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How to use this book

To make your study of Biology for Cambridge O Level
as rewarding and successful as possible, this textbook,
endorsed by Cambridge Assessment International

Education, offers the following important features:

Key definitions

These provide explanations of the meanings of key words
as required by the syllabus. Terms highlighted in red are
in the glossary.

Focus
Each chapter starts with a short outline of the Practical work

topic so you know what to expect within each
chapter.

These boxes identify the key practical skills
you need to be able to understand and apply as

FOCUS POINTS part of completing the course.

Each topic starts with a bullet point summary of

what you will encounter over the next few pages. 2  Worked example

These boxes give step-by-step guidance on how to approach
Test yourself different sorts of calculations, with follow-up questions so
you can practise these skills.

These questions appear regularly throughout the
topic so you can check your understanding as you
progress.

= Going further

These boxes take your learning further than is
required by the syllabus if you choose to broaden
your understanding.

In some places, content in the main body of this
book may go beyond syllabus requirements, but has
been included to add useful context. Where this

. occurs, this will be flagged with a note beside the
Exa m ‘Style q u eSt IONS text. For example, on page 218 details of some parts
of the eye are not required by the syllabus but have
been included to aid understanding.

Each chapter is followed by exam-style questions
to help familiarise you with the style of questions
you may see in your examinations. These will also Answers are provided online at

prove useful in consolidating your learning. Past www.hoddereducation.com/cambridgeextras.
paper questions are also provided in the back of
the book.
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Scientific enquiry

During your course you will do several experiments
and investigations. These will help you to develop
some of the skills and abilities that scientists use
to solve real-life problems.

Simple experiments may be designed to measure,
for example, your pulse rate while you are resting.
Longer investigations may be designed to establish
or confirm a relationship between two or more
physical quantities, for example, the effect of
increasing temperature on the rate of transpiration
in a plant shoot. Investigations will likely be
generated from the topic you are currently studying
in class.

Any investigation will involve the following
five aspects:

1 Selecting and safely using techniques,
apparatus and materials - you need to be aware
of any hazards presented by an investigation
and how you will minimise any possible risks.
Your teacher should help you with any risk
assessments before you start. You also need
to be able to identify the best materials and
equipment in order to make sure you stay safe
and that your observations or data are accurate.

2 Planning experiments - when planning you need
to consider what procedure will help you find
answers to the questions you are investigating.
When choosing the apparatus or technique you
will use, think about the reasons for your choice.
Once you've selected these it will be useful to
make predictions and hypotheses (informed
guesses) of the results you'd expect. It will help
to write down your plan as it develops.

Variables are also very important in planning -

you will need to identify both the independent

variables and the dependent variable so you
can make sure the results are valid. You will
need to consider how the independent variables
will be controlled and what range of values you
intend to collect. Decide how you will process
the results in order to form a conclusion or to
evaluate your prediction.

3 Making and recording observations,
measurements and estimates - you must make
sure you measure and collect the necessary
experimental data with suitable precision. This
involves selecting and using the most appropriate
measuring instruments available to you. You need
to choose an appropriate number of readings or
observations, remembering to include repeats to

check your data are reliable. The results will need
to be recorded systematically (e.g. in a suitable
table). If you're recording observations be sure to
be detailed.

Interpreting and evaluating the observations
and data - when evaluating results you need

to do so in a way that enables any relationships
between quantities to be formed. As part of this,
you will need to process the information you
have collected. This may involve calculations,
such as working out the percentage change in
mass of samples of potato when placed in a
range of sucrose solutions. Alternatively, you may
need to plot a graph, for example, to show the
relationship between temperature and the rate

of enzyme action. Always make sure any graph
axes are labelled with the descriptor and units on
both axes (these details can be taken from your
table headers).

When forming conclusions, you need to state

the relationship your data has established

(what happens to the dependent variable as the
independent variable is changed) and give a
scientific explanation for why it has happened.
You should be aware of the possibility of any
anomalous results and decide how to treat these.
If you were to evaluate the data, how could you
have improved the accuracy, reliability or quality?
What would you do differently next time?
Evaluating experimental methods and
suggesting possible improvements - this is
different than evaluating your data and requires
you to look at the investigation as a whole. You
should assess the techniques you used and decide
whether your use of a control was adequate. You
should also identify any possible sources of error,
deciding how you could have overcome these.

It may be that you had difficulty measuring the
change in length of a piece of potato with a ruler
in an osmosis investigation. Instead of measuring
length, weighing the potato pieces on a digital
balance could provide more accurate data.

A written report of the investigation is normally

made, and this should include:

» An aim - what you are trying to find out.
» A plan of what you intend to do. This should

include the apparatus needed for your
experiments, including justifications for your
choice, safety precautions, identification of the




»

»

»

»

variables and how you will control them, and
predictions of expected results. You should draft
out a table with suitable headings (and don't
forget to state units) for recording any data you
intend to collect.

When listing items of apparatus you will use,
make a record of the smallest division of the
scale of any measuring device. For example,

the smallest division on a metre rule is 1 mm.
The scale of the rule can be read to the nearest
mm. So, when used to measure a length of

100 mm (0.1m), the length is measured to the
nearest 1mm, and the degree of accuracy of

the measurement is 1 part in 100. When used to
measure 10mm (0.01m), the degree of accuracy
of the measurement is 1 part in 10.

As another example, a thermometer is calibrated in

degrees Celsius and may be read to the nearest 1°C.

A temperature may be measured to the nearest 1 °C.
So, when used to measure a temperature of 20 °C,
the degree of accuracy is 1 part in 20 (this is 5
parts in 100). If a digital thermometer is available,
this may be a better choice for accuracy.

A method - this should include the details of
any procedures, observations and measurements
you carry out. A clearly labelled diagram of

the apparatus is a good way of supporting your
method. When labelling the apparatus, avoid
label lines crossing each other.

Presentation of results and calculations. Any
data you collected should be clearly presented
(most likely in a table). The column headings,

or start of rows, should include a descriptor
(naming the measurement) and its unit; for
example, ‘temperature / °C’. If you have repeated
any measurements, calculate an average

value. Numerical values should be given to the
number of significant figures appropriate to the

measuring device you used in collecting the data.

If it is appropriate to plot a graph of your results,
you will need at least five data points taken over
as large a range as possible. Remember to label
each axis of a graph with the descriptor and unit
of the quantity being plotted. Also put a title

on the graph. This will refer to both axes of the
graph, for example, ‘Graph to show the effect of
increasing temperature on the rate of action of
amylase on starch.’

A concise conclusion should be drawn from the
evidence. This can be based on the prediction,

stating the relationship between the two
quantities you investigated. Note that sometimes
experiments do not achieve the intended
objective. If this is the case, a conclusion is still
important. A conclusion must be a description of
the pattern as well as a scientific explanation for
this trend.
» In order to produce an evaluation and discussion
of the result of the investigation you need to look
critically at your procedure. Points to include are:
- commenting critically on the original plan
- evaluating the procedures used
- deciding how reliable the results are. The
reliability can be indicated by how close any
repeated readings are. You could compare
your results with secondhand evidence (such
as from a graph in a textbook) to consider
whether or not the evidence can be trusted

- using a systematic approach to dealing with
unexpected results. For example, if you took
a reading that was unexpected, did you take
a further reading? Can you identify why that
reading might have been incorrect?

- considering how appropriate the apparatus
used in the investigation was and suggesting
improvements where appropriate.

Drawing skills

A biological drawing should provide an accurate
representation of a biological specimen. It is not the
same as an artist’s drawing. By following a few rules
and practising, you will be able to produce good
biological drawings. Here are some helpful tips.

» Practice drawing everyday objects, such as
laboratory glassware or a Bunsen burner.

» Move on to large biological specimens, for
example, a mammal limb bone, a simple flower,
a large seed or a leaf.

» Start using a hand lens to observe and draw
specimens e.g. cockroach leg or insect wing.

» Finally, if the equipment is available, draw
microscope specimens (see Chapter 1 for practical
work on preparing microscope slide specimens
and use of the microscope).

» Using a sharp HB pencil, make drawings as large
as possible to fit into the space available.

» Outlines should be sharp and clear, rather than
sketchy.



» Avoid unnecessary shading, as it can often cover
important detail.

» On the drawing, show any detail that can be
observed.

» If the use of a hand lens is required, show on the
drawing some detail that can only be seen clearly
using the lens.

Labelling the drawing

» Label if told to do so.

» Use ruled label lines in pencil.

» The label lines must finish precisely on the
relevant feature.

» Labels should be written in pencil.

Getting proportions right

» The relative proportions of the parts of the
specimen should be correctly represented.

» Drawings should show the correct number of
parts and details as seen in the specimen.

» The drawing should show what has been asked
for. For example, if a whole specimen is required,
draw all of what can be seen. If one part is
required e.g. a leg only, then just draw the part.

Suggestions for
Investigations

Some of the suggested investigations in this

book include:

1 The factors that influence diffusion (Chapter 3).

2 0Osmosis, using dialysis tubing, and the effects
of different concentrations of solutions on plant
tissues (Chapter 3).

3 Food tests (Chapter 4).

4 The effects of changes in temperature and pH on
enzyme activity (Chapter 5).

5 The requirements for photosynthesis, rate of
photosynthesis, and the effect of light and dark
conditions on gas exchange in an aquatic plant
(Chapter 6).

6 The pathway of water through the above-ground
parts of a plant (Chapter 7).

7 The effects of variation of temperature and wind
speed on transpiration rate (Chapter 7).

8 The effect of physical activity on the heart rate
(Chapter 11).
9 The differences in composition between inspired
and expired air (Chapter 9).
10 The effects of physical activity on the rate and
depth of breathing (Chapter 9).
11 The effect of temperature on respiration in
yeast (Chapter 10).
12 Gravitropism and phototropism in shoots and
roots (Chapter 15).
13 The environmental conditions that affect
germination of seeds (Chapter 16).
14 Continuous and discontinuous variation
(Chapter 17).
15 The use of biological washing powders that
contain enzymes (Chapter 18).

l[deas and evidence in science

When you share the results of an investigation you
have performed with your friends and compare their
findings with your own, you may find that you do
not interpret your data in the same way as your
friends do. This could generate a discussion about
the best way to explain your results. You may even
try to persuade them that your interpretation is the
right one. Scientific ideas often change through
people interpreting evidence differently, or through
new discoveries being made.

Jean-Baptiste van Helmont was a Dutch
scientist working in the 17th century. At that time
scientists did not know much about the process of
photosynthesis. He carried out an experiment using
a willow shoot. He planted the shoot in a container
with 90.8kg of dry soil. He placed a metal grill over
the soil to stop any accidental gain or loss of mass.
He then left the shoot for 5 years in an open place,
giving it only rainwater and distilled water for growth.
After 5 years he reweighed the tree and the soil (see
Figure 1). He concluded that the increase in mass of
the tree (74.7 kg) was because of the water it had
received. However, he did not know that plants also
take in mineral ions and carbon dioxide, or that they
use light as a source of energy. Indeed, carbon dioxide
was not discovered until one hundred years later, by a
Scottish scientist called Joseph Black.




We now know that plants take in water and
carbon dioxide, using energy from light to make
carbohydrates. We call the process photosynthesis.
Plants also need minerals to form other molecules,
such as magnesium to make chlorophyll and nitrates
to form proteins.

willow

willow
5 years
—
2.3kg water only 77.0kg
dry soil dry soil
90.8kg 90.8kg

A Figure 1Van Helmont's experiment

Scientists are constantly doing research which
provides new evidence, and they evaluate that
evidence. However, that can generate controversy
and sometimes there is an unwillingness to accept
the scientific findings. This can be the case
especially if there are vested social or economic
interests involved. Examples of this are the issues
of global warming (Chapter 19) and the control of
the virus COVID-19.



Focus

In this chapter you will discover the main differences between animal, plant and bacterial cells, as
well as the functions of their parts. Within an organism there are levels of organisation. By the end of
the chapter you will be able to name these and describe examples from animals and plants. Why are
cells different shapes? What jobs do they do? How can we work out their magnification when looking
at them? By studying the chapter carefully and following the practical suggestions you should be
able to answer these questions.

Cell structure and organisation

FOCUS POINTS

What are the structures and functions of plant, animal and bacterial cells?

How do you identify cell structures in diagrams and images of animal, plant and bacterial cells?
What are the differences between a plant and an animal cell?

How are new cells produced?

What are the specific functions of these specialised cells:

* ciliated cells

* root hair cells
* palisade mesophyll cells
* neurones

* red blood cells
*

w

* ot ot ot

sperm and egg cells (gametes)?
hat are the meanings of the terms cell, tissue, organ, organ system and organism?

*

Cell structure

If a very thin slice of a plant stem is cut and
studied under a microscope, the stem appears to
consist of thousands of tiny, box-like structures.
These structures are called cells. Figure 1.1 is a
thin slice taken from the tip of a plant shoot and
photographed through a microscope. It is 60 times
larger than life, so a cell which appears to be 2mm
long in the picture is only 0.03 mm long in reality.

» Figure 1.1 Longitudinal section through the tip of a plant
shoot (x60). The slice is only one cell thick, so light can
pass through it and allow the cells to be seen clearly
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Thin slices like this are called sections. If you cut
along the length of the structure, you are taking a
longitudinal section (Figure 1.2(b)). Figure 1.1 shows
a longitudinal section, which passes through two
small developing leaves near the tip of the shoot,
and two larger leaves below them. The leaves,

buds and stem are all made up of cells. If you cut
across the structure, you make a transverse section
(Figure 1.2(a)).

(b) longitudinal section

(a) transverse section

A Figure 1.2 Cutting sections of a plant stem

You can cut sections through plant structures quite
easily just by using a razor blade. Cutting sections
of animal structures is more difficult because they
are mostly soft and flexible. Pieces of skin, muscle
or liver, for example, first must be soaked in melted
wax. When the wax goes solid it is then possible to
cut thin sections. The wax is dissolved away after
making the section.

When sections of animal structures are examined
under the microscope, they too are seen to be
made up of cells, but they are much smaller than
plant cells and need to be magnified more. The
photomicrograph of kidney tissue in Figure 1.3 has
been magnified 700 times to show the cells clearly.
The sections are often treated with dyes, called
stains, in order to make the structures inside the
cells show up more clearly.

A Figure 1.3 Transverse section through a kidney tubule
(x700). A section through a tube will look like a ring (see
Figure 1.7(b)). In this case, each ‘ring’ consists of about
12 cells

Making sections is not the only way to study cells.
Thin strips of plant tissue, only one cell thick, can
be pulled off stems or leaves (experiment 1, pages
7-8). Plant or animal tissue can be squashed or
smeared on a microscope slide (experiment 2,
page 8), or treated with chemicals to separate the
cells before studying them.

There is no such thing as a typical plant or
animal cell because cells vary a lot in their size and
shape depending on their function. However, it is
possible to make a drawing, like that in Figure 1.4,
to show the features that are present in most cells.
All cells have a cell membrane, which is a thin
boundary enclosing the cytoplasm. Most cells have
a nucleus.

nucleus

cell membrane

cytoplasm

mitochondria granules

A Figure 1.4 A group of liver cells. These cells have all the
characteristics of animal cells
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Cytoplasm

Under the ordinary microscope (light microscope),
cytoplasm looks like a thick liquid with particles in

it. In plant cells it may be seen to be flowing about.

The particles may be food reserves like oil droplets
or granules (small particles) of starch. Other
particles are structures known as organelles, which
have special functions in the cytoplasm. In the
cytoplasm, large numbers of chemical reactions are
taking place, which keep the cell alive by providing
energy and making substances that the cell needs.
The liquid part of cytoplasm is about 90%
water, with molecules of salts and sugars dissolved
in it. Suspended in this solution there are larger
molecules of lipids (fats and oils) and proteins (see
Chapter 4). Lipids and proteins may be used to build
up the cell structures, like the membranes. Some of
the proteins are enzymes (see Chapter 5). Enzymes
control the rate and type of chemical reactions that
take place in the cells. Some enzymes are attached
to the membrane systems of the cell, while others
float freely in the liquid part of the cytoplasm.

Cell membrane

This is a thin layer of cytoplasm around the outside
of the cell. It stops the cell contents from escaping
and controls which substances can enter and leave

(a) Animal cell about to (b) The nucleus divides first.

divide.

A Figure 1.5 Cell division in an animal cell

(c

~

the cell. In general, oxygen, food and water are
allowed to enter; waste products are allowed to
leave; and harmful substances are kept out. In this
way the cell membrane maintains the structure and
chemical reactions of the cytoplasm.

Nucleus (plural: nuclei)

Most cells contain one nucleus, which is usually seen
as a rounded structure covered by a membrane and
fixed in the cytoplasm. In drawings of cells, the
nucleus may be shown darker than the cytoplasm
because, in prepared sections, it takes up certain
stains more strongly than the cytoplasm. The
function of the nucleus is to control the type and
quantity of enzymes produced by the cytoplasm. In
this way it regulates the chemical changes that take
place in the cell. As a result, the nucleus controls
what the cell will be, for example, a blood cell, a
liver cell, a muscle cell or a nerve cell.

When existing cells divide, new cells are
produced. The nucleus controls cell division, as
shown in Figure 1.5. A cell without a nucleus
cannot reproduce. Inside the nucleus are thread-like
structures called chromosomes, which can be seen
most easily at the time when the cell is dividing
(see Chapter 16 for a fuller account of chromosomes
and cell division).

The daughter nuclei separate
and the cytoplasm pinches
off between the nuclei.

(d) Two cells are formed — one
may keep the ability to
divide, and the other may
become a specialised cell.
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Plant cells

A few generalised animal cells are shown in Figure
1.4, while Figure 1.6 is a drawing of two palisade
cells from a plant leaf. (See ‘Leaf structure” in
Chapter 6.)

cell wall

chloroplast

cytoplasm

®
vacuole

J%

nuclear
membrane

nucleus

A Figure 1.6 Palisade cells from a leaf

Plant cells differ from animal cells in several ways
because they have extra structures: a cell wall,
chloroplasts and sap vacuoles.

Cell wall

The cell wall, which is outside the membrane,
contains cellulose and other compounds. It is non-
living and allows water and dissolved substances to
pass through it. The cell wall is not selective like
the cell membrane. (Note: Plant cells do have a cell
membrane, but it is not easy to see or draw because
it is pressed against the inside of the cell wall

(see Figure 1.7).)

Under the microscope, plant cells are quite
distinct and easy to see because of their cell walls.
In Figure 1.1 it is only the cell walls (and in some
cases the nuclei) that can be seen. Each plant cell
has its own cell wall but the boundary between two
cells side by side does not usually show up clearly.
So, cells next to each other appear to be sharing the
same cell wall.

Vacuole

Most mature plant cells have a large, fluid-filled
space called a vacuole. The vacuole contains

cell sap, a watery solution of sugars, salts and
sometimes pigments. This large, central vacuole
pushes the cytoplasm outwards so that it forms just
a thin lining inside the cell wall. It is the outward
pressure of the vacuole on the cytoplasm and

cell wall that makes plant cells and their tissues
firm (see ‘Osmosis” in Chapter 3). Animal cells may
sometimes have small vacuoles in their cytoplasm,
but they are usually produced to do a special job
and are not permanent.

Chloroplasts

Chloroplasts are organelles that contain the green
substance chlorophyll (see Chapter 6).

chloroplast —
S cell

e membrane —
@

i vacuole

a 8

© cytoplasm —
: cell wall

@

@ 6

@
@

C® )

(a) longitudinal section (b) transverse section

A Figure 1.7 Structure of a palisade mesophyll cell. It is
important to remember that, although cells look flat
in sections or in thin strips of tissue, they are three-
dimensional and may seem to have different shapes
depending on the direction in which the section is
cut. If the cell is cut across it will look like (b); if cut
longitudinally it will look like (a)

The shape of a cell when seen in a transverse
section may be quite different from when the same
cell is seen in a longitudinal section, and Figure

1.7 shows why this is so. Figures 7.8(b) and 7.8(c)

on page 105 show the appearance of cells in a stem
vein as seen in transverse and longitudinal sections.



V¥ Table 1.1 Summary: the parts of a cell

Cell structure and organisation

Name of part Description Where found Function
cytoplasm jelly-like with particles and enclosed by the cell contains the cell organelles, e.g.
organelles in membrane mitochondria and nucleus
site of chemical reactions
. cellmembrane | a partially permeable layer that around the cytoplasm | prevents cell contents from
=q'; forms a boundary around the escaping
(]
e cytoplasm controls what substances enter
L;_ and leave the cell
E nucleus a circular or oval structure inside the cytoplasm controls cell division
- containing DNA in the form of
P controls cell development
E chromosomes
= controls cell activities
mitochondria circular, oval or slipper-shaped inside the cytoplasm responsible for aerobic respiration
organelles
ribosomes small, circular structures attached | inside the cytoplasm protein synthesis
to membranes or lying free
cell wall a tough, non-living layer made around the outside of | prevents plant cells from bursting
> of cellulose surrounding the cell plant cells
= allows water and salts to pass
S membrane
o through (freely permeable)
§ vacuole a fluid-filled space surrounded by a | inside the cytoplasm of | contains salts and sugars
E membrane plant cells helps to keep plant cells firm
o chloroplast an organelle containing chlorophyll | inside the cytoplasm of | traps light energy for
some plant cells photosynthesis

When studied at much higher magnifications with
the electron microscope, the cytoplasm of animal
and plant cells no longer looks like a structureless
jelly. It appears to be organised into a complicated
system of membranes and vacuoles. Ribosomes are
one of the organelles present. They may be held
on a membrane but can also be found free in the
cytoplasm. They build up the cell’s proteins (see
Chapter 4).

Mitochondria are tiny organelles, which may
appear slipper-shaped, circular or oval when
viewed in sections. In three dimensions, they
may be spherical, rod-like or extended. They have
an outer membrane and an inner membrane with
many inward-pointing folds. Mitochondria are most
frequent in regions of rapid chemical activity.
They are responsible for releasing energy from
food substances through the process of aerobic
respiration (see Chapter 10).

Figure 1.8(a) is a diagram of an animal cell
magnified 10000 times. Figure 1.8(b) is an

electron micrograph of a liver cell. Organelles
in the cytoplasm can be seen clearly. They have
recognisable shapes and features.

Figure 1.8(c) is an electron micrograph of a plant
cell. As well as the organelles already named and
described, other organelles are also present, like
chloroplasts and a cell wall.

mitochondrion
nuclear pore ﬁ

nucleus —\

— cell
membrane

—— cytoplasm

ribosomes on
membranes

(a) diagram of a liver cell (x10000)

A Figure 1.8 Cells at high magnification
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cell
membrane

cytoplasm

ribosomes
on membranes

nucleus

nuclear pore

mitochondrion

nucleus

cell wall
ribosomes

cell membrane
cytoplasm
mitochondrion

chloroplast
(c) electron micrograph of a plant cell (x6 000)

A Figure 1.8 Cells at high magnification (continued)

‘ Test yourself

1 a What structures are usually present in both
animal and plant cells?
b What structures are present in plant cells but
not in animal cells?
2 What cell structure is mainly responsible for
controlling the entry and exit of substances into or
out of the cell?

3 How does a cell membrane differ from a cell wall?

Bacterial cell structure

Bacteria (singular: bacterium) are very small
organisms that are single cells not often more than
0.01mm in length. They can be seen only at high
magnification under a microscope.

They have a cell wall made of a complicated
mixture of proteins, sugars and lipids. (You
will remember that plant cell walls are made of
cellulose.) Inside the cell wall is the cytoplasm,
which may contain granules (small particles)
of glycogen, lipid and other food reserves (see
Figure 1.9). Large numbers of ribosomes float
freely in the cytoplasm. They are smaller than the

ribosomes found in plant and animal cells but have
the same function of protein synthesis.

chromosome
(single DNA
strand coiled up)

glycogen
granule

0.00Tmm
A

A Figure 1.9 Generalised diagram of a bacterium

A Figure 1.10 Longitudinal section through a bacterium
(x27000). The light areas are coiled DNA strands. There
are three of them because the bacterium is about to

divide twice (see Figure 1.11)
(b) chromosome replicates

(a) bacterial cell

(c) cell divides (d) each cell divides again

A Figure 1.11 Bacterium reproducing. This is asexual
reproduction by cell division (see ‘Asexual reproduction’
and ‘Mitosis’ in Chapter 16)

Each bacterial cell contains a single chromosome
made of a circular strand of DNA (see Chapter 17). The
chromosome is not surrounded by a nuclear membrane
but is coiled up to fill a small part of the cell, as
shown in Figure 1.10. There are also smaller circular
structures called plasmids, which are also made of
DNA. Plasmids are used by scientists in the process of



Cell structure and organisation

The functions of the structures in a bacterium are
shown in Table 1.2.

genetic modification because it is relatively easy to
insert genetic material into them (see Chapter 18).

Bacteria can be different shapes: they may be
spherical, rod-shaped or spiral.

V¥ Table 1.2 Summary: the parts of a bacterial cell

Name of part | Description Where found Function

cytoplasm jelly-like, contains particles and | surrounded by the contains cell structures, e.g. ribosomes, circular
organelles cell membrane DNA, plasmids

cell a partially permeable layer that | around the prevents cell contents from escaping

membrane surrounds the cytoplasm cytoplasm controls what substances enter and leave the cell

circular DNA | a single circular chromosome inside the cytoplasm | controls cell division

controls cell development
controls cell activities

(not made of cellulose] that
surrounds the cell membrane

plasmids small, circular pieces of DNA inside the cytoplasm | contain genes that carry genetic information to
help the process of the survival and reproduction
of the bacterium

ribosomes small, circular structures inside the cytoplasm | protein synthesis

cell wall a tough, non-living layer around the outside prevents the cell from bursting, allows water and

of the bacterial cell

salts to pass through (freely permeable)

Safety

@ Eye protection must be worn.

e Take care when using a scalpel, follow your
teacher’s guidance.

e Take care using the iodine solution and
methylene blue stains — they will stain skin
and clothing.

Looking at cells

1 Plant cells - preparing a slide of onion
epidermis cells

The onion contains a very useful source of
epidermal plant tissue which is one cell thick.
This makes it quite easy to set up as a temporary
slide. The onion is made up of fleshy leaves. On
the incurve of each leaf there is an epidermal
layer which can be peeled off (Figure 1.12(a)).

e Using forceps, peel a piece of epidermal tissue
from the incurve of an onion bulb leaf.

Place the epidermal tissue on a glass
microscope slide.

Using a scalpel, cut out a 1 cm square of tissue
(throw away the rest) and arrange it in the
centre of the slide.

Add two to three drops of iodine solution.
(This stains any starch in the cells and makes
different parts of the cells distinct.)

Using forceps, a mounted needle or a wooden
splint, support a cover-slip with one edge
resting near to the onion tissue, at an angle of
about 45° (Figure 1.12(b)).

Gently lower the cover-slip over the onion
tissue. Try to avoid trapping any air bubbles.
(Air bubbles reflect light when viewing under
the light microscope, hiding the features you
are trying to see.)

=
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® Leave the slide for about 5 minutes. This
allows the iodine solution stain to react with the
specimen. The iodine solution stains the cell
nuclei pale yellow and the starch grains blue.

e Place the slide on to the microscope stage,
choose the lowest power objective lens
and focus on the specimen. Increase the
magnification using the other objective lenses.
Under high power, the cells should look like
those shown in Figure 1.13.

An alternative tissue is rhubarb epidermis
(Figure 1.12(c)). You can strip this off from the
surface of a stalk and treat it in the same way as
the onion tissue. If you use red epidermis from
rhubarb stalk, you will see the red cell sap in the
vacuoles.

(b) place the epidermis on to the slide, adding 2-3 drops of
iodine solution and carefully lower a cover-slip on to it

(c) peel a strip of red epidermis from a piece of rhubarb skin

A Figure 1.12 Looking at plant cells

A Figure 1.13 Onion epidermis cells

2 Plant cells - preparing cells with
chloroplasts

e Using forceps, remove a leaf from a
moss plant.

@ Place the leaf in the centre of a microscope
slide and add one or two drops of water.

@ Place a cover-slip over the leaf.

e Examine the leaf cells with the high power
objective of a microscope. The cells should
look like those shown in Figure 1.14.

R
= |
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A Figure 1.14 Cells in a moss leaf (x500). The vacuole
occupies most of the space in each cell. The

chloroplasts are limited to the layer of cytoplasm lining
the cell wall

3 Animal cells - preparing human
cheek cells

Human cheek cells are constantly being wiped
off the inside of the mouth when the tongue and
food rub against them, so they can be collected
easily for use in a temporary slide.
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ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Note: Check local guidance to whether e Place the slide on to the microscope stage,
observing cheek cells is permitted. Use choose the lowest power objective lens
appropriate precautions to treat contaminated and focus on the specimen. Increase the
items with disinfectant or by autoclaving. magnification using the other objective lenses.

Under high power, the cells should look like
those shown in Figure 1.15, but less magnified.
e When you have completed the ‘Test yourself’
section on the following page, place your used
slide in laboratory disinfectant before washing.

e® Rinse your mouth with water. This will remove
any fragments of food.

e Take a cotton bud from a freshly opened pack.
Rub the cotton bud lightly on the inside of your
cheek and gums to collect some cheek cells
in saliva.

e® Rub the cotton bud on to the centre of a clean
microscope slide, leaving a sample of saliva.
Repeat if the sample is too small. Then drop

4 Animal cell - preparing human skin cells

You can try another method of obtaining cells if
the previous method is not suitable.

the cotton bud into a container of absolute e Wash your wrist well, then press some
alcohol or disinfectant. transparent sticky tape on to the cleaned area
e Add two to three drops of methylene blue dye. of skin.

(This stains parts of the cheek cells to make

: o ® Remove the tape and stickitto a
nuclei more visible.)

microscope slide.

e Using forceps, a mounted needle or wooden . '
splint, support a cover-slip with one edge ® Place the slide on the microscope stage.
resting near to the cheek cell sample, at an e Look for cells. You should be able to see nuclei
angle of about 45° Gently lower the cover- :

: ; ) - in them.

slip over the tissue. Try to avoid trapping any
air bubbles. (Air bubbles reflect light when e Ifyouadda few drops of methylene blue
viewing under the light microscope, hiding solution before putting the tape on the slide,
the features you are trying to see.) the cells take up the stain and it makes the

e Leave the slide for a few minutes. This allows nuclei more distinct.

the methylene blue stain to react with

. Practical work questions
the specimen.

1 In experiment 1, what cell structures could
you identify in the onion cells you observed?
2 a For experiment 3, explain why the
chloroplasts appear to be pressed against
the cell wall of the cell.
b Why are the chloroplasts green?
3 For experiment 3, explain why it is necessary to
use a stain when preparing specimens of cells.
4 In experiments 3 and 4, the skin cells are
animal epidermal cells. Plants also have
epidermal cells. Compare a human skin
epidermal cell with an upper epidermal cell of
a leaf (see Figure 6.22 on page 95).
What cell structures do leaf epidermal
cells have which are not present in human
epidermal cells?

A Figure 1.15 Cells from the lining epithelium of the
cheek (x1500)
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b Test yourself

4 How is a bacterial cell different from a plant cell?
5 Bacteria and plant cells both have a cell wall. In
what way are the cell walls different?
6 Make a large drawing of one cell and label
the following parts: cell wall, cell membrane,
cytoplasm, nucleus.
7 Make a note of the magnification of the eyepiece
and objective lenses of your microscope.
8 Copy and complete the table by
a writing the magnification of the eyepiece lens
b writing the magnification of the objective lens
of your microscope which you used to make
your drawing
¢ calculating total magnification provided by the
microscope.

magnification of the eyepiece lens

magnification of the objective lens

total magnification provided by the
microscope

9 Estimate how much bigger your drawing is than
the image you see through the microscope. Use
these figures to calculate the total magnification of

your drawing. y.

Specialisation of cells

When cells have finished dividing and growing, most
become specialised and have specific functions.
When cells are specialised:

» they do one special job

» they develop a distinct shape

» special kinds of chemical changes take place in
their cytoplasm.

The changes in shape and the chemical reactions
enable the cell to carry out its special function. Red
blood cells and root hair cells are just two examples
of specialised cells. Figure 1.16 shows a variety of
specialised cells.

The specialisation of cells to carry out special
functions in an organism is sometimes called
‘division of labour” within the organism. Similarly,
the special functions of mitochondria, ribosomes
and other cell organelles may be called division of
labour within the cell.

nucleus ——= | | ' |

(a) ciliated cells

These cells form the lining of the nose and windpipe, and the tiny
cytoplasmic ‘hairs’, called cilia, are in a continual flicking movement,
which creates a stream of fluid (mucus) that carries dust and bacteria
through the bronchi and trachea, away from the lungs.

root hair
(very thin cell wall)

(b) root hair cell

These cells absorb water and mineral salts from the soil. The hair-like
projection on each cell penetrates between the soil particles and offers
a large absorbing surface. The cell membrane is able to control which
dissolved substances enter the cell.

ceII wall

chloroplast

cytoplasm /

[}
vacuole

J%

nuclear
membrane

nucleus

(c) palisade mesophyll cells
These are found underneath the upper epidermis of plant leaves.
They are columnar (quite long) and packed with chloroplasts to trap

light energy. Their function is to make food for the plant by photosynthesis

using carbon dioxide, water and light energy.

A Figure 1.16 Specialised cells [not to scale)



nerve fibre

(d) nerve cells

These cells are specialised for conducting
electrical impulses along the fibre, to and
from the brain and spinal cord. The fibres
are often very long and connect distant
parts of the body to the CNS, e.g. the foot
and the spinal column. Chemical reactions
cause the impulses to travel along the ﬁbre.!

W2 cell body

o~ M —a——"— nucleus

~3

{ : —— cytoplasm containing haemoglobin
\‘& u__)f/ P

(e) red blood cells

These cells are distinctive because they have no nucleus
when mature. They are tiny disc-like cells that contain

a red pigment called haemoglobin. This readily combines
with oxygen and their function is the transportation

of oxygen around the body.

Cell structure and organisation

acrosome

nucleus

tail

(f) sperm cell

Sperm cells are male sex cells. The front of the cell is oval shaped

and contains a nucleus which carries genetic information. There is a
tip, called an acrosome, which secretes enzymes to digest the cells
around an egg and the egg membrane. Behind this is a mid-piece
which is packed with mitochondria to provide energy for movement.
The tail moves with a whip-like action, enabling the sperm to swim.
Their function is reproduction, achieved by fertilising an egg cell.

jelly coat
nucleus
cell membrane
cytoplasm
containing yolk
droplets follicle cells
(9) egg cell

Egg cells are larger than sperm cells and are spherical. They have a
large amount of cytoplasm, containing yolk droplets made up of
protein and fat. The nucleus carries genetic information. The function
of the egg cell is reproduction.

A Figure 1.16 Specialised cells (not to scale) (continued)

Test yourself

10 In what way does the red blood cell shown in
Figure 1.16(e) differ from most other animal cells?

11 Why does the cell shown in Figure 1.7(b) on page 4
appear to have no nucleus?
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Tissues, organs, organ
systems and the organism

FOCUS POINTS

* Definitions of tissues, organs, organ systems
and organism

Some microscopic organisms are made of one cell
only (see ‘Features of organisms’ in Chapter 2). These
can carry out all the processes needed to keep them
alive. The cells of the larger plants and animals
cannot survive on their own. A muscle cell could not
obtain its own food and oxygen. Other specialised
cells provide the food and oxygen needed for the
muscle cell to live. Unless these cells are grouped
together in large numbers and made to work
together, they cannot stay alive.

Tissues

A tissue, like bone, nerve or muscle in animals, and
epidermis, xylem or pith in plants, is made up of
large numbers of cells. These are often just a single
type. The cells of each type have a similar structure
and function so that the tissue itself has a special
function. For example, muscles contract to cause
movement, xylem carries water in plants. Figure 1.17
shows how some cells are arranged to form simple
tissues. Some forms of tissues are epithelium,
tubes, sheets and glands.

Key definitions

Atissue is a group of cells with similar structures
working together to perform a shared function.

(a) cells forming an epithelium
A thin layer of tissue, e.g. the lining of the mouth cavity. Different
types of epithelium form the internal lining of the windpipe, air
passages, food canal, etc., and protect these organs from physical
or chemical damage.

(b) cells forming a small tube
E.g. a kidney tubule (see page 210). Tubules such as this carry liquids
from one part of an organ to another.

(c) one kind of muscle cell
Forms a sheet of muscle tissue. Blood vessels, nerve fibres and
connective tissues will also be present. Contractions of this kind of
muscle help to move food along the food canal or close down
small blood vessels.

d

~

cells forming part of a gland

The cells make chemicals, which are released into the central space
and carried away by a tubule such as that shown in (b). Hundreds of
cell groups like this would form a gland like the salivary gland.

A Figure 1.17 How cells form tissues



Tissues, organs, organ systems and the organism

Organs

Organs are made of several tissues grouped together

to make a structure with a special job. For example,

the stomach is an organ that contains tissues made spinal

from epithelial cells, gland cells and muscle cells. cord nerve

These cells are supplied with food and oxygen
brought by blood vessels. The stomach also has a
nerve supply. The heart, lungs, intestines, brain
and eyes are further examples of organs in animals.
In flowering plants, the root, stem and leaves are
the organs. Some of the tissues of the leaf are
epidermis, palisade tissue, spongy tissue, xylem and
phloem (see Chapter 6).

Key definitions

An organ is a structure made up of a group of tissues
working together to perform a specific function.

Test yourself (a) nervous system

12 a Study Figure 7.11 on page 106 and identify
examples of tissues and an organ.
b Study Figure 8.14 on page 128 and identify
examples of tissues and an organ. y.

artery

Organ systems

An organ system usually describes a group of organs
with closely related functions. For example, the
heart and blood vessels make up the circulatory
system; the brain, spinal cord and nerves make up
the nervous system (Figure 1.18). In a flowering
plant, the stem, leaves and buds make up a system
called the shoot (Figure 7.5 on page 103).

heart

vein

Key definitions

An organ system is a group of organs with related
functions working together to perform a body function.

(b) circulatory system

A Figure 1.18 Two examples of systems in the human body
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Organisms

Key definitions

An organism is an individual animal or plant, formed by
all the organs and systems working together to produce
an independent living thing.

oesophagus

intestine intestine

(a) a system — the digestive system
of the human organism

(b) an organ m

from the digestive system
(cut open to show the
lining and the muscle layer)

(d) cells — some muscle cells
from the muscle tissue

An example in the human body of how cells,
tissues and organs are related is shown in
Figure 1.19.

stomach lining

muscle layer

gland

circular !

muscle \ :
L

longitudinal —
muscle

(c) tissue — a small piece
of stomach wall with
muscle tissue and
gland tissue

A Figure 1.19 An example of how cells, tissue and organs are related

Size of specimens

FOCUS POINTS

* How do you calculate the magnification and
size of biological specimens using millimetres
as units?

* How do you convert measurements between
millimetres and micrometres? /

The light microscope

You cannot see most cells with the naked eye. A
hand lens has a magnification of up to x20, but this
is not enough to see the detail in cells. The light
microscope (Figure 1.20) has two convex lenses,
with magnifications of up to x1500, although most
found in school laboratories only magnify to x400.
The eyepiece lens is usually x10 and there is a choice
of objective lenses (usually x4, x10 and x40), set in

a nosepiece which can be rotated (turned round).
Light, from a mirror or a bulb, is projected through
the specimen placed on a microscope slide. The
light passes through the objective and eyepiece
lenses, magnifying the image so you can see detail
of the specimen. You can use coarse and fine focus
knobs to make the image clearer. You need to

place specimens on microscope slides, which may
be temporary or permanent preparations. You can
prepare temporary slides quickly, but the specimens
dry out quite rapidly, so they do not store well.
You carefully lay a cover-slip (a thin piece of glass)
over the specimen. This helps to keep it in place,
slows down dehydration and protects the objective
lens from moisture or stains. To make a permanent
preparation you usually need to dehydrate the
specimen and fix it in a special resin, for example,
Canada Balsam. These types of slides store well for a
long time.



