ending. For example, the enzyme
sucrase breaks down sucrose (a disaccharide) into its basic
monosaccharides—glucose and fructose. Glucose and fructose
can be absorbed into the bloodstream and then transported to
your body cells (Figure 3.2.2).

FIGURE 3.2.2 The enzyme sucrase is located in
the walls of your villi lining in your small intestine.
[t breaks down sucrose into monosaccharides,
which are then absorbed into your bloodstream
for transportation.
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FIGURE 3.2.4 Hammerhead ribozyme is an RNA
molecule that catalyses targeted RNA cleavage
and has therapeutic potential.

A

Energy (k)

Energy profile for an enzyme
with and without a catalyst

activation energy
without a catalyst

reactants _
activation energy

with a catalyst

products

-
Reaction

FIGURE 3.2.5 Enzymes act as catalysts to reduce
the amount of energy required for substrate
molecules to react with each other. This enables
your cells to have millions of chemical reactions
every minute at normal body temperature.
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ENZYME FUNCTION

Enzymes can join smaller molecules together to form a larger molecule, and others
can break larger molecules into smaller ones. When the active site of an enzyme
binds to a substrate, an enzyme-substrate complex is formed. The specific
enzyme itself is not changed during the reaction, so it may be used over and over
again as long as that reaction is required by the cell and there is a substrate present.
Enzyme reactions are shown in Figure 3.2.3.

target molecule

;; ] ) ) ; trapped weakened split and
‘ released
mp iy mp 4
enzyme A enzyme A
small molecules w
H trapped join
\ l ’released
w Iy w wp YR mjp w
enzyme B enzyme B enzyme B enzyme B

FIGURE 3.2.3 Enzyme reactions can be catabolic (breaking substrates apart) or anabolic (bringing
molecules together).

For this reason, enzymes are called substrate-specific catalysts. Enzymes are
considered catalysts because they speed up the rate at which biochemical processes
occur without being used up in the process. They are substrate-specific because
they regulate a limited number of biochemical reactions. Enzymes may have a high
specificity (able to act as a catalyst with one substrate only) or a low specificity and
act as a catalyst for a range of similarly shaped substrates.

Enzymes are often embedded in membranes. The more enzymes present, the
more chemical reactions can take place. Hence, many organelle membranes that
are sites of metabolic activity are intricately folded. This increases the available
surface area, and the number of enzymes, many times over. An example of this is
the intricate folding of mitochondrial cristae. They are studded with ubiquinone
and cytochrome ¢ enzymes and are a vital part of ATP synthesis in the cell.

Ribozymes are a special class of enzymes and make up the large subunit of
the ribosome. They catalyse peptide bonding between two amino acids in a peptide
chain. They also cleave certain RNA bonds, such as those of transfer RNA attached
to an amino acid (Figure 3.2.4).

ENZYME CATALYSIS

At any given moment, there are thousands of biochemical reactions taking place
within living cells. Molecules are being joined together to form new compounds
(anabolic reactions) or broken apart to form new smaller compounds (catabolic
reactions).

Every chemical reaction requires a level of activation energy to initiate a
reaction. This is shown in Figure 3.2.5. An enzyme’s function is to control and
regulate cellular biochemical processes within an organism. Often there is not
enough energy present for these reactions to take place at the rate required by cells.
This need to increase the rate of reactions necessitates the presence of an enzyme
catalyst. Enzymes reduce activation energy of biochemical reactions.
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An enzyme orientates and brings two molecules (substrates) together. When an
enzyme-substrate complex forms, bonds in the substrate are placed next to charged
amino acid side groups in the active site. The new bonds that form in the enzyme—
substrate complex place stress on the substrate bonds. This reduces the amount of
activation energy required for breaking the substrate bonds.

FACTORS AFFECTING ENZYME FUNCTION

The activity of enzymes can be affected by several factors, including cofactors,
temperature, pH, inhibitors and the concentration of reactants and products.

Some enzymes will only be activated by the addition of a cofactor. Enzyme
cofactors are either organic coenzyme molecules or inorganic ions, which are
required for enzyme activity. Some cofactors are permanently attached to enzymes.
Other cofactors only attach to an enzyme in response to a specific event in your
body. The following modules provide more information on the factors that affect
enzyme function.

SCIENCE AS A HUMAN ENDEAVOUR

Lock and key versus induced fit models

For many years, the lock and key model was considered to be the
mechanism by which enzymes worked (Figure 3.2.6a). Then it was
discovered that enzymes are not rigid; when the substrate enters the
groove the enzyme induces a change in shape to fit itself tightly against
the substrate. This brings the amino acid side groups into very close
contact with the critical sites on the substrate. After the reaction occurs,
the enzyme changes back to its original shape and releases the product.
This more accurate model of understanding is known as the induced fit
model and is shown in Figure 3.2.6b.

FIGURE 3.2.7 Biochemist
Daniel Koshland proposed
the induced fit model of
enzyme action.

Sometimes it is very difficult for scientists
to have their research findings accepted
by everyone in the scientific community.
If a theory, or model, has been in general
use for a long time, some scientists are
reluctant to admit they may have been using
a limited concept to interpret their own
research. The following quote is from Daniel
Koshland, shown in Figure 3.2.7, who first
proposed induced fit as model for enzyme
interactions.
Although we did many experiments that in
my opinion could only be explained by the
induced-fit theory, gaining acceptance for the
theory was still an uphill fight. One referee
wrote, ‘The Fischer Key—Lock theory has lasted
100 years and will not be overturned by
speculation from an embryonic scientist’.
Daniel Koshland, Jr 1996 ‘How to get paid
for having fun’ Annual Review of Biochemistry,
vol. 65, pp. 1-13.

a enzyme-substrate
complex
substrate
active
site
enzyme "
b
enzyme-substrate
substrate active complex
site
enzyme \ -

FIGURE 3.2.6 A comparison of the (a) lock and key
mechanism with the (b) induced fit model of enzyme
action. Notice in the induced fit model how the enzyme
distorts and fits tightly around the substrate

to form the enzyme—substrate complex.

Review

1 Compare the similarities of the two
enzyme models, and contrast their
differences.

2 Refer to the scientific method to determine
what Koshland might have done to
encourage a wider scientific acceptance
of his induced fit model.
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Effect of pH on enzyme function
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FIGURE 3.2.9 Different enzymes work best

at different pH values. The pH at which an
enzyme works best is called its optimum pH.
The optimum pH of an enzyme depends on pH
conditions under which the enzyme works. For
example, intestinal enzymes work best under
alkaline conditions so have an optimum pH of
8. Enzymes that work in the stomach have an

optimum pH of 2 because the stomach is acidic.

enzyme

N

active site

FIGURE 3.2.10 Competitive inhibition is when
similarly shaped binding sites of molecules
compete for access to an enzyme’s active site.

Temperature

High temperatures can directly affect the weak hydrogen bonds holding the enzyme
into its specific shape. Heat energy causes bonds to weaken, permanently distorting
the groove shape on the enzyme surface and preventing the substrate from binding.
This permanently alters the three-dimensional structure of the enzyme, causing it
to denature.

Lower temperatures increase the amount of activation energy required (even
with the enzyme catalyst) and the rate of reaction is greatly impeded. While lower
temperatures slow the rate of reaction, they do not cause enzyme denaturation
(Figure 3.2.8).

Effect of temperature on enzyme function

Region 2

Rate of reaction decreases
after this temperature
as the shape of the
enzyme is changed
(denatured).

Region 1
Rate of reaction
increases as
temperature
increases.

Rate of reaction

Temperature

FIGURE 3.2.8 The rate of reaction increases as temperature increases (region 1). The rate of reaction
decreases after this temperature because the shape of the enzyme is changed or denatured (region 2).

pH

Some amino acid side chains can be negatively charged (e.g. glutamic acid) or
positively charged (e.g. lysine). This means they are electrostatically attracted to one
another, which strengthens the folding of the enzyme polypeptide chain. However,
in extreme pH environments, both excess H* (hydrogen) and OH™ (hydroxide) ions
can interfere with the positive-to-negative interactions and again, cause the enzyme
to unfold and denature.

Enzymes have very narrow optimal pH environments, as can be seen in the
graphs in Figure 3.2.9. For example, most enzymes in the human body have an
optimal pH range of 6—8. However, pepsin functions in the stomach to break down
other proteins as part of the digestion process. Pepsin has very strong hydrogen
and ionic bonds between its amino side groups; consequently it has an optimal pH
range of 3—4.

Inhibitors

Access to the active site on enzymes can also be impeded by molecules that have
the same active site configuration. This is known as competitive inhibition and
is shown in Figure 3.2.10. An example of competitive inhibition is the treatment of
methanol poisoning with ethanol. Methanol is converted to toxic formaldehyde by
the enzyme alcohol dehydrogenase (ADH). Ethanol competes for the same active
site. So ethanol can be given to the patient, and it is oxidised to acetaldehyde, then
to acetic acid, acetyl Co-A and finally carbon dioxide and water.

Non-competitive inhibition occurs when a molecule attaches to another site on
the enzyme. The interaction of molecular forces causes the enzyme active site to
change shape. This effectively blocks the docking of the enzyme’s specific substrate.
An example of this is potassium cyanide, which docks on the cytochrome molecules
in the mitochondrial membrane. This effectively stops cellular respiration and the
major production of ATT.
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Concentration

The concentration of enzymes, and substrate reactants, directly affects the rate of
reaction until a saturation point is reached (Figure 3.2.11). More enzymes facilitate
the reacting of a greater number of reactants in a shorter time and more reactants
ensure a ready supply of substrate for reaction. Increasing the number of enzymes
present will increase the rate at which the reaction increases to a certain point until
all enzymes are working at the maximum rate. The reaction rate remains stable until
either the substrate is used up or the product begins to block substrate access to the
enzyme. At this point, all the available active sites are being used.

Reaction rate as a function of substrate concentration

All enzymes present are
working at maximum rate.

Rate of reaction

Increased substrate concentration
leads to increased reaction rate.

Substrate concentration

FIGURE 3.2.11 Increasing an enzyme substrate increases the rate of reaction until all the enzymes are
working at their maximum capacity.

3.2 Review

+ Most enzymes are proteins that are substrate » Enzymes that are deformed, or denatured, cannot
specific. act as catalysts.

» Enzymes have a groove on their surface that contains » The rate of reaction is influenced by temperature,
active sites, which interact with the substrate. pH and the concentration of enzymes, substrate

+ The accepted model for enzyme function is the reactants and products.
induced fit model. According to this model, the + Some enzymes require cofactors to activate them.
enzyme shapes itself around the substrate thereby « Most enzymes only effectively operate within a
reducing the activation energy required for the narrow temperature or pH range.
biochemical process to occur. « Inhibitors may also affect the rate at which a

reaction by lowering the activation energy required
for the reaction.

KEY QUESTIONS

Retrieval Comprehension
1 Define 'enzyme'. 5 Describe how enzymes reduce the activation energy of
2 Describe the generally accepted model of enzyme a reaction.

mechanism. 6 Explain enzyme substrate specificity and how it relates
3 Identify the factors that directly affect enzyme function. to enzyme structure.
4 Describe a coenzyme. 7 Describe how a non-competing inhibitor can stop

enzyme reactions.
continued over page

:
1
1
1
1
:
1
1
1
1
+ Enzymes act as catalysts to initiate a chemical substrate can bind to an enzyme. :
:
1
1
1
:
1
1
1
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3.2 Review continued

8 Describe how an enzyme-substrate complex forms. 12 Robert O'Hara Burke and William Wills were famous
9 Explain how a catalyst can facilitate a chemical Australian explorers. They were the first Europeans to
reaction. cross Australia from south to north and nearly back

again. It is thought that they perished from a lack of
vitamin B, (thiamin), an important enzyme cofactor.
Near the end of their lives, when they were stranded at
Coopers Creek, they subsisted almost entirely on the

10 Summarise (in table form) how the four factors
(temperature, pH, inhibitors and concentration) affect
enzyme reaction rates.

Analysis _ _ ground sporocarps (spore cases) of the aquatic fern
11 The following graph shows the effective temperature Marsilea drummondii, or nardoo (shown below). They
range of a particular animal’s digestive enzyme. Infer mixed the flour from the sporocarps and nardoo with
what sort of environment this animal could be ||V|ng n. water to make a type Of th|n porridge_ Nardoo contains
L the enzyme thiaminase. The local Yandruwandha
Performance of digestive enzymes . :
at different temperatures women also used nardoo in their flour to bake damper.
Determine why the thiaminase in the nardoo may have
caused the death of Burke and Wills, but not the local
Yandruwandha people.
[0}
c
©
£
£
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3.3 Acquiring energy

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand how organisms are divided into groups according to how they
obtain organic compounds and how they obtain energy

» recognise that all life on Earth requires both an energy source and a
carbon source.

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Cells need energy to do work. The energy used by organisms and their cells is
stored in organic compounds. Whether organisms are unicellular or multicellular,
or whether they live at the bottom of the ocean or in a rainforest, they all need to take
in nutrients and water, exchange gases, obtain energy and remove waste products.
And ultimately, most biological systems primarily rely on one source of energy for
their survival: sunlight (Figure 3.3.1).

ENERGY VIA ATP

Energy can be defined as the ability to cause change. For example, you are using
energy right now to move your eyes to read these words, just as the cells inside your
body are currently using energy to transport substances across their membranes.
You, like all organisms, are constantly expending energy.

Energy exists in many forms. The energy in sunlight is solar energy, the heat
generated by your body is thermal energy, and when you turn a page this movement
involves kinetic energy. Chemical energy is the potential energy that can be released
by a chemical reaction. Chemical energy is stored in the bonds or connections that
join atoms together; for example, between atoms of carbon and hydrogen in organic
compounds such as glucose, fats and proteins. The cells of all organisms draw
upon this chemical energy by breaking compounds down. The chemical energy
released is then used to make a universal transport energy molecule. This molecule
is adenosine triphosphate, or ATP.

ATP

ATP molecules are composed of three inorganic phosphate groups attached to a
nitrogenous base, adenosine. The ATP molecule contains two high-energy bonds
between the inorganic phosphate groups (Figure 3.3.2). These bonds can be easily
broken to release a small ‘packet’ of energy. These packets of energy are used to
carry out all the energy-dependent processes of cells. How many are used at once
depends on how much energy is required.

adenine NH

phosphate groups
first second
high-energy high-energy
bond bond

- o- o-

S

adenosine triphosphate

T
o— P‘—o P—O0—<P—0-
o)

energy for biological systems and the organisms
within them.

FIGURE 3.3.2 The structure of adenosine
triphosphate (ATP). ATP contains the sugar

ribose, the nitrogenous base adenine (together

forming adenosine) and a chain of three

phosphate groups (triphosphate) bonded to it.
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FIGURE 3.3.5 Photoautotrophs use light energy
to synthesise organic molecules from carbon
dioxide and water. (a) On land, plants are the
main photoautotrophs. In aquatic environments,
the main photoautotrophs are (b) algae

such as this kelp and (c) prokaryotes called
cyanobacteria.

When an ATP molecule gives up its energy, it splits into a molecule of ADP
(adenosine diphosphate) and a molecule of phosphate. This process is reversible,
because the ADP can combine with a phosphate molecule to form an ATP
molecule again, using energy derived from the breakdown of glucose during cellular
respiration (Figure 3.3.3).This recycling process requires much less energy than it
would take to make an entirely new ATT molecule.

ATP-100% renewable energy

ATP
P)-(P)-(P
P P
N /&(/ O\ by
) B e, «
energy from food energy for cells
WD
ADP

FIGURE 3.3.3 Breaking down ATP releases energy. Cells constantly replace their ATP by adding a
spare phosphate onto ADP (adenosine diphosphate). Enzymes control the synthesis and breakdown
of ATP.

Autotrophs and heterotrophs: producers and
consumers

Organisms can be divided into two groups depending on the strategies they use to
obtain organic compounds (Figure 3.3.4). Autotrophs obtain organic compounds
by converting inorganic matter. Because they produce all the organic compounds in
ecosystems, they are also called producers. Most autotrophs use photosynthesis.
The typical photosynthetic organisms you might think of are green plants, but
there are also photosynthetic protists such as algae, Euglena and cyanobacteria
(Figure 3.3.5).

photosynthesis

anic COmpg
%\ oxygen Y04

\
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+ water

cellular
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FIGURE 3.3.4 Autotrophic organisms make the organic compounds they require by combining
inorganic compounds from their environment. Heterotrophic organisms obtain the organic
compounds they require by eating other organisms or products of other organisms.
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Chemosynthetic autotrophs (chemoautotrophs) obtain the energy they
need for carbon fixation from inorganic chemical reactions—a process known
as chemosynthesis. All known chemosynthetic organisms are prokaryotes. Some
chemosynthetic autotrophs obtain energy by the oxidation of inorganic molecules.
Some of these conversions include:

* ammonium ions (NH,*) to nitrite ions (NO,7)
* nitrite ions (NO,") to nitrate (NO;")
+ sulfide ions (S*) to sulfate ions (SO,*).

Chemoautotrophs are able to live in the more extreme environments where these
ions can be found. Methanogens are chemoautotrophs that live in environments
where hydrogen is more readily available. They obtain energy from a carbon-fixing
reaction in which carbon dioxide and hydrogen react to form a simple organic
compound: methane (CH,). Methanogens are poisoned by oxygen and live in
places depleted of oxygen, such as wetlands and the digestive tract of animals.

Heterotrophs (‘other feeders’) are also called consumers because they are
unable to make their own food. Unlike autotrophs, heterotrophs cannot use simple
inorganic substances to make organic compounds. Instead, they must obtain the
organic compounds they need by consuming other organisms or their products.
All animals and fungi are heterotrophs. Some bacteria and many protozoans are
also heterotrophs.

Heterotrophs and autotrophs can be further divided according to how they
acquire energy and carbon, as shown in Table 3.3.1.

TABLE 3.3.1 Nutritional modes

photoautotroph solar energy (sunlight) carbon dioxide
chemoautotroph inorganic molecules carbon dioxide
photoheterotroph solar energy (sunlight) organic matter
chemoheterotroph organic compounds organic matter

Some organisms are both autotrophic and heterotrophic. In sunlight, the
protozoan Euglena species, shown in Figure 3.3.6, is photoautotrophic. But when
there is no sunlight, they can absorb food from their environment, so they are
also heterotrophic.

FIGURE 3.3.6 Euglena species are single-celled flagellate protozoans that can obtain energy from
both sunlight and other organisms.
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3.3 Review

SUMMARY

» ATP is a chemical energy transport molecule used by + Some autotrophs, including some bacteria and
all living organisms. archaea, are chemosynthetic, meaning they obtain
« Autotrophs use energy and inorganic molecules from energy by carrying out energy-releasing reactions
the physical environment to produce the organic between inorganic molecules.
compounds they need. » Heterotrophs, including animals, fungi and some
« Most autotrophs, including plants and algae, are bacteria and protists, obtain organic compounds by

producing energy-rich organic compounds.

KEY QUESTIONS Comprehension

3 Determine the difference between photosynthetic

Retrieval autotrophs and chemosynthetic autotrophs.
1 Name a group of photoautotrophs and the compounds  Analysis

they use in photosynthesis to acquire carbon. 4 There are abundantly more photoautotrophs than
2 Explain what is meant by ‘chemical energy’. chemoautotrophs on Earth. Argue why.

E photosynthetic. That is, they use solar energy for eating other organisms or their products. E
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BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand that the process of photosynthesis is an enzyme-controlled
series of chemical reactions that occurs in the chloroplast in plant cells and
uses light energy to synthesise organic compounds (glucose)

» summarise the process of photosynthesis in terms of the light-dependent
reactions and light-independent reactions

» demonstrate the relationship between the light-dependent reactions and
light-independent reactions

» recognise that the overall process can be summarised in a balanced

chemical equation:

carbon dioxide + water —EMeNe8Y o ojcose + oxygen + water

6CO, + 12H,0 LEMEer8Y o ¢ H O, + 60, + 6H,0

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Simple experiments show that when plants have light, water and carbon dioxide,
they make glucose in their green parts, such as leaves. They trap the energy of
sunlight and convert it into chemical energy, which they store in the bonds of
glucose molecules. This enzyme-controlled process is photosynthesis (photo,
meaning ‘light’, and synthesis, meaning ‘putting together’). All photosynthetic
organisms, from single-celled algae to the largest trees, produce glucose in the same
way (Figure 3.4.1).