Size of specimens

Safety
e Do not use direct sunlight as a light source.

Using a microscope

e [fthe microscope has its own light source, plug
the microscope in and switch it on.

e Arrange the microscope so that the body is
nearest to you.

e Ifthe microscope has a mirror, switch on a
bench lamp and adjust the mirror to reflect the
light into the microscope.

e Turn the nosepiece so that the lowest power
objective lens (e.g. x4) is in line with the
barrel.

e® Place a slide on the stage and use the clips to
secure it. Line up the specimen so that it lying
directly over the hole in the centre of the stage.

o Look down the eyepiece and adjust the light
source so that maximum amount of light is
passing through the microscope. There may
be a diaphragm (a rotating disc) under the
stage that also needs adjusting.

o GCently turn the focusing knob until the
specimen becomes focused.

o To increase the magnification, turn the
nosepiece to select the next objective lens
(e.g. x10) and adjust the focus.

® Repeat the process if the highest magnification
(e.g. x40) is required. /

Calculating magnification

A lens is usually marked with its magnifying power.
This tells you how much larger the image will be
compared to the specimen’s actual size. So, if the
lens is marked x10, you know that the image will

be ten times greater than the specimen’s real size.
Since a light microscope has two lenses, you need to
know the magnification of both lenses. For example,
if the specimen is viewed using a x10 eyepiece lens
and x40 objective lens, the total magnification will
be 10 x 40 = 400.

eyepiece lens

barrel

body objective lens

clip
stage

focusing knob —{

light source

A Figure 1.20 A light microscope

Key definitions

Magnification is the observed size of an image divided by
the actual size of the specimen.

When you draw the image, your drawing is
usually much larger than the image, so the total
magnification of the specimen is even bigger.

image size
actual size of the specimen

Magnification =

When doing this type of calculation, you need

to make sure that the units of both sizes are the
same. If they are different, convert one to make
them the same. For example, if the actual size is in
millimetres and the image size is in centimetres,
convert the centimetres to millimetres. (There are
10 millimetres in a centimetre.)

In questions, you may be asked to calculate
the actual size of a specimen, given a drawing or
photomicrograph and a magnification.
image size

Actual size of the specimen = —————
magnification

When you give the answer, make sure you quote
the units (which will be the same as those used for

measuring the observed size).
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b Test yourself
13 a Inorder to see cells clearly in a section of plant 14 In Figure 1.3, the cell membranes are not always
tissue, which magnification would you have clear. Why is it still possible to decide roughly how
to use? many cells there are in each tubule section?
A x5 C x100
B x10 D x1000
b What is the approximate width (in millimetres) of
one of the largest cells in Figure 1.37 /
? Worked example
If you are asked to calculate the magnification of a drawing, Tasks
e.g. of a cell, you will be told the actual size of the celland the 1 The image of a root hair cell is 5.0 cm long. Its actual size
diameter of the cell in the drawing. is 1.5mm. Calculate the magnification of the image.

2 One of the moss leaf cells in the photomicrograph in
Figure 1.14is 2.5 cm wide.
The magnification of the image is x500. Calculate the
actual size of the cell.
3 The diameter of a drawing of a red blood cell is T4 mm.
Thereare 10mmin1cm,soéx10=60mm. The actual size of the cell is 7 um. Calculate the
magnification of the image.

Start by making sure that both figures (the observed size and
actual size) are the same units. For example, if the drawing
of a cellis 6 cm wide (the observed size) and its actual size is
0.1mm you need to change the cm to mm.

Now use these figures in the equation:

imagesize
Magnification = 9

actualsize of the specimen

Magnification = % = x600

Converting measurements (micron or pm), is used. Figure 1.21 shows a

Organelles in cells are too small to be measured in comparison of the sizes of a range of objects.
millimetres. A smaller unit, called the micrometre

electron microscope optical microscope unaided eye

water sugar antibody virus bacterium Amoeba a full stop an orange
molecule  molecule

*

10x10%  10x103 10x102 10x 107! 1.0 10 x 10° 10 x 102 10 x 103 10 x 104 10 x 10°

—— > size (micrometres)

A Figure 1.21 Comparing the sizes of a range of objects
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There are: and the observed size is in millimetres, convert the
»» 1000000 micrometres in a metre millimetres to micrometres.
» 10000 micrometres in a centimetre '
» 1000 micrometres in a millimetre. Test yourself

15 The tail of a sperm cell is 0.05mm long. What is
Remember to make sure that the units of both sizes its length in micrometres?
used in a calculation involving magnification are 16 An amoeba is 750 um long. Calculate its length
the same. So, if the actual size is in micrometres In centimetres.




1 CELLS

Exam-style questions

1 The terms tissue, organ and organ systems are
used when describing the organisation inside
an organism.

Complete the table by

a defining what each term means [3]
b giving one example in a plant and one in
an animal for each structure. [6]
name of example example in
structure definition |inaplant | ananimal
tissue
organ
a State the names of parts A, B and C. [3]
organ system b The mid-piece of the sperm cell provides
2 a Complete the table to compare the parts energy for the cell. Suggest what type of
present in a liver cell with those in a palisade organelle it contains. [1]
cell. One component has been done for you. [5] ¢ State the function of the sperm cell. [1]
6 The diagram shows four specialised cells.
presentin presentin
part of cell palisade cell liver cell
nucleus v v
cell wall

chloroplast

cytoplasm

membrane

(sap) vacuole

b Choose three of the parts and state

their functions. [3] '
3 The diagram shows a drawing of a bacterium. a Complete the table, using the letters
0001 mm of the cells to identify them as plant or
animal cells. [1]
plant animal
letters

b State two features found in all plant cells

but not in animal cells. [2]
a Label four parts of the cell. [4] ¢ State one function of each of cells
b Calculate the magnification A, B, Cand D. [4]

2] 7 A student used a microscope to study a human
4 a Draw a labelled diagram of a named cheek cell. She drew the cell. The drawing was
specialised plant cell. [5] 30mm wide. The actual diameter of the cell was
: : 60 pm.

b Describe the function of the cell. E a Calculate the magnification of the drawing. [3]
b The eyepiece of the microscope was x10

and its objective lens was x40. Calculate

the total magnification of the microscope. [1]

of the drawing.




Focus

Classification

In the last chapter, you were introduced to the main features of animal, plant and bacterial cells
and their functions. You studied examples of a range of specialised cells and how they are adapted
to carry out their roles. You learned about the levels of organisation within the organism and how

to calculate the magnification of microscopic structures. In this chapter you will be shown why it is
necessary to classify organisms (there are 8.7 million species). You will learn about why biologists
use the internationally agreed system to organise organisms into groups and the main features used
to place animals and plants into the appropriate kingdoms and subgroups. Can you name many of the
plants and animals you see around you? Do you know any of their scientific names or the groups they
belong to?

Classification systems

FOCUS POINTS

How are organisms classified?

What is a species?

What is the binomial system?

How do you make a dichotomous key?

How do classification systems reflect
evolutionary relationships?

How is DNA used for classifying organisms?
Why do closely related organisms have more
similar base sequences than those that share
more distant ancestors?

* ot o ot

* ot

/

Key definitions

A species is a group of organisms that can reproduce to
produce fertile offspring.

The binomial system of naming organisms is an
internationally agreed system in which the scientific
name of an organism is made up of two parts showing the
genus and species.

/

There are millions of different organisms living on
the Earth. Biologists sort them into a meaningful
order, they classify them.

There are many possible ways of classifying
organisms. You could group all aquatic organisms
together or put all black and white creatures into
the same group. However, these do not make very
meaningful groups; a seaweed and a porpoise are
both aquatic organisms, a magpie and a zebra are

both black and white. Neither of these pairs has
much in common apart from being living organisms
and the magpie and zebra being animals. These
would be artificial systems of classification.

Biologists look for a natural system of
classification using important features that are
shared by as large a group as possible. In some
cases it is easy. Birds all have wings, beaks and
feathers; there is rarely any doubt about whether
an animal is a bird or not. In other cases it is not
so easy. As a result, biologists change their ideas
from time to time about how living things should
be grouped. New groupings are suggested and old
ones abandoned.

Species

The smallest natural group of organisms is the
species. A species is a group of organisms that can
reproduce to produce fertile offspring.

Members of a species also often look very similar
to each other in appearance, Common mynas, eagles
and parrots are three different species of bird.
Apart from small variations, members of a species
are almost identical in their anatomy, physiology
and behaviour. Animals may look quite different
if humans have been involved in their breeding
programmes. For example, all cats belong to the
same species, but there are wide variations in the
appearance of different breeds (see ‘Variation” in
Chapter 17). An American Longhair and a Siamese
(Figure 17.30) may look very different but they breed

together successfully.
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Closely related species are grouped into a
genus (plural: genera). For example, there are
45 species of bronzeback snake, all in the same
genus Dendrelaphis.

Binomial nomenclature

Species must be named in such a way that the name
is recognised all over the world.

‘Money Plant” and ‘Devil's Ivy” are two common
names for the same wild plant. If you are not aware
that these are alternative names this could lead
to confusion. If the botanical name, Epipremnum
aureum, is used there is no chance of error. The
Latin form of the name allows it to be used in
all the countries of the world regardless of
language barriers.

People living in the Indian subcontinent are
familiar with the appearance of a robin. The male is
mainly black, with some red-brown bottom feathers
(although some more northern populations are more
brown than black). Males also have a white flash
across their shoulder. The female has completely
brown upper feathers and grey-brown underparts.
Its scientific name is Copsychus fulicatus and the
adult is about 17 cm long (see Figure 2.1). However,
someone living in Britain would describe a robin
very differently. It has the species name Erithacus
rubecula, and is very distinctive. It has a round body
with a bright orange-red breast, a white belly and
olive-brown upper feathers. It is only 14cm long
(see Figure 2.2). A British scientist could get very
confused talking to an Indian scientist about a
robin! Again, the use of the scientific name avoids
any confusion.

The binomial system of naming species is an
internationally agreed system in which the scientific
name of an organism is made up of two parts,
showing the genus and the species. Binomial means
‘two names’; the first name gives the genus and the
second gives the species. For example, the Egyptian
mongoose and Indian grey mongoose are both in
the genus Herpestes but they are different species;
the Egyptian mongoose is Herpestes ichneumon
and the Indian grey mongoose is Herpestes edwardsii.

The name of the genus (the generic name) is
always given a capital letter and the name of the
species (the specific name) always starts with a
lowercase letter.

Often, the specific name is descriptive, for
example, edulis means ‘edible’, aquatilis means ‘living
in water’, bulbosus means ‘having a bulb’, serratus
means ‘having a jagged (serrated) edge’.

A Figure 2.2 British robin, Erithacus rubecula &

Test yourself

1 Explain the meaning of the term binomial system.
Give an example in your answer.

Dichotomous keys

We use dichotomous keys to identify unfamiliar
organisms. Keys simplify the process of
identification. Each key is made up of pairs

of contrasting features (dichotomous means

two branches), starting with quite general
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characteristics and moving on to more specific ones.
When we follow the key and make suitable choices it
is possible to identify the organism correctly.

Figure 2.3 shows an example of a dichotomous
key that could be used to place an unknown
vertebrate in the correct class. Item 1 gives you
a choice between two alternatives. If the animal
is cold-blooded, you move to item 2 and make a
further choice. If it is warm-blooded, you move to
item 4 for your next choice.

The same technique may be used for assigning an
organism to its class, genus or species. However, the
important features may not always be easy to see,
so you must make use of less basic characteristics.

VERTEBRATE CLASSES

1 [Cold—blooded e 2
Warm-blooded ...........ccc.coooviiiinn.. 4
Has fins but no limbs ...................... Fish
Has four limbs ... 3
Has no scales on body ................... Amphibian
Has scales ..o Reptile
Has feathers ........cccccoooiiiiiiin Bird
Has fur ..o Mammal

A Figure 2.3 A dichotomous key for vertebrate classes

Figure 2.4 is a key for identifying some of the
possible invertebrates to be found in a compost
heap. Of course, you do not need a key to identify
these familiar animals, but it does show you how a
key can be constructed.

INHABITANTS OF A COMPOST HEAP

1 Has 1egS oo 2
NO [0S ...viiviiiiiiiiic e 5
More than six legs ..........c.ccccoccevee 3
SIX18GS vt 4
3 [ Short, flattened grey body ............. Woodlouse
Long brown/yellow body ............... Centipede
4 Pincers on last segment ................ Earwig
Hard wing covers ..., Beetle
Body segmented ..........cccoeieiinnnn. Earthworm
Body not segmented ..................... 6
Hasashell ..., Snail
No shell ..o Slug

A Figure 2.4 A dichotomous key for some invertebrates in a
compost heap

You need to be able to develop the skills to

make simple dichotomous keys, based on easily
identifiable features. If you know the main
characteristics of a group, it is possible to draw up a
logical plan for identifying an unfamiliar organism.
One such plan is shown in Figure 2.5.

no i hyphae
Is it unicellular? g L i P FUNGI
hyphae or cells?
yes cells
\ A
HES fit & mudeer no PROKARYOTES Do the cells have cell no ANIMALS
membrane? walls and chloroplasts?
yes yes
A A
PROTOCTISTA PLANTS

A Figure 2.5 I[dentification plan

Figure 2.6 shows five different items of laboratory
glassware. If you were unfamiliar with the resources
in a science laboratory you may not be able to
name them. We are going to design a dichotomous
key to help with identification. All the items have
one thing in common - they are made of glass.
However, each has features that make it distinctive
and we can write questions based on these features.

First you need to study the items, to work out what
some of them have in common and what makes them
different from others. For example, some have a
pouring spout, others have graduations marked on
the glass for measuring, some have a neck (where
the glass narrows to form a thinner structure), some
can stand without support because they have a flat
base, and so on.

A
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. _
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30 30 200
o 20 100
At
A Figure 2.6 Items of laboratory glassware
The first question should be based on a feature that
will split the group into two. The question is going Test yourself
to give a ‘yes’ or ‘no” answer. For e?Ch of the two 2 The animals X and Y shown in Figure 2.8 are found
subgroups formed, a further question based on the in a compost heap. Use the key in Figure 2.4 to

features of some of that sub-group should then be identify them.
written. Figure 2.7 shows one possible solution.

1 Has it got a pouring spout?

YOS e 2

YOS ettt Beaker
INO e Measuring
cylinder

YOS e Boiling tube

INO it 4

YOS ettt Conical flask
INO ot Round-bottomed
flask

A Figure 2.7 Dichotomous key for identifying
laboratory glassware

A Figure 2.8 Two invertebrates found in a
compost heap

3 The example in Figure 2.7 is not the only way that a
dichotomous key could be set up for the laboratory
glassware shown. Make your own key and test it
for each object. y.

22
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= Going further

Classification and evolutionary relationships ball and hinge five groups of bones,
L . . . socket joint joint each arranged in a ‘chain
Scientists make it possible to understand evolutionary (shoulder) (eloow)  (hand and fingers) 7 =2
relationships when they classify organisms. Vertebrates Y pgéf
all have the presence of a vertebral column, along with E%’Q% zm 3
a skull protecting a brain and a pair of jaws (usually N wob . N
H H H one oone WO bones roup o
with teeth). Studying the anatomy of different groups of (humerus) (radius and ulna) gmanpbones (wrist)

vertebrates helps us to learn about their evolution. , ]
(a) pattern of bones in human forelimb

The skeletons of the front limb of five types of
vertebrate are shown in Figure 2.9. Although the limbs
have different functions, such as holding on to objects,
flying, running and swimming, the arrangement and
number of the bones is almost the same in all five.
There is a single top bone (the humerus], with a ball and
socket joint at one end and a hinge joint at the other.

It makes a joint with two other bones (the radius and
ulna) that join to a group of small wrist bones. The limb

(b) lizard

radius  ulna wrist

skeleton ends with five groups of bones (the hand and h ]

. . . . umerus

fingers), although some of these groups are missing in &é 2
the bird. 3
The argument for evolution says that, if these animals

are not related, it seems very odd that such a similar

limb skeleton should be used to do such different things © bird

as flying, running and swimming. However, if all the

animals came from the same ancestor, the ancestral

skeleton could have changed in small stages in different

ways in each group. So, we would expect to find that humerus

radius  wrist

the basic pattern of bones was the same in all these
animals. There are many other examples of this kind of
evidence among the vertebrate animals.

Pangolins and armadillos (Figure 2.10) may look very
closely related, but appearances can be misleading.

At one stage scientists placed them in the same group (d) whale
together with anteaters, but we now know that some
species have evolved similar characteristics completely humerus ulna  radius wrist
independently and have no close links at all. & 2
3
5 4
(e) bat

A Figure 2.9 Skeletons of a limb of five
different vertebrates

23
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A Figure 2.10 Pangolin (top) and armadillo (bottom) A Figure 2.11 Pangolin body scales [top) and armadillo

bony plates (bottom)

If organisms share a common ancestor this will be
reflected in how they are classified. However, if they are
found not to share a common ancestor, as is the case
with the pangolin and armadillo, their classification will
be different. Although at first glance the pangolin and

mammals but the differences between them mean that
they are not classified in the same group.

Use of DNA sequencing in classification

armadillo may appear to share a common ancestor, The use of DNA has revolutionised the process of

a closer study of the two species reveals major classification. Most organisms contain chromosomes
differences. The pangolin has a body covered in scales made up of strings of genes. The chemical that

made of keratin (the same material as our nails), as forms these genes is called DNA (which is short for
shown in Figure 2.11. It has no teeth but uses its long deoxyribonucleic acid). DNA is made up of a sequence
tongue to feed on ants and termites. It can roll into a of bases, coding for amino acids and, therefore,

tight ball for protection. The armadillo has an armoured  proteins (see Chapters 4 and 17). Each species has
body covering, made up of hard bony plates (see Figure a distinct number of chromosomes and a unique
2.11). It has long claws which it uses for digging and sequence of bases in its DNA, making it identifiable
making a burrow. Also, it has small teeth, which are and distinguishable from other species. This helps
not covered in enamel, and feeds on grubs and insects. particularly when different species are very similar
Some armadillo species can roll up into a ball when morphologically (in appearance) and anatomically (in
threatened by predators. The two animals are both internal structure).

O
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Human and primate evolution is a good example of
how DNA has been used to make a process of evolution
clear. Traditional classification of primates (into the
groups of monkeys, apes and humans) was based on
their anatomy, particularly their bones and teeth. This
placed humans in a separate group, while placing the
other apes together into one family called Pongidae.

However, genetic evidence using DNA provides a
different understanding - humans are more closely

Gorilla
48 chromosomes

Orang-utan
48 chromosomes

Chimpanzee

48 chromosomes

related to chimpanzees (1.2% difference in the genome
- the complete set of genetic material of the organism)
and gorillas (1.6% different] than to orang-utans (3.1%
different). Also, chimpanzees are closer to humans than
to gorillas (see Figure 2.12).

Bonobos and chimps are found in Zaire and were only
identified as different species in 1929. The two species
share the same percentage difference in the genome
from humans.

Human
46 chromosomes

Bonobo
48 chromosomes

0
1 common
ancestor,
2 now extinct
3
4
S 5
©
£ 6
o common ancestor,
5 7 now extinct
5 8
= common ancestor,
% 9 now extinct
£ 10
11
12 common ancestor,
now extinct
13
15
A Figure 2.12 Classification of primates based on DNA evidence
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Features of organisms

FOCUS POINTS

* What are the main features used to place animals and plants into the

appropriate kingdoms?
* What are the main features used to place organisms into groups in the animal kingdom?
* How do you classify organisms using

their features?
* What are the main features used to place all organisms into one of the five kingdoms?
* What are the main features used to place organisms into groups in the plant kingdom?
* What are the main features of viruses?

All living organisms have certain features in The animal kingdom
common, including the presence of cytoplasm and

cell membranes, and DNA as genetic material.
A kingdom is a category of living organisms.

Animals are multicellular organisms whose cells have
no cell walls or chloroplasts. Most animals ingest
solid food and digest it internally.

ARTHROPODS

ARACHNIDS MYRIAPODS

] nu!ﬂ!n‘.,_"

CRUSTACEA

Cyclops Ladybird

(X2)

-------

Mite (X 8) Millipede (X 0.8)

Spider (X 1.5)

Centipede
(X 0.8)

Dragonfly (X 0.3)

A Figure 2.13 The animal kingdom; examples of arthropods - one of the invertebrate groups (phyla)
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FISH AMPHIBIA

Toad (X 0.4)

Tadpoles (X 0.8)

Newt (X 0.6)

BIRDS

Kestrel e Y
X 0.06 i

EEre

House sparrow
(X 0.25)

Mallard
(X 0.1)

Kingfisher
(X0.2)

MAMMALS

Bat (X 0.2)

Hyena (X 0.03)

Squirrel

(X0.15) Was- ), “

A Figure 2.14 The animal kingdom; the vertebrate classes
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(Only two groups out of 23 are listed here.) Each
group is called a phylum (plural = phyla).

Arthropods
CLASS
Crustacea (crabs, shrimps, water fleas)
Insects
Arachnids (spiders and mites)
Myriapods (centipedes and millipedes)

Vertebrates
CLASS
Fish
Amphibia (frogs, toads, newts)
Reptiles (lizards, snakes, turtles)
Birds
Mammals

*All the organisms that do not have a vertebral column are often called
invertebrates. Invertebrates are not a natural group, but the term is
convenient to use.

Arthropods

The arthropods include the crustacea, insects,
centipedes and spiders (see Figure 2.13). The name
arthropod means ‘jointed limbs’, and this is a feature
common to them all. They also have a hard, firm,
external skeleton, called a cuticle, which encloses
their bodies. Their bodies are segmented (made up
of several sections), and, between the segments
(sections), there are flexible joints which allow
movement. In most arthropods, the segments are
grouped together to form distinct regions, the

head, thorax (the middle section of the body) and
abdomen (the part of the body behind the thorax).
Table 2.1 on page 30 outlines the key features of the
four classes of arthropod.

Crustacea

Marine crustacea are crabs, prawns, lobsters, shrimps
and barnacles. Freshwater crustacea are water fleas,
Cyclops, the freshwater shrimp (Gammarus) and the
water louse (Asellus). Woodlice are land-dwelling
crustacea. Some of these crustacea are shown in
Figure 2.13.
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Like all arthropods, crustacea have an
exoskeleton (a rigid external skeleton) and jointed
limbs. They also have two pairs of antennae (long
thin feelers attached to the head) which are
sensitive to touch and to chemicals, and they have
compound eyes. Compound eyes are made up of tens
or hundreds of separate lenses with light-sensitive
cells underneath. They can form a simple image and
are very sensitive to movement.

Most crustacea have a pair of jointed limbs on each
segment of the body, but those on the head segments
are modified to form antennae or specialised mouth
parts for feeding (see Figure 2.15).

second antenna

cephalothorax compound

segmented
abdomen

walking legs
A Figure 2.15 External features of a crustacean (lobster x0.2)

Insects

The insects form a very large class of arthropods.
Some are shown in Figure 2.13. Wasps, butterflies,
mosquitoes, houseflies, earwigs (which you
identified from Figure 2.8), greenflies (shown in
Figure 2.16) and beetles (e.g. ladybird) are just a
few of the subgroups in this class.

Insects have segmented bodies with a firm
exoskeleton, three pairs of jointed legs, compound
eyes and, usually, two pairs of wings. The segments
are grouped into distinct head, thorax and abdomen
regions (see Figure 2.16).
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compound eye

one pair of antennae

A Figure 2.16 External features of an insect (greenbottle
x5]. Flies, midges and mosquitoes have only one pair of
wings

Insects are different from crustacea because they
have wings, only one pair of antennae and only
three pairs of legs. There are no limbs on the
abdominal segments.

The insects have very successfully colonised
the land. One reason for their success is that their
cuticle stops water loss from inside the body and
stops water entering the body. So the body of an
insect is prevented from drying out even in very
hot, dry climates. It can survive in these extreme
conditions.

Arachnids

These are spiders, scorpions, mites and ticks. Their
bodies are divided into two regions, a combined

head and thorax region, called the cephalothorax,
and the abdomen (see Figure 2.17). They have four

up to 70 abdominal
segments fused in pairs

two pairs of legs on each
paired abdominal segment

A Figure 2.18 External features of a myriapod (x2.5)
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pairs of limbs on their cephalothorax. In addition,
there are two pairs of pedipalps. One pair is used
in reproduction; the other is used to pierce their
prey and paralyse it with a poison secreted by a
gland at the base. There are usually several pairs of
simple eyes.

pedipalp

position
of fangs

. H |
poison sac ~—_.-

poison fang held on
the underside of
cephalothorax

abdomen

A Figure 2.17 External features of an arachnid (x2.5)

Myriapods

These are millipedes and centipedes. They have

a head and a segmented body that is not clearly
divided into thorax and abdomen. There is a pair
of legs on each body segment but in the millipede
the abdominal segments are merged together in
pairs and it looks as if it has two pairs of legs per
segment (see Figure 2.18).

As the myriapod grows, extra segments are
formed. The myriapods have one pair of antennae
and simple eyes. Centipedes are carnivores, feeding
on other animals, but millipedes are herbivores,
feeding on plant material.

one pair of legs
on each thoracic
segment
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V¥ Table 2.1 Key features of the four classes of arthropods

Insects Arachnids

Crustacea Myriapods

e.g. dragonfly, wasp e.g. spider, mite

e.g. crab, woodlouse e.g. centipede, millipede

e three pairs of legs e four pairs of legs

10 or more pairs of legs
(usually one pair per
segment)

e five or more pairs of limbs |

e bodydivided into head, °
thorax and abdomen

body divided into
cephalothorax and

e bodydivided into .
cephalothorax (combined

body not obviously divided
into thorax and abdomen

abdomen head and thorax) and
abdomen
e one pair of antennae * no antennae e two pairs of antennae e one pair of antennae

e one pair of compound eyes | ¢ several pairs of simple

eyes

e one pair of compound eyes | ¢ simple eyes

e usually have two pairs of o
wings

pair of pedipalps adapted
for biting and poisoning
prey

e exoskeleton often forms a
hard covering over most
of the body

Test yourself

4 What features do all arthropods have in common?

5 State two features for each of the arthropod classes
(insects, crustaceans, arachnids and myriapods)
that distinguishes it from the others. y.

Vertebrates

Vertebrates are animals which have a vertebral
column. The vertebral column is sometimes called
the spinal column, or just the spine, and consists of
a chain of cylindrical bones (vertebrae) joined end
to end.

Each vertebra carries an arch of bone on its
dorsal (upper) surface. This arch protects the spinal
cord (see Chapter 14), which runs most of the length
of the vertebral column. The front end of the spinal
cord is expanded to form a brain, which is enclosed
and protected by the skull.

The skull carries a pair of jaws which, in most
vertebrates, contain rows of teeth.

The five classes of vertebrates are fish, amphibia,
reptiles, birds and mammals. Table 2.2 on page 33
summarises the key features of these classes.

Body temperature

Fish, amphibia and reptiles are often referred to as
‘cold-blooded'". This is a misleading term. A fish in a
tropical pool or a lizard basking in the sun will have
warm blood. The point is that these animals have

a variable body temperature that, to some extent,
depends on the temperature of their surroundings.
Reptiles, for example, move into sunlight or hide in

30

shade to control their temperature, but there is no
internal mechanism for temperature control.

Warm-blooded animals usually have a body
temperature that is higher than their surroundings.
The main difference, however, is that these
temperatures are kept mainly constant despite any
variation in external temperature. There are internal
regulatory mechanisms (see Chapter 14) that keep
the body temperature within narrow limits.

The advantage of being warm-blooded is that
an animal’s activity is not dependent on the
surrounding temperature. A lizard’s body movements
may become slow if the surrounding temperature
falls. This could be a disadvantage if the lizard is
being chased by a warm-blooded predator whose
speed and reactions are not affected by low
temperatures.

Fish
Fish are cold-blooded vertebrates. Many of them
have a smooth, streamlined shape that allows them
to move through the water easily (see Figure 2.19).
Their bodies are covered with overlapping scales and
they have fins, which are important in movement.
Fish have filamentous gills to breathe. The gills
are protected by a bony plate called the operculum.
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Fish reproduce sexually but fertilisation usually
takes place externally; the female lays eggs and the

male sheds sperms on them after they have been laid.

dorsal fin

scale

tail fin

VA

operculum
covering gills

pelvic fin
pectoral

fin

A Figure 2.19 Rawas (Eleutheronema x0.1)

Amphibia
Amphibia are cold-blooded vertebrates with four
limbs and no scales. The class includes frogs, toads
and newts. The name, amphibian, means ‘double life’
and refers to the fact that the organism spends part
of its life in water and part on the land. Most frogs,
toads and newts spend their life on the land where
it is moist and return to water only to lay eggs.

The external features of the common frog are
shown in Figure 2.20. Figure 2.14 on page 27 shows
the toad and the newt.

! moist skin
nostril

mouth

hind limb

webbed foot
A Figure 2.20 Rana (x0.75)

The toad’s skin is drier than a frog’s skin and it
has glands that can release an unpleasant-tasting
chemical to put off predators. Newts differ from
frogs and toads in having a tail. All three groups
are carnivorous.

Amphibia have four limbs. In frogs and toads, the
hind feet have a web of skin between the toes. This
provides a large surface area to push against the
water when the animal is swimming. Newts swim by
a wriggling, fish-like movement of their bodies and
make less use of their limbs for swimming.

Amphibia have moist skins with a good supply of
capillaries, which can exchange oxygen and carbon
dioxide with the air or water. They also have lungs

Features of organisms
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that can be inflated by a kind of swallowing action.
They do not have a diaphragm or ribs.

Frogs and toads migrate to ponds where the
males and females pair up. The male climbs on
the female’s back and grips firmly with his front
legs (see Figure 2.21). When the female lays eggs,
the male immediately releases sperms over them.
Fertilisation, therefore, is external even though the
frogs are in close contact for the event.

A Figure 2.21 Frogs pairing. The male clings to the female's
back and releases his sperm as she lays the eggs

Reptiles

Reptiles are land-living vertebrates. Their skins

are dry and the outer layer of epidermis forms a
pattern of scales. This dry, scaly skin helps reduce
water loss. Also, the eggs of most species have a
tough, rubbery shell. So, reptiles are not limited to
damp habitats, and they do not need water in which
to breed.

Reptiles are cold-blooded, but they can try to
regulate their temperature. They do this by lying in
the sun until their bodies warm up. When reptiles
warm up, they can move about rapidly to chase
insects and other prey.

Reptiles include lizards, snakes, turtles, tortoises
and crocodiles (see Figure 2.22 and Figure 2.14 on
page 27).

five-toed
limbs

A Figure 2.22 [ acerta (x1.5)
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Apart from snakes, reptiles have four limbs, each
with five toes. Some species of snake still have the
traces of limbs and girdles.

Male and female reptiles mate, and sperms are
passed into the female’s body. So, the eggs are
fertilised internally before being laid. In some
species, the female keeps the eggs in the body until
they are ready to hatch.

Birds

Birds are warm-blooded vertebrates.

The vertebral column in the neck is flexible but
the rest of the vertebrae are merged to form a rigid
structure. This is probably an adaptation to flight,
as the powerful wing muscles need a rigid frame to
work against.

The epidermis over most of the body produces a
covering of feathers but, on the legs and toes, the
epidermis forms scales. The feathers are of several
kinds. The fluffy down feathers form an insulating
layer close to the skin; the contour feathers cover
the body and give the bird its shape and coloration;
the large quill feathers on the wing are vital
for flight.

Birds have four limbs, but the forelimbs are
modified to form wings. The feet have four toes
with claws, which help the bird to perch, scratch for
seeds or capture prey, according to
the species.

The upper and lower jaws are extended to form a
beak, which is used for feeding in various ways.

Figure 2.23 shows the main features of a bird.

In birds, fertilisation is internal and the female
lays hard-shelled eggs in a nest where she incubates
them (keeps them warm and safe).

beak

forelimbs
as wings

body covered
by feathers

scales

A Figure 2.23 The main features of a pigeon (x0.14)
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Mammals

Mammals are warm-blooded vertebrates with four
limbs. They differ from birds because they have hair
rather than feathers. Unlike the other vertebrates,
they have a diaphragm, which plays a part in
breathing (see Chapter 9). They also have mammary
glands and suckle their young on milk.

A sample of mammals is shown in Figure 2.14
on page 27 and Figure 2.24 shows some of the
mammalian features.

Humans are mammals. All mammals give birth to
fully formed young instead of laying eggs. The eggs
are fertilised internally and go through a period of
development in the uterus (see ‘Sexual reproduction
in humans’ in Chapter 16).

A Figure 2.24 Mammalian features. The furry coat, the
external ear flaps (pinnae) and the facial whiskers are
visible mammalian features in this gerbil

The young may be blind and helpless at first (e.g.
cats), or they may be able to stand up and move
about soon after birth (e.g. sheep and goats). In
either case, the youngster’s first food is the milk
that it sucks from the mother’s teats. The milk is
made in the mammary glands and contains all the
nutrients that the offspring need for the first few
weeks or months, depending on the species.

As the youngsters get older, they start to feed
on the same food as the parents. In the case of
carnivores, the parents bring the food to the young
until they can get food for themselves.
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V¥ Table 2.2 Key features of the five classes of vertebrates

back feet are
often webbed
to make
swimming
more efficient

balance)

from snakes)

Vertebrate class | Fish Amphibia Reptiles Birds Mammals
Examples trout, rohu, sharks | frog, toad, lizard, snake sparrow, pigeon | mouse, striped hyena
newt
Body covering scales moist skin dry skin with feathers, with fur
scales scales on legs
Movement fins (also used for four limbs, four legs (apart two wings and four limbs

two legs

Reproduction produce jelly-

covered eggs in

produce jelly-
covered eggs in

produce eggs
with a rubbery,

produce eggs
with a hard

produce live young

lateral line along
body for detecting
vibrations in water

water water water-proof shell; | shell; laid on
laid on land land
Sense organs eyes; no ears; eyes; ears eyes; ears eyes; ears eyes; ears with a pinna

(external flap)

Other details cold-blooded; gills

for breathing

cold-blooded;
lungs and skin
for breathing

cold-blooded;
lungs for
breathing

warm blooded;
lungs for
breathing; beak

warm blooded; lungs

for breathing; females
have mammary glands
to produce milk to feed
young; four types of teeth

b Test yourself

6 Make up a mnemonic involving the five classes
of vertebrates.
Test yourself using your mnemonic to see if it
helps you remember the classes.

7 Which of the vertebrate classes have
a cold blood
b scaly skin
c external fertilisation
d gills for breathing?

8 Why do you think cold-blooded animals are slowed
down by low temperatures? (See Chapter 5.)

The five-kingdom scheme

The kingdom is the largest group of organisms
recognised by biologists. But how many

kingdoms should there be? Most biologists used to
opt for the use of two kingdoms: Plant and Animal.
This, however, caused problems in trying to classify
fungi, bacteria and single-celled organisms, which
do not fit obviously into either kingdom.

/

Many biologists now favour the five-kingdom
scheme. This is a scheme that consists of Animal,
Plant, Fungus, Prokaryote and Protoctist.

It is still not easy to fit all organisms into the
five-kingdom scheme. For example, many Protoctista
with chlorophyll (the protophyta) show important
similarities to some members of the algae, but the
algae are classified into the plant kingdom.

Viruses are not included in any kingdom - they
are not considered to be living organisms because
they do not have cell membranes (made of protein
and lipid), cytoplasm and ribosomes, and do not

demonstrate the characteristics of living things:
they do not feed, respire, excrete or grow. Although
viruses do reproduce, this only happens inside the
cells of living organisms, using materials provided
by the host cell.
This kind of problem will always occur when we
try to come up with rigid classification schemes
with clear boundaries between groups. The process
of evolution cannot be expected to result in a tidy
scheme of classification for biologists to use.

K]
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= Going further

The three-domain scheme

As scientists learn more about organisms, classification
systems change. Genetic sequencing has provided
scientists with a different way of studying relationships
between organisms. The three-domain scheme was
introduced by Carl Woese in 1978 and involves grouping
organisms using differences in ribosomal RNA
structure. Under this system, organisms are classified
into three domains and six kingdoms, rather than five.
Splitting the Prokaryote kingdom into two has created a
sixth kingdom. The domains are:

1 Archaea: containing ancient prokaryotic organisms
which do not have a nucleus surrounded by a
membrane. They have an independent evolutionary
history to other bacteria and their biochemistry is
very different to other forms of life.

2 Eubacteria: prokaryotic organisms that do not have
a nucleus surrounded by a membrane.

3 Eukarya: organisms that have a membrane-
bound nucleus. This domain is subdivided into the
kingdoms Protoctist, Fungus, Plant and Animal.

A summary of the classification schemes proposed by
scientists is shown in Figure 2.25.

A two-kingdom scheme: Linnaeus

Animal Plant
A five-kingdom scheme: Whittaker
Animal Plant Fungus Prokaryote | Protoctist
A six-kingdom system: Woese
Animal | Plant |Fungus | Eubacteria | Archaebacteria | Protoctist
A three-domain system: Woese
Eubacteria Archaea Eukarya

A Figure 2.25 A summary of the classification schemes
proposed by scientists /

The plant kingdom

Plants are made up of many cells - they are
multicellular. Plant cells have an outside wall made
of cellulose. Many of the cells in plant leaves and

stems contain chloroplasts with photosynthetic
pigments (e.g. chlorophyll). Plants make their food
by photosynthesis.

The syllabus only requires knowledge of two
groups - ferns and flowering plants.

FLOWERING PLANTS

(a) MONOCOTYLEDONS

Cocksfoot

Blue poppy (% 0.4)

(x0.4)

Iris (X 0.3)
A Figure 2.26 The plant kingdom; flowering plants

34

Daffodil (X 0.3)

(b) DICOTYLEDONS

(i) Trees

(ii) Shrubs

Horse chestnut (X 0.002)

Broom (X0.03)

(iii) Herbs
Forget-me-not (X 0.5)
Palm oil tree NP e &%

(x 0.001)

Geranium ( X0.5)
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Ferns

Ferns are land plants with well-developed
structures. Their stems, leaves and roots are very
similar to those of the flowering plants.

The stem is usually completely below ground. In
bracken, the stem grows horizontally below ground,
sending up leaves at intervals. Roots grow directly
from the stem.

The stem and leaves have sieve tubes and water-
conducting cells like those in the xylem and phloem
of a flowering plant (see Chapter 7).

The leaves of ferns vary from one species to
another (see Figures 2.27 and 2.28), but they are
all several cells thick. Most of them have an upper
and lower epidermis, a layer of palisade cells and a
spongy mesophyll, like the leaves of a flowering
plant.

A Figure 2.27 Young fern leaves. Ferns do not form buds
like those of the flowering plants. The midrib and leaflets
of the young leaf are tightly coiled and unwind as it grows

Bracken (X 0.1)

Hart's tongue
(X 0.3)

Male fern (X 0.1)

Polypody (X 0.3)

A Figure 2.28 The plant kingdom; ferns - one group of
plants that does not bear seeds

Ferns produce gametes but no seeds. The zygote
gives rise to the fern plant, which then produces
single-celled spores from many sporangia (spore
capsules) on its leaves. The sporangia are formed on
the lower side of the leaf, but their position depends
on the species of fern. The sporangia are usually
arranged in compact groups (see Figure 2.29).
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A Figure 2.29 Polypody fern. Each brown patch on
the underside of the leaf is made up of many
sporangia

Flowering plants

Flowering plants reproduce by seeds that are formed

in flowers. The seeds are enclosed in an ovary. The
general structure of flowering plants is described
in Chapter 7. Examples are shown in Figure 2.26

on page 34. Flowering plants are divided into two
subclasses: monocotyledons and dicotyledons.
Monocotyledons (monocots for short) are flowering

plants that have only one cotyledon in their seeds.

A cotyledon is an embryonic leaf which often
contains food stores. Most, but not all, monocots
also have long, narrow leaves (e.g. grasses,
daffodils, bluebells) with parallel leaf veins (see
Figure 2.30(a)).