PHOTOSYNTHESIS

Photosynthesis is sometimes called ‘carbon fixation’ because carbon atoms from the
air are incorporated (‘fixed’) into organic molecules. Photosynthesis involves two
stage: a light-dependent stage and a light-independent stage. Each stage involves
a series of biochemical reactions, often referred to as a biochemical pathway (or
metabolic pathway). Each reaction in the pathway is catalysed (accelerated) by a
particular enzyme. Figure 3.4.2 illustrates the process of photosynthesis.

2 7 sugar

chloroplast

light

Calvin

granum

FIGURE 3.4.2 An overview of photosynthesis showing the processes and the products

’

FIGURE 3.4.1 Plants trap the energy of sunlight
and convert it using photosynthesis into
chemical energy.
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FIGURE 3.4.3 A three-dimensional model of the
structure of a chloroplast
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The glucose formed in photosynthesis may be:
used as an immediate source of energy by the plant
stored by the plant as starch for later conversion back to glucose and then used
as a source of energy
used as a chemical starting point for the synthesis of complex compounds, such
as cellulose and proteins.
The oxygen formed in photosynthesis may be used for aerobic cellular respiration
by the plant or released into the atmosphere.

The reactions that occur during photosynthesis can be summarised by these
overall equations:
Word equation: carbon dioxide + water — glucose + oxygen + water

Chemical equation: 6CO, + 12H,0 — C.H,0, + 60, + 6H,0

CHLOROPLAST STRUCTURE

As you will recall from Chapter 2, the cells of eukaryotic autotrophs, such as plant
cells, have specialised organelles called chloroplasts. These lens-shaped organelles
contain an outer and an inner membrane, which together regulate the movement
of materials into and out of the organelle. Inside these membranes is a fluid matrix
called stroma and a highly complex inner thylakoid membrane system increasing
the surface area for enzyme-controlled reactions. The thylakoid membranes fold to
form flat hollow discs, which form stacks called grana (Figure 3.4.3). Each granum
looks like a stack of coins. Between the grana are flat membrane sheets called
thylakoid lamellae.

Photosynthetic pigments

Photosynthetic pigments are coloured substances that collect the light energy that
is used in photosynthesis. The green pigment in chloroplasts is chlorophyll. It is the
most abundant and visible photosynthetic pigment found in plants.

Figure 3.4.4a shows you that the rate of photosynthesis is highest
under red light (650-700 nm). The rate of photosynthesis is also
high under blue and violet light (400-450 nm). The lowest rate of
photosynthesis occurs under green light (500—600 nm). We can explain
this using Figure 3.4.4b, because different types of chlorophyll absorb
different wavelengths of light. Chlorophyll absorbs many of the colours
that make up the spectrum of white light, but it reflects green light. The
spectrum (Figure 3.4.4b) shows clearly that red, blue and violet light are
all strongly absorbed, while yellow is absorbed to a lesser extent and green
is not absorbed at all.

There are several different types of chlorophyll found in various

T T T
500 600
Wavelength of light (nm)

/\chlorophyll b

chlorophyll ¢

T
400

o

Amount absorbed light (%)

400 500 600

Wavelength of light (nm)

FIGURE 3.4.4 The rate of photosynthesis (a) occurs at
different rates in light of different wavelengths. The pattern
of photosynthetic activity is very similar to (b) the absorption

spectrum of chlorophyll.

T
700

chlorophyll a

700

photosynthetic organisms.
. Chlorophyll a is found in all photosynthetic organisms.

Chlorophyll b is found in some plants.

Chlorophyll c is found in algae.

Chlorophyll d and f are found in cyanobacteria.

These different types of chlorophyll have slightly different molecular
shapes and so have different light-absorption spectra.

Photosynthetic organisms also contain pigments called carotenoids,
which are red, orange and yellow and are also involved in capturing
light. When chlorophyll is broken down in some plants in autumn, the
colours of the carotenoids are no longer masked by the green chlorophyll
and are exposed. This gives autumn leaves the colours shown in Figure
3.4.5. Carotenoids are known as accessory pigments because they cannot
pass their absorbed energy directly to photosynthesis but can transfer
it to chlorophyll to then be used in photosynthesis. Accessory pigments
broaden the range of wavelengths of light absorbed and therefore increase
the amount of light that a plant can absorb for use in photosynthesis.
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LIGHT-DEPENDENT REACTIONS

The first stage of photosynthesis involves biochemical pathways known as the light-
dependent reactions. These reactions occur on the thylakoid membranes of the
chloroplast, where chlorophyll and the enzymes involved are located. The reactions
can only take place in the presence of light.

First, light energy is absorbed by chlorophyll. The energy is then used to split
water to produce oxygen, and to form the energy-carrying molecules ATP and
NADPH from ADP, inorganic phosphate (P,) and NADP* (nicotinamide adenine
dinucleotide phosphate). The light-dependent reactions are summarised in Figure
3.4.6.

Inputs Outputs
NADP+* NADPH

\“gﬁt enerM
water oxygen gas
o —

ADP’+P. ATP

FIGURE 3.4.6 Water is split into oxygen and hydrogen. The oxygen is released as a gas. The NADPH
and ATP are used in the second stage of photosynthesis.

Photosystems | and Il

Within the thylakoid membranes are a number of highly complex, linked chemical
systems and a large number of enzymes. Two of the key chemical systems are
photosystem I and photosystem II. Both systems contain chlorophyll and depend
on light to function. Together with the enzyme ATP synthase, these systems carry
out the processes called the light-dependent reactions.
The chlorophyll in photosystem II absorbs light energy that is used to split water
into oxygen, hydrogen ions and electrons. This can be summarised as:
2H,0 — O, + 4H* + 4e”
water — oxygen + hydrogen ions + electrons
The chlorophyll in photosystem I absorbs light energy that is transferred together
with hydrogen ions and electrons to form a coenzyme energy carrier NADPH from
NADP*. This reaction is summarised as:
NADP* + H"+ 2¢- - NADPH
low energy high energy

ATP synthase is the enzyme that uses energy generated by both photosystems to
form ATP from ADP and inorganic phosphate (P).

LIGHT-INDEPENDENT REACTIONS

The products of the light-dependent reactions, NADPH and ATP, are released
into the stroma of the chloroplast. There, these coenzymes provide energy to
drive a biochemical pathway known as the light-independent reactions. The light-
independent reactions are summarised in Figure 3.4.7.

Inputs Outputs
NADPH NADP+

carbon dioxide > < glucose
ATP ADP +P,

FIGURE 3.4.7 In the second stage of photosynthesis, carbon dioxide is reduced to form the
sugar glucose.

FIGURE 3.4.5 Deciduous plants such as the
red maple decrease chlorophyll production in
autumn, before losing their leaves. The red,
yellow, orange or brown colours of carotenoids
are visible when there is no green-coloured
chlorophyll in the leaves.
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The second stage of photosynthesis does not require light for the reaction to
be able to proceed. However, it does require the NADPH and ATDP of the light-
dependent reactions. If NADPH and ATP are present, the reaction can continue in
the absence of light (Figure 3.4.8).

The main stage of the light-independent reactions is called the Calvin cycle.

grana Light-dependent reactions
light energy
/
water (H,0) b oxygen gas (O,) stroma glucose
+ —‘ chlorophyM + (CH1.04)
ADP + P, - ATP +
i enzyme
. J \ + “ patﬁ/way water (H,0)
NADP* NADPH — +
b J ADP + P,
carbon dioxide (CO,) +
NADP*
Light-independent reactions

FIGURE 3.4.8 Photosynthesis occurs in two phases. The light-dependent reactions occur in the thylakoid membranes
of the grana. The light-independent reactions occur in the stroma. The light-independent reactions require the

carriers generated by the light-dependent reactions.

Calvin cycle

The Calvin cycle comprises all the light-independent reactions. This biochemical
pathway of enzyme-catalysed reactions uses carbon dioxide and the energy in the
NADPH and ATP produced in the light-dependent reactions to make carbohydrates
(Figure 3.4.9).To understand how this process works, it is necessary to realise that
each cycle does not exist as a separate entity. There are many instances of the same
reactions occurring simultaneously in the stroma and therefore many concurrent
Calvin cycles occurring. If it were possible to isolate a single cycle, then one carbon
atom would be added to the system with each ‘turn’, but no one-carbon product is
actually produced.

The identifiable product of the Calvin cycle is a three-carbon carbohydrate
called glyceraldehyde-3-phosphate (GAP). In the cytoplasm, two GAP molecules
combine to produce the glucose (C,H,,0,) molecule that is normally identified
as the product of photosynthesis. The remaining GAP molecules are recycled into
ribulose 1,5-bisphosphate (RuBP), which is the starting molecule of the light-
independent reaction.

from the

light-dependent
reactions

enzyme ATP and NADPH

carbon dioxide (CO,)
from the atmosphere ; R\

Calvin cycle
product of
photosynthesis
glucose -«—— glyceraldehyde-3-phosphate (GAP) <¥-—/
(6-carbon molecule) (3-carbon molecule)

FIGURE 3.4.9 Carbon dioxide from the atmosphere feeds into the Calvin cycle, which uses energy
carried by ATP and NADPH from the light-dependent reactions.

UNIT 1 | CELLS AND MULTICELLULAR ORGANISMS | TOPIC 1 « CELLS AS THE BASIS OF LIFE



FACTORS AFFECTING THE RATE OF PHOTOSYNTHESIS

As for all biochemical processes, the rate of photosynthesis varies according to
the internal conditions of the cell, which in turn is often affected by the external
environmental conditions. Perhaps most obvious is that the rate of photosynthesis
depends on the number of chloroplasts present in a leaf or plant.

Photosynthesis depends on other variables that are interconnected. For example,
the opening of stomata controls both loss of water and entry of carbon dioxide,
as shown in Figure 3.4.10. For this reason, the only way of studying the effect of
each factor on the rate of photosynthesis is in the laboratory. Laboratory studies
using suspensions of isolated chloroplasts or green algae enable scientists to test the
effect of varying the amount of different factors on the rate of photosynthesis under
controlled conditions.

The information below outlines the factors that affect the rate of photosynthesis
in C, plants (3-carbon fixing plants, the most common type of plant). Two other
plant types, C, and CAM, are discussed at the end of the module.

Inputs: carbon dioxide and light energy

If you look closely at the process of photosynthesis described in the overall
equation, you can predict that the rate at which it occurs will be affected by a number
of factors.

The main requirements of photosynthesis are carbon dioxide, water and light
energy. If any one of these factors is in limited supply, it is reasonable to predict that
the rate of photosynthesis will be limited also. Because the amount of water used in
photosynthesis is small compared with the amount needed to keep the cells alive, a
living plant cell normally has sufficient water for photosynthesis to occur. Therefore,
water does not have a direct effect on the rate of photosynthesis in nature. However,
water does have an indirect effect, because when the plant is suffering from water
stress, such as the plant in Figure 3.4.11, the stomata in the leaf close and reduce
the availability of carbon dioxide. So, under normal circumstances, photosynthesis
is directly affected by the availability of carbon dioxide and light.

Carbon dioxide

The carbon dioxide level in the air remains relatively constant. The factors that
affect the amount available for photosynthesis in most terrestrial plants are the
number of stomata in the leaves and whether these stomata are open or closed. If
the stomata are closed, photosynthesis uses up the carbon dioxide inside the leaf,
therefore lowering the carbon dioxide concentration in the leaf. With less carbon
dioxide available, the rate of photosynthesis, even in the presence of light, is limited.

In the laboratory it is possible to control the concentration of carbon dioxide to
which plants are exposed without changing other factors. Figure 3.4.12 shows a
comparison of the rate of photosynthesis for a particular species of plant exposed
to different concentrations of carbon dioxide at different light intensities.

Terrestrial plants receive their carbon dioxide from the air. Aquatic plants can
use the carbon dioxide dissolved in the water.

Photosynthesis rate at different

CO, concentrations and light intensities increases with increasing light intensity

at two different concentrations of carbon

in 0.09% CO, dioxide. At 0.03% carbon dioxide, the
o rate of photosynthesis increases until
© = 0.03% CO approximately 30% sunlight at which
L@ . 2 point the rate of photosynthesis is limited
= % by the availability of carbon dioxide.
E 5 At 0.09% carbon dioxide, the rate of
s 0% CO, photosynthesis continues to increase up
——————————————————— to about 80% sunlight. The concentration
of carbon dioxide in the atmosphere is
f f f ! f carbon dioxide in the at here i
0 25 50 75 100

approximately 0.04%.
Sunlight (%)

FIGURE 3.4.12 The rate of photosynthesis

closed stoma

open stoma

FIGURE 3.4.10 This coloured scanning electron
micrograph image of a tobacco leaf shows one
open stoma and one closed stoma. When the
stoma is open, gas exchange can occur and
water molecules can escape.

FIGURE 3.4.11 This plant has wilted due to
water loss. When water is not available, the plant
cells lose water, reducing the turgor (pressure)
inside the cell. Therefore the cells cannot
maintain a rigid shape, and the plant collapses.
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Light

In the laboratory, chloroplasts can be extracted from plant cells and tested in
isolation. By varying the amount of light shining on these isolated chloroplasts,
while keeping the carbon dioxide and water levels constant, it is possible to measure
the rate at which photosynthesis occurs at different amounts of light. The results
of this experiment are shown in Figure 3.4.13 and present what is referred to as
a light saturation curve. The curve shows a steady increase in the photosynthesis
rate with an increase in light intensity until a plateau begins to form. The plateau
indicates that there is a maximum rate at which photosynthesis can occur. Assuming
unlimited amounts of carbon dioxide (and water), the limit is the point at which all
of the photosynthetic systems and enzymes in the chloroplasts are working at their
maximum rate.

In the natural environment, the amount of light available to a plant for
photosynthesis is determined by the amount of sunlight. Plants in different
environments receive different amounts of sunlight, as shown in Figure 3.4.14. The
amount of sunlight varies during the cycle of a day and changes with the seasons
and the weather. Figure 3.4.13 shows how tomato plants grown under unshaded
conditions have greater rates of photosynthesis than plants grown under shaded
(50%) conditions.

Photosynthesis rate of isolated chloroplasts at different light intensities

unshaded

shaded

T T T T
l{ 500 1000 1500 2000

Irradiance (umol m2s)

FIGURE 3.4.13 Light saturation curves of chloroplasts extracted from tomato plants grown under
shaded (50%) and unshaded conditions.

FIGURE 3.4.14 (a) Plants growing on the forest floor receive less light than taller trees.
(b) Aquatic photosynthetic organisms, such as this sea kelp, can only grow near the water’s surface.
As you move deeper underwater, there is less light available.
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Temperature

Many enzymes in chloroplasts catalyse the reactions of photosynthesis. Without Photosynthesis rate at different temperatures
these enzymes, photosynthesis would not occur. You will recall from Module 3.1
that the rate of an enzyme reaction is affected by temperature and so, accordingly,
the reactions of photosynthesis are affected by temperature. The optimum condition
for the functioning of the enzymes of photosynthesis is the temperature at which the
maximum rate of photosynthesis occurs. Similarly, because enzymes are denatured
and no longer functional at particularly high temperatures, photosynthesis ceases at
these high temperatures. This is seen in Figure 3.4.15.

optimum temperature
i

Relative rate of photosynthesis

Photosynthesis in C, and CAM plants

Although photosynthesis seems to be an efficient method of fixing atmospheric CO, Temperature
into a three-carbon molecule, there is a reverse system occurring at the same time.  FIGURE 3.4.15 The rate of photosynthesis at
Photorespiration is where the RuBP carboxylase enzyme (which catalyses the key  different temperatures. The shape of the curve is
carbon-fixing reaction) also initiates the oxidation of ribulose 1,5-bisphosphate. The typical for enzyme reactions. The rate rises with
. temperature to an optimum temperature and

result is a loss of l')etwe'en one-qua}rter and one-half of the fixed carbon that Can N0 ypen fails to zero at high temperatures as the
longer be synthesised in the Calvin cycle. At higher temperatures, the loss is even  photosynthetic enzymes denature.
greater, posing a distinct problem for the C, (three-carbon fixing) plant. This has led
to the evolution of two different adaptations—those of the C, and the CAM plants.

C, plants (which include many grasses and crops, such as sugar cane (Figure
3.4.16a) and sorghum) operate differently in two ways—by fixing a four-carbon
molecule rather than the three-carbon molecule made in the Calvin cycle, and
by using ATP energy to concentrate CO, in mesophyll and bundle sheath cells.
The CO, binds to the active site on the RuBP carboxylase enzyme, effectively
commandeering it for photosynthesis.

CAM plants also fix four-carbon molecules but use crassulacean acid metabolism,
or CAM. These plants are generally succulents living in hot climates, and include
pineapples (Figure 3.4.16b), cacti and orchids. In CAM plants, the leaf stoma open
at night, not during the day, and so prevent the excess loss of water, and concentrate
CO, without the use of extra ATP.

3.4 Review

SUMMARY

» Photosynthesis is carried out in two stages: the light-dependent
reactions and the light-independent reactions.

+ Chloroplasts contain thylakoid membranes and fluid called stroma.
» The light-dependent reactions occur on the grana. Light energy
is trapped by chlorophyll, water is split and oxygen is released as
a product.
« The light-independent reactions occur in the stroma. Carbon dioxide
is reduced to form glucose.
» The factors affecting the rate of photosynthesis are interconnected.
+ An increase in carbon dioxide levels can increase the rate of
photosynthesis.

+ An increase in light intensity can increase the rate of photosynthesis.
+ The availability of chloroplasts to carry out photosynthesis can limit
the rate of reaction.

FIGURE 3.4.16 (a) C4 (sugar cane) and (b) CAM
(pineapple) plants are important commercial
crops in tropical Queensland.

» Plants have an optimum temperature range for photosynthesis. If it
is too cold, the rate of reaction is slow. If is is too hot, the enzymes in
chloroplasts can denature.

continued over page
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3.4 Review continued

KEY QUESTIONS

Retrieval Analysis

1 Recall and write the word equation and the chemical 15 Differentiate the photosynthetic pathways of C;, C, and
equation for photosynthesis. CAM plants.

2 List three things that might happen to the glucose that 16 The following graph shows the rate of photosynthesis
has been formed by photosynthesis in the plant. in a bean plant and an oxalis plant.

3 Draw a chloroplast. Label the inner and outer Draw conclusions with respect to possible limiting
membranes, stroma, granum and thylakoid. factors at points A and B for each plant.

4 Describe what chlorophyll is and identify the various
types that occur in different photosynthetic organisms. ﬁ bean

5 Describe the interactions that carotenoids have with E
chlorophyll pigments. I}

6 Name the light-dependent reactions in photosynthesis. %.

7 Identify the three main products that result from the :6,
two photosystems working together. § ‘

8 State what molecules need to be present for the % oxals
light-independent phase of photosynthesis to occur. &

9 Identify the carbohydrates produced by the 4 4 Light intensity
Calvin cycle. A B
10 Make a table that lists three factors that directly affect
one does so. were placed in a solution that was compartmentalised

so that each compartment was exposed to different
spectral light colours. Aerobic bacteria were added
to the solution and were able to move through all

Comprehension
11 Summarise the main features in the process of

photosynthesis. compartments. The following diagram indicates the
12 Using Figure 3.4.4b on page 90, determine the range distribution of these bacteria after 1 hour. Explain why
of wavelengths in which chlorophyll a, b and ¢ will aerobic bacteria were used in this experiment. Draw
absorb the greatest percentage of light. conclusions as to what the distribution of bacteria
13 Using a diagram, represent the basic processes of implies about the relationship between the spectral
photosystems | and II. light colour and the rate of photosynthesis.