The dicotyledons (dicots for short) have two
cotyledons in their seeds. Their leaves are usually
broad, and the leaf veins form a branching network
(see Figure 2.30(b)).

network

of veins
parallel

veins

main
vein

(b) a dicot leaf
A Figure 2.30 Leaf types in flowering plants

(a) monocot leaves

The key features of monocots and dicots are
summarised in Table 2.3.

V¥ Table 2.3 Summary of the key features of monocots

and dicots
Feature Monocotyledon Dicotyledon
leaf shape long and narrow broad
leaf veins parallel branching
cotyledons one two
grouping of flower threes fives
parts (petals,
sepals and carpels)

b Test yourself

9 The white deadnettle is Lamium album; the
red deadnettle is Lamium purpureum. Would
you expect these two plants to cross-pollinate
successfully? Explain your answer.

10 If a fire destroys all the above-ground vegetation,
the bracken (a type of fern] will still grow well in
the next season. Suggest why this is so. /

As well as knowing the features used to place
animals and plants into the appropriate kingdoms,
you also need to know the main features of the
following kingdoms: Fungus, Prokaryote

and Protoctist.

The Fungi kingdom

Most fungi are made up of thread-like hyphae (see
Figure 2.31), rather than cells, and there are many
nuclei scattered throughout the cytoplasm in their
hyphae (see Figure 2.32).

A Figure 2.31 The branching hyphae form a mycelium
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nucleus vacuole glycogen granule

food enzymes

A Figure 2.32 The structure of fungal hyphae

The fungi include organisms such as mushrooms,
toadstools, puffballs and the bracket fungi that
grow on tree trunks (Figure 2.33). There are also the
less obvious, but very important, mould fungi, which
grow on stale bread, cheese, fruit or other food.
Many of the mould fungi live in the soil or in dead
wood. The yeasts are single-celled fungi that have
some features similar to moulds.

Some fungal species are parasites, as is the
bracket fungus shown in Figure 2.33.

A parasite is an organism living on another
organism (the host), gaining food and shelter from
it. It is a very one-sided relationship.

Fungal parasites live in other organisms,
particularly plants, where they cause diseases that
can affect crop plants, such as the mildew shown in
Figure 2.34. (See also Chapter 12.)

Ul

A Figure 2.33 A parasitic fungus. The ‘brackets’ are the
reproductive structures. The mycelium in the trunk will
eventually kill the tree

Features of organisms
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A Figure 2.34 Mildew on wheat. Most of the hyphae are
inside the leaves, digesting the cells, but some grow out
and produce the powdery spores seen here

The Prokaryote kingdom

These are the bacteria and the blue-green algae.
They consist of single cells but are different

from other single-celled organisms because their
chromosomes are not organised into a nucleus. The
structure of bacterial cells is described in Chapter 1,
pages 6-7.

The Protoctist kingdom

These are single-celled (unicellular) organisms
which have their chromosomes enclosed in a nuclear
membrane to form a nucleus. Some examples are
shown in Figure 2.35.

Some of the Protoctista (e.g. Euglena)
have chloroplasts and make their food by
photosynthesis. These Protoctista are often referred
to as unicellular. Organisms like Amoeba and
Paramecium take in and digest solid food and so
are animal-like in their feeding. They may be called
unicellular ‘animals’.

Amoeba is a protozoan that moves by a flowing
movement of its cytoplasm. It feeds by picking
up bacteria and other microscopic organisms as
it moves. Vorticella has a stalk that can contract
and feeds by making a current of water with its
cilia (tiny hair-like organelles which project from
the cell surface). The current brings particles of
food to the cell. Euglena and Chlamydomonas have
chloroplasts in their cells and feed, like plants,
by photosynthesis.
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chloroplast

Chlamydomonas (x 750)

Vorticella (x 1000) chloroplast

Paramecium (x 150) Euglena (% 250)

A Figure 2.35 Protoctista. Chlamydomonas and Euglena
have chloroplasts and can photosynthesise. The others
are protozoa and ingest (take in) solid food

Viruses

There are many different types of virus and they
vary in their shape and structure. All viruses,
however, have a central core of RNA or DNA (see
Chapter 17) surrounded by a protein coat. Viruses
have no nucleus, cytoplasm, cell organelles or cell
membrane, though some forms have a membrane
outside their protein coats.

So, virus particles are not cells. They do not feed,
respire, excrete or grow, and it is arguable whether
they can be classed as living organisms. Viruses
do reproduce, but only inside the cells of living
organisms, using materials provided by the host cell.

A generalised virus particle is shown in
Figure 2.36. The nucleic acid core is a coiled single

strand of RNA with a protein coat. The protein coat
is called a capsid.

capsomeres

0.1 pm RNA

strand

protein coat
(capsid)

A Figure 2.36 Generalised structure of a virus

One example of a virus is the influenza virus
(Figure 2.37).

protein coat

coiled RNA
strand

A Figure 2.37 Structure of the influenza virus

b Test yourself

11 Figure 2.35 shows some Protoctista. Using only
the features shown in the drawings, construct a
dichotomous key that could be used to identify
these organisms.

12 Classify the following organisms: beetle, sparrow,
weasel, gorilla, bracken, buttercup. For example,
butterfly: Kingdom, animal; Group, arthropod;
Class, insect.

13 Which kingdoms contain organisms with
many cells

nuclei in their cells

cell walls

hyphae

chloroplasts?

oD QN To
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Exam-style questions

1 a Define the term species. [2]

b With reference to the tiger, Panthera tigris,

what does the term binomial system mean? [3]

2 a State the main characteristics of

arthropods. [3]
b By means of a table, state three differences
between insects and myriapods. [3]
3 List the main characteristics of
a a fungus [3]
b a bacterium. [3]

4 Design a dichotomous key to divide the
vertebrates into classes. Give one example of a

species of each of the classes named in your key.

Start with the question, ‘Is the animal warm-

blooded?’ [7]

5 The table shows the proportions of all known
species in each of the main groups of organisms.

Proportion of all known

Group of organisms | species/%
arachnids 4.5
bacteria, viruses 0.5
crustaceans 2.4

fungi 4.2
insects 56.3
other arthropods 1.2
other invertebrates 9.1

(not arthropods)

plants 14.3
protoctists 4.8
vertebrates 2.7
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i) Apart from insects, which group of
organisms has the most known species? [1]

ii) Assuming that there are four groups of
arthropods, what percentage of all known
species are myriapods? [1]

iii) Fungi are listed separately from plants.
State two reasons why fungi are not

classified as plants. [2]
Using data from the table, calculate what
percentage of arthropods are arachnids. [2]

i) Birds and fish are two classes of
vertebrates. State the names of the other

three classes. [3]
ii) State one feature that distinguishes fish
from all the other vertebrate classes. [1]

It is estimated that 1.9 million species of
organisms have been named. Use data from
the table to calculate the total number of
insects known. Show your working. [2]
Distinguish between the following groups

of organisms:

i) monocotyledons and dicotyledons [4]
ii) amphibians and reptiles [4]
Define the term binomial system. State

one example to support your answer. [3]



Focus

Movement into and out of cells

In the previous chapter, you were introduced to reasons for classifying organisms into groups and
the use of the binomial system of naming species. You had the opportunity to develop your own
dichotomous keys based on identifiable features. Then you learned about some of the main animal

and plant groups and their features. In this chapter, you will find out about how materials move into
and out of cells. These materials include gases like oxygen and carbon dioxide, water, mineral ions,
waste products and nutrients. How does the cell protect itself from gaining substances that could
be toxic, or from losing vital resources? How can a plant keep its shape if it has no clear means of
support? By studying the chapter carefully and following the practical suggestions, you should be
able to answer these questions.

Cells need food materials, which they can respire for
energy or use to build up their cell structures. They
also need mineral ions and water, which play a part
in chemical reactions in the cell. Finally, they need
to get rid of substances like carbon dioxide, which
would upset some of the chemical reactions or even
poison the cell if they built up.

Substances may pass through the cell membrane
either passively by diffusion or actively by some
form of active transport.

Diffusion

FOCUS POINTS

* What is diffusion?
* Where does the energy for diffusion come from?
* How do substances move into and out of the cell
by diffusion?
* How important is diffusion to living organisms?
* What effects do surface area, temperature,
concentration gradient and distance have
on diffusion?

Key definitions

Diffusion is the net movement of particles from a region
of their higher concentration to a region of their lower
concentration (i.e. down a concentration gradient), as a
result of their random movement.

The molecules of a gas like oxygen are moving
about all the time. So are the molecules of a liquid
or a substance like sugar dissolved in water. As

a result of this movement, the molecules spread
themselves out evenly to fill all the available
space (Figure 3.1).
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molecules moving about
A Figure 3.1 Diffusion

become evenly distributed

This process is called diffusion. One effect of
diffusion is that the molecules of a gas, a liquid or
a dissolved substance will move from a region where
there are a lot of them (i.e. concentrated) to regions
where there are few of them (i.e. less concentrated),
until the concentration everywhere is the same. In
most organisms substances have to move through
cell membranes. Some substances move by diffusion.
Figure 3.2(a) is a diagram of a cell with a high
concentration of molecules (e.g. oxygen) outside
and a low concentration inside. The effect of this
difference in concentration is to make the molecules
diffuse into the cell until the concentration inside
and outside is the same, as shown in Figure 3.2(b).
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(b) concentrations equal on both
sides of the cell membrane

(a) greater concentration
outside cell

A Figure 3.2 Molecules entering a cell by diffusion

Whether this will happen or not depends on if the
cell membrane will let the molecules through. Small
molecules like water (H,0), carbon dioxide (CO,) and
oxygen (0,) can pass through the cell membrane
quite easily. So, diffusion tends to balance the
concentration of these molecules inside and outside
the cell all the time.

When a cell uses oxygen for its aerobic
respiration, the concentration of oxygen inside
the cell falls and so oxygen molecules diffuse into
the cell until the concentration is raised again.
During tissue respiration, carbon dioxide is released
and so its concentration inside the cell increases.
Once again diffusion takes place, but this time
the molecules move out of the cell. In this way,
diffusion can explain how a cell takes in its oxygen
and gets rid of its carbon dioxide.

@,

Nitrogen is the most common gas in the atmosphere
(78% of the air is nitrogen). Nitrogen gas also enters the
bloodstream by diffusion, but it is not used by the body.
Itis an inert (unreactive) gas so normally it causes no
problems. However, divers are at risk. As a diver swims
deeper, the surrounding water pressure increases.
This raises the pressure in the diver’s air tank. An
increase in nitrogen pressure in the air tank results

in more nitrogen diffusing into the diver’s tissues, the
amount increasing the longer the diver stays at depth.
Nitrogen is not used by the body tissues, so it builds up.

Solutes

Scientists think that some mineral ions in solution,
like nitrates and magnesium, diffuse across the
tissues of plant roots, but that most are absorbed
into the roots by active transport.

42

The importance of diffusion of
gases and solutes

Gases

Most living things need a reliable source of oxygen
for respiration. This moves into the organism by
diffusion down a concentration gradient. Small
animals with a large surface area to volume ratio
may get oxygen through their body surface. Larger
animals need gas exchange organs like lungs or
gills, which provide a large surface area for gas
exchange. They also need a circulatory system to
move the oxygen to all their cells. Carbon dioxide,
released during aerobic respiration is removed in the
same way, by diffusion.

Photosynthetic plants need carbon dioxide for
making their food. This diffuses through the
stomata in the leaves (see Chapter 7) into the
air spaces in the mesophyll, before reaching
the palisade cells. Oxygen produced during
photosynthesis, as well as water vapour from
the transpiration stream, diffuses out of the leaf
through the stomata. The rate of diffusion of water
vapour depends on the temperature, humidity and
wind speed (see ‘Water uptake” in Chapter 7). Any
oxygen needed for respiration (some is produced by
photosynthesis) and carbon dioxide produced (some
is used up by photosynthesis) also diffuses through
the stomata of the leaves.

When the diver begins to return to the surface of the
water, the pressure decreases and the nitrogen can
come out of solution, forming bubbles in the blood if
the diver goes back to the surface too quickly. These
bubbles can block blood flow and become stuck in
joints, resulting in a condition called decompression
sickness, or ‘the bends’. Unless the diver goes up
slowly in planned stages, the effect of the nitrogen
bubbles can be lethal and can only be stopped by rapid
recompression.

In the ileum, water-soluble vitamins like vitamin C
are absorbed into the bloodstream by diffusion.

In the kidneys, some solutes, like urea and mineral
ions, pass back into the bloodstream by diffusion. At
first, glucose is reabsorbed by diffusion, but active
transport is also involved.
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Rates of diffusion

Molecules and ions in liquids and gases move
around randomly using kinetic energy (energy
from movement). The speed with which a substance
diffuses through a cell wall or cell membrane will
depend on many conditions, including:

» the surface area across which the diffusion
is happening

» the temperature

» the difference between its concentration inside
and outside the cell

» the distance it diffuses.

Surface area

If 100 molecules diffuse through 1mm2 of a
membrane in one minute, then an area of 2 mm2
should allow twice as many molecules through in
the same time. So, the rate of diffusion into a
cell will depend on the cell’s surface area. A larger
surface area will result in faster diffusion. Cells
which are involved in rapid absorption, like those
in the kidney or the intestine, often have their
exposed surface membrane formed into hundreds of
tiny projections called microvilli (see Figure 3.3).
These increase the absorbing surface to make
diffusion faster.

microvilli ‘free’ (absorbing) surface

A Figure 3.3 Microvilli

The shape of a cell will also affect the surface area.
For example, the cell in Figure 3.4(a) has a greater
surface area than the cell in Figure 3.4(b), even
though they both have the same volume.

(a)

A Figure 3.4 Surface area

? Worked example

The diagram in Figure 3.5 shows a section of the small
intestine, with villi. These increase the surface area to make
the diffusion of digested food molecules more efficient.

A Figure 3.5 Section through the small intestine to
show villi

Tasks

1 Use a piece of cotton or string.

Hold one end of the cotton against point X. Now spread
the cotton along the surface of the villi, weaving
downwards and upwards until you reach point Y. Use a
pen to mark this point on the cotton.

Now hold the cotton against a ruler and measure its
length. Record this length as the length between X and Y.
It may take two or more attempts to follow the surface
of the villi from Xto Y. It works best to trap the end of

the cotton at point X, then lie the cotton a short distance,
for example, until the first bend and trap it with a finger
from your other hand. Then lie the cotton along the next
section and keep repeating the procedure until you get to
point Y.

2 Repeatthe process, measuring V to W, which is the length
the surface would be without the presence of villi. Record
this length.

3 Calculate the percentage increase in length by comparing
Xto Y (the surface with villi) with V to W (the surface
without villi).

To calculate the percentage increase in length

changein length (Xto Y] - (Vto W)
originallength (Vto W)

%increase = x 100

The percentage increase shows how important the villi
are in the small intestine for increasing the surface area
for absorption of digested food molecules.

Bear in mind that this increase does not take into account
the presence of microvilli!
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Temperature

An increase in temperature gives molecules and
ions more kinetic energy. This allows them to move
faster, so the process of diffusion speeds up.

Concentration gradient

The greater the difference in the concentration

of a substance on either side of a membrane, the
faster it will diffuse. The difference is called a
concentration gradient (Figure 3.6). If a substance
on one side of a membrane is steadily removed, the
concentration gradient stays the same. When oxygen
molecules enter a red blood cell they combine with
a chemical (haemoglobin), which takes them out
of solution. So, the concentration of free oxygen
molecules inside the cell is kept very low and the
concentration gradient for oxygen stays the same.

molecules will move from
the densely packed area

A Figure 3.6 Concentration gradient

Distance

Cell membranes are all about the same thickness
(approximately 0.007 pm), but plant cell walls vary
in their thickness and permeability (how easily
materials pass through them). Usually, the thicker
the wall, the slower the rate of diffusion. When
oxygen diffuses from the alveoli of the lungs

into red blood cells, it travels through the cell
membranes of the alveoli, the blood capillaries and
the red blood cells, as well as the cytoplasm of
each cell. This increased distance slows down the
diffusion rate.

Safety

e LEye protection must be worn.

e Note your teacher’s advice for using a knife.

e Take care using methylene blue or potassium
permanganate solution — they will stain skin
and clothing.

e Take care with hot water handling.

Experiments on diffusion

1 Diffusion and surface area

® Use a block of starch agar or gelatine at least
3cm thick. Using a ruler and a sharp knife,
measure and cut four cubes from the jelly with
sides of 3.0cm, 2.0cm, 1.0cm and 0.5cm.

e Place the cubes into a beaker of methylene
blue dye or potassium permanganate solution.

e After 15 minutes, remove the cubes with
forceps and place them on to a white tile.

e Cut each of the cubes in half and measure the
depth to which the dye has diffused.

2 Diffusion and temperature
® Setup two beakers with equal volumes of hot

e Add afew grains of potassium permanganate
to each beaker and observe how quickly the
dissolved dye spreads through the water in
each beaker. An alternative is to use tea bags.

Safety

e Eye protection must be worn.

o Take care, concentrated ammonia solution is
corrosive and irritant and should only be used
in a fume cupboard. Wear disposable gloves.

3 Diffusion and concentration gradients and
distance (teacher demonstration only)

e This demonstration should be carried outin a
fume cupboard.

e Wear disposable gloves as concentrated
ammonia is corrosive and pungent.

o Use a wide glass tube that is at least 30cm
long and corked at one end. Using a glass
rod or wire, push squares of moist red litmus
paper into the tube, so that they stick to the
side, as shown in Figure 3.7. (It is a good idea
to mark 2 cm intervals along the outside of the
tube, starting at 10cm from one end, with a
permanent marker or white correction fluid
before inserting the litmus paper.)

water and iced water.

®
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@ Close the open end of the tube with a cork
carrying a plug of cotton wool saturated
with a strong solution of ammonia. Start
a stopwatch.

@ Observe and record the time when each
square of litmus starts to turn blue. Use this
information to calculate the rate at which the
alkaline ammonia vapour diffuses along
the tube.

® Repeat the experiment using a dilute solution
of ammonia.

e Plot both sets of results on a graph, labelling
each plot line.

Cotton wool soaked with
ammonia solution

Wet litmus paper

A Figure 3.7 Experiment to measure the rate of diffusion

of ammonia in air

Practical work questions

1 Calculate the surface area and volume of each

cube used in experiment 1 and construct a

table of your data. Remember to state the units

in the heading for each column.

Imagine that the cubes in experiment 1 are
animals, with the jelly representing living
cells and the dye representing oxygen. Which
of the ‘animals’ would be able to get enough
oxygen by diffusion through their surface to
keep them alive? Explain your answer.

Try cutting different shapes, for example,
cutting a block 3.0cm long, 1.0cm wide and
0.5cm deep. Research what type of animal
this would represent and how this type of
animal obtains its oxygen.

Explain the results you observed in
experiment 2.

A 10% solution of copper sulfate is separated
by a partially permeable membrane from a
5% solution of copper sulfate.

Will water diffuse from the 10% solution to the
5% solution or from the 5% solution to the

10% solution? Explain your answer.

If a fresh beetroot is cut up, the pieces washed
in water and then left for an hour in a beaker
of water, little or no red pigment escapes from
the cells into the water. If the beetroot is boiled
first, the pigment does escape into the water.
Using your knowledge of the properties of a
living cell membrane, explain the difference
in results.

In experiment 3, which ammonia solution
diffused faster? Can you explain why?

Study the graph you produced for

experiment 3. What happened to the rate of
diffusion as the ammonia travelled further
along the tube? Can you explain why? /




3 MOVEMENT INTO AND OUT OF CELLS

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

= Going further

Artificial partially permeable membranes are made fail, the patient’s blood composition has to be controlled
from cellulose acetate in sheets or tubes. These are by a dialysis machine. In the same way, the accident
used for a process called dialysis for patients suffering victim can be kept alive on a dialysis machine until their
from kidney failure. The pore size can be altered blood pressure is returned to normal.

during manufacture so that large molecules cannot get

through at all. Simply, a dialysis machine consists of a long cellulose

tube coiled up in a water-bath. The patient’s blood is
led from a vein in the arm and pumped through the

The dialysis machine (‘artificial kidney’) cellulose (dialysis) tubing (Figures 3.8 and 3.9). The tiny

Kidney failure can be the result of an accident involving pores in the dialysis tubing allow small molecules, like
adrop n blood pressure or of a disease of the kidneys. those of salts, glucose and urea, to leak out into the
In the first example, recovery is usually natural and water-bath. Blood cells and protein molecules are too

die because of a potassium imbalance in the blood. This  page 52). This stage is like the filtration process in the
causes heart failure. In the case of kidney disease, the glomerulus (see Chapter 13).

patient can stay alive with only one kidney, but if both

solution
changed
tank of
bubble trap —— water, salts

and glucose

substances — ialysi
dial

diffuse out - - tL:?Jiynsglgs

of blood -

- 1 - _

A Figure 3.8 The principle of the kidney dialysis machine

To prevent a loss of glucose and important mineral ions
from the blood, the water-bath contains a solution of
mineral ions and sugar of the correct composition, so that
only the substances above this concentration can diffuse
out of the blood into the bathing solution. In this way, urea
and excess mineral ions are removed.

The bathing solution is also kept at body temperature and
is regularly changed as the unwanted blood solutes build
up init. The blood is then returned to the patient’s arm vein.

A patient with total kidney failure spends 2 or 3 nights
each week connected to the machine (Figure 3.9).
With this treatment and a carefully controlled diet, the
patient can lead quite a normal life. A kidney transplant A
is a better solution though, because then the patient

does not need to use a dialysis machine.

=

Figure 3.9 Kidney dialysis machine. The patient’s blood
is pumped to the dialyser, which removes urea and
excess mineral ions /
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b Test yourself

1 Look at Figure 11.19 on page 178. The symbol O, is
an oxygen molecule.
Explain why oxygen is entering the cells drawn on
the left but leaving the cells on the right.

2 Look at Figure 9.5 on page 142. It shows one of the
small air pockets (an alveolus) that form the lung.
a Suggest a reason why the oxygen and carbon

dioxide are diffusing in opposite directions.

b What might happen to the rate of diffusion if the

blood flow were to speed up? /

Osmosis

FOCUS POINTS

* What is osmosis?

* What is the role of water in living organisms?

* How does water move into and out of cells

by osmosis?

What role does water have in supporting plants?

How would you investigate osmosis?

What is the effect of immersing plant cells in

solutions of different concentrations?

* What do the terms turgid, turgor pressure,
plasmolysis, flaccid and water potential mean?

* ot %

Key definitions

Osmosis is the net movement of water molecules from
a region of higher water potential to a region of lower

Roles of water

Most cells contain about 75% water and will die if
their water content falls much below this. Water is a
good solvent and many substances move about the
cells in a watery solution.

Water molecules take part in many vital chemical
reactions. For example, in green plants, water
combines with carbon dioxide to form glucose (see
Chapter 6). In animals, water helps to break down
and dissolve food molecules (see ‘Chemical digestion’
in Chapter 8). Blood is made up of cells and a liquid
called plasma. This plasma is 92% water and is a
way of transporting many dissolved substances, like
carbon dioxide, urea, digested food and hormones.

Blood cells are carried around the body in the plasma.

Water is also a way of transporting materials in
plants. Water passes up the plant from the roots

water potential through a partially permeable membrane. )

Osmosis

to the leaves in xylem vessels and carries dissolved
mineral ions. Phloem vessels transport dissolved
sugars and amino acids from the leaves to where
they are used or stored (see Chapter 7).

Water is important in the process of excretion
in animals. It is a powerful solvent for excretory
materials, like nitrogenous molecules (e.g. urea), as
well as mineral ions, used hormones and drugs. The
water has a diluting effect, so excretory materials
are less toxic (poisonous).

)

The physical and chemical properties of water are
different from those of most other liquids. These
make it uniquely effective in helping living activities.
For example, water has a high capacity for heat (high
thermal capacity). This means that it can absorb a
lot of heat without its temperature rising to levels
that damage the proteins in the cytoplasm. However,
because water freezes at 0°C most cells are
damaged if their temperature falls below this and ice
crystals form in the cytoplasm. (Despite this, rapid
freezing of cells in liquid nitrogen at below -196°C
does not harm them.]

Diffusion of water

If a dilute solution is separated from a concentrated
solution by a partially permeable membrane, water
diffuses across the membrane from the dilute to the
concentrated solution. This is called osmosis and is
shown in Figure 3.10.

partially permeable

membrane
level rises | ]
77777777777777777777 level falls

-

-~ )
concentrated ——— — dilute
solution N solution

-~

A\ J

A Figure 3.10 Osmosis. Water will diffuse from the dilute
solution to the concentrated solution through the partially
permeable membrane. As a result, the liquid level will
rise on the left and fall on the right

A partially permeable membrane is permeable but
allows water to pass through more rapidly than
dissolved substances.

Since a dilute solution effectively contains more
water molecules than a concentrated solution, there

47




3 MOVEMENT INTO AND OUT OF CELLS

is a concentration gradient, which encourages the
passage of water from the dilute solution to the
concentrated solution.

In living cells, the cell membrane is partially
permeable and the cytoplasm and vacuole (in plant
cells) contain dissolved substances. As a result,
water tends to diffuse into cells by osmosis if they
are surrounded by a weak solution (e.g. fresh water).
If the cells are surrounded by a stronger solution
(e.g. sea water), the cells may lose water by osmosis.
These effects are described more fully later.

Animal cells

The cell in Figure 3.11 is shown surrounded by

pure water. Nothing is dissolved in the water; it

has 100% concentration of water molecules. So,
the concentration of free water molecules outside
the cell is greater than the concentration of water
molecules inside. As a result, water will diffuse into
the cell by osmosis. The membrane allows water to
go in or out. So, in our example, water can move
into or out of the cell. The cell membrane is partially
permeable to most of the substances dissolved in
the cytoplasm. So, although the concentration of
these substances inside may be high, they cannot
diffuse freely out of the cell. The water molecules
move into and out of the cell, but because there
are more of them on the outside, they will move in
faster than they move out. The liquid outside the
cell does not have to be 100% pure water. If the
concentration of water outside is higher than that
inside, water will diffuse in by osmosis.

.‘l/
s
U

(b) The extra water makes the
cell swell up.

(a) Thereis a higher
concentration of free water
molecules outside the cell
than inside, so water diffuses
into the cell.

A Figure 3.11 Osmosis in an animal cell

Water entering the cell will make it swell up and,
unless the extra water is removed in some way,
the cell will burst. In the opposite situation, if the

cells are surrounded by a solution which is more
concentrated than the cytoplasm, water will pass
out of the cell by osmosis and the cell will shrink.
Too much uptake or loss of water by osmosis may
damage cells. For this reason, it is very important
that the cells in an animal’s body are surrounded
by a liquid which has the same concentration as
the liquid inside the cells. In vertebrates, the
brain monitors the concentration of the blood and
the kidneys adjust it, as described in Chapter 13.
By keeping the blood concentration within narrow
limits, the concentration of the tissue fluid
remains more or less constant (see ‘Homeostasis’ in
Chapter 14). So, cells are not swollen by taking in
too much water or dehydrated by losing too much.

Plant cells

The cytoplasm of a plant cell and the cell sap in its
vacuole contain mineral ions, sugars and proteins.
This reduces the concentration of free water
molecules inside the cell. The cell wall is freely
permeable to water and dissolved substances, but
the cell membrane of the cytoplasm is partially
permeable. If a plant cell is surrounded by water or
a solution more dilute than its contents, water will
pass into the vacuole by osmosis. The vacuole will
expand and press outwards on the cytoplasm and
cell wall. The cell wall of a mature plant cell does
not stretch, so the inflow of water is limited by the
inelastic cell wall, as shown in Figure 3.12.

cytoplasm

1 there is a lower concentration of water
in the cell sap
2 water diffuses into the vacuole
3 and makes it push out against the cell wall

A Figure 3.12 Osmosis in a plant cell

This has a similar effect to blowing up a soft bicycle
tyre. The tyre is like the firm cell wall, the floppy
inner tube is like the cytoplasm and the air inside



is like the vacuole. If enough air is pumped in, it
pushes the inner tube against the tyre and makes
the tyre hard.

When plant cells have absorbed a maximum
amount of water by osmosis they become very rigid,
due to the pressure of water pressing outwards
on the cell wall. As a result, the stems and leaves
are supported. If the cells lose water, there is
no longer any water pressure pressing outwards
against the cell walls. So, the stems and leaves are
not supported any more. At this point, the plant
becomes limp and wilts (droops) (see Figure 3.13).

(a) plant wilting

(b) plant recovered after watering

A Figure 3.13 Wilting

Water potential

The water potential of a solution is a measure of
whether it is likely to lose or gain water molecules
from another solution. A dilute solution has a high
proportion of free water molecules. So, it has a
higher water potential than a concentrated solution.
Water will flow from the dilute to the concentrated
solution (from a high potential to a low potential).
Pure water has the highest possible water potential
because water molecules will flow from it to any
other aqueous solution, even if it is very dilute.
When cells containing sap with different water
potentials are in contact with each other, a water
potential gradient is made. Water will move from

a cell with a higher water potential (a more dilute
solution) to a cell with a lower water potential

Osmosis

(a more concentrated solution). This explains one way
in which water moves from root hair cells through to
the xylem of a plant root (see Figure 7.3 on page 102).

The importance of water potential

and osmosis in plants

A plant cell with the vacuole pushing out on the
cell wall is turgid (it is swollen because the cell
has taken up water) and the vacuole is exerting
turgor pressure on the inelastic cell wall. Turgor
pressure is the force inside the cell which pushes
outwards, pushing the cell membrane against the
cell wall.

If all the cells in a leaf and stem are turgid, the
stem will be firm and upright. The leaves are held
out straight. If the vacuoles lose water for any
reason, the cells will lose their turgor (a process
called plasmolysis) and become flaccid. (See
experiment 9 ‘Plasmolysis’ on pages 55-56.)

Root hair cells are touching water trapped
between soil particles. When the water potential of
the cell sap is lower than the water potential of the
soil water, the water will enter the cells by osmosis.
This gives the plant the water it needs. (This
process is described in more detail in ‘Water uptake’
in Chapter 7.)

When a farmer spreads chemical fertiliser on the
soil, the fertiliser dissolves in the soil water. Too
much fertiliser can lower the water potential of the
soil water. This can draw water out of the plant root
hair cells by osmosis. The plants can wilt and die.

Irrigation of crops (the supply of controlled
amounts of water to plants as they need it) can
have a similar effect. Irrigation which provides just
enough water for the plant can lead to a build-up of
salts in the soil. The salts will eventually cause the
soil water to have a lower water potential than the
plant root cells. Crops can then no longer be grown
on the land, because they wilt and die through
water loss by osmosis. Much agricultural land in hot
countries has become unusable because of the side-
effects of irrigation (Figure 3.14).
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A Figure 3.14 An irrigation furrow

Some countries apply salt to roads in the winter to
stop the formation of ice (Figure 3.15). However,
vehicle wheels splash the salt on to plants at

the side of the road. The build-up of salts in the
roadside soil can kill plants living there, due to
water loss from the roots by osmosis.

.
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A Figure 3.15 Salt gritter at work to prevent ice formation
onaroad

The importance of water potential
and osmosis in animal cells

and tissues

It is important that the fluid which bathes cells
in animals, like tissue fluid or blood plasma, has
the same water potential as the cell contents.
This prevents any net flow of water into or out of
the cells. If the bathing fluid has a higher water
potential (a weaker concentration) than the cells,
water will move into the cells by osmosis, causing
them to swell up. As animal cells have no cell wall

and the membrane has little strength, water would
continue to enter. The cells will eventually burst.
Single-celled animals like Amoeba (see Figure 2.35
on page 38) living in fresh water obviously have a
problem. They avoid bursting by having a contractile
vacuole. This collects the water as it enters the cell
and regularly releases it through the cell membrane,
keeping the water content of the cell under control.
When surgeons carry out operations on a patient’s
internal organs, they sometimes need to rinse a
wound. Pure water cannot be used as this would
enter any cells it met and cause them to burst. A
saline solution (salt solution), with the same water
potential as tissue fluid, has to be used.

During physical activity, the body may sweat to
keep a steady temperature. If liquids are not drunk
to make up for water loss through sweating, the
body can become dehydrated. Loss of water from
the blood results in the plasma becoming more
concentrated (its water potential decreases). Water
is then drawn out of the red blood cells by osmosis.
The cells become plasmolysed. Their surface area
is reduced, so they are less effective in carrying
oxygen (see Figure 3.16).

A Figure 3.16 Plasmolysed red blood cells

People doing sport sometimes use sports drinks
(Figure 3.17) which are isotonic (they have the
same water potential as body fluids). The drinks
contain water, salts and glucose. They are designed
to replace lost water and salts, and provide energy,
without creating osmotic problems to body cells.
However, use of these drinks when not exercising
vigorously can lead to weight gain in the same way
as the prolonged use of any sugar-rich drink.



Osmosis

3 Explain why the long-term use of irrigation in
farming can result in making the soil unsuitable
for growing crops.

4 Explain why it is more damaging for animal cells to
be immersed in water than plant cells.

5 When soil becomes saturated with water, it fills
up the air spaces between the soil particles.
Suggest why root hair cells may die in water-

logged soil. /

A Figure 3.17 People may use isotonic sports drinks

Practical work

Safety e Watch the level of liquid in the capillary tubing
over the next 10-15 minutes.

e FEye protection must be worn.
e Take care handling glass capillary tube, follow
your teacher’s guidance to avoid breakage.

Experiments on osmosis capillary tube

Some of the experiments use Visking’ dialysis
tubing. It is made from cellulose and is partially
permeable, allowing water molecules to diffuse
through freely, but limiting the passage of some
dissolved substances.

4 Osmosis and water flow

e Take a 20cm length of dialysis tubing that has

been soaked in water and tie a knot tightly at

one end. first Ievel
@ Place 3cms of a strong sugar solution in the

tubing using a plastic syringe and add a small

amount of coloured dye. elastic band
e Fit the tubing over the end of a length of

capillary tubing and hold it in place with an water
elastic band. Push the capillary tubing into the Dialysis tube
dialysis tubing until the sugar solution enters containing

the capillary. S\fvﬂf ;ﬂu;'yc;n
e Now clamp the capillary tubing so that the
dialysis tubing is totally covered by the water

. o A Fi 3.18D trati f i
in the beaker, as shown in Figure 3.18. fgure emonstration ofosmosis
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Result
The level of liquid in the capillary tube rises.

Interpretation

Water must be passing into the sugar solution
from the beaker. This is what you would expect
when a concentrated solution is separated from
water by a partially permeable membrane.

A process like this may be involved in moving
water from the roots to the stem of a plant.

5 Partial permeability

e Take a 15cm length of dialysis tubing that
has been soaked in water. Tie a knot tightly at
one end.

e Use a dropping pipette to partly fill the tubing
with 1% starch solution.

with an elastic band, as shown in Figure 3.19.

e Rinse the tubing and test tube under the tap
to remove all traces of starch solution from the
outside of the dialysis tube.

e Fill the test tube with water and add a
few drops of iodine solution to colour the
water yellow.

e Leave for 10-15 minutes.

e After this time, observe any changes in the
solution in the test tube.

elastic band

—-— dilute iodine solution

!

A Figure 3.19 Experiment to demonstrate the effect of a
partially permeable membrane

dialysis tubing containing
starch solution

e Put the tubing in a test tube and hold it in place

Result

The starch inside the dialysis tubing goes blue
but the 1odine solution outside stays yellow or
brown.

Interpretation

The blue colour is normal for the reaction that
takes place between starch and iodine solution.
This is used as a test for starch (see Chapter 4).
The results show that iodine molecules have
passed through the dialysis tubing into the
starch, but the starch molecules have not moved
out of the tubing into the 1odine solution. The
dialysis tubing is partially permeable because of
its pore size. Starch molecules are very large and
probably cannot get through the pores. Iodine
molecules are much smaller and can get through.

Note: This experiment shows that movement

of water is not necessarily involved, and the pore
size of the membrane makes it truly partially
permeable with respect to iodine solution

and starch.

6 The effects of water and sugar solution on
potato tissue

e Push aNo.4 or No.5 cork borer into a large
potato.

Caution: Do not hold the potato in your hand,;
use a board as in Figure 3.20().

e Push the potato tissue out of the cork borer
using a pencil, as in Figure 3.20(b). Prepare
a number of potato cylinders in this way and
choose the two longest. (They should be at
least 50mm long.) Cut these two accurately
to the same length, e.g. 50, 60 or 70mm.
Measure carefully.

o Label two test tubes A and B and place a
potato cylinder in each. Cover the potato
tissue in tube A with water; cover the tissue in
B with a 20% sugar solution.

o Leave the tubes for 24 hours.

e After this time, remove the cylinder from
tube A and measure its length. Notice also
whether it is firm or flabby. Repeat this for
the potato in tube B but rinse it in water
before measuring it.




Osmosis

(a) place the potato on a board

(b) push the potato cylinder out with a pencil

A Figure 3.20 Obtaining cylinders of potato tissue

Result

The cylinder from tube A should have increased
in length and feel firm. The cylinder from tube B
should have decreased in length and feel flabby.

Interpretation

The cells of the potato in tube A have absorbed
water by osmosis, causing an increase in the
length of the potato cylinder.

In tube B, the sugar solution is more concentrated
than the cell sap of the potato cells, so these cells
have lost water by osmosis. As a result, the potato
cylinder has become flabby and shorter.

An alternative to measuring the potato cores
is to weigh them before and after the 24 hours’
immersion 1In water or sugar solution. The
core in tube A should gain mass and that in
tube B should lose mass. It is important to

blot the cores dry with a paper towel before
weighing them.

Whichever method is used, the changes may
be quite small. So it is a good idea to collect
the results of the whole class. An increase in
length of 1 or 2mm might be due to an error in

measurement, but if most of the class record an
increase in length, then experimental error is
unlikely to be the cause.

7 The effects of varying the concentration of
sucrose solution on potato tissue

@ Push aNo.4 or No.5 cork borer into a
large potato.

Caution: Do not hold the potato in your hand;
use a board as in Figure 3.20(a).

e Push the potato tissue out of the cork borer
using a pencil, as in Figure 3.20(b). Prepare
six potato cylinders in this way and cut them
all to the same length. (They should be at least
50mm long.) Measure them carefully.

e Label six test tubes with the concentration of
sucrose solution in them (e.g. 0.0 mol dm-3,
0.2mol dm-3, 0.4 mol dm-3, 0.6 mol dm-3,
0.8mol dm-3 and 1.0 mol dm-2) and place them
in a test-tube rack.

e Add the same volume of the correct sucrose
solution to each test tube.

e Weigh a cylinder of potato, record its mass and
place it in the first test tube. Repeat until all the
test tubes have been set up.

e Leave the tubes for at least 30 minutes.

e After this time, remove the potato cylinder from
the first tube, surface dry the potato and re-
weigh it. Notice also whether it is firm or flabby.
Repeat this for the other potato cylinders.

e Calculate the change in mass and the
percentage change in mass for each cylinder.

(change in mass)
(mass at start)

Percentage change in mass =

e Plot the results on a graph with sucrose
concentration on the horizontal axis and
percentage change in mass on the vertical axis.

Note: There will be negative as well as positive
percentage changes in mass, So your graph axes
will have to allow for this.

Result

The cylinders in the weaker sucrose solutions
will have gained mass and feel firm. One of the
cylinders may have shown no change in mass.
The cylinders in the more concentrated sucrose
solutions will have lost mass and feel limp.

x 100

O
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Interpretation

If the potato cells are in a solution that has a
lower concentration than the solution in the

cell vacuoles, water will move into the cells

by osmosis. The potato will increase in mass
because of the extra water it has gained. The
cells swell up and this makes the potato feel firm.

If the potato cells are in a solution that has a
higher concentration than the solution in the
cell vacuoles, water will move out of the cells
by osmosis. The potato will decrease in mass
because it has lost water. The cell vacuoles are
no longer full of fluid and this makes the potato
feel limp.