14 Describe how water has an indirect effect on
photosynthesis and not a direct effect as does the Spectral colours of sunlight
abundance of CO,, light and temperature.

violet | blue |green|ye||ow|orange| red

Relative  100%
amounts
of light
absorption 5o,
by algal
pigments

0%

Concentration /\/\_/_/_\
of bacteria

around Algal filament

algal

filament \/_\/\—\/

! the rate of photosynthesis. Briefly describe how each 17 In an experiment, photosynthetic algae filaments !
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3.5 Cellular respiration

BY THE END OF THIS MODULE, YOU SHOULD BE ABLE TO:

» understand that cellular respiration is an enzyme-controlled series of
chemical reactions and that the reaction sequence known as aerobic
respiration (glycolysis, Krebs cycle and electron transfer chain) requires
oxygen

» understand that in conditions where there is a lack of oxygen, ATP is
produced from glucose by the reaction sequence known as anaerobic
respiration (glycolysis with fermentation in plants, yeasts and some
bacteria, or lactic acid production in animals).

» recognise that the overall process can be summarised in a balanced
chemical equation:
glucose + oxygen — carbon dioxide + water + energy

CeH1,0¢ + 60, — 6CO, + 6H,0 + 36-38ATP

©00000000000000000000000000000000000000000000000000000000000000000000000000000000000000.

All cells need energy to function. They obtain this by releasing energy from organic
compounds through a series of biochemical pathways; glycolysis is the first of
these. Cellular respiration is the name given to the combination of biochemical
pathways that together release energy from glucose, the structure of which is shown
in Figure 3.5.1.

CH,OH

FIGURE 3.5.1 Glucose is the primary energy source for cellular respiration.

ENERGY FROM GLUCOSE

Cells can obtain energy from fats and other organic compounds, including proteins.
However, most cells use glucose (which can be obtained by breaking down complex
carbohydrates) as their immediate source of energy, as shown in Figure 3.5.2.To
extract energy from other organic molecules, some must be converted into glucose
first; others are broken down to small molecules that can also be used in the cellular
respiration pathways.

Cellular respiration is the name given to the combination of biochemical
pathways that occur within a cell to release energy from glucose. Each reaction in
the pathway is catalysed (facilitated) by a particular enzyme.

The energy released from glucose through cellular respiration is used to generate
the coenzyme adenosine triphosphate (ATP). The energy is transferred when AT
is formed from ADP and inorganic phosphate (P,), and it is stored in the bond
between ADP and phosphate. This can be represented as:

ADP + P — ADP~P, (ATP)
The ‘~’ represents the high-energy bond in which the energy is stored.

FIGURE 3.5.2 Complex carbohydrates are

broken down by the digestive system into simple

sugars, such as glucose.
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energy for When the high-energy bond in ATP is broken, energy is released for use in the
glucose ATP cellular many energy-demanding processes that occur in the cell. The transfer of energy is
EVONVONVO prﬁsses summarised in Figure 3.5.3.
/ Aerobic cellular respiration requires oxygen and consists of the three
EVONVO ool interconnected biochemical pathways known as:
N S N + glycolysis
energy / * the Krebs cycle (or the citric acid cycle)
v .’\:AODAI;O e the electron transfer chain (or electron transport chain).

carbon Anaerobic cellular respiration also involves glycolysis. In plant and yeast cells, the
SLO dXivsllaeter : ;ﬂiggﬁ:tz product of glycolysis undergoes a fermentation pathway in the absence of oxygen.

~ energy-containing bond

GLYCOLYSIS

Glycolysis is the first stage of cellular respiration and occurs in the cytosol of the
cell. It results in the net production of two ATP molecules. During glycolysis,
glucose (a six-carbon molecule) is broken down to two three-carbon molecules
called pyruvate (or pyruvic acid).

During the process of glycolysis, a small amount of energy is released. This
energy is transferred to the coenzymes ATP and NADH, which act as energy
carriers. The overall reaction of glycolysis is:

reactants products
glucose + 2ADP + 2P, + 2NAD* — 2 pyruvate + 2ATP + 2NADH

NADH and FADH,

Two very important coenzymes are NAD* and FAD (flavin adenine dinucleotide).
NAD* acts as an energy carrier. There are various steps in cellular respiration in
which energy is transferred in the making of NADH from NAD*. During the
final stage of aerobic cellular respiration (the electron transfer chain), NADH is
converted back to NAD™" and the energy released is used in the formation of ATTP.

FIGURE 3.5.3 Energy from glucose is
transferred in the synthesis of ATP from ADP
and phosphate. The energy is stored in the
phosphate bond. When the bond is broken, the
energy is released to drive cellular processes.
The ADP and phosphate are recycled.

FAD is also an energy carrier. During the second stage of aerobic cellular
respiration (the Krebs cycle), energy is transferred, making FADH, from FAD.
During the electron transfer chain, FADH, is converted back to FAD and the
energy released is used in the formation of ATP.

Aerobic and anaerobic respiration pathways

After glycolysis, cellular respiration can be diverted into one of two biochemical
pathways depending on the availability of oxygen. These are aerobic respiration
and anaerobic respiration, and here you will learn some of the details of the
biochemical reactions involved, where these processes occur and the different
amounts of energy released in each pathway.

AEROBIC RESPIRATION

If oxygen is available, most eukaryotic organisms use it to release energy from
glucose in the process of aerobic respiration. Aerobic respiration comprises three
stages: glycolysis, the Krebs cycle and the electron transfer chain, as shown in
Figures 3.5.4 and 3.5.5.The latter two stages occur in the mitochondria and require
oxygen. Glycolysis occurs in the cytoplasm and breaks down glucose molecules
regardless if oxygen is present or not. The balanced chemical equation for aerobic
cellular respiration is shown below:

CH,,0,+60, — 6CO, +6H,0

FIGURE 3.5.4 The first stage of aerobic cellular
respiration (glycolysis) occurs in the cytosol. The
second stage (the Krebs cycle) occurs in the
matrix of the mitochondria. The last stage (the
electron transfer chain) occurs on the cristae of
the mitochondria.

(36-38ATDP produced)

Mitochondria

Mitochondria are often referred to as the powerhouses of the cell. They are the
sites of the Krebs cycle and the electron transfer chain—two of the three processes
that comprise aerobic respiration. If the cell has a supply of oxygen, the pyruvate
formed from glycolysis passes into the mitochondria, where it is further broken
down through a series of biochemical steps into carbon dioxide and water.
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FIGURE 3.5.5 A summary of aerobic cellular respiration

Mitochondria are slightly smaller than chloroplasts. Inside the outer membrane,
there is a folded inner membrane structure. The folded structures of the inner
membrane are called cristae. Inside the cristae is the mitochondrial matrix, as shown
in Figure 3.5.6.

The more intricately folded a membrane, the greater the surface area it has
available for enzyme attachment. This is of great importance as you will see in the
next two stages of aerobic respiration—the Krebs cycle and the electron transfer
chain, both of which occur in the mitochondria.

KREBS CYCLE

The second important stage of aerobic respiration occurs after glycolysis and
is called the Krebs cycle. It takes place in the mitochondrial matrix. The Krebs
cycle is a series of eight reactions, each catalysed by a different enzyme. The
pyruvate formed from glycolysis diffuses from the cytoplasm through the outer
membrane of the mitochondria and is then moved by active transport through the
inner membrane. Moving pyruvate into the mitochondria uses the ATP generated
by glycolysis.

s mitochondrial "% Al X g

. matrix Sa. Tahos g 4
5‘_ OB ST 5? B 2SS S
FIGURE 3.5.6 This coloured transmission
electron micrograph of a mitochondrion shows

the inner membrane (cristae) in pink and the
matrix fluid in blue
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When the pyruvate, a three-carbon molecule, is in the mitochondrial matrix,
it is converted into acetyl coenzyme A (acetyl CoA), a two-carbon molecule,
which is the substrate for the first of a series of reactions that make up the
Krebs cycle. In the formation of acetyl CoA from pyruvate, one carbon dioxide
molecule is formed. In addition, in one turn of the Krebs cycle two carbon dioxide
molecules are formed. That is a total of three molecules of carbon dioxide formed
for every pyruvate molecule and six molecules of carbon dioxide for every glucose
molecule metabolised.

During the reactions of the Krebs cycle, energy is transferred to energy-carrying
coenzymes such as NADH, FADH, and ATP. FAD can carry two hydrogen ions,
becoming FADH,. NAD* can carry one hydrogen ion, becoming NADH. From
each turn of the Krebs cycle, one molecule of acetyl CoA is metabolised into two
molecules of carbon dioxide, three molecules of NADH, one molecule of FADH,
and one molecule of ATP. This is shown in Figure 3.5.7.

Co,
pyruvate acetyl CoA NADH + CO,
NADH
NADH
NAD* Krebs cycle NAD*
NADH + CO,
FADH,
NAD*
ADP + P ATP

FIGURE 3.5.7 The three-carbon molecule pyruvate produced in glycolysis is converted to a two-
carbon molecule acetyl CoA with the production of a carbon dioxide molecule. The acetyl CoA enters
the Krebs cycle where it results in carbon dioxide, ATF, NADH and FADH, being formed.

ELECTRON TRANSFER CHAIN

The overall purpose of the electron transfer chain is to move protons and electrons
across a membrane as a system for generating ATP. Oxygen is essential because it
picks up electrons at the end of the chain. If oxygen is not available, the electron
transfer chain stops.

Embedded in the inner membrane of the mitochondria are a number of protein
complexes, including enzymes and cytochromes, as shown in Figure 3.5.8. These
complexes form an interconnected series of reactions that together make up the
electron transfer chain, which is the third stage of aerobic cellular respiration.

Energy-carrying molecules from the Krebs cycle feed into the electron transfer
chain. NADH is converted back to NAD* by interacting with the first complex at
the beginning of the electron transfer chain, and FADH, is converted back to FAD
by interacting with the second complex.