Practical work questions

9 Inexperiment 4 (Figure 3.18), what do you
think would happen in these cases?

a A much stronger sugar solution was placed
in the cellulose tube.

b The beaker contained a weak sugar
solution instead of water.

¢ The sugar solution was in the beaker and
the water was in the cellulose tube?

10 In experiment 4, the column of liquid
accumulating in the capillary tube applies a
steadily increasing pressure on the solution in
the dialysis tubing. If a very long capillary is
used, when would you expect the net flow of
water from the beaker into the dialysis tubing
to stop?

11 For experiment 5, explain how the iodine
solution got into the dialysis tubing.

12 For experiment 5, suggest what would
happen if you did not rinse the dialysis tubing
thoroughly before placing it in the test tube.

13 For experiment 6, explain why the potato
cylinder in test tube A increased in length.

14 For experiment 6, suggest two safety
precautions you need to take when carrying
out this experiment.

15 Use data from your graph in experiment 7
to describe and explain the effect of changing
concentration of sucrose on potato tissue.

If you do not have your own data, use the
information in the table below to plot a
graph first.

concentration of sucrose | percentage change in
solution/mol dm-3 mass
0.0 +3.3
0.2 -2.5
0.4 -8.3
0.6 -10.0
0.8 -10.8
1.0 -12.5

8 Osmosis and turgor

e Take a 20cm length of dialysis tubing that has
been soaked in water and tie a knot tightly at
one end.

@ Place 3cms of a strong sugar solution in the
tubing using a plastic syringe (Figure 3.21(a))
and then knot the open end of the tube (Figure
3.21(b)). The partly filled tube should be quite
floppy (Figure 3.21(c)).

@ Place the tubing in a test tube of water for
30—45 minutes.

e After this time, remove the dialysis tubing
from the water and note any changes in how it
looks or feels.

Result

The tubing will become firm, swollen by the
solution inside.

Interpretation

The dialysis tubing is partially permeable

and the solution inside has fewer free water
molecules than outside. So, water has diffused
in and increased the volume and the pressure of
the solution inside.

This is a simple model of what is thought to
happen to a plant cell when it becomes turgid.
The sugar solution is like the cell sap and the
dialysis tubing is like the cell membrane and cell

wall together. Q



Osmosis

(a) place 3cm3 sugar solution in the dialysis tube

(b) knot tightly,

after expelling
the air bubbles

(c) the partly filled tube should
be flexible enough to bend

water —

dialysis tube —
containing
sugar solution

Figure 3.21 Experiment to model turgor in a plant cell

9 Plasmolysis

@ Peel a small piece of epidermis (the outer
layer of cells) from a red area of a rhubarb
stalk (see Figure 1.12(c) on page 8).

@ Place the epidermis on a slide with a drop
of water and cover with a cover-slip (see
Figure 1.12(b)).

e Put the slide on a microscope stage and find a
small group of cells.

e Place a 30% solution of sugar at one edge of
the cover-slip with a pipette. Move the solution
under the cover-slip by placing a piece of
blotting paper on the opposite side.

e Study the cells you identified under the
microscope and watch for any changes in
their appearance.

Result

The red cell sap will appear to get darker and
shrink, pulling the cytoplasm away from the cell
wall and leaving clear spaces. (It is not possible
to see the cytoplasm, but its presence can be
assumed because the red cell sap seems to have
a distinct outer boundary where it has separated
from the cell wall) Figure 3.22 shows the turgid
and plasmolysed cells.

(a) Turgid cells (x100). The cells are in a strip of epidermis
from a rhubarb stalk. The cytoplasm is pressed against
the inside of the cell wall by the vacuole.

A Figure 3.22 Demonstration of plasmolysis in
rhubarb cells
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10 The effects of varying the concentration of
sucrose solution on potato tissue

Refer back to experiment 7.

Interpretation

If the cells of the potato have absorbed water by
osmosis, there will be an increase in the mass
of the potato cylinder. This happens when the
external solution has a higher water potential
than the water potential inside the potato cells.
(The sucrose solution is less concentrated than
the contents of the potato cells.) Water molecules
move into each cell through the cell membrane.
The water molecules move from a higher water
potential to a lower water potential. The cells

(b) Plasmolysed cells (x100). The same cells as they
appear after treatment with sugar solution. The vacuole
has lost water by osmosis, shrunk and pulled the

cytoplasm away from the cell wall. become turgid, so the cylinder feels firm.
A Figure 3.22 Demonstration of plasmolysis in rhubarb If the cells of the potato have lost water by

cells (continued] osmosis, there will be a decrease in mass of the
Interpretation potato cylinder. This happens when the external

solution has a lower water potential than the water
potential inside the potato cells. (The sucrose
solution is more concentrated than the contents

of the potato cells.) Water molecules move out of
each cell through the cell membrane. The water
molecules move from a higher water potential

to a lower water potential. The cells become
plasmolysed or flaccid, so the cylinder feels
flabby.

The interpretation in terms of osmosis is given in
Figure 3.23. The cells are plasmolysed.

Practical work questions

1 the solution outside the cell is more 16 a Which part of a plant cell do the parts of the

concentrated than the cell sap

2 water diffuses out of the vacuole model represent?

3 the vacuole shrinks, pulling the cytoplasm i] dialysis tube
away from the cell wall, leaving the cell flaccid ii) the contents of the dialysis tube.

A Figure 3.23 Plasmolysis b Explain how the process you have

The plasmolysis can be reversed by drawing observed would be useful in a plant.

water under the cover-slip in the same way that 17 a Explain how a cell becomes plasmolysed.

you drew the sugar solution under. It may need b How could a plasmolysed cell be returned

two or three lots of water to move out all the to full turgor?

sugar. If you watch a group of cells, you should 18 Study your graph from experiment 7. Can you

see their vacuoles expanding to fill the cells predict the sucrose concentration which would

once again. be the equivalent to the concentration of the

cell sap in the potato cells?

. 19 Would you expect to get the same results if the
the ¢ oloured celll sap shows up. If rhub.arb 15 not potato cylinders had been boiled before the
available, the epidermis from a red onion scale investigation? Explain your answer,

can be used. /

Rhubarb is used for this experiment because




Active transport

FOCUS POINTS

* What is active transport?
* Why is active transport important for moving
molecules or ions across membranes?

Key definitions

Active transport is the movement of molecules or ions
into or out of a cell through a cell membrane from a
region of their lower concentration to a region of their
higher concentration against a concentration gradient,
using energy released during respiration.

The importance of active transport

If diffusion was the only way a cell could take in
substances, it would have no control over what went
in or out. Anything that was more concentrated
outside would diffuse into the cell even if it was
harmful. Substances which the cell needed would
diffuse out as soon as their concentration inside the
cell increased above their concentration outside it.
However, the cell membrane has a lot of control over
the substances which enter and leave the cell.

In some cases, substances are taken into or
removed from the cell against the concentration
gradient. For example, plants need to absorb mineral
ions from the soil, but these ions are in very dilute

"

Controlled diffusion

Although for any one substance the rate of diffusion
through a cell membrane depends partly on the
concentration gradient, the rate is often faster or slower
than expected. Water diffuses more slowly and amino
acids diffuse more rapidly through a membrane than
expected. In some cases, scientists think this happens
because the ions or molecules can pass through the
membrane through special pores. There may not be
many of these pores, or they may be open or closed in
different conditions.

Active transport

solution. Active transport allows the root hair cells
of plant roots to take up mineral ions from this
dilute solution against the concentration gradient.
Again, chemical energy from respiration is converted
into kinetic energy for movement of the ions.

Sodium ions may continue to pass out of a cell
even though the concentration outside is greater
than inside. The cells lining the small intestine take
up glucose against a concentration gradient. The
processes by which substances are moved against
a concentration gradient are not fully understood.
The processes may vary for different substances, but
they are described as active transport.

Anything which interferes with respiration,
like a shortage of oxygen or glucose, stops active
transport happening. This shows that active
transport needs a supply of energy from respiration.

Epithelial cells in the villi of the small intestine
have the job of absorbing glucose against a
concentration gradient. The cells contain large
numbers of mitochondria in which respiration takes
place. The chemical energy released is converted
into kinetic energy for the movement of the glucose
molecules. The same type of process happens in the
cells of the kidney tubules for the reabsorption of
glucose molecules into the bloodstream against their
concentration gradient.

In other cases, the movement of a substance can

be speeded up by an enzyme working in the cell
membrane. So, ‘'simple passive’ diffusion, even of water
molecules, may not be so simple or so passive where
cell membranes are involved.

When a molecule gets inside a cell, there are many
structures and processes which may move it from
where it enters to where it is needed. Simple diffusion is
unlikely to be the only way that this movement happens.
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Test yourself
6 Suggest why a cell stops taking in substances by 7 State which parts of a cell are responsible for
active transport which has been exposed to a releasing energy for active transport across the
a high temperature cell membrane
b respiratory poison. b controlling cell activities such as active transport
¢ storing mineral ions which have passed through
the cell membrane. /

.

Revision checklist
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Exam-style questions

Exam-style questions

1 Diffusion, osmosis and active transport 5 Some plant cells were placed on a microscope

are processes involved in the movement of
substances in a plant.
Complete the table by

a defining what each term means [4]
b giving one example of a substance moved
by the process in the plant. [5]

name of example of a substance moved
process definition by the process in the plant
diffusion
osmosis
active
transport

2 When a plant leaf is in daylight, its cells make

glucose from carbon dioxide and water. The
glucose is turned into starch straight away and
stored in plastids. Glucose is soluble in water;
starch is insoluble. With reference to osmosis,
suggest why it is an advantage for the plant to
convert the glucose to starch. [3]
When doing experiments with animal tissues they
are usually bathed in Ringer’s solution, which has
a concentration like the concentration of blood
or the fluid that surrounds cells. With reference
to osmosis, explain why this is necessary. [2]
Explain why a dissolved substance reduces

the number of ‘free” water molecules in a
solution. [2]

slide and covered with sugar solution, which

was more concentrated than the sugar inside

the cells.

a Describe what changes would happen in each
of the following cell parts:

i) cell wall [1]
ii) cytoplasm [1]
iii) sap vacuole. [1]
b With reference to water potential gradient,
explain how these changes occur. [2]
c i) State the differences between diffusion
and active transport. [2]
ii) Give one example of each process in
living organisms. [2]

The diagram shows a cylinder of potato tuber,
with a weight attached, in a container of water.
A second, identical cylinder of potato was set
up in the same way but placed in a container of
concentrated sugar solution. Both cylinders were
left for 3 hours.
a Describe and explain in terms of water
potential what would happen to

i) the potato in water [3]
ii) the potato in the concentrated
sugar solution. [3]

b State the name of the process involved in
causing any changes to the appearance of
the cylinders. [1]
¢ Root hair cells are involved in taking up
water and mineral ions from the surrounding
soil. State how the processes of taking up
these substances are different. [2]

Support

Concentrated
sugar solution
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absorption of phosphate/arbitrary units

The graph shows the absorption of phosphate
ions by the roots of a beech plant when kept in
an atmosphere of air or nitrogen. A represents
the concentration of phosphate in external
solution.

10

9- air

14 nitrogen

0 T T T T T 1
0 5 10 15 20 25 30

hours

b

State which plant cells absorb the

phosphate ions. [1]
Describe the absorption of phosphate ions by
the beech plant

i) in an atmosphere of air [2]
ii) in an atmosphere of nitrogen. [2]
Suggest what process is involved in the
absorption of phosphate ions. Explain

your answer. [3]



Focus

Biological molecules

In the last chapter, you learned about diffusion, osmosis and active transport and their importance in
moving materials in and out of cells. You will now understand how living organisms make use of these

processes and the problems that can be faced by cells. In this chapter you will develop a knowledge
of the main nutrients and substances that make up living things, and how you can use biochemical
tests for their presence in food. Which foods do you think are good sources of carbohydrate, lipids and
proteins? Will the food tests you carry out confirm this? DNA is also a key biological molecule. What is
its structure and what elements are presentin it?

Biological molecules

FOCUS POINTS

* What are the chemical elements that make up
carbohydrates, lipids, proteins and DNA?

* What are larger molecules made up of?

* What are the chemical tests for the presence of
starch, glucose and maltose, proteins and lipids?

Carbon is an element present in all biological molecules.
Carbon atoms can join to form chains or ring structures,
so biological molecules can be very large. They

are often built of repeating sub-units (monomers).
Oxygen and hydrogen are other elements that are
always present. Nitrogen is sometimes present. When
molecules are made of long chains of monomers held
together by chemical bonds, they are called polymers
(poly means ‘many’). Examples are polysaccharides
(chains of single sugar units like glucose), proteins
(chains of amino acids) and DNA (chains of units called
nucleotides, see Chapter 17). Molecules built of lots of
small units often have different properties from their
sub-units. This makes them suitable for specific jobs in
living things. For example, glucose is very soluble and
has no strength, but cellulose (a large molecule made
of glucose units) is insoluble and very tough - ideal for
making cell walls around plant cells.

Cells need chemical substances to make new
cytoplasm and to release energy, so, the organism must
take in food to supply the cells with these substances.
However, it is not as simple as this; most cells have
special jobs (Chapter 1) and so have different needs.

All cells need water, oxygen, mineral ions

and food substances though, and all cells are made up
of water, proteins, lipids, carbohydrates, mineral ions
and vitamins, or forms of them.

Carbohydrates

These may be simple, soluble sugars or complicated
materials like starch and cellulose, but all
carbohydrates contain carbon, hydrogen and oxygen
only. A common simple sugar is glucose, which has
the chemical formula C,H,,0,.

The glucose molecule is often in the shape of a
ring, shown as:

CH,0OH
i
C‘/ ‘\O

or more

H C o

T ‘/ simply as Q
% \

y c OH

A Figure 4.1 Glucose molecule showing ring structure

Two molecules of glucose can be joined to make a
molecule of maltose, C,,H,,0,, (Figure 4.2).

enzyme
O O KD e

CeM120s  CeHiy06 CiaM2201, H,0
glucose glucose maltose water

A Figure 4.2 Formation of maltose

Sugars with a single carbon ring are called
monosaccharides (e.g. glucose and fructose). Those
sugars with two carbon rings in their molecules
are called disaccharides (e.g. maltose and sucrose).
Mono- and disaccharides are readily soluble in water.
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Glycogen (Figure 4.3) is a large molecule made up of
glucose molecules. It is a food storage substance in
many animal cells.

The starch molecule is made up of hundreds of
glucose molecules joined to make long chains. Starch
is an important storage substance in plant cells.

Cellulose is made of even longer chains of glucose
molecules. The molecules in the chain are grouped
together to make microscopic fibres, which are laid
down in layers to make the cell wall in plant cells
(Figures 4.4 and 4.5).

Glycogen, starch and cellulose are not very
soluble in water.

,,r/‘ %lm w" )» »m\- )“w)“;;wm
/ﬁo‘ ;
tﬁ!ﬁ w%)m\\\\) !

cellulose
fibre

cellulose
molecule

\\ ’ \ N "'\\_\ NN

~

A Figure 4.4 Cellulose. Plant cell walls are made of long,
interconnected cellulose fibres. These are large enough
to be seen with the electron microscope. Each fibre is
made up of many long-chain cellulose molecules
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A Figure 4.5 Scanning electron micrograph of a plant cell
wall (x20000) showing the cellulose fibres

Lipids

Lipids are fats and oils. Fats are a solid form of
this group of molecules. When lipids are liquid they
are known as oils. Lipids are made from carbon,
hydrogen and oxygen only. A molecule of lipid is
made up of three molecules of an organic acid,
called a fatty acid, joined with one molecule

of glycerol.

H,—C—O— | fatty acid
|

glycerol { H—C—O— | fatty acid
|

H,—C—O— | fatty acid

Drawn simply, lipid molecules can be shown as in
Figure 4.6.
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fatty acid

IR

chemical bond

glycerol

A Figure 4.6 Lipid molecule

Lipids form part of the cell membrane and the
internal membranes of the cell like the nuclear
membrane. Droplets of lipid form a source of energy
when stored in the cytoplasm.

Proteins

Some proteins are part of structures in the cell, for
example, the cell membranes, the mitochondria,
ribosomes and chromosomes.

There is another group of proteins called enzymes.
Enzymes are present in the membrane systems, in
the mitochondria, in special vacuoles and in the fluid
part of the cytoplasm. Enzymes control the chemical
reactions that keep the cell alive (see Chapter 5).

Although there are many different types of
protein, they all contain carbon, hydrogen, oxygen

and nitrogen, and many contain sulfur. Their
molecules are made up of long chains of simpler
chemicals called amino acids (Figure 4.7).

amino acids

chemical bond

A Figure 4.7 Protein molecule (part of]

There are about 20 different amino acids in animal
proteins. These include alanine, leucine, valine,
glutamine, cysteine, glycine and lysine. A small
protein molecule can be made up from a chain
consisting of a hundred or more amino acids, for
example, glycine-valine-valine-cysteine-leucine-
glutamine-, etc. Each type of protein has its amino
acids arranged in a special sequence.

DNA

A DNA molecule contains the elements carbon,
hydrogen, oxygen, nitrogen, phosphorus and
sometimes sulfur. It is made up of long chains of
nucleotides, formed into two strands. A nucleotide
is made up of a 5-carbon sugar molecule joined to a
phosphate group (-P0,) and an organic base
(Figure 17.5 on page 286).

= Going further

Synthesis and conversion in cells

Cells can build up [synthesise) or break down their
proteins, fats and carbohydrates, or change one to
another. For example, animal cells synthesise glycogen
from glucose by joining glucose molecules together
(Figure 4.3); plant cells synthesise starch and cellulose
from glucose. All cells can make proteins from amino
acids. They can also build up lipids from glycerol and

fatty acids. Animal cells can change carbohydrates to
lipids, and lipids to carbohydrates; they can also change
proteins to carbohydrates, but they cannot make proteins
unless they are supplied with amino acids. However,
plant cells can make their own amino acids using sugars
and mineral ions. The cells in the green parts of plants
can even make glucose starting from only carbon dioxide
and water (see ‘Photosynthesis’ in Chapter 6).

/

V¥ Table 4.1 Summary of the main nutrients

Nutrient Elements present Examples Sub-units
carbohydrate carbon, hydrogen, oxygen starch, glycogen, cellulose, glucose
sucrose
lipid carbon, hydrogen, oxygen vegetable oils, e.g. olive oil; fatty acids and glycerol
(but lower oxygen content animal fats, e.g. cod liver oil,
than carbohydrates) waxes
protein carbon, hydrogen, oxygen, enzymes, muscle, amino acids (about 20
nitrogen, sometimes sulfur haemoglobin, cell different forms)
or phosphorus membranes
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b Test yourself

1 State which type of molecule contains the following
sub-units:

amino acids

fatty acids

glucose

glycerol

nucleotide.

oD onNn T o

2 Which nutrients contain nitrogen atoms?
3 Explain why there are many more different proteins
than carbohydrates.
4 a What do the chemical structures of
carbohydrates and lipids have in common?
b How do their chemical structures differ?

/

Safety

e Eye protection must be worn.

e Take care using iodine solution — it can stain
skin and clothes.

e Take care handling hot water.

Food tests
1 Test for starch

@ Shake a small amount of starch powder in
a test tube with some warm water. This will
make a starch suspension.

e Add 3 or 4 drops of iodine solution. A blue-
black colour should be produced.
Note: It is also possible to use iodine solution
to test for starch in leaves, but a different
method is used (see Chapter 6).

2 Test for reducing sugar (e.g. glucose, maltose)

@ Heat 2cm? depth of glucose solution with an
equal volume of Benedict’s solution in a test
tube. Place the test tube in a beaker of boiling
water to heat it (see Figure 4.8), or warmitina
water-bath. The solution will change from clear
blue to cloudy green, then yellow and finally to
a red precipitate (deposit) of copper(l) oxide,
because glucose is a reducing sugar.

3 Test for protein (biuret test)

o Place 2cm? depth of 1% albumen solution
(the protein of egg white) in a test tube. Add
2 cms? dilute (0.4 mol dm-3) sodium hydroxide
(CARE: this solution is an irritant), followed by

2cm? 1% copper sulfate solution. This is the
biuret test. A purple colour indicates protein.
If you run the copper sulfate into the test tube
without mixing, you will see a violet halo
where the two liquids touch each other.

4 Test for lipid

@ Shake two drops of cooking oil with about
5cms? ethanol in a dry test tube until the
lipid dissolves.

e Pour this solution into a test tube containing
a few cm? water. A milky white emulsion will
form. This shows that the solution contained
some fat or oil.

Safety

@ Do not attempt these tests if you have an
allergy to any of the foods being tested,
€.g. peanuts.

Application of the food tests

The tests can be used on samples of food like milk,
potato, cassava, raisins, onion, beans, egg-yolk or
peanuts to find out what food materials are present.
Crush the solid samples in a mortar and shake with
warm water to get a solution or suspension. Pour
small amounts of the watery mixture into several
test tubes. Test the samples for starch, glucose or
protein as described above. To test for lipids, the
food must first be crushed in ethanol, not water,
and then filtered. Pour the clear filtrate into water.
A milky colour indicates the presence of lipids.
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A Figure 4.8 Experiment to test foods for different nutrients
Practical work questions 2 Describe what safety precautions you would
1 A test on afood gives the following results: take when carrying out a food test for
e [t turns blue-black with iodine solution. a protem
e [t turns milky with ethanol. b maltose.
What nutrients does the food contain? Explain Explain your answers.
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Exam-style questions

1 a State what chemical structures carbohydrates

and lipids have in common. [2]
b Describe how their chemical structures
differ. [3]

2 Protein and carbohydrate molecules have some
features in common and some features which
make them different.

a State one feature which they both have.  [1]
b State two features which make

them different. [2]

State the name of the group of nutrients

to which cellulose, glycogen and starch

all belong. [1]

b Complete the table by stating one function
of each of the molecules and where they

3 a

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

b State the precautions you would take

when carrying out this food test. [3]
¢ State the colour change you would observe
if the fruit juice did contain glucose. [1]
5 Complete the table to compare carbohydrates,
lipids and proteins. [6]
nutrient elements present | sub-unit(s) present
carbohydrate
lipid
protein

are found in a cell. [6]
function
nutrient of nutrient where the nutrient
molecule molecule molecule is found in a cell
cellulose
glycogen
starch

4 Three types of fruit juice, A, B and C, were
tested.
a The fruit juices tasted sweet. Describe
how you would test them to see if they
contained glucose. [3]

6 The following is a list of nutrient molecules and
their sub-units:

amino acid cellulose lipid

fatty acid glucose glycerol
glycogen protein starch

State which molecules

a are polymers [4]
b are carbohydrates [4]
¢ are sub-units of larger molecules. [4]




Enzymes

Focus

In the previous chapter you developed your knowledge and understanding of biological molecules.
You discovered the importance of carbon atoms in their formation. You now know that the
properties of key biological molecules make them suitable for many different uses in the organism.

For example, some protein molecules form enzymes. In this chapter you will find out about the
properties of enzymes and how they work. You will meet the terms complementary shape and active
site. In what ways are enzymes similar to, and different from, catalysts? Why does an enzyme

only work on one chemical? Once you understand how enzymes work, you will be able to answer
these questions.

FOCUS POINTS

* What is a catalyst?
* What are enzymes and why are
they important?
* How do enzymes catalyse reactions?
* Why are enzymes specific to only one reaction?
* What are the effects of temperature and pH on
enzyme activity and why?

/

Key definitions

A catalyst is a substance that increases the rate of a
chemical reaction and is not changed by the reaction.

Enzymes are proteins that function as biological
catalysts and are involved in all metabolic
reactions.

Enzymes are proteins that act as catalysts. They
are made in all living cells. Enzymes, like all
catalysts, can be used repeatedly because they
are not used up during the reaction. Also, only
small amounts are needed to speed the reaction

up (Figure 5.1). They are important because they

control the reactions in the cell. They make sure

that these reactions occur quickly enough for the

cell to function.

) start of a cellulose
enzyme picks

molecule
up glucose -
molecule OOO
0 C> enzyme

enzyme joins glucose
molecule to the others

QO
glucose

moleculesOO
0o
- A

N

A Figure 5.1 Building up a cellulose molecule

KKK S

cellulose molecule
grows longer

enzyme released
to be used again

Enzyme action

An enzyme-controlled reaction involves a substrate,
an enzyme and a product. The substrate and product
may be two or more different molecules:

substrate _enzyme, product

The substance on which an enzyme works is called
its substrate and the molecules produced are called
the products. For example, the enzyme sucrase
works on the substrate sucrose to produce the
monosaccharide products glucose and fructose.
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Enzymes are specific

Specificity simply means that an enzyme which
normally works on one substrate will not act on a
different one. Figure 5.2(a) shows how the shape of

an enzyme can control what substrates it joins with.

The enzyme in Figure 5.2(a) has a shape called the
active site, which exactly fits the substrates on
which it works but which will not fit the substrate
in Figure 5.2(b). The shape of the active site of the
enzyme molecule and the substrate molecule are
said to be complementary. This model is called the
‘lock and key” hypothesis. The enzyme molecule is
the lock and the substrate (molecules A and B in
Figure 5.2(a)) is the key. For example, an enzyme
which breaks down starch to maltose will not also
break down proteins to amino acids.

In addition, if a reaction takes place in stages,
such as:

starch —> maltose (stage 1)

maltose —> glucose (stage 2)

a different enzyme is needed for each stage. The
names of enzymes usually end with -ase and they
are named according to the substrate on which
they work or the reaction which they speed up. For
example, an enzyme that works on proteins may be
called a protease; one that removes hydrogen from
a substance is a dehydrogenase.

When the enzyme joins with the substrate, an
enzyme-substrate complex is formed temporarily.
The product (substance AB in Figure 5.2(a)) is released
from the enzyme’s active site and the enzyme is
then free to repeat the reaction with more substrate
molecules. Figure 5.2(b) shows an enzyme speeding
up a chemical change, but this time the molecule of
a substance is split into smaller molecules. Again,
when the enzyme joins with the substrate, an
enzyme-substrate complex is formed temporarily.

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Molecules of the two substances can combine
without the enzyme being present, but the
process would be very slow (it could take hours
or days to happen without the enzyme: too
slow to keep an organism alive). By bringing the
substances close together, the enzyme molecule
makes the reaction take place much more rapidly.
The process can be extremely fast: catalase, a
very common enzyme found in most cells, can
break down 40000 molecules of hydrogen peroxide
every second! A complete chemical reaction takes
only a few seconds when the right enzyme is
present.

Try chewing a piece of bread but keep it in your
mouth without swallowing it. Eventually you should
detect the food tasting sweeter, as maltose sugar is
formed. If starch is mixed with water, it will break
down very slowly to sugar. The process takes years.
In your saliva there is an enzyme called amylase.
This can break down starch to sugar in minutes or
seconds. In cells, many of the enzymes are helping
to break down glucose to carbon dioxide and water
to release energy (Chapter 10).

As well as enzymes being responsible for
joining two substrate molecules together, like
two glucose molecules to form maltose, they can
also make long chains. For example, hundreds of
glucose molecules can be joined, end to end, to
make a long molecule of starch. This is stored in
the plastid of a plant cell. The glucose molecules
can also be built up into a molecule of cellulose,
to be added to the cell wall. Protein molecules are
built up by enzymes, which join tens or hundreds
of amino acid molecules. These proteins are added
to the cell membrane, to the cytoplasm or to the
nucleus of the cell. They may also become the
proteins that work as enzymes.
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enzyme
molecule

molecules of two
substances A and B

(a) a ’building-up’ reaction
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molecule of
substance

enzyme
molecule

(b) a 'breaking-down’ reaction

A Figure 5.2 The lock and key hypothesis for enzyme action

Figure 5.2 shows the lock and key hypothesis. This
hypothesis suggests that the shape of an enzyme's
active site is complementary to the substrates on
which it works.

Effects of temperature and pH

Enzymes and temperature

A rise in temperature increases the rate of most
chemical reactions; a fall in temperature slows them
down. Figure 5.3 shows the effect of temperature on
an enzyme-controlled reaction.
Usually, a rise of 10 °C will double the rate of an
enzyme-controlled reaction in a cell, up to
an optimum temperature of about 37 °C (body
temperature). This is because the enzyme and
substrate molecules are constantly moving, using
kinetic energy. The reaction only happens when
the enzyme and substrate molecules collide with
each other. As the temperature is increased, the
molecules gain more kinetic energy, so they move
faster and there is a greater chance of collisions
happening. So, the rate of reaction increases.
Above the optimum temperature (about 50 °C)
the molecules gain even more kinetic energy, but
the reaction will slow down. This is because enzyme
molecules are proteins. Protein molecules start to lose
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molecules
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molecules of substances
combine with enzyme’s active
site for a short time

enzyme's active site combines
with substance for a short time

together

new substance
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enzyme free to
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another reaction

molecule

breaks at

this point m
two substances
produced

enzyme free to
take part in
next reaction

their shape at higher temperatures, so the shape of
the active site changes. As a result, although there are
more collisions due to the molecules having greater
kinetic energy, the number of effective collisions
reduces. Substrate molecules cannot fit together with
the enzyme, stopping the reaction.

Not all the enzyme molecules are affected straight
away, so the reaction does not suddenly stop; it is a
gradual process as the temperature increases above
37°C. Denaturation is a permanent change in the
shape of the enzyme molecule. Once it has happened,
the enzyme will not work anymore, even if the
temperature is reduced below 37 °C.

A

reaction rate

T T 1
0 20 40 60

temperature/°C

A Figure 5.3 Graph showing the effect of temperature on
the rate of an enzyme-controlled reaction
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This is one of the reasons why organisms may be
killed by continued exposure to high temperatures. The
enzymes in their cells are denatured and the chemical
reactions happen too slowly to keep the organism alive.

Egg white is a protein called albumin. When it is
heated, its molecules change shape. The egg white
goes from a clear, runny liquid to a white solid.

It cannot be changed back again. The egg white
protein, albumen, has been denatured by heat.

Proteins make enzymes and many of the
structures in the cell. So, if they are denatured
the enzymes and the cell structures will stop
working. The cell will die. Whole organisms may
stay alive for a time above 50 °C. This depends on
the temperature, the period of exposure and the
proportion of the cells that are damaged.

One way to test if a substance is an enzyme is
to heat it to boiling point. If it can still carry out

its reactions after this, it cannot be an enzyme.
This technique is used as a control (see ‘Aerobic
respiration” in Chapter 10) in enzyme experiments.
Scientists are starting to discover exceptions
to the ways some enzymes are affected by high
temperatures. There are some bacteria that live in
an environment where the temperature is very high.
Examples include species that live successfully in
hot springs and around hydrothermal vents in the
deep oceans (Figure 5.4). They have enzymes that
are made of very stable proteins; their active sites
are not deformed by temperatures above 50 °C.
Scientists are very interested in these enzymes. They
could be used in industrial applications where high
temperatures are needed. For example, biological
washing powders containing these enzymes could
be used at a high temperature to remove difficult
stains. Normally, the enzymes would be denatured.

? Worked example

The table shows the results of an experiment investigating
the effect of temperature on an enzyme reaction.

temp°C rate of reaction/arbitrary units
15 0
25 8
35 21
45 41
55 49
65 23
75 0
1 a Plot a graph to show the effect of temperature on the rate
of reaction.
60
50 /-—\
40

N w
(@) o

rate of reaction/arbitrary units

» 4
0 C/ \—\
0 10 20 30 40 50 60 70 80
temperature/°C

Your graph should have the correct axis, with the
independent variable (temp) as the x-axis and the dependent
variable (rate of reaction) as the y-axis.

b What was the optimum temperature for this reaction?
55°C. This is the temperature at which the rate of
reaction is greatest.

¢ Calculate the percentage increase in reaction rate
between 20 and 40°C.

The rate at 20°C = 4, the rate at 40°C = 32
increaseinrate=32-4=28

percentage increase in reaction rate = increase/starting
rate x 100

=28/4 x 100 = 700%
2 Calculate the percentage change in reaction rate between
60and 70°C.

At 60°C the rate is 38, at 70°C the rate is 11. The change in
rateis 38 - 11 = 27.

The percentage change = 27/38 x 100 = 71%

3 a Atwhich two temperatures was the reaction rate 30?
39°Cand 62°C

b Suggest why the rate was the same even though the

temperatures were different.
At 39°C, the temperature is not quite the optimum, so
the number of collisions is still limited, affecting the
rate of reaction. At 62°C, although the temperature is
higher and so there will be more collisions, some of
the enzyme molecules will have been denatured, so
the rate of reaction is limited.
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A Figure 5.4 A hydrothermal vent, made as a result of
volcanic activity on the sea floor. It is a good habitat for
marine organisms, including bacteria and invertebrates,
because the water is so rich in nutrients. However, these
organisms need to survive at very high temperatures

Enzymes and pH

Acid or alkaline conditions can denature some
enzymes. Most enzymes work best at a particular

P,

Intracellular and extracellular enzymes

All enzymes are made inside cells. Most of them remain
inside the cell to speed up reactions in the cytoplasm
and nucleus. These are called intracellular enzymes
(‘intra” means ‘inside’). Some enzymes made in the cells
are let out of the cell to do their work outside. These

are extracellular enzymes (‘extra’ means ‘outside’).
Fungi and bacteria (see 'Features of organisms’ in

Effects of temperature and pH

level of acidity or alkalinity (pH), as shown in
Figure 5.5.

The protein-digesting enzyme in your stomach,
for example, works well at an acidity of pH 2. At this
pH, the enzyme amylase, from your saliva, cannot
work at all. Inside the cells, most enzymes will
work best in neutral conditions (pH 7). The pH or
temperature at which an enzyme works best is called
its optimum pH or temperature. Conditions in the
duodenum are slightly alkaline: the optimum pH for
pancreatic lipase is pH 8.

Although changes in pH affect the activity of
enzymes, these effects are usually reversible, i.e. an
enzyme that is disabled by a low pH will restart its
normal activity when its optimum pH is met again.

A

pepsin
pancreatic
lipase

most
enzymes

reaction rate

pH
A Figure 5.5 The effect of pH on digestive enzymes

Chapter 2) release extracellular enzymes to digest their
food. A mould growing on a piece of bread releases
starch-digesting enzymes into the bread and absorbs
the soluble sugars that the enzyme produces from the
bread. In the digestive systems of animals ((Human
digestive system’ in Chapter 8], extracellular enzymes
are released into the stomach and intestines to digest
the food.
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b Test yourself

1 Copy and complete the table using a tick (¢/] or a
cross (x) to show which of the following statements
apply to enzymes and/or any other catalysts.

any other

statement enzymes | catalysts

Their activity is stopped by
high temperature.

They speed up chemical
reactions.

They are proteins.

They are not used up
during the reaction.

2 How would you expect the rate of an enzyme-controlled
reaction to change if the temperature was raised
a from 20°Cto30°C
b from35°Cto55°C?
Explain your answers.

3 Apple cells contain an enzyme that turns the tissues
brown when an apple is peeled and left for a time.
An apple dipped in boiling water does not go brown

(Figure 5.6). Explain why this apple behaves differently.

W }:l- \
B &N
bo, WA

A B C

A Figure 5.6 Experiment to investigate enzyme activity in
an apple. Slice A has been freshly cut. B and C were cut
2 days earlier, but C was dipped immediately in boiling
water for 1 minute

4 Suggest why amylase from the mouth does not work
in the stomach.

5 Would pepsin from the stomach work effectively in
the small intestine? Explain your answer.

6 With reference to enzymes, explain the meaning of
the terms
e complementary
e active site.

7 Explain why, in an enzyme-controlled reaction in the
human body, the rate of reaction starts to go down
at temperatures above 40°C, even though there is
more kinetic energy available for the molecules.

/

Tests for proteins are described in Chapter 4.
Experiments on the digestive enzymes amylase
and pepsin are described in Chapter 8.

Safety

e LEye protection must be worn.

@ Take care handling hydrogen peroxide — it
can burn the skin

@ Take care handling hot water or a water-bath.

1 Extracting and testing an enzyme from
living cells

In this experiment, catalase is the enzyme to be
extracted and tested and the substrate is hydrogen
peroxide (H,0O,). Some reactions in the cell
produce hydrogen peroxide, which is poisonous.
Catalase makes the hydrogen peroxide harmless
by breaking it down to water and oxygen.

2H,0, —3tase_, op 0 4 0,
e Crind a small piece of liver with about 20 cm?
water and a little sand in a mortar. This will break
open the liver cells and release their contents.

e Filter the mixture and share it between
two test tubes, A and B. The filtrate will
contain many substances dissolved out from
the cytoplasm of the liver cells, including
enzymes. However, only one of these,
catalase, will work on hydrogen peroxide
because enzymes are specific.

e Add some drops of the filtrate from test tube A
to a few cm? of 20 vol (6%) hydrogen peroxide
in another test tube. You will see a strong
reaction as the hydrogen peroxide breaks
down to produce oxygen. (The oxygen can be
tested with a glowing splint.)

e Now boil the filtrate in tube B for about 30
seconds. Add a few drops of the boiled filtrate
to a fresh sample of hydrogen peroxide.
There will be no reaction because boiling has
denatured the catalase.

o Next, shake a little manganese(IV) oxide
powder (CARE: manganese(IV) oxide
powder is harmful) in a test tube with some
water and pour this into some hydrogen
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peroxide. There will be a vigorous reaction
like the one with the liver extract.

@ Now boil some manganese(IV) oxide with water
and add this to hydrogen peroxide. The reaction
will still occur. Manganese(IV) oxide is a catalyst,
but you know it is not an enzyme because
heating has not changed its catalytic properties.

@ The experiment can be repeated with a piece
of potato to compare its catalase content with
catalase in liver. Make the piece of potato
about the same size as the liver sample.

Investigate a range of plant tissues to find out

which is the best source of catalase. Decide

how to make quantitative comparisons

(cbservations which involve measurements).

Possible plant tissues include cassava, potato,

celery, apple and carrot.

2 The effect of temperature on an enzyme reaction

e Amylase is an enzyme that breaks down
starch to a sugar (maltose).
e Use a plastic syringe (or graduated pipette)
to measure 5 cm? of 5% amylase solution and
place 1cm?in each of three test tubes labelled
A, BandC.
e Rinse the syringe thoroughly and use it to
place Scm? of a 1% starch solution in each of
three test tubes labelled 1, 2 and 3.
e Using a dropping pipette, add six drops of
dilute iodine solution to each of the tubes 1 to 3.
® Prepare three water-baths by half filling
beakers or jars with
a ice and water. Keep adding ice during the
experiment to keep the temperature at
about 10°C

b water from the cold tap at about 20°C (if
you are working in a hot room, add some
ice as needed)

¢ warm water at about 35 °C by mixing hot
and cold water.

® Place tubes 1 and A in the cold water-bath,
tubes 2 and B in the water at 20 °C, and tubes
3 and C in the warm water.

e Leave the three beakers for 5 minutes to reach
the temperature of the water they are each in
(Figure 5.6).

e After 5 minutes, take the temperature of each
water-bath, then pour the amylase from tube A
into the starch solution in tube 1. Then put tube
1 back in the water-bath.

® Repeat this with tubes 2 and B, and 3 and C.

® Asthe amylase breaks down the starch, it will
cause the blue colour to disappear. Make a
note of how long this takes in each case.

6 drops iodine solution
in tubes 1-3

starch

§0|tutt|)on amylase
|1n 3u es in tubes
B A-C

note the time and add the amylase to the starch solution

A Figure 5.7 Experiment to investigate the effect of
temperature on an enzyme reaction

3 The effect of pH on an enzyme reaction

o Label five test tubes 1 to 5 and use a plastic
syringe (or graduated pipette) to place 5 cm?
of a 19 starch solution in each tube.

® Add acid or alkali to each tube as shown in the

sodium carbonate to acid.

table. Rinse the syringe when changing from
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Tube | Chemical T e Using a clean dropping pipette, remove a
: : small sample from the tube and add one drop
1 1cmssodium 9 (alkaline) to one of the iodine solution drops in the cavity
carbonate solution . . . .
(0.05 mol dm-3) tile. Rinse the pipette in a beaker of water
) 05 cme cod 7 g (sliantl between each sample. Keep on sampling in
2 cmesodium ) stigntly this way every 30 seconds.
carbonate solution alkaline) .
(0.05 mol dm-3) e When any of the samples does not give a blue
. colour, this means that the starch in that tube
3 nothing 6-7 (neutral)
: : has been completely broken down to sugar by
4 2 cms ethanoic 6 (slightly the amylase. Note the time when this happens
(acetic) acid (0.1 acid) for th Ki los
mol dm-] or the tube. Stop taking samples from
- : that tube.
S [z‘azzjjtggzo['& 3 lacid) ® Repeat with each of the remaining tubes.
mol dm-3) ' e Stop §ampling the remaining tubes after about
15 minutes. Put a drop from each tube on to
° Place. seyeral rows of iodine solution drops in a piece of pH paper or mix with a few drops
a cavity tile. of universal indicator solution in a cavity tile.
e® Place 5 cm? of 5% amylase solution in a clean Compare the colour produced with a colour
syringe and place 1 cms in the first tube. chart of pH values.

Shake the tube and note the time (Figure 5.7).

1cm?3 0.5cm? sodium 2cm? 4cm?
sodium carbonate ethanoic ethanoic
carbonate solution acid acid

solution

-

5cm? starch solution in each tube

note the time and add 1cm? amylase to each

test samples
with iodine
solution

rinse the pipette
between samples

A Figure 5.8 Experiment to investigate the effect of pH on an enzyme reaction
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

acidic neutral alkaline

A Figure 5.9 A colour chart for Universal Indicator y.

75




5 ENZYMES

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Exam-style questions

1 a i) Explain the term enzyme. [2]
ii) State two ways in which an inorganic
catalyst is different from an enzyme. [2]

b Explain how the speed of an enzyme-
controlled reaction is affected by changes in
i) temperature [3]
i) pH. [3]
Support your answers using sketch graphs.

2 The diagram shows an experiment to investigate
the effect of temperature on removing fat stains
using an enzyme-containing washing powder.
Three identical T shirts with identical fat stains
were washed with the washing powder at three
different temperatures, 15 °C, 35°C and 70 °C.

A B C

shirts before
washing

all shirts washed for 15 minutes

{S)
ff
shirts after
washing
temperature
of wash e G e C e 2C

a Complete the diagram to state the temperature
at which each shirt was washed. [1]

b Explain the result for shirts A, B and C. [1]

¢ Suggest two changes to the method which
could have resulted in the complete

removal of the stain from shirt C. [2]
d i) State the name of the type of enzyme that
was present in the washing powder. [1]

ii) Another shirt had blood stains. Suggest
an enzyme that would need to be present
in the washing powder to remove
these stains. [1]

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

3 a i) Describe how you would carry out an
investigation to show the effect of
changing temperature on the reaction
between a piece of vegetable and
hydrogen peroxide. [6]

ii) State two safety precautions you
would take when carrying out this
investigation. [2]
b Explain why digestion of starch in bread,
started in the mouth, stops when the bread
reaches the stomach. [2]
4 The diagram shows an investigation into the
permeability of Visking tubing and the action of
an enzyme on an unknown solution.

Experiment 1

start after 15 minutes
7 ( N r
% % +— iodine solution
o stays brown
iodine
[~ solution
visking bag (brown)
tied at both e solution W
ends ) turns
solution blue-black
w
%ﬁ (colourless) %
Experiment 2
start after 15 minutes
N s ~N r
1 iodine
colourless (stc))lutlor;
. rown
solution W solution W
plus enzyme —_— now slightly
at 35 °C brown

a i) State what the results of experiment 1
indicate about the permeability of the

Visking bag to iodine solution. [1]
ii) Suggest what nutrient was present in
the solution. [1]

iii) Suggest why the iodine solution
surrounding the bag stayed brown. [1]
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b In experiment 2:
i) Suggest why the enzyme in the bag was

kept at 35°C. [1]
ii) Explain why the solution in the bag
was still brown after 15 minutes. [2]

Two groups of students carried out an
investigation into the effect of temperature on
the reaction between hydrogen peroxide and the
enzyme catalase in sweet potato extract. The
reaction produces oxygen, which was collected
for 10 minutes at each temperature.

The results are shown in the table below.

volume of oxygen produced/cms3
temperature/°C group 1 group 2
20 9 7
30 38 36
40 52 50
50 35 33
60 10 8

Calculate the mean volume of oxygen

produced at each temperature. [2]
Plot a graph of the mean results. Label
the axes. [4]
i) Suggest the optimum temperature for
the reaction. [1]
ii) Predict what the volume of oxygen
produced would be at 70 °C. [1]

iii) The students expected that the
enzyme would be denatured at
temperatures above body temperature.
Explain why the volume of oxygen
produced at 50 °C was not zero. [2]

For the reaction in the investigation,

state the name(s) of

i) the substrate [1]

ii) the products. [2]




Focus

Plant nutrition

In the previous two chapters you found out about biological molecules, the properties of enzymes
and their role in cells. Now we can apply that knowledge to a group of living organisms:

photosynthesising plants. They are adapted to make their own biological molecules through the
process of photosynthesis. Every step in the process is controlled by enzymes. At the end of this
chapter you will be able to answer these questions: What food do plants make? What do they use it
for? How do they make use of the properties of different biological molecules?

Photosynthesis

FOCUS POINTS

* What is photosynthesis?
* What is chlorophyll and what does it do?

of photosynthesis?

* How are the products of photosynthesis stored and what are they used for?
* What is the effect of light intensity, carbon dioxide concentration and temperature on the rate

/

Key definitions

Photosynthesis is the process by which plants make
carbohydrates from raw materials using energy
from light.

All living organisms need food. They need it as

a source of raw materials to build new cells and
tissues as they grow. They also need food as a
source of energy. Food is a kind of fuel that drives
vital living processes and enables chemical changes
(see ‘Diet” in Chapter 8 and ‘Aerobic respiration” in
Chapter 10). Animals take in food, digest it and use
the digested products to build their tissues or to
release energy.

Plants also need energy and raw materials but,
apart from a few insect-eating species, plants do
not take in food. The most likely source of their
raw materials seems to be the soil. However,
experiments show that the weight gained by a
growing plant is much more than the weight lost
by the soil it is growing in. So there must be other
sources of raw materials.

A hypothesis or theory to explain the source of
food in a plant is that it makes it from air, water
and soil mineral salts. Carbohydrates (like glucose,
CeH,,04 — see Chapter 4) contain the elements
carbon, hydrogen and oxygen. The carbon and
oxygen could be supplied by carbon dioxide (CO,)
from the air, and the hydrogen could come from
the water (H,0) in the soil. The nitrogen and sulfur
needed for making proteins (Chapter 4) could come
from nitrates and sulfates in the soil.

When complicated food molecules are built up from
simpler substances the process is called synthesis.
It needs enzymes and energy to make it happen. The
enzymes are present in the plant’s cells. The energy
for the first stages in the synthesis comes from
sunlight. So, the process is called photosynthesis
(‘photo” means ‘light’). There is evidence that the
green substance, chlorophyll, in the chloroplasts of
plant cells is involved in photosynthesis. Chlorophyll
absorbs sunlight and provides the energy it gains for
chemical reactions. So, the function of chlorophyll is
to convert light energy to chemical energy to form
glucose and other carbohydrates.




The chemical equation for photosynthesis is
light

. ener
carbon dioxide + water 1o 9Y glucose + oxygen

chlorophyll
light

~CNETYY . ¢ H,0,+ 60,

6C0,
chlorophyll

+ 6H,0

Make sure you remember the number of each type
of molecule as well as the symbols.

In order to keep the equation simple, glucose is
shown as the food compound produced. However,
the glucose is quickly converted to sucrose for
transportation around the plant. Then it is stored as
starch or converted into other molecules.

The process of photosynthesis

The details of photosynthesis are not the same in
all plants. However, the hypothesis given in this
chapter has been supported by a lot of experimental
testing and is accepted around the world. The next
section describes how photosynthesis takes place in
a plant.

The process takes place mainly in the cells of
the leaves (Figure 6.1) and is summarised in Figure
6.2. In land plants, water is absorbed from the soil
by the roots. It is carried in the water vessels of
the veins, xylem, up the stem to the leaf. Carbon
dioxide is absorbed from the air through the
stomata (pores in the leaf, see ‘Leaf structure’ later
in this chapter). In the leaf cells, the carbon dioxide
and water are joined to make glucose; the energy
for this reaction comes from sunlight, which has
been absorbed by the green pigment chlorophyll in
the chloroplasts of the leaf cells. The reaction takes
place here. Chloroplasts (Figure 6.2(d)) are small,
green structures present in the cytoplasm of the
leaf cells. Chlorophyll is the substance which makes
leaves and stems look green. It absorbs energy
from light and uses it to split water molecules into
hydrogen and oxygen. The oxygen escapes from the
leaf and the hydrogen molecules join with carbon
dioxide molecules to make glucose. In this way the
energy from light has been transferred into energy
in chemicals (carbohydrates) as they are made.

Photosynthesis

A Figure 6.1 All the reactions involved in producing food
take place in the leaves. You can see that the leaves do
not overlap a lot to make sure they absorb as much light
as possible

The plant’s use of photosynthetic
products

Glucose

The glucose produced during the process of
photosynthesis is used in respiration to provide
energy. It is quickly changed to sucrose for transport
around the plant.

Starch

Glucose that is not needed for respiration is turned
into starch and stored or changed into other
molecules.

Starch molecules are added to the growing
starch granules in the chloroplast. If the glucose
concentration increased in the mesophyll cells
of the leaf, it could affect the osmotic balance
between the cells (see ‘Osmosis” in Chapter 3). Starch
is a relatively insoluble compound, so it does not
alter the concentration of the cell contents.

Some plants store it as starch grains in the cells
of their stems or roots. Other plants, like the potato
or cassava, have special storage organs (tubers)
for holding the reserves of starch (see ‘Asexual
reproduction” in Chapter 16). Sugar is stored in the
fruits of some plants. For example, grapes contain
up to 25% glucose and other sugars.
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A Figure 6.2 Photosynthesis in a leaf
Sucrose Cellulose
The starch is steadily broken down to sucrose Plant cell walls are made of cellulose. Cellulose
(Chapter 4), which is soluble. The sucrose is molecules are long chains of glucose (see Figure 4.4
transported out of the cell into the phloem. These in Chapter 4). They make a tough meshwork round
are the food-carrying cells (see Chapter 7) of the the outside of the cell - the cell wall (Figure 4.5).
leaf veins. These veins will pass the sucrose to all The cellulose cell wall holds in the contents of the

parts of the plant that do not photosynthesise, for cell but is freely permeable (it will allow most
example, the growing buds, the ripening fruits, the molecules to pass through).
roots and the underground storage organs.
The cells in these places will use the sucrose in
many ways (Figure 6.3).




Respiration

The glucose can be used to provide energy. The
process of respiration (Chapter 10) oxidises the
glucose. The products are carbon dioxide and water,
and the energy released is used for other chemical
reactions like the building-up of proteins (see
‘Proteins’ in Chapter 4).

b Test yourself

1 a State what substances a plant must take in to
carry out photosynthesis.
b Describe where the plant gets each of these
substances from.
¢ State what must be present in the cells to make
photosynthesis work.
2 Which of the following are needed to produce
starch in a leaf?
carbon dioxide, oxygen, nitrates, water,

chlorophyll, soil, light /

Photosynthesis

carbon dioxide

and water
GLUCOSE
sucrose starch  cellulose
respiration cell
walls

stored in
tubers and
seeds

A Figure 6.3 Green plants can make all the materials they
need from carbon dioxide, water and salts

Safety

e LEye protection must be worn.

Experiments to investigate photosynthesis
Controlled experiments

In most biological experiments, a second
experiment called a control is set up. This is to
make sure that the results of the first experiment

some other cause that has been missed.

controls the conditions in the experiment.

of plants in the house and in a glasshouse, you
could not be sure whether it was the extra light
or the high temperature of the glasshouse that

are due to the conditions being studied and not to

The term ‘controlled experiment’ refers to the fact
that the experimenter (1) sets up a control and (2)

If you did an experiment to compare the growth

caused better growth. So, this would not be a
properly controlled experiment. You must alter
only one condition (called a variable) at a time,
either the light or the temperature, and then
you can compare the results with the control
experiment.

S0, a properly controlled experiment alters only
one variable at a time and includes a control,
which shows that it is this condition and nothing
else that gave the result.

A hypothesis is an attempt to explain a group of
observations. Here, the hypothesis is that plants
make their food by photosynthesis. You were
introduced to the equation for photosynthesis
near the start of the chapter. It is one way of
stating the hypothesis and is used here to show
how it might be tested.
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If photosynthesis is happening in a plant, then
the leaves should be producing glucose. In many
leaves, as fast as glucose is produced, it is turned
into starch. It is easier to test for starch than for
glucose, so we accept the presence of starch in a
leaf to show that photosynthesis has taken place.

The first three experiments described below
are designed to see if the leaf can make starch
without chlorophyll, sunlight or carbon dioxide.
If the photosynthesis hypothesis is correct, then
if any one of these three conditions is missing,
photosynthesis should stop. This will stop the
production of starch. However, if the plant keeps
making starch, then the hypothesis does not
work, and it must be changed.

In designing the experiments, it is very important
to make sure that only one variable is changed.

If, for example, the method of keeping light from
a leaf also stops its carbon dioxide supply, you
could not decide if it was the lack of light or lack
of carbon dioxide which stopped starch being
made. To make sure that the experimental design
has not changed more than one variable, a
control is set up in each case. This is an identical
situation, except that the condition missing

from the experiment, for example, light, carbon
dioxide or chlorophyll, is present in the control
(see ‘Aerobic respiration’ in Chapter 10).

Destarching a plant

If the presence of starch is your evidence that
photosynthesis is taking place, then you must
make sure that there is no starch in the leaf at

the beginning of the experiment. We do this

by destarching the leaves. It is not possible to
remove the starch chemically without damaging
the leaves, so a plant is destarched by leaving it
in darkness for 2 or 3 days. In the darkness, any
starch in the leaves will be changed to sugar and

carried away to other parts of the plant. For plants
growing outside, the experiment is set up on the
day before the test. During the night, most of the
starch will be removed from the leaves. Another
way is to cover some leaves in aluminium foil or
black card for 2 days while they are still growing
on the plant. Then you can test one of these
leaves to see that no starch is present.

Testing a leaf for starch

When you mix iodine solution (yellow/brown)

and starch (white) they make a deep blue colour.
So, the test for starch is to add iodine solution to a
leafto see if it goes blue. However, iodine solution
cannot soak into the leaf and the chlorophyll in
the leaf hides any colour change. So, the leaf is
treated as described below:

V) '/J

ﬁ

boiling
alcohol

boiling water

BURNER
EXTINGUISHED

A Figure 6.4 Experiment to remove chlorophyll from a leaf

o Heat some water to boiling point in a beaker
and then turn off the Bunsen flame.

o Use forceps to dip a leaf in the hot water for
about 30 seconds. This kills the cytoplasm,
denatures the enzymes and makes the leaf
more permeable to iodine solution.

o Note: make sure the Bunsen flame is
turned off before starting the next part of
the procedure. Remember that ethanol
is flammable.

=
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e Push the leaf to the bottom of a test tube and
cover it with ethanol (alcohol). Chlorophyll
dissolves in ethanol. Place the tube in the hot
water (Figure 6.4). The alcohol has a boiling
point of 78°C, so it will boil and most of the
chlorophyll will be removed from the leaf.
When the iodine solution changes colour, the
colour change is easier to see.

e Pour the green alcohol into another beaker,
remove the leaf and dip it into the hot water
again. This softens the leaf so you can spread
it out.

@ Spread out the decolourised leaf on a white
tile and drop iodine solution on to it. The parts
containing starch will turn blue with iodine
solution; parts without starch will stain brown
or yellow.

1 1s chlorophyll necessary for photosynthesis?

It is not possible to remove chlorophyll from a
leaf without killing it, and so a variegated leaf,

(a leaf with only patches of chlorophyll) is used.

A leaflike this is shown in Figure 6.5@@). The white
part of the leaf works as the experiment, because
it has no chlorophyll in it. The green part with
chlorophyll is the control. After being destarched,
the leaf — still on the plant — is exposed to daylight
for a few hours. Remove a leaf from the plant and
draw it carefully to show where the chlorophyll

is (1.e. the green parts). Then you can test it for
starch as described above.

Result

Only the parts that had chlorophyll in them turn
blue with iodine solution. The parts that were
white stain brown (Figure 6.5(b)).

(a) variegated leaf (b) after testing for starch

A Figure 6.5 Experiment to show that chlorophyll
is necessary

Interpretation

Starch is only present in the parts that contained
chlorophyll, so this suggests that chlorophyll is
needed for photosynthesis.

However, there are other possible explanations
which this experiment has not ruled out. For
example, starch could be made in the green
parts and glucose in the white parts. Other
explanations like this could be tested by
further experiments.

2 |Is light necessary for photosynthesis?

e Cut a simple shape from a piece of aluminium
foil (or black card) to make a stencil and fix it
to a destarched leaf (Figure 6.6(a)).

e After 4 to 6 hours of daylight, remove the leaf
and test 1t for starch.

leaf still
attached
to tree

aluminium
foil stencil

(a) at the start
A Figure 6.6 Experiment to show that light is necessary

(b) after testing for starch

Result

Only the areas that had received light go blue
with iodine solution (Figure 6.6(b)).

Interpretation

Starch has not formed in the areas that received
no light, so light is needed for starch formation,
and therefore light is needed for photosynthesis.

It is possible that the aluminium foil had stopped
carbon dioxide from entering the leaf, and so

it was a shortage of carbon dioxide rather than
a shortage of light that stopped photosynthesis
happening. Another control could be designed,
using transparent material instead of aluminium
foil for the stencil.

=
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3 Is carbon dioxide needed for photosynthesis?

e Water two destarched plants growing in pots
and cover their shoots in polythene bags.

@ Place a dish of soda lime in one pot to
absorb the carbon dioxide from the air
(the experiment). Place a dish of sodium
hydrogencarbonate solution in the other pot
to produce carbon dioxide (the control), as
shown in Figure 6.7.

e Place both plants in the light for several hours
and then test a leaf from each for starch.

plastic bag

either soda-lime

or sodium
hydrogencarbonate
solution

A Figure 6.7 Experiment to show that carbon dioxide
is necessary

Result

The leaf that had no carbon dioxide does not turn
blue. The one with carbon dioxide does
turn blue.

Interpretation

Starch was made in the leaves that had carbon
dioxide, but not in the leaves that had no carbon
dioxide. This suggests that this gas must be
needed for photosynthesis. The control rules
out the chance that high humidity or high
temperature in the plastic bag stops normal
photosynthesis.

4 1s oxygen produced during photosynthesis?

@ Place a short-stemmed funnel over some
Canadian pondweed in a beaker of water.

e Fill a test tube with water and place it upside-
down over the funnel stem (Figure 6.8).

(Raise the funnel above the bottom of the
beaker to allow the water to circulate.)

e Place the apparatus in sunlight. Bubbles of
gas should appear from the cut stems. The
bubbles will rise and collect in the test tube.

® Setup a control in the same way, but place it in
a dark cupboard.

e When enough gas has been collected from the
plant in the light, remove the test tube and put
a glowing splint in it.

Result
The glowing splint bursts into flames.

7

gas collecting

sunlight

— Canadian
pondweed

support to keep —<
funnel off bottom

A Figure 6.8 Experiment to show that oxygen
is produced

Interpretation

The relighting of a glowing splint does not prove
that the gas collected in the test tube is pure
oxygen. However, it does show that it contains
extra oxygen and this must have come from the
plant. The oxygen is only given off in the light.

Note: Water contains dissolved oxygen, carbon
dioxide and nitrogen. These gases could diffuse
in or out of the bubbles as they pass through

the water and collect in the test tube. So, the
composition of the gas in the test tube may not
be the same as the composition of the bubbles
leaving the plant.

o
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Practical work questions

1 Inexperiment 1 (the need for chlorophyll),
explain why a separate control experiment
was not needed.

2 a Explain what is meant by destarching

aleaf.

b Explain why leaves need to be
destarched before setting up some of the
photosynthesis experiments.

3 Inexperiment 2 (the need for light),

a why was aluminium foil used for making
the stencil?

b explain why the iodine solution stayed brown
in the areas of leaf covered by the stencil.

4 In experiment 3 (the need for carbon dioxide),

state the functions of

a the sodalime

b the sodium hydrogencarbonate

¢ the polythene bag.

a Suggest why a pondweed, rather than a
land plant, is used for experiment 4 (the
production of oxygen).

b Suggest why the use of a pond plant can
make the results less useful.

5

/

Hypotheses

When setting up an experiment and a control,
which of the two procedures is the control depends
on how the prediction is worded. For example, if
the prediction is that ‘in the absence of light, the
pondweed will not produce oxygen’, then the control
is the plant in the light. If the prediction is that
‘the pondweed in the light will produce oxygen’,
then the control is the plant in darkness. As far

as the results and interpretation are concerned, it
does not matter which is the control and which is
the experiment.

The hypothesis of photosynthesis was given
at the beginning of this chapter and shown by
the equation. The results of the four experiments
support the hypothesis. Starch formation (our
evidence for photosynthesis) only takes place in the
presence of light, chlorophyll and carbon dioxide.
Oxygen production only happens in the light.

If starch or oxygen production had happened
when any one of these conditions was missing, we
would have to change our hypothesis about the
way plants get their food. However, although our
results support the photosynthesis theory, they do
not prove it. For example, scientists have found that
many stages in the production of glucose and starch
from carbon dioxide do not need light.

Gaseous exchange in plants

Air contains the gases nitrogen, oxygen, carbon
dioxide and water vapour. Plants and animals take in
or give out these last three gases and this process is
called gas exchange.

You can see from the equation for photosynthesis
that one of its products is oxygen. So, in daylight,
when photosynthesis is happening in green plants,
they will be taking in carbon dioxide and giving
out oxygen. This exchange of gases is the opposite
of what happens in respiration (Chapter 10), but
remember that plants respire as well as animals.
The energy they need for all their living processes -
apart from photosynthesis - comes from respiration
and this is going on all the time, using up oxygen
and producing carbon dioxide.

During the daylight hours, plants are
photosynthesising as well as respiring, so that
all the carbon dioxide produced by respiration is
used up by photosynthesis. At the same time, all
the oxygen needed by respiration is supplied by
photosynthesis. However, carbon dioxide will be
taken in and the excess oxygen is given out when
the rate of photosynthesis is faster than the rate of
respiration (Figure 6.9).

DARKNESS DIM LIGHT BRIGHT LIGHT

2 2

g respiration O, respiration

( photo- )
> synthesis €Oz

co, o,

respiration

7~ O

J
photo-  CO

2
synthesis \
7

no photosynthesis  rates of respiration and photosynthesis
photosynthesis equal; no faster than
exchange of gases with air respiration

A Figure 6.9 Respiration and photosynthesis
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b Test yourself

3 Agreen plant makes glucose from carbon dioxide
and water. Suggest why it is not suitable to run an
experiment using a plant without water to see if
that stops photosynthesis.

4 When a plantis in bright sunlight, state which
gases are

a passing out of the leaf through the stomata
b entering the leaf through the stomata. y.

Effects of external factors on the

rate of photosynthesis

The rate of the light reaction depends on the light
intensity. Water molecules in the chloroplasts will
split faster as the light becomes brighter. The dark
reaction is affected by temperature. The rate that
carbon dioxide combines with hydrogen to make

carbohydrate increases as the temperature increases.

Limiting factors

A limiting factor is something present in the
environment in such short supply that it limits
life processes.

Studying Figure 6.10(a), you can see that
an increase in light intensity does speed up
photosynthesis, but only up to a point. Beyond that
point, any further increase in light intensity has
only a small effect. One explanation of this limit on
the rate of increase is that all available chloroplasts
are fully engaged in light absorption. So, even if the
light intensity increases more, no more light can be
absorbed and used. Alternatively, the limit could
be because there is not enough carbon dioxide in
the air to combine with the extra hydrogen atoms
produced. Or, it may be that low temperature is
limiting the rate of enzyme reactions.

Figure 6.10(b) shows that, if the temperature
of a plant is raised, the effect of increased
light intensity is not limited so much. So, in
Figure 6.10(a), it is likely that the increase in the
rate of photosynthesis could have been limited by
the temperature. Any one of the external factors -
temperature, light intensity or carbon dioxide
concentration - can limit the effects of the other
two. A temperature rise can cause photosynthesis
to speed up, but only to the point where the light
intensity limits further increase. In such conditions,
the external factor that limits the effect of the
others is called the limiting factor.

Artificially high levels of carbon dioxide in
glasshouses do actually increase yields of crops
(Figure 6.11).

Glasshouses and polytunnels also maintain a
higher temperature and so reduce the effect of
low temperature as a limiting factor, and they
clearly optimise the light reaching the plants.

Parts of the world, for example, tropical
countries, often benefit from optimum temperatures
and rainfall for crop production. However,
glasshouses and polytunnels are still often used
because they allow the growers to control how much
water and nutrients the plants receive, and they
can also reduce crop damage by insect pests and
disease. Sometimes rainfall is too great to benefit
the plants. In an experiment in the Seychelles in
the wet season of 1997, tomato crops in an open
field yielded 2.9 kg m-2. In a glasshouse, they
yielded 6.5 kg m-2.

rate of photosynthesis

I I I I I
— > light intensity

(a) increasing light intensity

7 25°C

rate of photosynthesis

T T T T T
— > light intensity

(b) increasing light intensity and temperature

A Figure 6.10 Limiting factors in photosynthesis

In the natural environment, the factors most
likely to limit the rate of photosynthesis are
temperature and light intensity. Temperature
affects the rate of enzyme-controlled reactions
(see Chapter 5), while light provides the source of



energy for plants to synthesise organic molecules.
In countries with a seasonal climate the winter
months represent conditions of low temperature
and low light intensity. These conditions make
photosynthesis very slow. Plant species with an
annual life cycle produce seeds that lie dormant
until conditions are more favourable for growth
(see the section on germination in Chapter 16).
Other plants produce vegetative structures in the
form of bulbs, corms (an underground storage
system that looks like a bulb but is made up of a
swollen stem rather than fleshy leaves), rootstocks
or tubers (see Chapter 16). Only in spring when the
light intensity and temperature start to rise do
these structures start to grow, produce leaves and
begin to photosynthesise. Grass in a lawn stops
growing when the temperature drops to 5°C because
photosynthesis is so slow.

Some woodland plants, such as bluebells,
complete their growing season early in spring,
before the trees above them have developed new
leaves, so that they can benefit from the light when
it is available.

Some ecosystems present plants with quite
extreme conditions. For example, in the arctic
tundra, for much of the year the temperature and
light intensity are very low. In tropical forests,
although plants in the canopy receive light of very
high intensity, those at ground level are shaded.
However, plants growing there benefit from
consistently high mean temperatures.

The idea of limiting factors applies to other
processes as well as photosynthesis. For example,
adding fertiliser to the soil can increase crop yields,
so long as the roots can take up all the nutrients
and the plant can build them into proteins, etc. The
uptake of mineral ions is limited by several factors.
These include the absorbing area of the roots, rates
of respiration, aeration of the soil and availability of
carbohydrates from photosynthesis.

Photosynthesis

A Figure 6.11 Carrot plants grown in increasing
concentrations of carbon dioxide from left to right

b Test yourself

5 Ina partially controlled environment like
a glasshouse
a describe how you could change the external
factors to obtain maximum photosynthesis
b suggest which of these alterations might not be
cost effective.
6 Figure 6.12 is a graph showing the average daily
change in the carbon dioxide concentration
1 metre above an agricultural crop during the
summer. Using your knowledge of photosynthesis
and respiration, explain the changes in the carbon
dioxide concentration.
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A Figure 6.12 Daily changes in concentration of carbon
dioxide 1 metre above a plant crop y.
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Safety

e Eye protection must be worn.

e Take care when using a scalpel, follow your
teacher’s guidance.

e Take care if using a mains electricity lamp —
ensure your hands are dry when switching it
on or off.

5 What is the effect of changing light intensity on
the rate of photosynthesis? (Method 1)

In this investigation, we are going to use the rate
of bubble production by a pond plant to calculate
the rate of photosynthesis.

e OStir a spatula end of sodium hydrogen
carbonate in a beaker of water or a boiling
tube. This dissolves fast and saturates the
water with carbon dioxide.

e Using a scalpel blade cut one end of the stem
of a fresh piece of Canadian pondweed.

e Attach a piece of modelling clay or a paper
clip to the stem and put it into the beaker
(or boiling tube). This will help to stop the
stem floating.

® Setup a light source 10 cm away from the
beaker and switch on the lamp (Figure 6.13).
Bubbles should start appearing from the cut
end of the plant stem. Count the number of
bubbles for a fixed time (e.g. 1 minute) and
record the result. Repeat the count.

bubbles appear from
the cut end of the stem

paper clip holds
pondweed
upside down

A Figure 6.13 Experiment to investigate light intensity
and oxygen production

e Now move the light source so that it is 20 cm
from the beaker. Switch on the lamp and leave
it for a few minutes. This will allow the plant
to adjust to the new light intensity. Count the
bubbles as before and record the results.

® Repeat the method so that the numbers of
bubbles for at least five different distances
have been recorded. Also, try switching off
the bench lamp and see if there is any change
in the number of bubbles.

e There is a relationship between the distance of
the lamp from the plant and the light intensity
received by the plant.

Light intensity = é where D = distance

® Use the equation to change the distances to
light intensity. Use the data to plot a graph of
light intensity/arbitrary units (x-axis) against
rate of photosynthesis/bubbles per minute
(y-axis).
Note: In this investigation the heat given off
from the bulb is another variable, which could
affect the rate of photosynthesis. To improve
the method, another beaker of water could be
placed between the bulb and the plant. This
filters the heat but allows the plant to receive
the light.

o Ifthe bubbles appear too fast to count, try
tapping a pen or pencil on a sheet of paper
at the same rate as the bubbles appear. Cet
your partner to slide the paper slowly along
for 15 seconds. Then you can count the dots
(Figure 6.14).

after 15 seconds
count the dots

tap rhythmically
in time with the
bubbles appearing

pull the paper
along steadily

A Figure 6.14 Estimating the rate of bubble production

Result

The rate of bubbling decreases as the lamp is
moved further away from the plant. When the
light is switched off, the bubbling stops.

Interpretation

If the bubbles contain oxygen produced by
photosynthesis, then the rate of photosynthesis is

=
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shown by the rate of oxygen bubble production.
S0, the rate of photosynthesis increases as the
light intensity is increased. This is because the
plant uses the light energy to photosynthesise.
The oxygen is produced as a waste product.

The oxygen escapes from the plant through the
cut stem. We need to assume that the size of the
bubbles do not change during the experiment. A
fast stream of small bubbles could be the same
volume of gas as a slow stream of large bubbles.

? Worked example

The table contains data from a student who carried out
experiment 5.

number of bubbles
in 1 minute for three
distance from e e resrliE mean humber
lamp/cm 1 2 3 of bubbles/min-1
10 38 40 39
20 15 17 26
30 6 8 7
40 3 3 3
50 2 3 2

As you can see in the table, the student collected three sets

of data for each distance of the lamp from the pond plant. In

order to plot a graph of the results, you need to calculate the
mean number of bubbles for each distance.

This involves adding up the three values for each distance,
then dividing the total by the number of sets of data (3).

So, for distance 10 cm, 38 + 40 + 39 = 117/3 = 39 bubbles
per min

However, there is one result in the table which does not
follow the normal pattern (an anomalous result). This should
not be included in the means. Can you identify it?

The anomalous result is 26 (the third set of data, for 20 cm).
When calculating the mean for this distance, only the values
for set 1 and set 2 should be used (15 + 17) and the number of
sets of datais 2 instead of 3.

So, the mean for a distance of 20cm=15+17=32/2=16
bubbles per min

Once all the means have been calculated, the data can be
used to make a graph.

The x-axis (horizontal] represents the independent (input)
variable. This is the distance of the lamp from the plant. The
y-axis (vertical) represents the dependent (output) variable.
This is the mean number of bubbles. The results can be
plotted as a line graph.

Tasks

1 Calculate the mean number of bubbles for each distance.

2 Plotagraph as described above. Label the axes and draw
a line of best fit.

3 Describe the trend of the graph (what pattern it shows).

4 Write a conclusion.

Safety

e FEye protection must be worn.
e Take care using a cork borer — place the
leaves on a board, not on your hand.

6 What is the effect of changing light intensity
on the rate of photosynthesis? (Method 2)

This investigation uses leaf discs from
land plants.

® Use a cork borer or paper hole punch to
cut out discs from a fresh, healthy leaflike
spinach, avoiding any veins (Figure 6.15@)).
The leaves contain air spaces. These make the
leaf discs float when they are placed in water.

o Atthe start of the experiment, the air needs
to be removed from the discs. To do this put
about 10 discs in a large (10 cm?) syringe. Tap
it so the discs sink to the bottom (opposite the
plunger end).

e® Place one finger over the hole at the end of the
syringe barrel. Fill the barrel with water, then
replace the plunger.

e Turn the syringe so the needle end is facing
up and release your finger.

e GCently push the plunger into the barrel of the
syringe. This will force out any air from above
the water (Figure 6.15(b)).
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so as the oxygen builds up, they float to the
surface of the water. As light intensity increases,
the rate of photosynthesis increases.

(]
fl

7 What is the effect of changing carbon dioxide
concentration on the rate of photosynthesis?

mwunlnuh

When sodium hydrogencarbonate is dissolved
in water it releases carbon dioxide. Use the
apparatus shown in Figure 6.16.

c—

—
i)

(b)

7

m

syringe

lamp

gas given off

(

(9] (d)

A Figure 6.15 Using leaf discs to investigate the effect of
light intensity on photosynthesis

pondweed, eg. Elodea

e Now replace your finger over the syringe
hole and withdraw the plunger to create
a vacuum.

o Keep the plunger withdrawn for about 10
seconds. This sucks out all the air from the
leaf discs. They should then sink to the bottom
(Figure 6.15(c)). Release the plunger.

® Repeat the method if the discs do not all sink.

@ Dissolve a spatula of sodium
hydrogencarbonate in a beaker of water. |
Remove the discs from the syringe and place A Figure 6.16 Apparatus for investigating the effect of

| meniscus

T

them in the beaker (Figure 6.15(d)). changing carbon dioxide concentration on the rate of

e Start a stopwatch and record the time taken for photosynthesis
each of the discs to float to the surface. Ignore e To set this up, remove the plunger from the
those that did not sink. Calculate an average 20 cm? syringe. Place two or three pieces
time for the discs to float. of pondweed, with freshly cut stems facing

® Repeat the method, varying the light intensity upwards, into the syringe barrel. Hold a finger
the discs are exposed to in the beaker (see over the end of the capillary tube and fill the
experiment 5 for varying the light intensity syringe with distilled water.
produced by a bench lamp). ® Replace the plunger and turn the apparatus

Result upside-down. Push the plunger to the 20 cm?
esu S ' ‘ mark, making sure that no air is trapped.
The greatel’ the hght mtensﬂ‘y’, the quleer the leaf ® Set up the appara‘tus as shown in Figure 6.16.

discs float to the surface. Move the syringe barrel until the meniscus
Interpretation is near the top of the graduations on the ruler.
As the leaf discs photosynthesise, they produce The bulb should be a fixed distance from the
oxygen. This is released into the air spaces in the SyIinge, for example, 10 cm. (The meniscus
disc. The oxygen makes the discs more buoyant, is where the edge of the water surface curves

upwards to touch the edge of the syringe). a
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e Switch on the lamp. Measure the distance the
meniscus moves over 3 minutes. Repeat this
several times, then calculate an average.

@ Repeat the procedure using the following
concentrations of sodium hydrogencarbonate
solution: 0.010, 0.0125, 0.0250, 0.0500 and
0.1000 mol dm-3.

e Plot a graph of the concentration of sodium
hydrogencarbonate solution (x-axis) against
the mean distance travelled by the
meniscus (y-axis).

Result

The higher the concentration of sodium
hydrogencarbonate solution, the greater the
distance moved by the meniscus.

Interpretation

As the concentration of available carbon dioxide
is increased, the distance travelled by the
meniscus also increases. The movement of the
meniscus 1s caused by oxygen production by
the pondweed, due to photosynthesis. So, an
increase in carbon dioxide increases the rate

of photosynthesis.

8 What is the effect of changing temperature
on the rate of photosynthesis?

Use the methods described in experiments 5 or
6, but vary the temperature of the water instead
of the light intensity.

Practical work questions

6 In experiment 5 (changing light intensity)

a explain why sodium hydrogencarbonate
was put in the water

b what factor, which could have affected
the results, was not controlled in
this experiment?

7 In experiment 6 (changing light intensity —
method 2) what made the leaf discs float to
the surface of the water?

8 In experiment 7 (changing carbon dioxide
concentration) state three factors that needed
to be kept constant.

9 In experiment 8 (changing temperature)
explain why the rate increased as the
temperature was increased.

/

Leaf structure

FOCUS POINTS

* How are the features of leaves adapted
for photosynthesis?

* Whatis the structure of a leaf?

* How are the leaf structures adapted
for photosynthesis?

The relationship between a leaf and the rest of the
plant is described in Chapter 7.

A broad-leaved plant has a leaf structure like the
one shown in Figure 6.17(a). Figure 6.17(b) shows a
transverse section through the leaf. It is attached to
the stem by a leaf stalk. When this goes into the leaf
it is called a midrib. A network of veins branches
from the midrib. The veins bring water and mineral
ions to the leaf cells and carry away the food made
by them.

As well as carrying food and water, the network
of veins makes a kind of skeleton that supports the
softer tissues of the leaf blade.

The leaf blade (or lamina) is broad. A vertical
section through a small part of a leaf blade is shown
in Figure 6.17(c).

Adaptation of leaves for

photosynthesis

When biologists say that something is adapted, they
mean that its structure is well suited to its job.
Although there are many types of leaf shape, the
following statements apply to most leaves, and are
shown in Figure 6.17(b) and (c).

» Their broad, flat shape gives a large surface
area for the absorption of sunlight and
carbon dioxide.

» Most leaves are thin, so the carbon dioxide only
needs to diffuse across short distances to reach

the inner cells.
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(a) whole leaf

blade
(lamina)
vein
midrib
leaf
stalk

(c) arrangement of cells in a leaf xylem vessel

palisade | *
mesophyll | /]

spongy _.'_{
mesophyll |

air space phloem sieve tube

A Figure 6.17 Leaf structure

Parts of the leaf and their

functions

Figure 6.18 is a photograph of a leaf section under
the microscope.

Epidermis
The epidermis is a single layer of cells on the upper
and lower surfaces of the leaf. There is a thin waxy
layer called the cuticle over the epidermis.

The epidermis helps to keep the leaf’s shape.
The closely fitting cells (Figure 6.17(c)) reduce
evaporation from the leaf and prevent bacteria and

this p
enlarged below

midrib vein

= upper
epidermis

: L lower

= epidermis

stoma xylem

vessel
phloem

sieve tube

guard cell  vein

fungi from getting in. The cuticle is a waxy layer
lying over the epidermis that helps to reduce water
loss. It is produced by the epidermal cells.

Stomata and guard cells

There are structures in the leaf epidermis called
stomata (singular = stoma). A stoma consists of a
pore enclosed by two guard cells (Figure 6.19). In
most dicotyledons (i.e. the broad-leaved plants),
the stomata are only present in the lower epidermis.
However, the stomata in monocotyledons (i.e.
narrow-leaved plants like grasses) are equally spread
on both sides of the leaf.



spongy mesophyll

midrib P
??-i'ﬁ;w"

Ymgapmet

A Figure 6.19 Stomata in the lower epidermis of a
leaf (x350)

The shape of the guard cells change when the
pressure of water in them changes (see ‘Osmosis’ in
Chapter 3). When their shape changes, the stomatal
pore can open or close. Usually, stomata are open in
daylight but closed for most of the time when it is
dark (Figure 6.20). However, the pattern of opening
and closing depends on the plant species, allowing
carbon dioxide and oxygen to be exchanged with

Leaf structure

vascular
bundle

the air outside. The leaf needs a source of carbon
dioxide for photosynthesis.