"The hydrogen ions (H*) originating from the conversion of NADH and FADH,
are moved into the intermembrane space of the mitochondria and the electrons are
transferred along the chain. The energy obtained in this process is used to make AT
from ADP. At the end of the electron transfer chain, hydrogen ions and electrons
combine with oxygen to form water:

2H" + 2¢ + %OZ - H,0

The electron transfer chain forms 26-28 molecules of ATP, using the energy
that was contained originally in each glucose molecule.
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If you add up the ATP molecules formed at each stage of acrobic cellular respiration,

you find that for every molecule of glucose metabolised, 30-38 AT molecules can
be formed:

2 ATP from glycolysis
2 ATP from the Krebs cycle
26—28 ATP from the electron transfer chain.

Many sources state that 36—38 molecules of ATP are formed from the complete
breakdown of one glucose molecule via aerobic cellular respiration, but it is now
estimated that the overall production is closer to 30—32 ATP in the average cell. The
revised estimate takes into account losses that may occur throughout the process, as
well as the effect of moving substances into and around the mitochondrial matrix.
This is another example of how our scientific knowledge is continually developing.

Aerobic cellular respiration is a very complex process and scientists are still
making new discoveries. Recent research shows that FADH, is not as efficient as
first thought and generates less ATP than previously stated. In conjunction with
this, the energy used during the final stages of aerobic cellular respiration is also
higher than originally estimated. Because of the internal structure of mitochondria,
more energy is required to convert and move substances within the mitochondrial
membranes and matrix, reducing the overall yield of ATT. In this research, the results
suggest that the electron transfer chain produces 26—28 ATP per glucose molecule.

Some tissues and cells are more efficient than others, so scientists have varying
results in their research. There is research to suggest that some cells can make 38 ATP
from one glucose molecule. The number is usually quoted as a range (30-38 ATP),
because the exact number depends on a range of conditions that can differ.

ANAEROBIC RESPIRATION

If there is little or no oxygen available, a eukaryotic organism can still release some
energy from glucose through the anaerobic pathway known as fermentation. In
animals, lactic acid fermentation is the name of the process that most often occurs
in the cytoplasm of cells after glycolysis when oxygen is in short supply. In yeast and
plants, a different type of fermentation occurs—ethanol fermentation. Figure 3.5.9
shows the products of these two types of anaerobic respiration.

FIGURE 3.5.8 The inner mitochondrial
membrane has several embedded proteins
that pass along the energy and H* ions
from carriers (NADH and FADH,)). The final
enzyme in the pathway, ATP synthase,
generates large amounts of ATP.

fos
R LTI TPPPIT

intermembrane

mitochondrial

ne

glucose
2 ATP J glycolysis
2 pyruvate
animals fungi and plants
lactic acid

ethanol + CO,

FIGURE 3.5.9 Anaerobic respiration occurs in
the cytosol of cells when oxygen is not available.
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Fermentation

When the product of a biochemical reaction increases in concentration, it usually
slows down the reaction that produces it, causing the reactants to accumulate. For a
biochemical pathway to continue, the products of each reaction must be processed
by the next reaction in the chain. If the product is not removed, it slows down the
reaction, which causes the reaction before it to be slowed down and so on, back
through the pathway so that the whole pathway is slowed down or even stopped.
Think of it like people moving in a queue. If the person at the head of the queue
stops moving, the person behind must stop and so on back through the queue, until
the whole queue stops moving.

The final reaction in the electron transfer chain requires oxygen. Lack of oxygen
limits the rate of this final reaction, which in turn limits the reaction before it, and
so on back through the pathways. NADH will not be converted back to NAD*.
The Krebs cycle will also be slowed down. When the Krebs cycle slows down,
pyruvate begins to accumulate. An accumulation of pyruvate then causes glycolysis
to slow down.

In addition, for glycolysis to occur, a constant supply of NAD" is required. If the
NAD" is not being regenerated, glycolysis slows down or even stops.

To allow glycolysis to continue at low oxygen levels, some protists, fungi and
some animal cells, such as muscle cells, contain an enzyme that can catalyse the
conversion of pyruvate to lactic acid and NADH to NAD™. This reaction solves
both problems and enables glycolysis to continue. It first removes pyruvate so that
the pathway is no longer blocked and then it provides a source of NAD*, which is
essential for glycolysis.

The lactic acid produced through fermentation can leave the cell by diffusion
across the cell membrane and via a special membrane transport protein. This means
the lactate level in the cell can remain low so that the pyruvate to lactate reaction
can continue to occur, glycolysis can occur and ATP can continue to be produced
to satisfy the cell’s needs.

In humans, lactic acid produced by muscle cells, once diffused out, can be
circulated in the blood to other tissues in the body including liver and heart muscle,
where it is converted back to pyruvate and enters aerobic cellular respiration
pathways to produce ATP. This process is shown in Figure 3.5.10.

2P, + 2ADP 2ATP

N

glucose 2 x pyruvate

2 x lactic acid

FIGURE 3.5.10 In animals, pyruvate is converted into lactic acid during anaerobic respiration to
prevent a build-up of pyruvate. Later, the lactic acid can be converted back into pyruvate for aerobic
cellular respiration.

Fermentation in yeast

Yeast cells, like those shown in Figure 3.5.11, carry out a different type of
fermentation called ethanol fermentation (Figure 3.5.12). As in animal cells, one
glucose molecule is broken down to two pyruvate molecules and NADH is formed
from NAD?*. In yeast fermentation, the pyruvate is then broken down to ethanol
(alcohol) and carbon dioxide, and NADH is converted back to NAD™ through two
reactions. In the first step, pyruvate is broken down to acetaldehyde and carbon
dioxide. In the second step, the acetaldehyde is broken down to ethanol and NADH
is converted to NAD*.
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2P, + 2ADP 2ATP
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ZNQD\}ADH 2c0,
2 ethanol 2 x acetaldehyde

FIGURE 3.5.12 In yeast, pyruvate is converted into ethanol and carbon dioxide during anaerobic
respiration.

The ethanol readily diffuses out of the cell by passive diffusion into the
surrounding environment. The loss of ethanol from the cytoplasm means that the
reactions of fermentation can continue until the ethanol builds up to a level in the
external environment where ethanol no longer diffuses from the cell; that is, there is A
no }onger a concen@ation grgdient. Ethanol then builds up in the cell to a point at FIGURE 3.5.11 A coloured scanning electron
which the fermentation reactions are blocked and they stop. micrograph of baker's yeast (Saccharomyces

cerevisiae) cells
COMPARING AEROBIC AND ANAEROBIC RESPIRATION

Anaerobic respiration pathways in eukaryotes produce only two AT molecules per
molecule of glucose during glycolysis, whereas aerobic respiration produces 30-38
ATP molecules per molecule of glucose during glycolysis, the Krebs cycle and the
electron transfer chain. Therefore, acrobic respiration is much more efficient in
supplying the cell with energy. The organic products of anaerobic respiration (lactic
acid from animals and alcohol from yeast) still contain much energy and both can be
further metabolised to release more energy. Figure 3.5.13 and Table 3.5.1 compare
the processes of aerobic and anaerobic cellular respiration.

200060
glucose
2 x ATP
glycolysis /
alcoholic fermentation
@®® 2 xethanol + ® 2 x CO,
L 1 1] B
livids 2 x pyruvate NADH lactate fermentation
-
P S8 ® 2xlactate
cytosol
mitochondrion
p-oxidation of fatty acids S @ 2x Co,
with n carbons YY)
2 x acetyl CoA
respiration
L 1 J
n x acetyl CoA - 2xNADH

30-38 x ATP
\ S

electron transfer chain

VR
(6] H,0

2 2

6 x NADH

2xATP 2 x FADH,

L
4xCO,

FIGURE 3.5.13 An overview of the stages of aerobic and anaerobic cellular respiration
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FIGURE 3.5.14 Rebecca Clarke of New Zealand
shows the exhaustion of completing a triathlon
at the World Championship in Stockholm.
During the race her glucose and oxygen levels
would have been depleted. Her body would
have worked hard to stop her body temperature
from rising.

Rate of cellular respiration
as a function of temperature
optimum temperature

Rate of cellular respiration

Temperature
(arbitrary units)

FIGURE 3.5.15 The relationship between
temperature and the rate of cellular respiration.
As the temperature increases towards the
optimum range, the rate of cellular respiration
speeds up. At the optimum temperature, cellular
respiration occurs at the maximum rate. At
temperatures above the optimum temperature,
the rate of cellular respiration rapidly decreases.

TABLE 3.5.1 Summary of cellular respiration

e e e

location cytosol and mitochondria  cytosol
reactants glucose and oxygen glucose
products carbon dioxide and water lactic acid (animals)

ethanol and CO, (plants/fungi)

energy output (per glucose  30-38 ATP total 2 ATP total
molecule)

FACTORS AFFECTING THE RATE OF CELLULAR
RESPIRATION

Cellular respiration is affected by a number of factors including temperature,
glucose availability and oxygen concentration (Figure 3.5.14).

Temperature

You have learnt that cellular respiration comprises a number of interconnected

biochemical pathways and that each pathway is a series of chemical reactions

catalysed by specific enzymes.You have also learnt that the rate of an enzyme reaction
is affected by temperature and that each enzyme has an optimum temperature.

As the temperature either rises above or falls below the optimum temperature,
the rate of the enzyme-controlled reactions occur, and therefore the rate at which
cellular respiration occurs, slows down. The graph in Figure 3.5.15 shows the
relationship between temperature and the rate of cellular respiration.

*  When the temperature drops, the reactant molecules contain less kinetic energy
and so do not react as quickly.

*  When the temperature rises above the optimum level, the increased heat energy
can disrupt the hydrogen bonds in the enzyme, causing the enzyme to denature.
This means that the active site of the enzyme has lost its three-dimensional
functional shape. This distortion in the shape means that the enzyme cannot
bind to the substrate, effectively slowing down the rate of reaction.

Living organisms have particular temperature tolerance limits within which they
will survive. More complex organisms such as birds and mammals control their
body temperature at levels that are optimal for the functioning of their enzymes.
Other organisms do not have the capacity to control the temperature of their cells,
and the cellular respiration for these organisms is affected by the temperature of the
external environment.

Glucose availability

All chemical reactions are limited by the concentration of the reactants. An enzyme’s
reaction is limited by the availability of its substrate(s). Glucose is the substrate for
glycolysis, and therefore it is the substrate for the first reaction in cellular respiration.
The availability of glucose affects the rate at which this first reaction occurs. The
products of the first reaction become the substrates for the next and so on along the
pathway. Hence, the availability of glucose affects the first and subsequent reactions
in the cellular respiration biochemical pathways.