If the stomata close, the carbon dioxide supply
to the leaf cells is almost cut off and photosynthesis
stops. However, the stomata are closed in many
species during darkness, when photosynthesis is not
taking place anyway.

So, stomata allow carbon dioxide into the leaf
when photosynthesis is taking place and prevent
too much loss of water vapour (see ‘Transpiration
and translocation” in Chapter 7) when
photosynthesis stops.

Scientists do not know exactly how the stomata
open and close. However, they do know that in the
light, the potassium concentration in the guard cell
vacuoles increases. This makes the cell sap more
concentrated (see ‘Osmosis’ in Chapter 3). So, water
enters the guard cells by osmosis from the epidermal
cells next to them. This flow of water into the cell
increases the pressure of water inside the guard cells.

The cell wall next to the stomatal pore is thicker
than other places in the cell and is more stiff
(Figure 6.21). So, although the increased pressure of
water makes the whole guard cell bigger, the thick
inner wall cannot expand. This causes the guard
cells to curve and the stomatal pore opens.
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(a) open containing chloroplasts. Scientists thought that
the chloroplasts built up glucose by photosynthesis
during daylight and that the glucose made the cell
sap more concentrated. So, the pressure increased

guard inside the cell. However, not much photosynthesis

cell happens in these chloroplasts. We are not sure what
their job is, though we do know that starch builds
up in them during the night. In some species of

eplildemal plants, the guard cells have no chloroplasts.
ce

nucleus

stomatal
pore

chloroplast

Mesophyll
The tissue between the upper and lower epidermis is
called mesophyll (Figure 6.17(c)). It is made of two
areas: the upper, palisade mesophyll and the lower,
spongy mesophyll (Figure 6.22). The palisade cells
are usually long and contain many chloroplasts in
the cytoplasm. Chloroplasts are green organelles,
because they contain the pigment chlorophyll. The
spongy mesophyll cells have different shapes and
fit loosely together. This leaves many air spaces
between them. They also contain chloroplasts.
The job of the palisade cells is to make food by
photosynthesis. The spongy mesophyll cells also
do this, but they contain less chloroplasts. Their
TS chloroplasts absorb sunlight and use its energy to
A Figure 6.20 Stoma join carbon dioxide and water molecules. This makes
glucose molecules, as described earlier in this chapter.
epidermal cell  guard cell In daylight, when photosynthesis is fast, the
mesophyll cells are using up carbon dioxide. So,
the concentration of carbon dioxide in the air
spaces goes down. More carbon dioxide diffuses
in (Chapter 3) from the outside air, through the
stomata (Figure 6.22). The carbon dioxide then
diffuses through the air spaces, up to the cells
which are using carbon dioxide. These cells are also
producing oxygen, produced during photosynthesis.
When the concentration of oxygen in the air spaces

(b) closed

chloroplast

thickened stomatal vacuole rises, it diffuses out through the stomata.

cell wall pore
A Figure 6.21 Structure of guard cells Air spaces

The large spaces between the spongy mesophyll cells

When potassium ions leave the guard cell, the inside the leaf make it easy for the carbon dioxide
concentration of the sap goes down and water to diffuse. Water vapour goes into the air spaces,
passes out of the cells by osmosis. The pressure evaporated from the surface of the cells around
of water in the cell goes down and the guard cells them. This is part of the process of transpiration
straighten up, closing the stoma. (see Figure 7.17 in Chapter 7).

Scientists are still studying where the potassium _
ions come from and what makes them move into or Vascular bundles (veins]

out of the guard cells. The main vein of the leaf is called the midrib. Other
You can see from Figures 6.20 and 6.21 that veins branch off from this and make a network
the guard cells are the only epidermal cells through the leaf. Vascular bundles are made of two




different types of tissues, called xylem and phloem.
The xylem vessels are long, thin tubes with no cell
contents when mature (cytoplasm, nucleus or sap
vacuole). They have thickened cell walls, containing
a material called lignin. This can make distinct
patterns in the vessel walls, for example, spirals
(see Chapter 7). Xylem carries water and salts to
cells in the leaf. The phloem is made of sieve tubes.
The ends of each long, thin cell have small holes
in, making sieve plates. The cells are also different
from xylem because they keep their contents.

The water needed for making glucose by
photosynthesis is transported to the mesophyll cells
by the veins. The mesophyll cells take in the water
by osmosis (Chapter 3) because the concentration of
free water molecules in a leaf cell, which contains
glucose, will be less than the concentration of
water in the water vessels of a vein. The branching
network of veins gives a good water supply to the
photosynthesising cells. All the leaf cells are near a
water-carrying vessel in one of these veins.

33@ f @W @g

co, guard cell o,

()
A Figure 6.22 Vertical section through a leaf blade (x300)

cuticle
epidermis

palisade
mesophyll
cell

chloroplast

spongy
mesophyll
cell

air space

Leaf structure

The sugars made in the mesophyll cells are
passed to the phloem cells (Chapter 7) of the
veins. Phloem cells carry the sugars and other food
substances like amino acids away from the leaf and
into the stem to other parts of the plant (a process
called translocation).

Distribution of chloroplasts

There are more chloroplasts in the upper (palisade
mesophyll) cells than in the lower (spongy
mesophyll) cells. The palisade cells are near the
upper surface, so they get most sunlight. This will
reach the chloroplasts without being absorbed by
many cell walls. There are also some chloroplasts in
the guard cells (Figure 6.21). Other epidermal cells
do not have chloroplasts.

Photosynthesis takes place mainly in the leaves,
but any part of the plant that contains chlorophyll,
for example, green stems, can photosynthesise.
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V¥ Table 6.1 Summary of parts of a leaf

Part of leaf Details
cuticle Made of wax, waterproofing the leaf. It is secreted by cells of the upper epidermis.
upper epidermis These cells are thin and transparent to allow light to pass through. No chloroplasts are present.

They act as a barrier to disease organisms.

palisade mesophyll | The main region for photosynthesis. Cells are columnar (quite long) and packed with chloroplasts to
trap light energy. They receive carbon dioxide by diffusion from air spaces in the spongy mesophyll.

spongy mesophyll These cells are more spherical and loosely packed. They contain chloroplasts, but not as many as
in palisade cells. Air spaces between cells allow gaseous exchange - carbon dioxide to the cells,
oxygen from the cells during photosynthesis.

vascular bundle This is a leaf vein made up of xylem and phloem. Xylem vessels bring water and minerals to the leaf.
Phloem vessels transport sugars and amino acids away (this is called translocation).

lower epidermis This acts as a protective layer. Stomata are present to regulate the loss of water vapour (this is
called transpiration). It is the site of gaseous exchange into and out of the leaf.

stomata Each stoma is surrounded by a pair of guard cells. These can control whether the stoma is open or
closed. Water vapour passes out during transpiration. Carbon dioxide diffuses in and oxygen diffuses
out during photosynthesis.

‘ Test yourself

7 a Figure 6.23is a section through a
photosynthesising leaf.
On the diagram, label a palisade cell, a spongy
mesophyll cell and a lower epidermal cell.
b Complete the table to state which of these cells
would photosynthesise most rapidly, least rapidly
and not at all. Explain your answers.

Would the cell
photosynthesise
most rapidly, least
Type of leaf cell rapidly or not at all? | Reason

lower epidermal cell

palisade cell

spongy mesophyll cell

8 a Statethe source of energy for a
photosynthesising plant.
b State the chemical process that provides a plant
with energy to carry on all other living activities.
9 Look at Figure 6.22. Explain why photosynthesis
does not take place in the cells of the
upper epidermis. /

A Figure 6.23 Section through a photosynthesising leaf
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FOCUS POINT

* Why are nitrate and magnesium ions important
for plants?

Plants need a supply of nitrate ions (NO,-) for
making amino acids (Chapter 4). Amino acids

Mineral nutrition

are important because they are joined to make
proteins. These are needed to make the enzymes and
cytoplasm of the cell. Nitrates are absorbed from
the soil by the roots.

Plants also need magnesium ions (Mg#) to
make chlorophyll, the photosynthetic pigment
in chloroplasts. The plant gets its magnesium in
mineral ions from the soil (see the salts listed under
"Water cultures’ below).

= Going further

Sources of mineral elements and effects of
their deficiency

Nitrates and magnesium ions are often called mineral
ions, or mineral elements. If the soil does not contain
one of the mineral ions, the plants can show
deficiency symptoms.

Many slow-growing wild plants do not show any
deficiency symptoms even on poor soils. However,
fast-growing crop plants will show clear deficiency
symptoms. These will vary depending on the species

of plant. If the plant has a shortage of nitrate ions, it
shows stunted growth. The stem becomes weak. The
lower leaves become yellow and die, and the upper
leaves become pale green. If the plant has a shortage of
magnesium, it will not be able to make chlorophyll. The
leaves turn yellow from the bottom of the stem upwards
(a process called chlorosis). Farmers and gardeners
can recognise these symptoms and make sure the
missing minerals are replaced, for example, by adding
the correct fertiliser to the soil.

Plants absorb ions from the soil to get the mineral
elements they need. For example, if a plant needs
potassium (K) and nitrogen (N] it can absorb the ions of
the salt potassium nitrate (KNO,). lons like this come
from rocks that have been broken down to form the
soil. They are continually being taken up from the soil
by plants or washed out of the soil by rain. One way they
are replaced is from the dead remains of plants and
animals. When these organisms die and their bodies
decay, the salts they contain are released back into the
soil. There is a description of this process for nitrates in
Chapter 19, ‘Nutrient cycles’.

In arable farming (the term arable means land which is
cultivated to grow crops on), the ground is ploughed and

whatever is grown is removed. There are no dead plants
left to decay so the mineral ions are not replaced. The
farmer must replace them by spreading animal manure,
sewage sludge or measured quantities of artificial
fertilisers over the land.

Three manufactured fertilisers that are commonly
used are ammonium nitrate, superphosphate and
compound NPK, which contains nitrogen, phosphorus
and potassium.

Water cultures

You can show the importance of some of the mineral
elements by growing plants in water cultures. A

full water culture is a solution containing the salts

that provide all the necessary elements for

healthy growth:

©® potassium nitrate for potassium and nitrogen

® magnesium sulfate for magnesium and sulfur

©® potassium phosphate for potassium and phosphorus
©® calcium nitrate for calcium and nitrogen.

A green plant can use these elements, as well as

the carbon dioxide, water and sunlight needed for
photosynthesis, to make all the substances it needs to
stay healthy.

Some areas of horticulture, for example, growing crops
in a glasshouse, use water cultures widely. Sage plants
can be grown with their roots in flat polythene tubes.
The correct water culture solution is pumped along
these tubes (Figure 6.24). The advantage of this method
is that the yield is increased and there is no need to
sterilise the soil each year to kill pests. This method is
called hydroponics, or soil-less culture.

=
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« Figure 6.24 Soil-less culture. The sage plants are
growing in a nutrient solution circulated through

troughs of polythene /
b Test yourself
10 Figure 6.25 shows the increased yield of winter Calculate how much extra wheat is produced
wheat in response to adding more nitrogenous per hectare.
fertiliser. a If the applied nitrogen is doubled from 50 to
104 100 kg per hectare.
b If the applied nitrogen is doubled from 100 to
9+ 200 kg per hectare.
¢ Suggest what sort of calculations a farmer
< 87 would need to make before deciding to increase
E 7 the applied nitrogen from 150 to 200 kg
5 per hectare.
2 6+ 11 What additional substance does the plant need to
£ make proteins?
5 5]
S 4
>
0 50 100 150 200 250 300

applied nitrogen (top dressing)/kg per hectare

A Figure 6.25 Increased wheat yield in response to
nitrogenous fertiliser y.
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Exam-style questions

1 A molecule of carbon dioxide enters a leaf cell 6 a Suggest how a floating pond plant, like
at 4 p.m. and leaves the same cell at 6 p.m. duckweed, can survive without having its
Describe what could have happened to the roots in soil. [1]
carbon dioxide molecule during the 2 hours b Duckweed has stomata. Suggest where
it was in the leaf cell. [3] these would be found in a duckweed leaf.

2 Complete the table to identify which gases Explain your answer. [2]
you would expect a leaf to be taking in and 7 Elements that are essential for plant growth
giving out are contained in nitrates and phosphates.

a in bright sunlight They are found in freshwater, but phosphate
b in darkness. [4] is usually present in smaller amounts than
nitrate. Nitrate is usually present in excess.
gases takenin by | gases given out However, because of the smaller amounts of
light conditions | the plant by the plant phosphate in the water, it can be a limiting
bright sunlight nutrient for water plants.
darkness a Explain why phosphate is described
as a limiting nutrient for water plants. [2]

3 Measurements on a leaf show that it is giving b Suggest the effect of a small decrease
out carbon dioxide and taking in oxygen. in nitrate supply on water plants.

Does this prove that photosynthesis is not Give a reason for your answer. [1]
going on in the leaf? Explain your answer. [2] ¢ State two factors, other than mineral

4 With reference to photosynthesis, state the ions or light, that can limit
adaptations and functions of plant growth. [2]
a the epidermis [2] : :

b the mesophyll of a leaf. ] 8 ;hl(;a?cl.agram shows a section through
5 In some plants, the stomata close for a period a Identify the parts V, W, X and V. [4]

at about midday. Suggest one advantage b Describe the main features and functions
and two disadvantages of this to the plant. [3] of each part. [8]




Focus

Transport in flowering plants

In Chapter 6 we explored the process of photosynthesis in plants and looked at ways of investigating

what plants need to make their own food. In this chapter you will find out how the plant moves
materials around. Most animals have a pump called a heart to move essential chemicals around
the body. How do plants get their requirements from one place to another when they do not have a
pump? Your knowledge of leaf structure will help you to understand what is going on in the plant.

Water uptake

FOCUS POINTS

* What do root hair cells look like and what are
their functions?

* What is the pathway taken by water through
the plant?

Root hair cells

In a region above the root tip, where the root has
just stopped growing, the cells of the outer layer
produce tiny, tube-like outgrowths called root hairs
(Figure 7.3). These look like a white furry layer on
the roots of seedlings if you grow them in moist

air (Figure 7.1). In the soil, the root hair cells grow
between the soil particles and stick closely to them.
They provide a large surface area to take up water
from the soil by osmosis and to absorb mineral ions
by active transport (Chapter 3).

-

root hairs

A Figure 7.1 Root hairs (x5) as they appear on a root grown
in moist air

Root hair cells only live for a short time. The region of
root just below a root hair zone is producing new root
hairs, while the root hairs at the top of the zone are
shrivelling (Figure 7.2). Above the root hair zone, the
cell walls of the outer layer become less permeable.
This means that water cannot get in so easily.

t— root hairs die

ot
T

root hair zone
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elongation

cell division

A Figure 7.2 The root hair zone changes as the root grows

Uptake and transport of water

and ions

Scientists think that the water tension developed in
the vessels by a rapidly transpiring plant (see next
section) is enough to move water through the root
from the soil. The water enters the root hair cells
and is then passed on to cells in the root cortex. It
enters the xylem vessels and moves up the stem and
into the leaves. Here, the xylem passes along the
midrib before branching into the leaf veins, arriving
at the leaf mesophyll cells.

Scientists are still unsure of how the water
passes through the cortex of the root, but Figure 7.3
shows possible routes. It is probably easier for the
water to pass in or between the cell walls rather
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than through the cytoplasm of each cell. Figure 7.4
summarises the movement of water from the soil to
the stem of the plant.

most water travels vacuole
in or between
the cell walls

to stem

Ml

root hair absorbing
water from soil

film of water
round soil
particles

HJ\,

xylem vessel

; a small proportion of water
particle “cytoplasm passes through the vacuoles

A Figure 7.3 The likely pathways of water through a root

Safety

e FEye protection must be worn.
e Take care using methylene blue — it can stain
skin and clothes.

1 Transport in the vascular bundles

e Place the shoots of several leafy plants in a
solution of 1% methylene blue. ‘Busy Lizzie’
(Impatiens) or celery stalks with leaves usually
work well.

e® Leave the shoots in the light for up to 24 hours.

Result
If you cut across some of the stems, you will see
the dye in the vascular bundles (see Figure 7.6).

You may also be able to see the blue dye in some
of the leaf veins.

Practical work

Interpretation

These results show that the dye travels up the
stem in the vascular bundles. This suggests that
water travels the same way. Closer study would
show that they travel in the xylem vessels.

root hair

region of
xylem vessels

cortex

root cap

A Figure 7.4 Diagrammatic section of root to show passage
of water from the soil

2 Transport of water in the xylem

e Cutthree leafy shoots from a deciduous tree
or shrub. Each shoot should have about the
same number of leaves.

e On one twig remove a ring of bark about 5
mm wide, about 100 mm up from the cut base.

e With the second shoot, smear a layer of
petroleum jelly over the cut base so that it
blocks the vessels. The third twig is a control.

e Place all three twigs in a jar with some water.
The water level must be below the region from
which you removed the ring of bark.

e® Place the twigs in direct sunlight.

Result

After an hour or two, you will probably find that
the twig with blocked vessels is starting to wilt.
The other two twigs should still have firm leaves.

Interpretation

When you removed the bark, this included

the phloem. This has not stopped water from
reaching the leaves. However, blocking the
xylem vessels has stopped the water getting to
the leaves. So, the vessels of the xylem are the
most likely route for water passing up the stem.

O
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Stem and root structure

Practical work questions

1 Suggest how you could use a stain to show
that the petals of a daffodil flower contain
xylem vessels.

2 For experiment 1, draw a large diagram of the

3 Explain why experiment 2 shows that water is

cut stem. Label the xylem vessels (where the
blue dye can be seen).

not transported in the phloem vessels. /

Test yourself

1 Place the parts of a root in the correct order to
outline the passage of water into the plant:
cortex cells mesophyll cells root hair cells xylem

2 Describe the path taken by a water molecule from the

soil until it reaches a mesophyll cell of a leaf to be made
into glucose. /

Stem and root structure

FOCUS POINTS

* What are the functions of xylem and phloem?

* How does the structure of xylem vessels relate to their function?

= Going further

Before looking into detail at stem and root structure, it
is worth looking at the relationship between these parts
and the whole plant.

Ayoung sycamore plant is shown in Figure 7.5. It is like
many flowering plants because it has a root system
below the ground and a shoot above ground. The shoot
consists of an upright stem with leaves and buds. The
buds on the side of the stem are called lateral buds. When
they grow, they will produce branches. The bud at the tip
of the shoot is the terminal bud and when it grows it will
continue the growth of the stem upwards. The lateral
buds and the terminal buds may also produce flowers.

The region of stem from which leaves and buds arise is
called a node. The region of stem between two nodes is
the internode.

The leaves make food by photosynthesis (Chapter 6) and
pass it back to the stem.

The stem carries this food to all parts of the plant that
need it and carries water and dissolved mineral salts
from the roots to the leaves and flowers.

The stem also supports and spaces out the leaves
so that they can receive sunlight and absorb carbon
dioxide, which they need for photosynthesis.

An upright stem also holds the flowers above the
ground, helping pollination of the plant by insects or the
wind (see ‘Sexual reproduction in plants’ in Chapter 16).
Atall stem may help in seed dispersal later in the life
cycle of the plant.

terminal bud

\
L shoot
lateral bud /| “node
ground level
main or
tap root
A
lateral roots ‘I root
system

A Figure 7.5 Structure of a typical flowering plant

The roots anchor the plant in the soil and stop it falling
over or being blown over by the wind. They also absorb
the water and mineral ions that the plant needs for
making food in the leaves. A third function is sometimes
the storage of food made by the leaves.

/
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The structure of a leaf has already been described
in Chapter 6. Xylem and phloem are present in the
midrib of the leaf, as well as in the leaf veins. These
features are identified in Chapter 6, Figures 6.17
and 6.18.

Stem

In Figure 7.6 a stem is shown cut across
(transversely) and down its length (longitudinally)
to show its internal structure.

epidermis

transverse section cortex

xylem

phloem

S~

longitudinal tangential
section

longitudinal
radial section

A Figure 7.6 Structure of a plant stem

Epidermis

Like the leaf epidermis, this is a single layer of cells
that helps to keep the shape of the stem and cuts
down the loss of water vapour. There are stomata in

the epidermis, which allow the tissues inside to take
up oxygen and get rid of carbon dioxide.

Vascular bundles

These are made up of groups of specialised cells that
carry water, dissolved mineral salts and food up or
down the stem. The vascular bundles in the roots,
stem, leaf stalks and leaf veins all join to form a
transport system through the whole plant (Figure 7.7).
The two main tissues in the vascular bundles are
called xylem and phloem (Figure 7.8). Food substances
(sucrose and amino acids) travel in the phloem; water
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and mineral ions travel mainly in the xylem. The cells
in each tissue form elongated tubes called vessels (in
the xylem) or sieve tubes (in the phloem) and they
are surrounded and supported by other cells. The
xylem also helps to support the plant.

Vessels

The cells in the xylem that carry water become
vessels. A vessel is made up of a series of long cells
joined end to end (Figure 7.9). A vessel is hollow
and has no cell contents. Once a region of the plant
has stopped growing, the end walls of these cells
are digested away to form a long, continuous tube
(Figure 7.8(c)). The cell walls become thickened and
impregnated with a substance called lignin, which
makes the cell wall very strong and impermeable.
These lignified cell walls prevent the free passage
of water and nutrients, so the cytoplasm dies. This
does not affect the passage of water in the vessels.
Xylem also contains many long, lignified supporting
cells called fibres.

leaf

leaf stalk

vascular bundle

stem

main root

lateral root

A Figure 7.7 Distribution of veins from root to leaf
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thickened
bands

The tissue between the vascular bundles and the
epidermis is called the cortex. Its cells often
photosynthesis. Within the cortex is the central

store starch. In green stems, the outer cortex
tissue of the stem, called pith.

cells contain chloroplasts and make food by

A Figure 7.9 Cells forming a xylem vessel

Cortex

phloem
xylem

epidermis
pith

cortex
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(b) transverse section through sunflower stem (x40)

(a) diagram showing cells
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The internal structure of a typical root is shown

Root '\\ }_\\\ S l\ /1/'/‘;

in Figure 7.11. The vascular bundle is made up of =5 @ "f“
groups of specialised cells in the centre of the root. = ) o cortex
They conduct water, dissolved mineral ions and food )\ 7 = oot hair
(Figure 7.10). This is different from the stem, where %
the vascular bundles form a cylinder in the cortex. —— I phloem
=
cortex phloem - % ac xylem
A =
epidermis
E‘\ Z,
) xylem PR
phloem cortex region of
elongation
root hair
xylem epidermis
A Figure 7.10 Section through a root (left) and stem (right)
Outer layer .
. L . L region of
There is no distinct epidermis in a root. At the root cell division
tip there are several layers of cells forming the root
cap. These cells are being replaced as fast as they
.. root cap
are worn away when the root tip is pushed through
the soil. A Figure 7.11 Root structure
b Test yourself
3 Describe where you would find xylem vesselsinthe 5 Name the tissues you would expect to find in a
stem, root and leaves of a plant. vascular bundle.
4 Astudentis given a cylindrical structure cut from 6 Describe how the structure of the xylem is related to
part of a plant. With the aid of a microscope or hand its function.
lens, how could they tell whether it was a piece of
stem or a piece of root? /

Transpiration and translocation

FOCUS POINTS
* What is transpiration? * How and why does wilting occur?
* What is the mechanism for moving water through * What is translocation?

the plant? * What are sources and sinks?

* What are the effects of varying temperature,
light intensity, humidity and wind speed on
transpiration rate?




Transpiration and translocation

evaporation into

atmosphere T
from leaf surface \é'

Transpiration

Key definitions

Transpiration can be defined as the loss of water vapour
from leaves.

Water evaporates from the surfaces of the spongy
mesophyll cells of the leaves into the air spaces. It
then diffuses out of the leaves through the stomata
as water vapour. Water transpiring from the leaves
causes suction, which pulls water up the stem
(Figure 7.12). The water travels up the xylem vessels
in the vascular bundles (see Figure 7.7, page 104)
and this flow of water is called the transpiration
stream.

water passes up trunk

A Figure 7.12 The transpiration stream

Safety assume that any mass lost must be due to the
e Eye protection must be worn. evaporation of water vapour from the stem or
leaves (transpiration). Increases in temperature,

3 Demonstrating water loss by a plant light intensity and wind speed all cause the rate

@ The apparatus shown in Figure 7.13 is called
a welght potometer. Set up a well-watered

Seal around the stem of the plant using an

potted plant by placing the pot in a plastic bag.

of transpiration to increase, so the rate of loss of
mass from the plant also increases. An increase
in humidity will reduce the rate of loss of mass.
This is because it reduces transpiration.

elastic band or string. Then place the plant on
a top-pan balance and record its mass. After a
measured time period, for example, 24 hours,
re-weigh the plant and calculate the difference
in mass. Knowing the time that has passed,
you can calculate the rate of mass loss per
hour. Repeat the process, exposing the plant
to different environmental conditions, such as

plant

higher temperature, light intensity, humidity or plasticbag
wind speed. plant pot
Results

You will find that the plant loses mass over
the measured time period. Increases in
temperature and wind speed result in larger
rates of loss of mass.

| top-pan
balance

A Figure 7.13 A weight potometer

Practical work question

4 Describe how an increase in temperature results
in an increase in loss of mass from the plant. /

Interpretation

As the roots and soil surrounding the plant
have been sealed in a plastic bag, you can
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? Worked example

A potted plant was set up as described on the previous page,
weighed and left for 24 hours before being re-weighed.

Results
Mass of potted plant at start 350.0¢g
Mass of potted plant after 24 hours 335.0g

The change in mass = mass at start - mass after 24 hours
=350.0-335.0=15.0g

If you are going to collect results for a plant kept in different
conditions and want to compare them, you really need to
start each time with a plant that weighs the same. However,
in practice this can be very difficult. Instead, you can
calculate the percentage change in mass. This takes into
account any differences in the starting mass so that you can
make a valid comparison of the changes in mass.

To calculate the percentage change in mass, we need to use
the equation:
change in mass
mass at start

100

With any percentage change calculation you always use the
same formula:

change

original

So, with our data:

150
3500
When doing calculations like this one, always keep the same

number of decimal places in your answer as the number in
the data you are given.

x 100 = 43 %

Tasks

1 A potted plant set up as described in the weight
potometer experiment weighed 360.0g. After 24 hours it
weighed 338.4 g.
a Calculate the percentage loss in mass.
b Calculate the rate of loss of mass per hour.

Safety
@ Eye protection must be worn.

4 Rates of water uptake in different conditions

e The apparatus shown in Figure 7.14 is called
a simple potometer. It is designed to measure
the rate of uptake of water in a cut shoot.

e The plant stem can be attached directly to a
length of capillary tubing with a short section
of rubber tubing. This is easiestto do in a
bowl of water.

e While still in the water, squeeze the rubber
tubing to force out any air bubbles.

e Remove the potometer from the water and
rub a piece of filter paper against the end of
the capillary tubing. This will introduce an air
bubble. The capillary tubing does not need
to have a scale: you can clamp a ruler next to
the tubing.

e Record the distance moved by the bubble
over a measured period of time. Then place
the end of the capillary tubing in a beaker of
water and squeeze out the air bubble.

e I[ntroduce a new air bubble as previously
described and take further readings.

In this way obtain the average of
three readings.
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Results

1 Anincrease inlight intensity should make
the stomata open and cause the water in the
leaf to evaporate faster, resulting in more
rapid transpiration.

2 Moving air should increase the rate of
transpiration and, therefore, the rate of uptake.

3 The plastic bag will cause a rise in humidity
round the leaves and reduce transpiration.

4 The rise in temperature will increase the
rate of transpiration, and, therefore, the rate
of uptake.

rubber
tubing

capilliary tube ruler

coloured water

air bubble

Interpretation

Ideally, you should change only one condition
at a time. If you took the experiment outside,
you would be changing the light intensity, the
temperature and the air movement. When
the rate of uptake increased, you would not
know which of these three changes was

e The conditions can now be changed in one of ~ mainly responsible.

beaker of water

A Figure 7.14 A simple potometer

the following ways: . To obtain reliable results, you need to keep
1 Move the apparatus info sunlight or under taking readings until three of them are nearly the
a fluorescent lamp. . . same. A change in conditions may take 10 or
2 Blow air past the shoot with an electric fan 15 minutes before it produces a new, steady rate
or a hair dryer on a cold setting, or fan it of uptake. In practice, you may not have time
with an exercise book. . to do this, but even your first three readings
3 Cover the shoot with a plastic bag. should show a trend towards increased or
4 Move the apparatus to a hotter place. decreased uptake.
e After each change of condition, take three
more readings of the rate of uptake. Notice Practical work question
whether they suggest an increase or a 5 Suggest why it is necessary to clear the air
decrease in the rate of transpiration. bubble out of the tubing after each reading. /
= Going further
Limitations of the potometer compared with the volume of water transpired and they

can be ignored.
Although we use the potometer to compare rates of g

transpiration, it is really the rates of uptake that we are The rate of uptake of a cut shoot may not reflect the rate

observing. Not all the water taken up will be transpired;  in the intact plant. If the root system were present, it
some will be used in photosynthesis; some may be might resist the flow of water or it could help the flow
absorbed by cells to increase the water pressure because of its root pressure.

inside them. However, these quantities are very small /

109




7 TRANSPORT IN FLOWERING PLANTS

Rate of transpiration

Transpiration is the evaporation of water from
the leaves, so any change that increases or
reduces evaporation will have the same effect
on transpiration.

Humidity

If the air is very humid, i.e. contains a large amount
of water vapour, it can accept very little more from
the plants and so transpiration slows down. In dry
air, the diffusion of water vapour from the leaf to
the atmosphere will be rapid.

Air movements

In still air, the region round a transpiring leaf will
become saturated with water vapour so that no
more can escape from the leaf. In these conditions,
transpiration would slow down. In moving air,

the water vapour will be swept away from the

leaf as fast as it diffuses out. This will speed up
transpiration.

Temperature

Warm air can hold more water vapour than cold air.
So, evaporation or transpiration will take place more
rapidly into warm air.

Also, when the Sun shines on the leaves they will
absorb heat as well as light. This warms them up and
increases the rate of evaporation of water.

Investigations into the effect of some of these
conditions on the rate of transpiration are described
earlier in this chapter.

Water loss from leaves

The cells in part of a leaf blade are shown in Figure
7.16. As explained in ‘Osmosis” in Chapter 3, the
cell sap in each cell is applying a turgor pressure
outwards on the cell wall. This pressure forces some
water out of the cell wall, evaporating into the air
space between the cells. The water vapour passes
through the air spaces in the mesophyll and out

of the stomata by diffusion. Each leaf contains
many air spaces in the spongy mesophyll and the
air becomes saturated with water vapour. There are
hundreds of stomata, mainly on the lower epidermis
of the leaf, allowing water vapour to diffuse from

a high concentration in the air spaces into the
atmosphere (which has a lower concentration of
water vapour, unless the humidity is high).

The cell walls that are losing water in this
way replace it by getting water from the nearest
vein. Most of this water travels along the cell
walls without going inside the cells (Figure 7.17).
Thousands of leaf cells are evaporating water like
this: their surfaces make a very large surface area.
More water is taken in from the xylem vessels in the
veins to replace the evaporated water. As a result,
water is pulled through the xylem vessels and up
the stem from the roots. This transpiration stream is
strong enough to pull up water 50 metres or more in
trees (Figure 7.15).

A Figure 7.15 Yellow meranti tree. Some of these Malaysian
trees are over 80 metres tall. Transpiration from their
leaves pulls hundreds of litres of water up the trunk

Water movement in the xylem

You may have learned that you cannot draw water
up by suction to a height of more than about 10
metres. Many trees are taller than this, but they can
draw up water effectively. How can this happen? In
long vertical columns of water in very thin tubes,
the attractive forces between the water molecules
result in cohesion (the molecules stick together).
The attractive forces are greater than the forces
trying to separate them. So, the transpiration



stream is pulling up thin threads of water, which
resist the tendency to break.

However, there are still problems. It is likely that
the water columns in some of the vessels do have
air pockets in them and yet the total water flow is
not affected.

Evidence for the pathway of water

The experiment on page 102 uses a dye to show
that in a cut stem the dye, and so also the water,
travels in the vascular bundles. Closer study using
a microscope would show that it travels in the
xylem vessels.

Removal of a ring of bark (which includes the
phloem) does not affect the passage of water
along a branch. Killing parts of a branch by heat
or poisons does not stop the flow of water, but
anything that blocks the vessels does stop the flow.

The evidence all points to the non-living xylem
vessels as the main route by which water passes
from the soil to the leaves.

intercellular
space

movement xylem

between cells vessel evaporation

water stoma
vapour

section through
leaf blade

A Figure 7.16 Movement of water through a leaf

Transpiration and translocation

Wilting

In addition to the water passing along the cell
walls, a small amount will pass right through the
cells. When leaf cell A in Figure 7.17 loses water,

its turgor pressure will fall. This fall in pressure
allows the water in the cell wall to enter the vacuole
and so restore the turgor pressure. In conditions

of water shortage, cell A may be able to get water
by osmosis from cell B more easily than B can get

it from the xylem vessels. In this case, all the
mesophyll cells will be losing water faster than they
can absorb it from the vessels, and so the leaf will
wilt (see ‘Osmosis’ in Chapter 3). Water loss from

the cell vacuoles results in the cells losing their
turgor and becoming flaccid. A leaf with flaccid cells
will be limp and the stem will droop. A plant that
loses water to this extent is said to be wilting (see
Figure 3.13 on page 49).

most water travels along cell walls

—evaporation
® from cell walls

aC.

transpiration

a small
proportion
of water
enters cell by
0osmosis

A Figure 7.17 Probable pathway of water through leaf cells
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Importance of transpiration

On a hot day a tree may draw up hundreds of

litres of water from the soil (Figure 7.15). Most

of this water evaporates from the leaves; only a
small percentage is kept for photosynthesis and to
maintain the turgor of the cells. Scientists are not
sure how this great loss of water is an advantage

to the plant. A rapid water flow may be needed to
obtain enough mineral ions, which are in very dilute
solution in the soil. Evaporation may also help to
cool the leaf when it is exposed to strong sunlight.

An argument against the first possibility is that,
in some cases, an increased transpiration rate does
not increase the uptake of minerals.

The second possibility, the cooling effect, might
be very important. A leaf exposed to direct sunlight
will absorb heat and the increase in temperature
may kill the cytoplasm. Water evaporating from
a leaf absorbs its latent heat and cools the leaf
down. This is probably one benefit of transpiration.
However, there are plants whose stomata close at
around midday, reducing transpiration significantly.
How do these plants avoid overheating?

Many biologists think that transpiration is an
unavoidable consequence of photosynthesis. In order

to photosynthesise, a leaf needs to take in carbon
dioxide from the air. The pathway that allows carbon
dioxide in will also let water vapour out, whether
the plant needs to lose water or not. It is likely that
plants need to keep a careful balance between the
optimum intake of carbon dioxide and a damaging
loss of water.

The role of stomata

The opening and closing of stomata can be triggered
by a number of factors, including light intensity,
carbon dioxide concentration and humidity. These
factors interact with each other. For example,

a rise in light intensity will increase the rate of
photosynthesis and so lower the carbon dioxide
concentration in the leaf. These are the conditions
you would expect to affect the opening of the
stomatal pore if the stomata are to control the
balance between loss of water vapour and uptake
of carbon dioxide.

The stomata also react to water stress, i.e. if the
leaf is losing water by transpiration faster than it is
being taken up by the roots. Before wilting happens,
the stomata start to close. Although they do not
prevent wilting, the stomata do seem to delay the
start of it.

Safety
e Eye protection must be worn.

5 To find which surface of a leaf loses more
water vapour

e Cut four leaves of about the same size from a
plant (do not use an evergreen plant). Protect
the bench with newspaper or a paper towel
and then treat each leaf as follows:

a Smear a thin layer of petroleum jelly on the
lower surface.

b Smear petroleum jelly on the upper
surface.

¢ Smear petroleum jelly on both surfaces.

d Leave both surfaces free of petroleum jelly.

e Place a little petroleum jelly on the cut end of
the leaf stalk. Set up two retort stands with a

string tied between them (like a washing line).
T1e cotton threads to the leaf stalks and hang
the four leaves from the string. Leave them for
several days.

Result

You will find that all the leaves have shrivelled
and curled up to some extent. However, the
ones that lost most water are the most shrivelled
(Figure 7.18).

Interpretation

The petroleum jelly prevents evaporation. The
untreated leaf and the leaf with its upper surface
sealed show the greatest amount of shrivelling,
50 leaves lose most water by evaporation from
the lower surface.
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(c) both
surfaces

(d) neither
surface

(b) upper
surface

(a) lower
surface

A Figure 7.18 The results of evaporation from leaves
given different treatments

More accurate results may be obtained by
weighing the leaves at the start and the end of
the experiment. It is best to place the leaves from
the whole class into groups according to how
they have been treated and weigh each group.
Ideally, the weight loss should be converted to a

percentage of the initial weight (see the worked
example on page 108 for an explanation).

The results of the experiment can be linked to
the numbers of stomata on the upper and lower
epidermis. You can do this by painting clear nail
varnish or a skin treatment like Germolene New-
Skin over each surface and allowing it to dry. Peel
the varnish off and view it under the microscope.
You should be able to see the outlines of the
guard cells and count them.

Practical work question

6 Explain why the application of petroleum
jelly onto the surface of the leaf prevents
transpiration. /

b Test yourself

7 Two weight potometers were set up with similar
plants (see Figure 7.13). One plant was kept in cool
conditions. The other was placed near a source
of heat.

The plants were weighed each day for four days.

time/ mass of plant in mass of plant in hot
days cool conditions/g conditions/g

0 290 286

1 280 262

2 275 235

3 270 228

4 265 225

a Plot the results on a graph.

b i) Describe the results.
ii) Write a conclusion.

¢ Astudent suggested that a fairer comparison
of the results would be to calculate percentage
changes in mass. Explain why the suggestion is
true for this set of data.

d Explain why the pots of the plants were placed in
sealed plastic bags.

8 Study the leaves in Figure 7.18.

a Place the leaves in order of water loss, from
least water loss to most water loss.

b With reference to stomata, explain the results of
the investigation.

9 Explain what would happen to the leaves of a plant
that was losing water by transpiration faster than it
was taking it up from the roots.

/

Translocation

The xylem sap is always a very dilute solution, but
the phloem sap may contain up to 25% of dissolved
solids, most of which is sucrose and amino acids.
There is plenty of evidence to support the view
that sucrose, amino acids and other substances are
transported in the phloem.

Key definitions

Translocation is the movement of sucrose and amino
acids in the phloem.

The movement of water and mineral ions in the
xylem is always upwards, from soil to leaf. However,
the solutes in the phloem may be travelling up or
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down the stem. The carbohydrates made in the leaf
during photosynthesis are converted to sucrose

and carried out of the leaf (the source) to the
stem. From here, the sucrose may pass upwards

to growing buds and fruits or downwards to the
roots and storage organs (sink). All parts of a plant
that cannot photosynthesise will need a supply of

nutrients transported in the phloem. Substances can

be travelling upwards and downwards in the phloem
at the same time.

Some insects feed using syringe-like mouthparts.

These pierce the stems of plants to remove liquid
from the phloem vessels. Figure 7.19 shows aphids
feeding on a rose plant. The pressure of sucrose
solution in the phloem can be so great that it is
forced through the gut of the aphid and droplets of
the sticky liquid ooze from its anus.

mouthparts

A Figure 7.19 Aphids feeding on a rose plant

Test yourself

10 A complete ring of bark cut from around the
circumference of a tree trunk causes the tree to die.
The xylem continues to carry water and salts to the
leaves, which can make all the substances needed
by the tree. Explain why the tree dies.

11 Describe where you would find phloem vessels in
a leaf.

12 Make a list of all the non-photosynthetic parts of a
plant that need a supply of sucrose and amino acids.

/

>

Some parts of a plant can act as a source and a sink at
different times during the life of a plant. For example,
while a bud containing new leaves is forming it would

require nutrients and so it acts as a sink. However, once
the bud has burst and the leaves are photosynthesising,

the region would act as a source, sending newly
synthesised sugars and amino acids to other parts of
the plant. Similarly, the new tuber of a potato plant
would act as a sink while it was growing, storing
sugars as starch. (Starch is a good storage molecule
because it is insoluble and quite compact.] However,
once the buds on the tubers start to grow, the stored
starch is converted to sucrose, a soluble nutrient.
This will be passed to these buds from the tuber. So,
the tuber becomes the source. The shoots will also

14

eventually become sources, after they have broken
through the soil and have produced new leaves that can
photosynthesise. Bulbs, such as those of the daffodil
and lily (see ‘Asexual reproduction’ in Chapter 16), act
in the same way, although some store sugars as well as
starch.

Substances do travel in the sieve tubes of the phloem,
but we do not fully understand the mechanism by
which they are moved. We do know that translocation
depends on active transport, which requires energy
from respiration, because anything that prevents

cell metabolism, for example, poisons or high
temperatures, also stops translocation (see ‘Active
transport’ in Chapter 3 and ‘Respiration’ in Chapter 10).
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Exam-style questions

1 The diagrams show sections through three parts a On the diagram, label three different types
of a plant. of cells. [3]
E G b With reference to cells and regions of the
leaf, describe the process of transpiration. [6]
50 A oo ¢ State the changes in conditions that
would increase the rate of transpiration.  [3]

4 a Define the term tissue. [2]

a Identify E, F and G. [3] b Complet.e the tgble about plant tissues
b Make drawings of the parts E, F and G. and their functions. [3]

On each of your drawings, label an example e e femra | (e

of xylem and phloem. [6] o
¢ Describe the role of phtoem

i) the surface of Fin the process transport of water

of transpiration [2] absorption of water from the soil
ii) the phloem in E. 3] 5 a Describe how you could use a small plant

2 The diagram shows a pair of guard cells on the

to compare the rate of transpiration in still
lower surface of a leaf. p piration in sti

and windy conditions. (6]
b Predict the results you would expect
to obtain. [2]
cell 6 Describe and explain how
Part Y a water moves into the stem of a plant [6]
b a named plant with a storage organ gains
sugars. [4]
Part 2 7 a Define the term transpiration. [2]
b Describe how xylem vessels are adapted
to their role. [3]
¢ State two ways in which transpiration is
different from translocation. [2]
a Identify cell X and cell parts Y and Z. [3] d Explain how wilting occurs. [4]
b The guard cells are shown as they appeared 8 Describe and explain the effect of the
in the dark. following on the rate of transpiration in
i) Draw them as they would appear in a plant:
the light. [2] a decreasing humidity [2]
ii) Label the stoma. [1] b decreasing temperature. [2]
¢ Explain the advantage to the plant of the

stomata being closed at night. [2]
3 The diagram shows a section through part of a
leaf. The arrows represent the movement of water.




Focus

Human nutrition

In Chapter 6 you found out how plants get their nutrition. You have seen how the equation for

photosynthesis tells you all about what the plant needs and what it produces as waste products.

You also know what happens if plants have a deficiency of key mineralions. So, what about human
nutrition? What do we need to stay healthy? How does our body process the food we eat? What happens
if we lack key foodstuffs in our diet? In this chapter we will find the answers to these questions.

Diet

FOCUS POINTS

* What is a balanced diet?

* What are the main sources of nutrients in our
diet and why are they important?

* What are the causes of scurvy and rickets?

The need for food

All living organisms need food. An important
difference between plants and animals is that green
plants can make food in their leaves, but animals
need to take it in ‘ready-made’ by eating plants

or the bodies of other animals. In all plants and
animals, food is used as follows:

For growth

It gives the substances needed for making new cells
and tissues.

As a source of energy

Energy is needed for the chemical reactions that
take place in living organisms to keep them alive.
When food is broken down during respiration (see
Chapter 10), the energy from the food is used for
chemical reactions like building large molecules
(Chapter 4). In animals the energy is also used for
activities like movement, the heartbeat and nerve
impulses. Humans, like other mammals, use energy
to maintain their body temperature.

For replacement of worn and damaged tissues

We need the substances provided in food to replace
the millions of red blood cells that break down each
day, to replace the skin that is worn away and to
repair wounds.

Balanced diets

Key definitions

A balanced diet is a diet that contains all the essential
nutrients in the correct proportions to maintain good
health. The nutrients needed are carbohydrate, lipid,
protein, vitamins, mineral salts, fibre (roughage) and water.

A balanced diet must contain enough carbohydrates
and lipids to meet our energy needs. It must also
contain enough protein to provide the essential
amino acids to make new cells and tissues for
growth or repair. The diet must also contain vitamins
and mineral ions, plant fibre (roughage) and water.
The composition of four food samples is shown in
Figure 8.1.

whole-
meal
bread

baked
beans

white
meat fish

100
90
80
70

60

50

% weight

40
30
20

10 . - -

0 -

| fibre I:I carbohydrate
I:I lipid - protein

A Figure 8.1 An analysis of four food samples

| | water |
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8 HUMAN NUTRITION

Note: The percentage of water includes any salts
and vitamins. There are wide variations in the
composition of any given food sample according
to its source and the method of preservation and
cooking. ‘White fish” (e.g. cod and tilapia) contains

Energy requirements

We can get energy from carbohydrates, fats and
proteins. The cheapest energy-giving food is usually
carbohydrate; the greatest amount of energy is
available in fats. Proteins give about the same energy
as carbohydrates but they are expensive. Whatever
mixture of carbohydrate, fat and protein makes up the
diet, the total energy must be enough
© to keep ourinternal body processes working

(e.g. heart beating, breathing action)
© to keep up our body temperature
© to allow us to work and do other activities.

The amount of energy that can be gained from food

is measured in calories or joules. One gram of
carbohydrate or protein can provide us with 16 or

17 kJ (kilojoules). A gram of lipid can give 37 kJ. We
need to obtain about 12000 kJ of energy each day from
our food. Table 8.1 shows how this figure is calculated.
However, the figure depends on our age, occupation and
activity (Figure 8.2). A person who does hard manual
work, like digging, will use more energy than someone
who sits in an office. Similarly, someone

who takes partin a lot of sport will need more energy
input than someone who does not do much

physical exercise.

Females usually have lower energy requirements than
males. One reason for this is that females have, on
average, a lower body mass than males, which requires
less energy.

As children grow, their energy need increases because
of the energy demands of growth and the extra energy
needed to maintain their body temperature. However,
metabolism tends to slow down with age once we

= Going further

less than 3% lipid, whereas rohu and mackerel
contain more than 10%. Rawas (Indian salmon)
contains 12% lipid. White bread contains only 2-3%
fibre. When you fry food it increases its

lipid content.

become adults, so the need for energy reduces. This is
because of a gradual loss of muscle tissue.

V Table 8.1 Energy requirements in kJ

8 hours asleep 2400
8 hours awake; relatively inactive physically | 3000
8 hours physically active 6600
Total 12000

From the table, you can see that we still need energy
while we are sleeping. We use this energy to maintain
the circulation, breathing, body temperature, brain
function and important chemical processes in the liver
and other organs.

If the diet includes more food than we need to supply
the energy demands of the body, the extra food is stored
as glycogen in the liver, or as fat below the skin and in
the abdomen.

20 000 -

|:| male
|:| female —

15 000 ~

10 000 -

5000 -

energy requirements in kJ

adult
very active

age5 I age 11 I age 18 ' adult

A Figure 8.2 The changing energy requirements with age
and activity
/

Classes of food

There are three classes of food: carbohydrates,
proteins and lipids. The chemical structure of

these substances is described in Chapter 4. These
substances are present in a balanced diet and do not
normally have to be taken in separately. A summary
of the three classes of food and their sources is
shown in Table 8.3.
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Carbohydrates

Sugar and starch are important carbohydrates in our
diet. Potatoes, bread, maize, rice and other cereals
are a good source of starch. Sucrose (table sugar) is
the most common sugar in our diet. It is present in
drinks and many prepared foods like jam, biscuits
and cakes. Glucose and fructose are sugars that are
found in many fruits and some vegetables.
Although all foods provide us with energy,
carbohydrates are the cheapest and most readily
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available source of energy. They contain the
elements carbon, hydrogen and oxygen (e.g. glucose
is C¢H,,04). When carbohydrates are oxidised to
release energy by respiration, they are broken down
to carbon dioxide and water (Chapter 10). One gram
of carbohydrate can give, on average, 16 kilojoules
(kJ) of energy (see practical work ‘Energy from food’
on page 124).

If we eat more carbohydrates than we need for
our energy requirements, the excess is converted in
the liver to either glycogen or lipid. The glycogen is
stored in the liver and muscles; the lipid is stored in
fat deposits in the abdomen, round the kidneys or
under the skin (Figure 8.3).

The cellulose in the cell walls of all plant tissues
is a carbohydrate. We probably get little nourishment
from cellulose because we cannot digest it, but it is
important in the diet as fibre (roughage). This helps
to keep our digestive system healthy.

CELLULOSE STARCH SUGAR
digested absorbed
to as

not digested by SUGAR
human enzymes
changed to oxidised in
glycogen lipid respiration
\ l l l
useful as stored in stored in for
roughage liver fat deposits energy

A Figure 8.3 Digestion and use of carbohydrate
Lipids
Animal lipids are found in meat, milk, cheese, butter
and egg-yolk. Sources of plant fats are oils in fruits
(e.g. palm oil) and seeds (e.g. sunflower seed oil).
They are used for cooking and making margarine.
Lipids are used in the cells of the body to make
part of the cell membrane and other membrane
systems. Lipids can also be oxidised in respiration
to carbon dioxide and water. When used to provide
energy in this way, 1 g of lipid gives 37 kJ of
energy. This is more than twice as much energy as

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

can be gained from the same weight of carbohydrate
or protein.

Lipids can be stored in the body in fat deposits,
providing a way of long-term energy storage. The
fatty tissue (see Chapter 14, Figures 14.22 and 14.23)
forms a layer under the skin. It can reduce heat loss
from the body if its blood supply is limited.

Proteins

Proteins are a key part of the diet because they supply
the amino acids needed to build up our own body
structures. Lean meat, fish, eggs, milk and cheese are
important sources of animal protein. All plants contain
some protein, but soybeans, seeds like pumpkin, and
nuts are the best sources (see Table 8.2).

V Table 8.2 Comparing the protein content of foods
(various sources)

Food Protein content/g per 100 g
soybeans 35
chicken breast 31
pumpkin seeds 30
peanuts 26
fish, e.g. rawas 24
bacon 20
cheese, e.g. paneer 19
Tofu 18
chicken sausage 17
Quorn sausage 14
eggs 13
falafel 13
wheat flour 13
yoghurt 4

When we digest proteins they give us amino acids,
which we need to build cells and tissues, for
example, skin, muscle, blood and bones. These
proteins also form part of the cytoplasm and
enzymes of cells and tissues. Carbohydrates and
lipids cannot do this, so it is essential that we have
some proteins in our diet. An example of how the
body uses amino acids is shown in Figure 8.4.

The amino acids that are not used for making
new tissues cannot be stored, but the liver removes
their amino (—NH,) groups and changes the residue
to glycogen. The glycogen can be stored or oxidised
to provide energy (Chapter 10). One gram of protein
can provide 17 kJ of energy.
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Chemically, proteins are different from both
carbohydrates and lipids because they contain
nitrogen and sometimes sulfur as well as carbon,
hydrogen and oxygen.

Val—Ala—Gly— Gly—Leu—Cys—Gly—_
‘ Leu

i )
S‘ Leu
Glu—Val —Lys — Cys—Ala—

(a) part of a plant protein of 14 amino acids

N by, Cys e
S, @ s % Gly

(ﬂ" Glu \? Lys

(b) digestion breaks up protein into amino acids

Glu—Val — Cys—Gly
|

i
3
_—Ala—Leu—Cys—Val—Gly
Leu
Lys

- Ala—Leu—Gly

(c) our body builds up the same 14 amino acids
but into a protein it needs

key Ala =alanine, Gly = glycine, Leu = leucine
Cys = cysteine, Glu = glutamine, Lys = lysine,
Val = valine, S = sulfur atom

A Figure 8.4 An example of the digestion and use of a
protein molecule

= Going further

Protein requirements

Estimates of how much protein we need have changed
recently. AWHO/FAO/UNU report recommended that
an average person needs 0.57 g protein for every
kilogram of body weight. So, a 70 kg person would
need 70 x 0.57 = 39.9, i.e. about 40 g protein per day.

We could get this by eating about 200 g lean meat or
500 g bread. However, to supply this much protein
from potatoes you would need to eat 2 kg of the
vegetables, and even this will not contain all the
essential amino acids.

Vegetarian and vegan diets

There is relatively less protein in food obtained from
plants than there is in animal products. Vegetarians
and semi-vegetarians, who include dairy products,
eggs and possibly fish in their diets, will obtain
sufficient protein to meet their needs (Table 8.2).
However, some vegetarian foods now contain
relatively high proportions of protein: Quorn products
(made from mycoprotein - obtained from fungi) can
contain 14.5 g protein per 100 g, compared with 17.0 g
protein per 100 g for chicken breast. Mycoprotein does
not contain animal lipids. Vegans, who eat no animal
products, need to make sure that their diets include

a range of cereals, peas, beans and nuts to obtain all
the essential amino acids to build their body proteins.
Falafel is becoming increasingly popular in vegetarian
and vegan diets. It is made of chickpeas, fava beans or
both. It can contain 13.0 g protein per 100 g. /

V¥ Table 8.3 Summary table for carbohydrates, lipids and proteins

Nutrient Good food sources

Use in the body

carbohydrate rice, potato, yam, cassava, bread,
millet, sugary foods (cake, jam, honey)

storage; source of energy

room temperature, but fat, groundnuts (peanuts)
fats are solid)

lipids (oils are liquid at butter, milk, cheese, egg-yolk, animal source of energy (twice as much as carbohydrate);

insulation against heat loss; some hormones; cell
membranes; insulation of nerve fibres

milk, Quorn, cowpeas, falafel

protein meat, fish, eggs, soya, groundnuts,

growth; tissue repair; enzymes; some hormones;
cell membranes; hair; nails; can be broken down to
provide energy

Vitamins

All proteins are like each other in their chemical
structure, as are all carbohydrates. However,

vitamins are a group of organic substances that have

a different chemical structure.
There are some features that are shared by
all vitamins:

120

» They are not digested or broken down for energy.
» Usually, they are not built into the
body structures.
» They are vital in small quantities for health.
» They are needed for chemical reactions in the
cells, working with enzymes.



Plants can make these vitamins in their leaves, but
humans have to eat plants or animals to get them
ready-made.

At least 15 vitamins have been identified and
they are sometimes grouped into two classes: water-
soluble and fat-soluble. The fat-soluble vitamins are
mainly found in animal fats or vegetable oils, which
is one reason why our diet should include some of
these lipids. The water-soluble vitamins are present
in green leaves, fruits and cereal grains.

See Table 8.4 for a summary of the details of
vitamins C and D.

If any one of the vitamins is missing or deficient
in the diet, a vitamin-deficiency disease may
develop. The disease can be cured, at least in
the early stages, simply by adding the vitamin to
the diet.

Vitamin C

Vitamin C is present in all citrus fruits (oranges,
lemons, limes), blackcurrants, guava, mango and
cabbage. It is needed to maintain healthy skin and
gums. A deficiency results in scurvy (Figure 8.5).
Fibres in connective tissue of skin and blood vessels
do not form properly, leading to bleeding under the
skin. Other symptoms are feeling constantly tired,
weak and irritable, with joint pains and swollen,
bleeding gums. In severe cases, the teeth can

fall out.

A Figure 8.5 Symptoms of scurvy

Vitamin D

Vitamin D is the only vitamin that the body can
make, when the skin is exposed to sunlight.
However, for 6 months of the year (October to April),
much of western Europe does not receive enough UV
rays in sunlight to make vitamin D in the skin. So,
many people living there are at risk of a vitamin D
deficiency unless they get it in their diet. Also,
people who have darker skin, like people of African,
African-Caribbean and South Asian origin, are at
risk because their skin reduces UV light absorption.
Wearing clothes that cover the whole of the body
also reduces the ability of the skin to benefit from
UV light.

So, foods that provide vitamin D can be used
in the diet to prevent vitamin D deficiency. These
include oily fish like sardines and mackerel, fish-
liver oil, butter, milk, cheese and egg-yolk. Also,
many manufactured food products contain vitamin D
supplements.

Vitamin D helps in the absorption of calcium and
phosphorus through the gut wall. Bone is made of
the mineral calcium phosphate. So, a lack of the
vitamin results in bones not getting the calcium
and phosphorus they need. When this happens, they
become soft. The weight of the body can deform
bones in the legs, causing the condition called rickets
in children (Figure 8.6). Adults deficient in vitamin D
are in danger of fracturing bones if they fall.

A Figure 8.6 A child with rickets

121




8 HUMAN NUTRITION

©000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

V Table 8.4 Vitamins

Name and source of vitamin

Importance of
vitamin

Diseases and symptoms caused
by lack of vitamin

Notes

Vitamin C; water-soluble:

tomatoes, fresh green
vegetables, potatoes

oranges, lemons, grapefruit,

Prevents scurvy.

Fibres in connective tissue

of skin and blood vessels do

not form properly, leading

to bleeding under the skin,
particularly at the joints,
swollen, bleeding gums and poor
healing of wounds. These are all
symptoms of scurvy (Figure 8.5).

May act as a catalyst in cell
respiration. Scurvy is only likely
to occur when fresh food is not
available. Cows’ milk and milk
powders contain little vitamin C
so babies may need other
sources. Cannot be stored in the
body; daily intake needed.

Vitamin D; fat-soluble:
butter, milk, cheese, egg-
yolk, liver, fish-liver oil

Prevents rickets.

Calcium is not deposited properly
in the bones, causing rickets
in young children. The bones
remain soft and are deformed by

Vitamin D helps the absorption
of calcium from the intestine and
the deposition of calcium salts in
the bones.

the child’s weight (Figure 8.6).

Fractures are more likely in
adults who are deficient.

Natural lipids in the skin are
changed to a form of vitamin D
by sunlight.

Mineral ions

These are sometimes called mineral salts or
minerals. Proteins, carbohydrates and fats provide
the body with carbon, hydrogen, oxygen, nitrogen,
sulfur and phosphorus, but there are several more
elements that the body needs. These mineral ions
are present in the food we eat.

Iron

Red blood cells contain the pigment haemoglobin

(see ‘Blood’ in Chapter 11). Part of the haemoglobin
molecule contains iron. This is needed to carry oxygen
around the body. Millions of red blood cells break down
each day. Their iron is stored by the liver and is used to
make more haemoglobin. However, we lose some iron
and it needs to be replaced through dietary intake.

Red meat, like liver and kidney, is the best source
of iron in the diet. Other important sources are
eggs, groundnuts, wholegrains, brown rice, spinach
and other green vegetables.

Lack of iron in the diet can lead to iron-
deficiency anaemia, which is a decrease in the
number of red blood cells. Red blood cells, when
mature, have no nucleus and this limits their life
to about 3 months, after which they are broken
down in the liver and replaced. Most of the iron is
recycled, but some is lost in the faeces and needs
to be replaced. Adults need to take in about 15mg
each day. Without sufficient iron, your body is
unable to produce enough haemoglobin, the protein
in red blood cells responsible for transporting
oxygen to respiring tissues. This means that the
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oxygen-carrying capacity of the blood is reduced.
Iron is also needed by the muscles and for enzyme
systems in all the body cells. The symptoms of
anaemia are feeling weak, tired and irritable.

Calcium

Calcium, in the form of calcium phosphate, is
deposited in the bones and the teeth and makes
them hard. It is present in blood plasma and plays
a vital part in normal blood clotting (see ‘Blood’ in
Chapter 11). Calcium is also needed for the chemical
changes that make muscles contract and for the
transmission of nerve impulses.

The best sources of calcium are milk (liquid,
skimmed or dried) and cheese. Calcium is also
present in small quantities in most foods as well as
in ‘hard” water.

Many calcium salts are not soluble in water and
may pass through the alimentary canal without
being absorbed. Simply increasing the calcium in the
diet may not have much effect unless the calcium
is in the right form, the diet is balanced and the
intestine is healthy. Vitamin D and bile salts are
needed for efficient absorption of calcium.

Lack of calcium in the diet can lead to rickets,
where bones become easily broken. Other symptoms
of calcium deficiency include weak and brittle nails
and muscle cramps. As well as a lack of calcium-
containing foods in the diet (milk, yoghurt, cheese
and fish), a shortage of vitamin D results in poor
absorption of calcium in the intestine.
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V Table 8.5 Minerals

Name and source of mineral

Importance of mineral

Diseases and symptoms
caused by lack of mineral

Notes

calcium: milk, cheese, fish,
some sources of water, e.g.
‘hard” water

Needed to form healthy
bones and for normal blood
clotting.

Early signs are muscle
aches, cramps and spasms,
with numbness of hands,
feet and around the mouth.
Teeth and bones become soft
and more easily breakable.
Deficiency can lead to
rickets (linked to vitamin D
deficiency) and osteoporosis.

Most foods contain small
amounts of calcium. A
shortage of calciumin

the diet at first results in
calcium being removed from
bones so no symptoms are
apparent.

iron: red meat, liver, kidney,
eggs, green vegetables
(spinach, cabbage, cocoyam,
groundnut leaves), chocolate

Needed for formation of
haemoglobin in red blood
cells (for transport of
oxygen).

Anaemia. The symptoms are
constant tiredness and a lack
of energy.

In women, heavy periods can
result in a loss of iron, which
can result in anaemia.

Dietary fibre [roughage)

When we eat vegetables and other fresh plant
material, we take in a large quantity of plant cells.
The cell walls of plants are made of cellulose, but we
do not have enzymes for digesting this substance.
The result is that the plant cell walls reach the

large intestine (colon) without being digested.

This undigested part of the diet is called fibre

or roughage.

The fibre increases the contents of the colon
and help it to retain water. This softens the faeces
and reduces the time needed for the undigested
material to pass out of the body. Both effects
help to prevent constipation and keep the
colon healthy.

Most vegetables and whole cereal grains contain
fibre, but white flour and white bread do not
contain much. Good sources of dietary fibre are
vegetables, fruit and wholemeal bread.

Water

About 70% of most tissue consists of water; it is
a vital part of cytoplasm. The body fluids, blood
and tissue fluid (Chapter 11) are composed mainly
of water.

Digested food, salts and vitamins are carried
around the body as a watery solution in the blood

and excretory products like excess salt and urea are
removed from the body in solution by the kidneys
(Chapter 13). So, water is a solvent and a transport
medium for these substances.

Digestion uses water in a chemical reaction
to break down insoluble substances to soluble
ones. These products then pass, in solution, into
the bloodstream. Water plays a vital part in many
reactions in cells, as a reactant and a solvent.

We lose water by evaporation, sweating, urinating
and breathing, so we have to replace this by taking
in water with the diet.

b Test yourself

1 What sources of protein-rich foods are available to
a vegetarian who
a will eat animal products but not meat itself
b will eat only plants and their products?
Explain why all diets must contain some protein.
3 Could you survive on a diet that contained no
carbohydrate? Explain your answer.
4 How do proteins differ from lipids in
a their chemical composition (Chapter 4)
b their energy value
¢ their function in the body?
5 Name two foods that contain high levels of
a vitaminC
b calcium. y.

N
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Safety o Calculate the rise in temperature by
e Eye protection must be worn. subtracting the first from the second
e Take care using the needle to impale the temperature. .

peanut, e Work out the quantity of energy transferred to
e Take care as the apparatus will get hot. the Wat.er from the burning peanut as follows:
e CARE: make sure that no students have 4.2]raise 1 g water by 1°C

nut allergies. 20 cms cold Water weighs 20 g

The energy (in joules) released by the

1 Energy from food burning nut = rise in temperature X mass of
e Setup the apparatus as shown in Figure 8.7. water x 4.2
@ Use a measuring cylinder to place 20 cm? cold Note: The value 4.2 in the equation is used to

water in the boiling tube. convert the answer from calories to joules, as
® Use a thermometer to measure the the calorie 1s an obsolete unit.

temperature of the water and make anote ofit. @ To calculate the energy from 1 g of nut, divide
e Weigh a peanut (or other piece of dried food), your answer by the mass of nut you used. This

fix it onto a mounted needle and heat it with gives a value inJ g-..

the Bunsen flame until it begins to burn. e The experiment can now be repeated using
@ Assoon as 1t starts burning, hold the nut different sizes of nut, different varieties of nut,

under the boiling tube so that the flames heat or other types of food. Remember to replace

the water. the warm water in the boiling tube with 20 cm3
e I[fthe flame goes out, do not use the Bunsen cold water each time.

burner to re-light the food while it is under the @ The experiment is not very accurate: compare

boiling tube. Move the nut back to the Bunsen the value you got with an official value (2 385K]

flame to start the nut burning again. Then hold per 100g). There are plenty of websites with

the nut under the boiling tube as soon as it this sort of information if you use different nuts

catches alight. or other food. To make the comparison you
@ When the nut has finished burning and cannot may need to convert your energy value from

be lit again, gently stir the water in the boiling joules to kilojoules (divide by 1 000) and to

tube with the thermometer and record its 100 g of the food (multiply by 100).

new temperature.

Practical work questions
thermometer 1 Try to list some of the faults in the design of
the experiment to explain the differences
" boiling tube you find between your results and the
official value.
clamp stand 2 Suggest where some of the heat is going.
3 Suggest ways of reducing this loss to make the
nme‘::;l‘;ed N T water results more accurate.
burning Q
peanut

A Figure 8.7 Experiment to show the energy in food /
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Human digestive system

Human digestive system

Feeding involves taking food into the mouth,

chewing it and swallowing it down into the stomach.

However, for food to be of any use to the whole
body it needs to be digested. This involves making
the solid food soluble and reducing the size of the

molecules. The soluble products then need to be
absorbed into the bloodstream. The blood delivers
dissolved food to the living cells of all the tissues
and organs. This section describes how the food is
digested and absorbed. Chapter 11 describes how
the blood carries it around the body.

= Going further

Regions of the digestive system and their
functions

The alimentary canal is a tube running through the
body in which food is digested. The soluble products
are absorbed, and the indigestible food molecules are
expelled (egested). A simplified diagram of the digestive
system is shown in Figure 8.8.

ingestion =)

(food) storage

digestion
9 absorption

egestion
(faeces)

A Figure 8.8 The digestive system (generalised)

The inside of the alimentary canal is lined with layers of
cells called an epithelium. New cells in the epithelium
are being produced all the time to replace the cells
worn away by the movement of the food. There are also
cells in the lining that produce mucus. Mucus is a slimy
liquid that lubricates the lining of the tract and protects
it from damage. Mucus may also protect the lining
because it stops the digestive enzymes attacking it.

Some of the digestive enzymes are produced by cells
in the lining of the alimentary canal, for example,
the stomach lining. Others are produced by glands

that are outside the digestive system. They release blood vessels in its walls. y.
their enzymes through tubes (called ducts] into the
alimentary canal (Figure 8.9). Two examples of digestive /

glands are the salivary glands and the pancreas (see
Figure 8.14 on page 128).

The alimentary canal has many blood vessels in its
walls, close to the lining. These bring oxygen to the
cells and take away the carbon dioxide they produce.
They also absorb the digested food from the alimentary
canal.

longitudinal
muscle
fibres

circular
muscle
fibres

lining
epithelium
with digestive
glands

A Figure 8.9 The general structure of the alimentary
canal

b Test yourself

Where are enzymes produced”

7 State two functions of mucus in the
alimentary canal.

8 Explain why the digestive system has many
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Digestion

FOCUS POINTS

* What is physical digestion?

* Why is physical digestion important?

* What are the different types of human teeth and

their function?

What is the structure of a human tooth?

What is chemical digestion?

What is the role of chemical digestion?

What are the functions of the main parts of the

digestive system?

Where in the digestive system are amylase,

maltase, protease and lipase secreted, where do

they act and what is their function?

* What is the function of the hydrochloric acid in
gastric juice?

* How is starch digested in the digestive system?

* How are proteins digested by proteases in the
digestive system?

* What does bile do in chemical digestion?

* ot ot %

*

Key definitions
Physical digestion is the breakdown of food into smaller
pieces without chemical change to the food molecules.

Chemical digestion is the breakdown of large molecules
into small molecules.

Physical digestion and teeth

The process of physical digestion mainly occurs in
the mouth. The teeth are used to chew the food.
This increases the surface area of food for the action
of enzymes in chemical digestion. Other examples
of physical digestion include the action of muscles
in the stomach and the emulsification of fats by
bile. These are described later in this chapter.
Humans are omnivores (organisms that eat animal
and plant material). We have similar types of teeth
as carnivores, but human teeth are not used for
catching, holding, killing or tearing up prey, and we
cannot crush bones. Figure 8.10 shows the position
of teeth in the upper jaw and Figure 8.11 shows how
they look in both jaws when seen from the side.
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Table 8.6 gives a summary of the types of human
teeth and their functions.

Our top incisors pass in front of our bottom
incisors. They cut pieces off the food, for example,
when biting into an apple or taking a bite out of a
piece of toast.

incisors

‘wisdom’
tooth
(molar)

upper jaw

root

crown
canine

incisor

molar

premolar

A Figure 8.11 Human jaws and teeth

Our canines are more pointed than the incisors and
are slightly larger. They behave like extra incisors.

Our premolars and molars are similar in shape and
function. Their knobbly surfaces, called cusps, meet
when the jaws are closed. They crush the food into
small pieces. Small particles of food are easier to
digest than large pieces.
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V¥ Table 8.6 Summary of types of human teeth and their functions

Type Incisor Canine Premolar Molar
Diagram

7 7 Z “
Position in mouth | front either side of incisors | behind canines back

incisors

Description chisel-shaped (sharp slightly more pointed | have two points (cusps); have four or five cusps;
edge) thanincisors have one or two roots have two or three roots
Function biting off pieces of food | similar function to tearing and grinding food | chewing and grinding

food

Tooth structure

The part of a tooth that is visible above the gum line
is called the crown. The gum is tissue that overlays
the jaws. The rest, embedded in in the jaw bone, is
called the root (Figure 8.12). The surface of the crown
is covered by a very hard layer of enamel. This layer
is replaced by cement in the root, which enables the
tooth to grip to its bony socket in the jaw. Below
the enamel is a layer of dentine. Dentine is softer
than enamel. Inside the dentine is a pulp cavity,
containing nerves and blood vessels. These enter the
tooth through a small hole at the base of the root.

~ enamel

crown < dentine
pulp cavity

N

s
_____gum

cement
root
<

nerve

A Figure 8.12 Section through a molar tooth

Peristalsis

The alimentary canal has layers of muscle in its
walls (Figure 8.9). The fibres of one layer of muscles
run around the tract (circular muscle) and the
others run along its length (longitudinal muscle).
When the circular muscles in one area contract, they
make the alimentary canal narrow in that area.

A contraction in one area of the alimentary canal

is followed by another contraction just below it so
that a wave of contraction passes along the tract,
pushing food in front of it. The wave of contraction,
called peristalsis, is shown in Figure 8.13.

The process of swallowing involves peristalsis.
For food to enter the oesophagus (gullet), it passes
over the windpipe. A flap of cartilage (epiglottis)
guides the food into the oesophagus. This stops
food entering the windpipe, which would cause
choking during swallowing. The beginning of the
swallowing action is voluntary, but once the food
reaches the back of the mouth, swallowing becomes
a reflex action. The food is forced into and down
the oesophagus by peristalsis. This takes about
6 seconds with quite solid food; the food is then
passed into the stomach. Liquid travels more rapidly
down the oesophagus.

muscular wall of gullet

circular muscle contracting

food

A Figure 8.13 Diagram to illustrate peristalsis
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b Test yourself

9 a Define the term physical digestion.
b State the functions of
i) incisors
ii) molars.
c State two differences between an incisor and a
molar.
10 The action of teeth is one example of
physical digestion.
Describe two other examples. y.

Chemical digestion

Digestion is mainly a chemical process and involves
breaking down large molecules to small molecules.
The large molecules are usually not soluble in water,
but the smaller ones are. The small molecules can be
absorbed through the epithelium of the alimentary
canal, through the walls of the blood vessels and
into the blood.

Some food can be absorbed without digestion.
The glucose in fruit juice, for example, can pass
through the walls of the alimentary canal and enter
the blood vessels without being broken down.
However, most food is solid and cannot get into
blood vessels. The process of digestion dissolves
solid food to make a solution.

The chemicals that dissolve the food are
enzymes, described in Chapter 5. A protein can
take 50 years to dissolve if just placed in water,
but it is completely digested by enzymes in a
few hours.

All the solid starch in foods like bread and potatoes
is digested to glucose, which is soluble in water.

The solid proteins in meat, eggs and beans
are digested to small, soluble molecules called
amino acids.

Lipids are digested to soluble molecules called
glycerol and fatty acids (see Chapter 4).

Five main processes linked with digestion happen
in the digestive system. These are ingestion,
digestion, absorption, assimilation and egestion.
The main parts of the digestive system are shown in
Figure 8.14. An outline of the functions of its main
parts is given in Table 8.7.
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FOCUS POINTS

* Where are the main organs of the digestive

system?

tongue
epiglottis
. windpipe (trachea)
sa;llvzry oesophagus
gfan (gullet)
right
lung
diaphragm
gallbladder h
bile duct stomac
liver pyloric
pancreas sphincter
colon
duodenum
+ileum
(=small
intestine)
caecum
rectum

appendix

anus

A Figure 8.14 The digestive system

The mouth

The act of taking food into the mouth is called
ingestion. In the mouth the food is chewed and
mixed with saliva. The chewing breaks the food into
pieces that can be swallowed. It also increases the
surface area for the enzymes to work on later. Saliva
is a digestive juice produced by the salivary glands,
which have ducts that lead into the mouth. It helps
to lubricate the food and make the small pieces
stick together. Saliva contains one enzyme, salivary
amylase, which acts on starch and begins to break
it down into simple sugars.
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The stomach

The stomach has elastic walls, which stretch as

the food collects in it. The main function of the
stomach is to store the food from a meal and turn
it into a liquid. An example of physical digestion

is the way the muscles in the wall of the stomach
work. The muscles alternately contract and relax,
churning and squeezing the food in the stomach
and mixing it with gastric secretions. The mixture
is turned into a creamy liquid. This action gives
the food a greater surface area so that it can be
digested more efficiently. How long food remains in
the stomach depends on what it contains. Water may
pass through quite quickly. A meal of carbohydrate,
such as porridge, may be held in the stomach for
less than an hour. However, a mixed meal containing
protein and fat may be in the stomach for 1 or 2
hours. Glands in the lining of the stomach produce
gastric secretions containing the protease enzyme.
It helps in the process of breaking down large
protein molecules into small, soluble amino acids.
The stomach lining also produces hydrochloric

acid, which makes an acidic solution in the gastric
juice. This acid gives the optimum pH for stomach
protease to work in. It also kills harmful organisms
in food, like bacteria taken in with the food.

These can cause food poisoning if they are not
killed. There is a valve at the base of the stomach.
This valve stops solid pieces of food from passing
through and lets the liquid products of digestion
pass, a little at a time, into the duodenum, which is
the first part of the small intestine.

Duodenum

Pancreatic juice (digestive juice from the pancreas)
and bile from the liver are released into the
duodenum to act on food there.

The pancreas is a digestive gland underneath the
stomach (Figure 8.15). It makes several enzymes,
which act on all classes of food. Protease breaks
down proteins into amino acids. Pancreatic amylase
digests starch to maltose. Maltase breaks down
maltose into glucose. Lipase digests lipids to fatty
acids and glycerol.

Digestion
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liver
stomach

bile duct - pyloric sphincter
gall bladder —
pancreatic duct
pancreas
duodenum

A Figure 8.15 Relationship between stomach, liver
and pancreas

All the digestible material is changed to soluble
compounds, which can pass through the lining of
the intestine and into the bloodstream. The final
products of digestion are:

Food Final products

starch  —>  glucose (a simple sugar)

proteins —»  amino acids

lipids —> fatty acids and glycerol
Bile

The action of bile is an example of physical
digestion. Bile is a green, watery fluid made in the
liver. It is stored in the gall bladder and is sent to
the duodenum through the bile duct (Figure 8.15).
It contains no enzymes but does contain bile salts.
These act on lipids in a similar way to a detergent.
The bile salts emulsify the lipids. This means they
break them up into small droplets with a large
surface area. The droplets are more efficiently
digested by lipase.

Bile also has a function in chemical digestion.
Bile is slightly alkaline as it contains sodium
hydrogencarbonate and, along with pancreatic juice,
has the function of neutralising the acidic mixture
of food and gastric juices as it enters the duodenum.
This is important because enzymes secreted into the
duodenum need alkaline conditions to work at their
optimum rate.
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The green colour of bile is caused by bile
pigments which are formed from the breakdown of
haemoglobin in the liver.

[leum and colon

The small intestine consists of the duodenum and
the ileum. Nearly all the absorption of digested food
and most of the water takes place in the ileum. The
material passing into the large intestine consists of
water with undigested matter, mainly cellulose and
vegetable fibres (roughage), mucus and dead cells
from the lining of the alimentary canal.

The large intestine secretes no enzymes but the
bacteria in the colon digest part of the fibre to form
fatty acids, which the colon can absorb. Bile salts
are absorbed and returned to the liver in the blood.
The colon also absorbs water from the undigested

V¥ Table 8.7 Functions of the main parts of the digestive system

material. About 7 litres of digestive juices are
released into the alimentary canal each day. It is
important that the water from these is absorbed
by the ileum and colon, or the body will become
dehydrated.

Rectum and anus

The semi-solid waste is called the faeces. It is
passed into the rectum by peristalsis and is passed
out at intervals through the anus. The undigested
material may spend from 12 to 24 hours in the
intestine. The process of passing out the faeces

is called egestion. It is important that you do not
confuse egestion with excretion. The faeces is

not a product of metabolism, so it is not an
excretory product.

Region of digestive system | Function

mouth ingestion of food; physical digestion by teeth; chemical digestion of starch by amylase;
formation of a bolus for swallowing

salivary glands produces saliva, which contains amylase for the first stage of the chemical digestion of starch
in food; also, liquid to lubricate food and make small pieces stick together

oesophagus (gullet) transfers food from the mouth to the stomach by peristalsis

stomach produces gastric juice containing protease, for chemical digestion of protein; also,
hydrochloric acid to kill bacteria; peristalsis churns food up into a liquid

duodenum first part of the small intestine; receives pancreatic juice for chemical digestion of proteins,
lipids and starch as well as neutralising the acid from the stomach; receives bile to emulsify
lipids (a type of physical digestion)

ileum second part of the small intestine; enzymes in the epithelial lining carry out chemical digestion
of starch into simple reducing sugars using pancreatic amylases; proteins to amino acids by
proteases; and fats and oils into fatty acids and glycerol by lipases; very long and has villi (see
Figures 8.18 and 8.19) to increase surface area for absorption of digested food molecules and water

pancreas secretes pancreatic juice into the duodenum through the pancreatic duct (see Figure 8.15 for
chemical digestion of proteins, lipids and starch)

liver makes bile containing salts to emulsify lipids [physical digestion); assimilation of digested
food like glucose; deamination of excess amino acids (see Chapter 13), storage of glycogen
(Chapter 14)

gall bladder stores bile made in the liver, to be secreted into the duodenum through the bile duct
(see Figure 8.15)

colon first part of the large intestine; absorption of water from undigested food; absorption of bile
salts to pass back to the liver

rectum second part of the large intestine; stores faeces

anus egestion of faeces
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Digestion of starch

A starch molecule is made up of hundreds of carbon,
hydrogen and oxygen atoms. Starch is digested in two
places in the alimentary canal: by salivary amylase

in the mouth and by pancreatic amylase in the
duodenum. Amylase works best in a neutral or slightly
alkaline pH and breaks down large, insoluble starch

- enzyme A
& (am);/lase)

<“—enzyme A

(amylase) % 00

A large ... and broken into
molecule ... is attacked smaller molecules
(e.g. starch) ... by enzymes ... (e.g. the sugar maltose) ...