Oxygen concentration

For aerobic respiration, a constant supply of oxygen is necessary. Oxygen is supplied
to cells by haemoglobin as shown in Figure 3.5.16. Oxygen is the final reactant
of the electron transfer chain, so oxygen concentration affects the rate of aerobic
cellular respiration.
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When the concentration of oxygen is low, the rate at which the electron transfer
chain can occur is reduced. As you learnt previously, when oxygen is in very short
supply or absent, some cells use fermentation reactions so that pyruvate does not
accumulate and the glycolysis reactions can continue. This means AT continues to
be produced, although at much lower rates, and the cell stays alive.

SUMMARY OF CELLULAR ENERGY TRANSFORMATIONS

Table 3.5.2 summarises cellular energy transformations.

TABLE 3.5.2 Summary of cellular energy transformations

Photosynthesis | Cellular respiration

I

location chloroplasts cytosol and cytosol
mitochondria

reactants  water and glucose and glucose

carbon dioxide oxygen
products glucose, oxygen  water and carbon * lactic acid (animals)

and water dioxide

(plants/fungi)

carriers NADP* NAD* and FAD NAD+

3.5 Review

Glucose is the primary energy source for cellular
respiration.

The energy released in the breakdown of glucose is
carried by ATP.

Two ATP molecules (per glucose molecule) are
produced during glycolysis, which is the first stage
of cellular respiration.

Aerobic cellular respiration has three stages:
glycolysis, the Krebs (citric acid) cycle and the
electron transfer chain.

The overall process of aerobic glycolysis produces
36-38 ATP per glucose molecule.

Mitochondria contain folded membranes (cristae)
and fluid (matrix).

Glycolysis occurs in the cytosol and yields two ATP.
Glucose is converted into two pyruvate molecules.
The Krebs cycle occurs in the matrix of the
mitochondria and yields two ATP. Pyruvate is broken
down into carbon dioxide.

The electron transfer chain occurs in the cristae of
the mitochondria and yields 26-28 ATP.

FIGURE 3.5.16 Red blood cells contain a red
pigment (haemoglobin), which binds to oxygen.
As blood moves through the capillaries in the

lungs, the haemoglobin collects oxygen. As
blood is pumped around the body, the red
blood cells deliver oxygen to the cells in all of
our tissues.

» ethanol and carbon dioxide

Oxygen accepts the hydrogen ions that are used to
generate a large amount of energy.

In animals, the product of anaerobic respiration

is lactic acid. In yeast, the products of anaerobic
respiration are ethanol and carbon dioxide.
Aerobic respiration is more efficient than anaerobic
respiration. Aerobic respiration produces 30-38 ATP
per glucose molecule; anaerobic respiration only
yields two ATP per glucose molecule.

Aerobic cellular respiration is affected by
temperature, glucose concentration and oxygen
concentration.

When the temperature is above or below the
optimum range, the rate of cellular respiration

is slower.

Glucose is a substrate of glycolysis; therefore, an
increase in glucose availability increases the rate of
cellular respiration.

Oxygen is a substrate of the electron transfer chain;
therefore, an increase in oxygen concentration
increases the rate of aerobic cellular respiration.

continued over page
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3.5 Review continued

KEY QUESTIONS

Retrieval

1

List three types of organic compounds that can be
used as a source of energy for cellular respiration.

2 Recall and write the word equation and the balanced
chemical equation for the overall reaction of cellular
aerobic respiration.

3 Identify what the molecule adenosine triphosphate is
formed from.

4 Describe what happens when an inorganic phosphate
group (P) is broken off from a molecule of ATP.

5 Recall whether or not the glycolysis stage of cellular
respiration occurs regardless of the presence or
absence of oxygen.

6 Identify the reactants and products of glycolysis.

7 Describe the roles of the two coenzymes NAD*
and FAD.

8 Identify the main differences between aerobic and
anaerobic respiration.

9 Describe the efficiency of aerobic and anaerobic
respiration.

10 Complete the following table about the different energy
releasing processes within cells.

Process Location | Products No. of ATP

in cell formed (per | molecules

glucose produced (per
molecule) glucose molecule)

glycolysis

Krebs cycle

electron

transfer

fermentation

106

Comprehension

11

12

Explain the advantage to a cell of converting pyruvate
to lactic acid or ethanol when this yields no extra ATP.
The following diagram shows the chemical changes
that occur during the Krebs cycle for one molecule

of pyruvate.

co,
pyruvate %» acetyl C0A7>\ NADH + €O,
NADH
NADH

NAD* Krebs cycle NAD*

NADH + CO,
FADH,
\/ NAD*
FAD /\
ADP +P, ATP

13

Use the information in the diagram and your
understanding of cellular respiration to answer the
following questions.
a Recall how many molecules of ATP are formed in
the Krebs cycle from one molecule of glucose.
b Recall how many H* ions are loaded onto carriers
during one turn of the Krebs cycle.
¢ i Recall how many molecules of CO, are produced
during one turn of the Krebs cycle.
ii Describe the stage that produces the remainder
of the CO,,.
d Explain why the electron transfer chain cannot
occur without the Krebs cycle.

Mitochondria were extracted from some cells and

isolated from the other cell contents. The mitochondria

were suspended in a nutrient solution containing

pyruvate in order to investigate respiration.

a Recall the stages of respiration that would be
occurring in the mitochondria.

b Explain why the nutrient solution contained
pyruvate rather than glucose.

¢ Describe how the concentrations of carbon
dioxide and oxygen would change throughout the
experiment, assuming that the mitochondria were in
a sealed container.
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Analysis iii The experiment could not be extended beyond

14 Compare lactic acid and ethanol fermentation. 30 minutes because after that time the whole
cells in solution B died. The whole cells in
solution A continued to live for some time.
Determine why the cells with pyruvate + sodium
azide died but those with glucose + sodium azide
did not.

iv Assess whether the results of this experiment
support the contention that sodium azide
disrupts the electron transfer chain.

v Predict how the results would have differed if

15 The enzyme cytochrome c oxidase is found embedded
in the cristae of mitochondria. It is the last enzyme
involved in the electron transfer chain. It transfers
electrons to oxygen and also binds protons (H) to
oxygen to form water.

a State the significance of the electron transfer chain
to living cells.

b Sodium azide is a pesticide that binds irreversibly
to cytochrome c oxidase. Deduce why this results in

the death of the pests. plant cells had been used for the experiment.
¢ An experiment was performed on human skin cells 16 The graph shows the contributions of the two energy-
that were grown in culture. The cells were separated producing pathways to physical activity.
into three test-tubes. The first test-tube contained
whole cells, the second test-tube contained only 100
the mitochondria that had been separated from the 90 /,A/—
cells, and the third test-tube contained the residue
from the cells in the second test-tube. 80— /
Samples from each of the test-tubes were grown in 70
the following solutions: so \/
A glucose + sodium azide
50

B pyruvate + sodium azide
C glucose alone
D pyruvate alone 30

The test-tubes were supplied with oxygen. All other \

variables were kept the same. After 30 minutes, the 20

test-tubes were tested for the presence of CO, and 10 &

lactic acid. The results are shown in the following

40

Energy production (%)

0 T T T T T T
table. 0 5 10 15 20 25 30
Time (min)
A B C D
Glucose | Pyruvate | Glucose | Pyruvate a Athletes competing in sports requiring short-term
+sodium | +sodium | only only . ;
azide azide power output, such as sprinting, obtain most of
their ATP from the anaerobic pathway, but athletes
whole cells lactic acid | lactic acid | lactic lactic requiring sustained energy use aerobic respiration
acid, CO, | acid, CO, to meet most of their energy needs.
mitochondria | neither neither neither Co, i Interpret which graph (A or B) is most likely to
cell residue lactic acid | neither lactic neither . represe.nt ATP productlo-n by a.sptflnter.
without acid ii Determine why anaerobic respiration cannot
mitochondria supply the energy needs of athletes in events
] . ' . _ requiring energy over a sustained period of time.
i Determine the control(s) in this experiment. b Animals make lactic acid during anaerobic
i Conclude why CO, was produced in the ‘pyruvate respiration but yeasts and plants produce ethanol
only’ tube but not in the ‘glucose only” tube, of and CO,. Infer why the products are different in
the tubes that contained only mitochondria. animals and plants.
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Chapter review

KEY TERMS

activation energy catalyst

active site cellular respiration

adenosine triphosphate chemoautotroph
(ATP) coenzyme

aerobic respiration cofactor

amino acid competitive inhibition

anaerobic respiration denature (or denaturation)

autotroph electron transfer chain

carbohydrate enzyme

KEY QUESTIONS

Retrieval

1 Identify which of the following lists represents key
organic compounds in cells.
A carbohydrates, water, proteins lipids
B water, carbon dioxide, oxygen, enzymes
C carbohydrates, proteins, lipids, nucleic acids
D carbohydrates, proteins, lipids, minerals
2 Identify which of the following is not made of
monomers and does not form a polymer.
A carbohydrate
B lipid
C nucleic acid
D protein
3 An organic molecule required by an enzyme, in order
for it to function, is best described as:
A a cofactor
B a coenzyme
C a chemical group
D an enzyme activator
4 Recall that enzymes reduce the activation energy of a
reaction by:
A bringing the reactants close together so that a
reaction is more likely to occur
B orientating the reactants in the most favourable
position for the reaction
C providing a micro-environment favourable to the
chemical reaction
D all of the above

enzyme-substrate

complex
FADH,
fermentation photosynthesis
glycolysis protein
heterotroph pyruvate
Krebs cycle ribozyme
lipid stomata
NADH substrate

A student investigating the activity of the enzyme
pepsin, which is found in the stomach of humans,
observed the change in enzyme activity as the
concentration of the substrate (protein) increased.
The experiment was conducted at pH 3 and 37°C. The
student’s data was presented in the graph shown.

Enzyme activity (arbitrary units)
N
|

0 T T T
0 5 10 15

Substrate concentration (g L)

The student wanted to change the experiment so that
the rate of reaction at point M was higher than that
shown. In order to do this the student could:

A increase the pH to 8

B decrease the temperature

C increase the amount of enzyme

D increase the concentration of the substrate
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6 Identify which of the statements about NAD" is not
true.
A NAD' can accept a hydrogen ion.
B When NADH gives up a proton, NAD* results.
C Only a small amount of NAD* is needed in a cell.
D NAD* can only be used once before it must be
resynthesised.
7 Recall the difference between autotrophs and
heterotrophs.
8 Describe the difference between photosynthetic
autotrophs and chemosynthetic autotrophs.
9 Chemoautotrophs acquire energy from inorganic
chemical reactions.
a Recall one chemical conversion used by a
chemoautotroph.
b Recall one chemoautotroph and the organic
compound it produces.
10 Recall what molecule is broken down by solar energy
during photosynthesis.
11 The diagram is a summary of the major processes that
occur during photosynthesis.
Identify the correct term for each of letters A-F.
glucose
combined with converted into
nitrates,
sulfates to /* combined combined
form with with many F for formation of
fructose units of cell membranes
to form glucose to and storage in
A form seeds
undergo
condensation
reactionsto | ¢ for storagein| | D for storage| |E for cell
form fruits/cellular in tubers, walls
respiration stems and
B for synthesis seeds
of cell strucures

and enzymes

12 Identify whether each of the following statements is

true or false.

a Chlorophyll is a pigment that causes green
colouring of leaves.

b Chloroplasts are pigments that absorb light.

Chlorophyll is located in the thylakoid membranes.

d Chlorophyll absorbs light energy, which is then
transformed into chemical energy.

(2]

13 The figure below shows a transmission electron

14 Briefly describe what happens to pyruvate in the
two processes that can occur after glycolysis when
oxygen is:

a present
b absent

15 Determine the approximate efficiency of anaerobic
respiration compared to aerobic respiration in the
release of energy from one glucose molecule.

16 The following expressions can be used to write a word
equation for photosynthesis and cellular respiration.

P carbon dioxide and water

Q carbon dioxide, water and energy
R solar energy and chlorophyll

S glucose and oxygen

Select from the expressions P-S to complete the word

equations for photosynthesis and cellular aerobic
respiration.
a Word equation for photosynthesis:

»
>

b Word equation for cellular respiration:

17 Explain why photosynthesis is not the opposite of
aerobic respiration.
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Comprehension

18

19

110

The breaking or formation of bonds between atoms
during biochemical reactions results in changes in the
energy content of the molecules. Formation of new
chemical bonds requires energy and the breaking of
chemical bonds releases energy. The graph shows
the energy changes during one particular chemical
reaction with and without an enzyme.

A

M
K
2 cpmsmnbersanan e s sesane wliannng s 0 e e s o
0
1N g
®© | reactants
o
—

products

Progress of reaction

a Describe the energy change that is represented by:
i K
i L
iii M

b Determine if the overall reaction is exergonic
(releases energy) or endergonic (requires energy).

¢ Explain which line shows the enzyme-catalysed
reaction.

The following diagram illustrates one model of enzyme

activity.

+—*§—>+

a Explain which model of enzyme activity is shown in
this diagram.

b The structures of both substrates in the diagram
have changed slightly. Explain why this would, or
would not, be an indication that the enzyme could
act on a range of substrates.

20

21

22

Many chemical reactions in living things occur as part
of a metabolic pathway. Metabolic pathways involve a
series of reactions with a different enzyme catalysing
each step in the pathway. In these pathways, the
product of one reaction is the substrate for the next
reaction. The following diagram shows the enzymes
involved in one such pathway.

E-E-€ [

enzyme 1 enzyme 2 enzyme 3 enzyme 4

The enzyme substrates are shown below.

substrate A substrate B substrate C substrate D

a i Match each substrate with its enzyme.
ii Explain the basis of your decision.

b The following molecule is the final product of the
reaction.

i If the concentration of the final product builds
up in the cell, the reaction stops. Explain how the
increase in the concentration of the final product
stops the reaction proceeding.

ii Determine whether the product is acting as a
competitive inhibitor. Explain your answer.

Draw up a table summarising and comparing:

a photosynthetic autotrophs, chemosynthetic
autotrophs and heterotrophs.

b photosynthesis and cellular respiration.

Cellulose is a complex carbohydrate that is made up of

many individual units of glucose. The molecule shown

below, composed of carbon, hydrogen and oxygen,

was found in the gut of an animal. Describe how an

autotroph would have obtained this molecule.

CH,0H

| | |
A ONN, VNN, VNN

CH,0H CH,0H

N\ N\ N\
| | |
OH H

H

|
C——=C
| |
H

|
OH

H OH
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23 There are two stages of photosynthesis. Summarise
what process occurs in each stage.

24 Pyridazinone herbicides are used in agriculture to
reduce the number of pest plant species. Pyridazinone
herbicides inhibit enzymes found in the light-
dependent stage of photosynthesis. Explain how
pyridazinone herbicides might act on a pest plant.

25 The following graphs represent the changes in rate of
photosynthesis when temperature, light intensity or
distance from a light source are increased. Label each
graph with the factor that is best represented by the
data presented.

| | | |
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26 Study the diagram shown, which summarises the

processes of energy release in cells.

A
CFO-OMO
glucose
energy [1:0-0 [FO-O
\o o
CO,
H,0 [FO-O

B

a In the diagram, name the molecule represented
by the letter:
i A
ii B

b Describe how molecules A and B are related.

¢ Glucose is the energy-rich molecule that enters the
glycolysis process. Describe the products of this
process for each molecule of glucose.

Analysis
27 An experiment was performed to investigate enzyme

activity in three different species: the two-toed sloth
(@ mammal), an Arctic trout, and a bacterium from
a thermal spring. The activities of the enzymes from
each organism are plotted on the graph below.

12

10

Enzyme activity (arbitrary units)

0 | 1) T
0 30 60 90

Temperature (°C)

)

Explain which graph belongs to each animal.
b Explain why no activity was observed at 60°C for
enzyme A.
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28

Oxygen output 0.2+

Oxygen uptake 0.2 -

29

30

31

112

The following graph shows the relationship between
net oxygen uptake or output and light intensity for
a green plant. Explain what is happening when light
intensity is at:

a 2 units.

b 16 units.

0.4

0.04-—

0.4

| |
10 16

Light intensity (arbitrary units)

[ DR

a Describe the energy-releasing processes that occur
in the leg muscles of a sprinter in a 50 m race.

b Explain how the muscles recover their normal states
after the race is over.

¢ Describe how these processes would be different
in the leg muscles of someone who went for a
gentle jog.

d Propose why the muscles of a sprinter might be
sore 2 days after the race.

Consider the following incomplete graph for an

enzyme-controlled reaction in which the enzyme is

present at concentration x. Assume there is a fixed

amount of substrate present.

Amount of product

Time

Eventually the shape of the graph will change.
Continue the line graph according to your expectations
and predict what happens. Redraw the graph for an
enzyme concentration of 2x.

Pepsin is an enzyme that is released into the stomach
of humans (pH 1.5-3.5, 37°C), where it breaks down
proteins into polypeptides. Predict how the activity of
pepsin would change as the:

a temperature is increased from 37°C to 45°C.

b pH is increased above 5.

UNIT 1

32 The following graph illustrates the relationship between

the concentration of an enzyme substrate and rate of
reaction.

Rate of reaction

0 P
Concentration of substrate

a Determine the relationship between the substrate
concentration and the rate of reaction from O to P
units of substrate concentration.

b Infer what will happen at and after point P.

¢ Explain what it means when the concentration of
the enzyme is described as being a limiting factor.

33 Bile acids are processed in the liver to form bile

salts. Bile salts are used in the small intestine

to mechanically break down fats in the diet. The
metabolic pathway for the formation of two bile acids
is shown in the flow chart. The chart is simplified;
some steps in the pathway between 38,7a-dihydroxy-
5-cholestenoic acid and chenodeoxycholic acid are not
known, nor are some of the enzymes in the pathway.

cholesterol

cholesterol 7a-hydroxylase sterol 27-hydroxylase

7a-hydroxycholesterol

[ 27-hydroxycholesterol ]

l 7a-hydroxy-4-cholesten-3-one ‘ l 3pshydroxyicholestenoiciacid l

sterol 12a-hydroxylase oxysterol 7a-hydroxylase

l7(x,1Zu-dihydroxy—4-choIesten-3-one ‘ l 5p-cholesten3a,7a-diol

[ 3p,7a-dihydroxy-5-cholestenoic acid ]

’5[3—cho|esten3(x,7tx,1Z(x—triol ‘ ’ 3a,7a-dihydroxy-5p-cholestanoic acid ‘

sterol 27-hydroxylase

l 3a,7a,12a-trihydroxy-5p-cholestanoic acid l

l chenodeoxycholic acid
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a One enzyme used in the pathway is sterol
27-hydroxylase. If an individual was unable to
make functional sterol 27-hydroxylase, conclude
whether they would be able to make either of the
bile acids shown in the flow chart.

b Determine whether it is likely that chenodeoxycholic
acid acts as an inhibitor of sterol 27-hydroxylase.

¢ Infer how sterol 27-hydoxylase can catalyse two
different steps in the pathway.

During chemical reactions, changes in free energy
occur. The change of energy is given as AG (delta G). A
positive energy change means that there had to be an
input of energy for the reaction to occur (endergonic)
and a negative energy change means the reaction
released energy (exergonic). Energy released by one
step can be used in subsequent steps.

A particular metabolic pathway involves four enzymes
(K, L, M and N) in a four-step pathway. Molecule A is
the initial substrate of the pathway and molecule E is
the final product.

KBLCMDN

A E

The energy requirements of each step are shown in
the table below.

Step AG Enzyme
(joules)

A—>B +5 K

B—->C +2 L

C—->D -6 M

DoE -4

a Determine the exergonic steps.

b Assess whether the pathway is anabolic or catabolic.

¢ The shape of enzyme K is shown below. High
concentrations of molecule E inhibit enzyme K.

<—— active site

i Deduce the shape of the substrate for enzyme K.

ii Draw a possible shape for molecule E.

iii Determine, using annotated<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>