A Figure 8.16 Enzymes acting on starch

Digestion of protein

Protein molecules are digested first to smaller
molecules called peptides and then into completely
soluble molecules called amino acids.

protein  —> peptide —> amino acid

There are actually several proteases (or proteinases)
which break down proteins. One protease is pepsin
and is secreted in the stomach. Pepsin works best
in the acid conditions in the stomach. It acts
on proteins and breaks them down into soluble
compounds called peptides. These are shorter
chains of amino acids than proteins. Another protease
is called trypsin. Trypsin is secreted by the pancreas
in an inactive form, which is changed to an active
enzyme in the duodenum. It works in a similar way
to pepsin, breaking down proteins to peptides, but it
works best in the alkaline conditions of the duodenum.
The small intestine itself does not appear to
produce digestive enzymes. However, the epithelial
cells of the villi contain enzymes in their cell
membranes that complete the break-down of sugars
and peptides before they pass through the cells to
the bloodstream. For example, peptidase breaks down
polypeptides and peptides into amino acids.

Digestion of lipids

The pancreas produces lipase which is secreted into
the duodenum in pancreatic juice. It works best in
slightly alkaline conditions (pH 8). Lipase digests
lipids to fatty acids and glycerol.

Absorption and assimilation
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molecules into smaller, soluble maltose molecules
(Figure 8.16). Maltose is a disaccharide sugar and is
still too big to be absorbed through the wall of the
intestine. Maltose is broken down to glucose by the
enzyme maltase, which is present in the membranes
of the epithelial cells of the villi.

starch —> maltose —> glucose

0
0\ enzyme B QO Q
(maltase) 0
<«— enzyme B Q
(maltase) O

... and broken into
even smaller molecules
(e.g. the sugar glucose)

... which are attacked
by dfferent enzymes ...

‘ Test yourself

11 Into what parts of the alimentary canal do the
following pour their digestive juices?
a the pancreas
b the salivary glands.
12 Write down the menu for your breakfast and main
meal. State the main food substances present
in each item of the meal and the final digestion
product of each.
13 a In which parts of the alimentary canal are the
following digested?
i) starch
ii) protein.
b Explain why enzymes passing from one part of
the digestive system to another do not always
continue to work effectively. y.

Absorption and assimilation

FOCUS POINTS

* Where are nutrients absorbed?

* Where is water absorbed?

* What is assimilation?

* Why are villi and microvilli important?

* What is the structure of a villus?

* What are the roles of capillaries and lacteals
in villi?

* What is the function of the hepatic portal vein?
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Absorption (by diffusion, osmosis and active
transport) is the movement of nutrients from the
intestines into cells lining the digestive system and
then into the blood. The small intestine consists
of the duodenum and the ileum. Nearly all the
absorption of digested food takes place in the
ileum, along with most of the water. Some water
is also absorbed from part of the large intestine,
called the colon.

The second part of the small intestine is called
the ileum. The ileum is efficient in the absorption of
digested food for several reasons:

» It is quite long and provides a large surface to
absorb the digested food.

» Its internal surface is increased even more by
circular folds (Figure 8.19) bearing thousands of
tiny projections called villi (singular = villus)
(Figures 8.17 and 8.18). These villi are about
0.5 mm long and may be finger-like or flattened
in shape.

» The lining epithelium is very thin and the fluids
can pass rapidly through it. The outer membrane
of each epithelial cell has microvilli, which
increase x20 the exposed surface of the cell
(see Chapter 3, Figure 3.3). This makes the small
intestine much more efficient in the absorption
of nutrients.

» There is a dense network of blood capillaries
(tiny blood vessels, see Chapter 11) in each villus
(Figure 8.18).

The small molecules of digested food, for
example, glucose and amino acids, pass into the
epithelial cells and then through the wall of the
capillaries in the villus and into the bloodstream.
They are then carried away in the capillaries, which
join up to form veins. These veins come together to
form one large vein, the hepatic portal vein (see
Chapter 11). This vein carries all the blood from the
intestines to the liver, which may store or alter any
of the digestion products. When these products are
released from the liver, they enter the general blood
circulation.

Some of the fatty acids and glycerol from the
digestion of lipids enter the blood capillaries of the
villi. However, a large proportion of the fatty acids
and glycerol combine again to re-form lipids in the
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intestinal epithelium. These lipids then pass into
the lacteals (Figure 8.18). The fluid in the lacteals
flows into the lymphatic system, which forms a
network all over the body and eventually empties its
contents into the bloodstream.

Note: Knowledge of the lymphatic system is not
required by the syllabus.

Water-soluble vitamins may diffuse into the
epithelium but fat-soluble vitamins are carried in
the microscopic fat droplets that enter the cells. The
ions of mineral salts are probably absorbed by active
transport. Calcium ions need vitamin D for their
effective absorption.

circular folds and villi

capillary villus

network epithelium

blood
vessels
supplying
villus

A Figure 8.17 The absorbing surface of the ileum
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epithelium

blood capillary
mucus-producing cell

lacteal

crypt

lymphatic system

A Figure 8.19 Scanning electron micrograph of the human
intestinal lining (x60). The villi are about 0.5 mm long. In
the duodenum they are mostly leaf-like (C], but further
towards the ileum they become narrower (BJ, and in the
ileum they are mostly finger-Llike (A). This micrograph is
of a region in the duodenum

Absorption of the products of digestion is not just
by diffusion. Although the mechanisms for transport
across the intestinal epithelium have not been

fully worked out, active transport is also involved.

Absorption and assimilation
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Even water can cross the epithelium against

an osmotic gradient (Chapter 3). Amino acids,
sugars and salts are, almost certainly, taken up
by active transport. Glucose, for example, crosses
the epithelium faster than fructose (another
monosaccharide sugar) although their rates of
diffusion would be about the same.

Use of digested food

The products of digestion are carried around the
body in the blood. From the blood, cells absorb
and use glucose, lipids and amino acids. This
uptake and use of nutrients by cells is called
assimilation.

Glucose

During respiration in the cells, glucose is oxidised to
carbon dioxide and water (see ‘Aerobic respiration” in
Chapter 10). This reaction provides energy to drive
the many chemical processes in the cells, which
result in, for example, the building-up of proteins,
contraction of muscles or electrical changes

in nerves.

Lipids

These are built into cell membranes and other cell
structures. Lipids also form an important source of
energy for cell metabolism. Fatty acids produced
from stored fats or taken in with the food are
oxidised in the cells to carbon dioxide and water.
This releases energy for processes such as muscle
contraction. Lipids can provide twice as much
energy as sugars.

Amino acids

These are absorbed by the cells and built up,

with the aid of enzymes, into proteins. Some of

the proteins will become plasma proteins in the
blood (see ‘Blood’ in Chapter 11). Others may

form structures such as cell membranes or they

may become enzymes that control the chemical
activity within the cell. Amino acids not needed for
making cell proteins are converted by the liver into
glycogen, which can then be used for energy.
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b Test yourself

14 For each of the classes of food listed, name the
product(s) which is/are absorbed by the ileum.
a starch
b protein
c fats

15 State the characteristics of the small intestine that
enable it to absorb digested food efficiently.

16 Make yourself a mnemonic to help you remember
the five processes happening in the digestive system
(ingestion, digestion, absorption, assimilation and
egestion). /

Safety

e FEye protection must be worn.
e Take care using iodine solution — it can stain
skin and clothes.

Experiments on digestion
2 The action of salivary amylase on starch

® Rinse your mouth with water to remove traces
of food. (Note: Do not do this in the laboratory
and ensure you use fresh drinking water from
a suitable source.)

e Collect saliva* in two test tubes, labelled
A and B, to a depth of about 15 mm (see
Figure 8.20). (Note: You should only collect
and use your own saliva into a small beaker or
disposable cup.)

@ Heat the saliva in tube B over a small flame or
in a water-bath of boiling water until it boils for
about 30 seconds. Then cool the tube under
the tap.

e Add about 2 cm? of a 2% starch solution to
each tube; shake each tube and leave them for
5 minutes.

@ Share the contents of tube A between two
clean test tubes.

e To one of these add some 1odine solution.
To the other add some Benedict’s solution
and heat in a water-bath as described in
Chapter 4.

e Test the contents of tube B in exactly the
same way.

* If there is any problem using your own saliva,
use a 5% solution of commercially prepared
amylase instead.

A

15mm
= saliva

V

U7 add 2cm3
starch solution
wait 5 minutes
iodine Benedict's iodine Benedict's

souton\U solution \ soluton\U solution

A Figure 8.20 Experiment to show the action of salivary
amylase on starch

&

d_ =

Results

The contents of tube A do not give a blue colour
with iodine solution, showing that the starch has
gone. The other half of the contents, however,
gives a red or orange precipitate with Benedict's
solution, showing that sugar is present.

The contents of tube B still give a blue colour with

on heating with Benedict's solution.
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Interpretation

The results with tube A suggest that something
In saliva has changed starch into sugar. The fact
that the boiled saliva in tube B does not do this
suggests that it was an enzyme in saliva that
caused the change (see Chapter 5), because
enzymes are proteins and are destroyed by
boiling. If the boiled saliva had changed starch to
sugar it would have ruled out the possibility of an
enzyme being responsible.

This interpretation assumes that it is something in
saliva that changes starch into sugar. However, the
results could also support the claim that starch can
turn unboiled saliva into sugar. Our knowledge of
(1) the chemical composition of starch and saliva
and (2) the effect of heat on enzymes, makes the
first interpretation more likely.

3 Modelling the action of amylase on starch

e Collect a 15 cm length of Visking tubing that
has been softened in water.

e Tie one end tightly. Using a syringe, put 2%
starch solution into the Visking tubing, to about
two-thirds full.

e Add 2 cm? of 5% amylase solution (or saliva if it
is allowed).

e Pinch the top of the Visking tubing to keep
it closed, then carefully mix its contents by
squeezing the tubing.

@ Rinse the outside of the Visking tubing
thoroughly with tap water, then place itin a
boiling tube, trapping the top of the tubing
with an elastic band (see Figure 8.21).

e Add enough distilled water to cover the
Visking tubing.

@ Test a small sample of the distilled water and
the contents of the Visking tubing for starch
and reducing sugar, using iodine solution
and Benedict’s solution (see page 64 for
methods).

e Place the boiling tube in a beaker of water or a
water-bath at 37 °C.

e After 20 minutes, use clean teat pipettes to
remove a sample of the water surrounding
the Visking tubing and from inside the
Visking tubing.

e Test some of each sample for starch, using
lodine solution, and for reducing sugar, using
Benedict’s solution. Also test some of the
original starch solution for reducing sugar to
make sure it is not contaminated with glucose.

elastic band

- — amylase +

starch solution

Visking tubing

/ water

A Figure 8.21 Experiment to model the digestion
of starch

Result

At the start of the investigation the distilled

water tests negative for starch (stays brown) and
reducing sugar (stays turquoise). The contents of
the Visking tubing are positive for starch (blue-
black) but negative for reducing sugars

(stays turquoise).

After 20 minutes, the contents of the Visking
tubing are yellow/brown with iodine solution, but
turn orange or brick red with Benedict's solution.
The water sample stays yellow/brown with iodine
solution, but turns orange or brick red with
Benedict’s solution.

Interpretation

The amylase digests the starch in the Visking
tubing, producing reducing sugar. The
complete digestion of starch results in a
negative colour change with iodine solution.
The presence of reducing sugar (maltose or
glucose) causes the Benedict's solution to

turn orange or brick red. The reducing sugar
molecules can diffuse through the Visking
tubing into the surrounding water, so the water
gives a positive result with Benedict's solution.

=
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Starch is a large molecule, so it cannot diffuse
through the tubing: the water gives a negative
result with iodine solution.

This model can be used to represent digestion in
the gut. The starch solution and amylase are the
contents of the mouth or duodenum. The Visking
tubing represents the duodenum wall and the
distilled water represents the bloodstream, into
which the products of digestion are absorbed.

4 The action of pepsin on egg white protein

Prepare a cloudy suspension of egg white by
stirring the white of one egg into 500 cms? tap
water, heating it to boiling point in a water-bath.
Allow it to cool before filtering it through glass
wool to remove the larger particles.

e Label four test tubes A, B, C and D and place
2 cm3 egg white suspension in each of them.
Then add pepsin solution and/or dilute (1M)
hydrochloric acid (HCI) to the tubes, as shown
in Flgure 8.22.

3 drops 3 drops 3 drops
1M HCI 1M HCI 1M HCI
0 0 0
0 0 0
0 0 0
1cm3—— —1cm? —1cm?3
pepsin pepsin boiled
N % N g e
2cm3 2cm3 2cm3 2cm3
egg-white  egg-white egg-white egg-white
A B C D

A Figure 8.22 Experiment to show the action of pepsin on
egg white

A egg white suspension + 1 cms? pepsin
solution (1%)
B egg white suspension + 3 drops dilute HCI

C egg white suspension + 1 cms? pepsin +
3 drops HC1
D egg white suspension + 1 cm? boiled
pepsin + 3 drops HCI
o Place all four tubes in a beaker of warm water
at 35°C for 10-15 minutes.

Result

The contents of tube C go clear. The rest
stay cloudy.

Interpretation

The change from a cloudy suspension to a clear
solution shows that the solid particles of egg
protein have been digested to soluble products.
The failure of the other three tubes to give clear
solutions shows that:

e pepsin will only work in acid solutions

e itis the pepsin and not the hydrochloric acid
that does the digestion

® pepsinis an enzyme, because its activity is
destroyed by boiling.

For experiments investigating the effect of
temperature and pH on enzyme action see
Chapter 5.

Practical work questions

4 In experiment 3, explain why some reducing
sugar remains inside the Visking tubing.

5 In experiment 4, explain why the change
from cloudy to clear suggests that digestion
has occurred.

6 Suggest how you would modify experiment 4
if you wanted to find the optimum temperature
for the action of pepsin on egg white.

7 Experiment 4 is really two experiments
combined because there are two variables.

a Identify the variables.
b State which of the tubes could be the control.
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Exam-style questions

1 a Define the term balanced diet. [2] a

ooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Identify parts X, Y and Z and state one

Some examples of the food that would give function for each part. [6]
a balanced diet are shown in the diagram below. b i) State the type of enzyme secreted by
b Study the picture and state what class of organ X. [1]
food or item of diet is mainly present in ii) Describe the conditions in organ X that
each of the segments A, B, C and D. [4] make digestion efficient. [2]
4 a State the process by which the majority of
the sugar is absorbed through the ileum wall
into the bloodstream. [1]
b What is needed to achieve this process? [1]
5 The diagram shows the digestive system of
a human.
A
¢ Explain why it is important to have leafy 2
vegetables, for example, cabbage and
lettuce in the diet. [2] )
2 State which tissues of the body need c - H
a calcium K \ _
b glucose ) %i \ \ N
c iron 5
d protein. [4] .
3 The diagram shows a view of the digestive
system in a person’s abdomen. E
B X
Identify which labels show the site(s) of
a physical digestion [2]
) b egestion [1]
¢ absorption of water [1]
d acid pH [1]
e starch digestion [1]
f production of an alkaline solution. [1]

(K]
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6 The main processes in the digestive system 7 Outline what happens to a protein molecule
are shown below. Copy the words below and in food, from when it is swallowed to when
draw a straight line to match each process to its products are built up into the cytoplasm of a
its definition. [5] muscle cell. [10]
process definition

the taking of substances,

absorption e.g. food and drink, into
the body
assimilation the breakdown of food

the movement of nutrients
digestion from the intestines into the
blood

the uptake and use of

LRI nutrients by cells
the removal of undigested
ingestion food from the body as

faeces
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Focus

Human gas exchange

Cells cannot function without oxygen and need to get rid of the potentially poisonous gas, carbon

dioxide. So, how does the body obtain the oxygen and remove the carbon dioxide? What happens
when we exercise and need more oxygen than normal? This chapter explores gas exchange and how
the breathing system adjusts to changing demands.

FOCUS POINTS

Xt % ot %

and particles?

What are the features of gas exchange surfaces in humans?

Where in the body are the parts of the gas exchange system?

How do the ribs, internal and external intercostal muscles and diaphragm ventilate the lungs?
Why is the composition of inspired air different to expired air?

Why does the rate and depth of breathing increase during and after physical activity?

How do goblet cells, mucus and ciliated cells protect the gas exchange system from pathogens

Gas exchange in humans

All the processes carried out by the body, like
movement, growth and reproduction, require
energy. In animals, this energy can only be
obtained from the food they eat. Before the energy
can be used by the cells of the body, it must

be set free from the chemicals of the food by a
process called respiration (see Chapter 10). Aerobic
respiration needs a supply of oxygen and produces
carbon dioxide as a waste product. So, all cells
must be supplied with oxygen and must be able to
get rid of carbon dioxide.

In humans and other mammals, the oxygen is
gained from the air by means of the lungs. In the
lungs, the oxygen dissolves in the blood and is
carried to the tissues by the circulatory system
(Chapter 11).
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Features of respiratory surfaces

The exchange of oxygen and carbon dioxide across a
respiratory surface, as in the lungs, depends on the
diffusion of these two gases. Diffusion occurs more
rapidly if

» there is a large surface area exposed to the gas

» the distance across which diffusion takes place
is small

» there is a good blood supply

» there is a big difference in the concentrations of
the gas at two points achieved by ventilation.

Large surface area

The presence of millions of alveoli in the
lungs provides a very large surface for
gaseous exchange.




Thin epithelium

There is only a two-cell layer, at the most,
separating the air in the alveoli from the blood in
the capillaries (Figure 9.4). One layer is the alveolus
wall; the other is the capillary wall. So, the distance
for diffusion is very short.

Good blood supply

The alveoli are surrounded by networks of

blood capillaries. The blood in these capillaries
removes oxygen all the time, keeping the oxygen
concentration low. In this way, a steep diffusion
gradient is maintained. This helps the rapid
diffusion of oxygen from the air passages to the
alveolar lining.

Carbon dioxide from the blood is delivered
continuously into the alveoli. It is removed from the
air passages by ventilation, maintaining a diffusion
gradient in the same way. This encourages the
diffusion of carbon dioxide from the alveolar lining
into the bronchioles.

Ventilation

Ventilation of the lungs helps to maintain a steep
diffusion gradient (see ‘Diffusion” in Chapter 3)
between the air at the end of the air passages
and the alveolar air. The concentration of the
oxygen in the air at the end of the air passages is
high because the air is constantly replaced by the
breathing actions.

The respiratory surfaces of land-dwelling mammals
are moist. Oxygen must dissolve in the thin film of
moisture before passing across the epithelium.

Lung structure

The lungs are found in the thorax (chest region) (see
Figure 8.14). They have a spongy texture and can be
expanded and compressed by movements of the thorax
so that air is sucked in and blown out. The back of the
mouth connects to the larynx, which joins onto the
windpipe or trachea (Figure 9.1). The trachea divides
into two smaller tubes, called bronchi (singular =
bronchus), which enter the lungs and divide into even
smaller branches. When these branches are only about
0.2mm in diameter they are called bronchioles (Figure
9.3(a)). These fine branches end in a mass of little,
thin-walled, pocket-like air sacs called alveoli (Figures
9.3(b), (c) and 9.4).

A flap of tissue (epiglottis) and other
structures at the top of the trachea stop food

Gas exchange in humans

and drink from entering the air passages when
we swallow.

epiglottis

larynx

cartilage ring

right bronchus h
trachea

lobes of
right lung blood vessels

of heart

right

atrium right

ventricle

A Figure 9.1 Diagram of lungs, showing position of heart

Figure 9.2 shows a section through the thorax. The
ribs, shown in cross-section, form a cage, which has
two main functions:

» To protect the lungs and heart.
» To move to ventilate the lungs.

larynx (voice box)

trachea

alveoli section through rib

bronchiole intercostal muscle

bronchus left lung

A Figure 9.2 Section through the thorax

The alveoli have thin elastic walls made of a single-
cell layer or epithelium. Over the epithelium

is a dense network of capillaries (Figure 9.3(c))
supplied with deoxygenated blood (see ‘Blood” in
Chapter 11). This deoxygenated blood is pumped
from the right ventricle through the pulmonary
artery (see Figure 11.17). In humans, there are
about 350 million alveoli, with a total absorbing
surface of about 90 m2. This large absorbing surface
makes it possible to take in oxygen and give out
carbon dioxide at a rate to meet the body’s needs.
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bronchiole
‘e ring of cartilage ‘ \_/L,_
— trachea

(a) air passages in the lungs

(b) the air passages end

to
pulmonary
vein

air passage

from
pulmonary
artery

(c) blood supply of the alveoli

in tiny pockets (alveoli)

A Figure 9.3 Lung structure

A Figure 9.4 Small piece of lung tissue (x40). The
capillaries have been injected with red and blue dye.
The networks surrounding the alveoli can be seen

‘ Test yourself

1 Place the following structures in the order in
which air will reach them when breathing in:
bronchus, trachea, nasal cavity, alveolus.

2 There are 350 million alveoli in the human lungs
and the bronchioles are 0.2 mm in diameter.
Convert these figures to standard form.

3 One of the alveoli in Figure 9.4 is 10 mm wide.
The magnification of the photomicrograph is x40.
Calculate the actual diameter of the alveolus. Give
your answer in standard form in micrometres.

4 Describe how the lungs are adapted to make the
diffusion of gases efficient.

/
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Gaseous exchange

Ventilation means the movement of air into and
out of the lungs. Gaseous exchange is the exchange
of oxygen and carbon dioxide, which takes place
between the air and the blood vessels in the lungs
(Figure 9.5).

capillary from
pulmonary

oxygen
enters
red blood
cells

moisture
epithelium

- of alveolus
carbon dioxide

escapes into

alveolus .
N pulmonary vein

A Figure 9.5 Gaseous exchange in the alveolus

The capillaries carrying oxygenated blood from the
alveoli join up to form the pulmonary vein (see
Figure 11.17). This vein returns blood to the left
atrium of the heart. From here the blood enters the
left ventricle and is pumped all around the body, so
supplying the tissues with oxygen.



Table 9.1 shows changes in the composition of air
as it is breathed in and out.

V¥ Table 9.1 Changes in the composition of breathed air

Inhaled/% Exhaled/%
oxygen 21.00 16.00
carbon dioxide 0.04 4.00
water vapour variable saturated

Differences in composition of inspired and
expired air

Air in the atmosphere (which is breathed in)
contains about 21% oxygen (see Table 9.1). Some of
this is absorbed into the bloodstream when it enters
the alveoli, resulting in a reduction of oxygen in
exhaled air to 16% (the process of gaseous exchange
in the alveoli does not remove all the oxygen from
the air). Gas exchange depends on diffusion to
transfer the oxygen into red blood cells. The air
breathed in mixes with air that has not all been
breathed out from the previous breath, so the
process of gas exchange is not very efficient.

The remaining 79% of the air is mainly nitrogen
and does not change much during breathing.

Inspired air contains 0.04% carbon dioxide. Cells
of the body produce carbon dioxide as a waste
product during aerobic respiration (see "Aerobic
respiration’ in Chapter 10). The bloodstream carries
carbon dioxide to the lungs for excretion. It diffuses
across the walls of the alveoli to be expired. The
percentage breathed out is 4%, 100 times greater
than the percentage breathed in.

The oxygen dissolves in a film of moisture that
lines the alveoli. Some of this moisture evaporates
into the alveoli and saturates the air with water
vapour. So, the air you breathe out always contains
a lot more water vapour than the air you breathe
in. You can show the presence of water vapour in
expired air easily by breathing onto a cold mirror:
condensation quickly builds up on the glass surface.
The exhaled air is warmer as well, so in cold and
mild climates you lose heat to the atmosphere
by breathing.

Gas exchange in humans

Sometimes the word respiration is used in
connection with breathing. The lungs, trachea and
bronchi are called the respiratory system; a person’s
rate of breathing may be called his or her respiration
rate. Be careful not to be confused with the biological
meaning of respiration, which is the release of
energy in cells (Chapter 10). This chemical process
is sometimes called tissue respiration or internal
respiration to distinguish it from breathing.

Lung capacity and breathing rate

The total volume of the lungs when fully inflated
is about 5 litres in an adult. However, in quiet
breathing, when asleep or at rest, you normally
exchange only about 500 cms. During exercise you
can take in and breathe out an extra 3 litres. There
is a residual volume of 1.5 litres, which cannot be
expelled no matter how hard you breathe out.

At rest, you normally inspire and expire about
12 times per minute. During exercise, the breathing
rate may rise to over 20 breaths per minute, and the
depth of breathing also increases.

Breathing rate and exercise

The increased rate and depth of breathing during
exercise allows more oxygen to dissolve in the blood
and supply the active muscles. The extra carbon
dioxide that the muscles put into the blood is
detected by the brain. It instructs the intercostal
muscles and diaphragm muscles to contract and
relax more rapidly, increasing the breathing rate.
Carbon dioxide will be removed by the faster,
deeper breathing.

‘ Test yourself

5 Explain why carbon dioxide diffuses out of the
blood into the alveolus.

6 State two ways in which expired air is different
from inspired air.

7 Make a mnemonic to remember the order of
structures in the breathing system, starting at
the mouth. /
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Safety
e Eye protection must be worn.

Practical work

1 Oxygen in expired air

e Place alarge screw-top jar on its side in a bowl
of water (Figure 9.6(a)).

Put a rubber tube in the mouth of the jar and
then turn the jar upside-down. Make sure the
water and rubber tube stay in the jar.

Start breathing out. When you feel your lungs
must be about half empty, breathe the last part
of the air down the rubber tubing. The air will
collect in the upturned jar and fill it (Figure
9.6(1)).

Keep the jar under water while you put the screw
top back on. Then, remove the jar from the bowl
and place it the right way up on the bench.

U

~~

(a) Lay the jar on its side
under the water.

(b) Breathe out through
the rubber tube and
trap the air in the jar.

(c) Lower the burning
candle into the jar
until the lid is
resting on the rim.

A Figure 9.6 Experiment to test expired air for oxygen

e Light the candle on the special wire holder
(Figure 9.6(c)) and remove the lid of the jar.

Quickly lower the burning candle into the jar
and count the number of seconds the candle
stays alight.

e Now take a fresh jar, with ordinary air, and see
how long the candle stays alight in this.

Results

The candle will burn for about 15-20 seconds in
a large jar of ordinary air. In expired air it will go
out in about 5 seconds.

Interpretation

Burning needs oxygen. When the oxygen is used
up, the flame goes out. It looks as if expired air
contains much less oxygen than atmospheric air.

2 Carbon dioxide in expired air

@ Prepare two large boiling tubes, A and B, as
shown in Figure 9.7, with each containing a
small amount of clear limewater.

Put the mouthpiece in your mouth and breathe
in and out gently through it for about 15
seconds. Notice which tube is bubbling when
you breathe out and which one bubbles when
you breathe in.

breathe in and out
here

\

— limewater

/
A Figure 9.7 Experiment to compare the carbon dioxide
content of inspired and expired air
If there 1s no difference in the appearance of
the limewater in the two tubes after 15 seconds,
continue breathing through them for another
15 seconds.
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Results @ Support the bottle with your hand and breathe
gently in and out through the tube, keeping
the water level inside and outside the bottle

] the same. This will give you an idea of how
Interpretation much air you exchange when breathing
Carbon dioxide turns limewater milky. Expired normally.

air passes through tube B. Inspired air passes

through tube A. So, expired air must contain
more carbon dioxide than inspired air. y

Note 1: If the breathing process is carried out
for too long, the limewater that had turned milky
will return to being colourless. This is because
the calcium carbonate formed (milky precipitate)
reacts in water with carbon dioxide to form
calcium hydrogencarbonate, which is soluble
and colourless.

The limewater in tube B goes milky. The
limewater in tube A stays clear.

plastic bottle

Note 2: Hydrogencarbonate indicator is an
alternative to limewater. It changes from red to
yellow when carbon dioxide is bubbled through it.

Note 3: Make sure the boiling tubes are really A Figure 9.8 Experiment to measure the volume of
clean because if they are not the limewater (or air expired from the lungs. (A] shows the position of
hydrogencarbonate indicator) will change colour the tube when measuring the maximum usable lung

. volume. (B) is the position for measuring the volume
before you start the experiment. exchanged in gentle breathing

3 Volume of air in the lungs

e Calibrate a large (5 litre) plastic bottle by
filling it with water, half a litre at a time, and
marking the water levels on the outside.

e Fill the bottle with water and put on the stopper. ~ Interpretation

e Put about 50 mm depth of water in a large The first reading represents your vital capacity.
plastic bowl. The second reading is your tidal volume.

e Hold the bottle upside-down with its neck
under water and remove the screw top. Some dioxide production
of the water will run out but this does
not matter. e Half fill two clean boiling tubes with limewater.

e Push a rubber tube into the mouth of the bottle  ® Flace a drinking straw _ifl one Qf the boiling
to position A, shown on the diagram tubes and gently blow into it with normal,
(Figure 9.8). relaxed breaths.

e Count how many breaths are needed to turn
the limewater milky.

e Now exercise for 1 to 2 minutes, for example,
running on the spot.

e Place a drinking straw in the second boiling
tube, blowing into it as before.

e Count the number of breaths needed to turn
the limewater milky.

Results

The first reading can be between 2.5 and 5.0
litres. The second reading is about 500cm3.

4 Investigating the effect of exercise on carbon

e Take a deep breath and then expire as much
air as possible down the tubing into the bottle.
The final water level inside the bottle will tell
you how much air you can exchange in one
deep breath.

e Now push the rubber tubing further into the
bottle, to position B (Figure 9.8), and blow out
any water left in the tube.

=

145




9 HUMAN GAS EXCHANGE

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Results produce carbon dioxide, which is expired by the
lungs. The carbon dioxide turns limewater milky:.
During exercise, cells (especially in the skeletal
muscles) respire more rapidly, so producing

more carbon dioxide. This turns the limewater
Cells in the body are constantly respiring, even milky more rapidly.

when we are not doing physical work. They /

= Going further

5 Investigating the effect of exercise on e A volunteer is asked to breathe in and

rate and depth of breathing out through the mouthpiece and the
kymograph is set to rotate slowly. This
will generate a trace, which will provide
information about the volunteer's tidal
volume and breathing rate (each peak on
the trace represents one breath and the
depth between a peak and trough can be
used to calculate the tidal volume).

Note: The volunteer should not be able to
see the trace being produced, as this can
affect his or her breathing pattern.

o Next, the volunteer is asked to take a deep
breath with the mouthpiece removed, then
breathe out through the mouthpiece for one
long continuous breath. The depth between
the peak and trough produced can be used
to calculate the vital capacity.

e Finally, the volunteer is asked to insert the
mouthpiece then run on the spot or pedal
an exercise bicycle while breathing through
the spirometer. The trace produced (Figure
9.10) can be used to compare the breathing
rate and depth during exercise with that at

The number of breaths needed after exercise will
be less than before exercise.

Interpretation

An instrument called a spirometer is used as
a piece of medical equipment for measuring
and recording the volume of air inspired
and expired by the lungs of a patient. In a
medical setting, the results can be studied

to identify abnormal patterns of ventilation.
This investigation uses a spirometer. It may
be one as shown in Figure 9.9, or a digital
version connected to a computer. A traditional
spirometer has a hinged chamber, which
rises and falls as a person breathes through
the mouthpiece. The chamber is filled with
medical oxygen from a cylinder. There is a
filter containing soda lime, which removes any
carbon dioxide in the user’s breath so that it
is not re-breathed. The hinged chamber has
a pen attached (shown in red in Figure 9.9),
which rests against the paper-covered drum
of a kymograph. This can be set to revolve at
a fixed rate so that the trace produced by the
user moves across the paper.

—— .,—ﬁ!!'___“ ; rest. A study of the trace would also show
- %’ a drop in the trace with time. This can
' be used to calculate the volume of oxygen
9 L used over time.

Results

Tidal volume is about 500 cms3, but can appear
higher if the person is nervous or influenced

A Figure 9.9 A spirometer. This instrument measures by the trace being made

the volume of air breathed in and out of the lungs
and can be used to measure oxygen consumption
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Vital capacity can be between 2.5 and 5.0 Note: This experiment makes use of medical
litres, depending on the sex, physical size and  oxygen. This has a high purity and is toxic if
fitness of the person. inhaled for too long. If the volunteer starts to
feel dizzy while using the spirometer, he or she
5 should remove the mouthpiece immediately
/I/ // // and rest.
4 A/I/ll

—
—

|

////// Practical work questions

S
—
I~
e~
e
—
I~
=

m‘§3 // M 1 (Experiment 1) Explain why the candle
L W’ Il ,/4/// DI, oconeom o mmeciaty ienite
T 2 e e e

and which has been testing for expired air.
3 (Experiment 3) State by how much the

20 40 &0 8 100 120 140 volume of a forced exhala’uor_l differs from
time/s the volume breathed out during relaxed
A Figure 9.10 Spirometer trace taken during exercise breathing.

(Experiment 4) Explain why the limewater

The breathing rate at rest is around 12 breaths turned milky even during normal, relaxed

per minute. During exercise this increases and

; breathing.
may reach 20 or more breaths per minute. /
/
? Worked example
The diagram shows a spirometer trace. The number of breaths per minute (the rate of breathing)
can be found by adding up the number of peaks (or troughs)
in a fixed time, then dividing the total by the number of
304w minutes. In the example, you can count the number of
troughs between Vand X. There are 20 troughs in 2 minutes.
227 20 + 2 =10 breaths per minute.
T 504 v The volume of oxygen used in a fixed period of time can be
2 ' found by subtracting the volume at a peak or trough at the
£ 15 start of the time period from the volume of a peak or trough
QS at the end of the time period. We can use points V (2.3 dm3)
and X (1.25 dm3).
1.0 7 X
2.3-1.25=1.05dm3.
05 - This volume of oxygen used is over 2 minutes.
1.05 + 2 = 0.525 litres per minute.
0 T T T T T T T Tasks
40 80 120 1 Study Figure 9.10, which shows a spirometer trace.
time/s

a State how long the volunteer was breathing through

th i ter.
The volume of air inspired or expired in one breath (the depth © spirometer

) . b Describe how the volunteer’s breathing rate can be
of breathing) can be found by subtracting the volume at one . .
peak on the trace (e.g. point W) from the volume at the next calculated using the spirometer trace.
2 After 10 ds of ise, the vol f
trough (e.g. point V). In this case W= 2.8dm3and V = 2.3dm3. ¢ er TV seconds of exercise, e vo.ume of oxygen

in the spirometer was 4.7 dms. At 137 seconds, the
2.8-2.3=0.5dme. volume was 3.8 dmsa.

If there is variation in peaks and troughs, a number of volumes Calculate the rate of oxygen consumed by the

can be calculated and then the mean volume can be found. volunteer in litres per minute.
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Ventilation of the lungs

The movement of air into and out of the lungs is
called ventilation. It renews the oxygen supply
in the lungs and removes the remaining carbon
dioxide. Horseshoe-shaped hoops of cartilage are
present in the trachea and bronchi to stop them
collapsing when we breathe in. The lungs contain external intercostal
no muscle fibres and are made to expand and muscle contracts
contract by movements of the ribs and diaphragm. flgf m‘g{zs
The diaphragm is a sheet of muscle tissue
that separates the thorax from the abdomen (see
Figure 9.2). When relaxed, it is domed slightly
upwards. The ribs are moved by the intercostal : column
muscles. The external intercostals (Figure 9.11)
contract to pull the ribs upwards and outwards. The
internal intercostals contract to pull them downwards

sternum

— spinal

A Figure 9.12 Model to show action of intercostal muscles

and inwards. Figure 9.12 shows the contraction of the Explratlion .
external intercostales making the ribs move upwards. | The diaphragm muscles relax, allowing the
o diaphragm to return to its domed shape
Inspiration (Figure 9.14(b)).
1 The diaphragm muscles contract and pull the 2 The external intercostal muscles relax while the
diaphragm down (Figure 9.14(a)). internal intercostal muscles contract, pulling
2 The internal intercostal muscles relax while the the ribs downwards to cause a forced expiration
external intercostal muscles contract and pull the (Figure 9.15(b)).

ribcage upwards and outwards (Figure 9.15(a)). The lungs are elastic and shrink back to their

relaxed volume, increasing the air pressure inside
W)‘) them. This results in air being forced out again.
.—J}

A piece of apparatus called the bell-jar model
external /)} (Figure 9.13) can be used to show the way in which
Irztljesrccl(e)ztal @ } movement of the diaphragm results in inspiration

/) and expiration. The balloons start off deflated.
. W/}} When the handle attached to the rubber sheet is
sternum & /// pulled down, the balloons inflate. If the handle is
\W a released, the balloons deflate again.
IJ |
glass tubing ubber bung

4 |
\/l Y-piece
/////// spinal 7N\
& % o bell jar/ _lI—balloon

A Figure 9.11 Ribcage seen from left side, showing external
intercostal muscles

rib

These two movements make the volume in the thorax rubber sheet |
bigger, so forcing the lungs to expand. The reduction
in air pressure in the lungs results in air being pulled
in through the nose and trachea. This movement of air
into the lungs is known as ventilation.

knot or handle

A Figure 9.13 Bell-jar model
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When the rubber sheet is pulled down, the volume
inside the bell jar increases. This reduces the air
pressure inside, making it lower than outside. The
air rushes in, through the glass tubing, to equalise
the air pressure. This causes the balloons to inflate.

. 3 air drawn in
external intercostal J

muscles

trachea

internal intercostal

pleural membranes
muscles

pleural
fluid

rib

X 1 diaphragm
pulled down contracted
muscle of

diaphragm

(a) inspiring (exaggerated)

Gas exchange in humans

When the rubber sheet is released, the volume inside
the bell jar decreases. This increases the air pressure
inside, making it higher than outside. The air rushes
out, through the glass tubing, to equalise the air
pressure. This causes the balloons to deflate.

3 air expelled

contracted internal
intercostal muscles

1 ribs return

2 |ungs return to
original volume spinal

\ i \ 5 column

il 1 diaphragm
Y relaxes and
returns to

its domed relaxed
shape muscle of
(b) expiring diaphragm

A Figure 9.14 Diagrams of thorax to show mechanism of breathing

ribs swing up and
increase volume of thorax

(a) inspiring
A Figure 9.15 Movement of ribcage during breathing

spinal
column

sternum

rib

ribs swing down and
reduce volume of thorax

(b) expiring
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Protection of the gas exchange
system from pathogens and

particles

Pathogens are disease-causing organisms (see
Chapter 12). Pathogens (e.g. bacteria) and dust
particles are present in the air we breathe in and are
potentially dangerous if not actively removed. There
are two types of cells that are specialised to help
do this.

Goblet cells are found in the epithelial lining
of the trachea, bronchi and some bronchioles of
the respiratory tract (Figure 9.16). Their role is to
secrete mucus. The mucus forms a thin film over the
internal lining. This sticky liquid traps pathogens
and small particles, preventing them from entering
the alveoli where they could cause infection or

goblet cell

ciliated cell

S A [y . B N

A Figure 9.16 Goblet cells and ciliated cells in the trachea

physical damage.

Ciliated cells are also present in the epithelial } Test yourself
““i”S of the reSpi.ratory. tr?Ct (Figgre 9.16). They 8 a Compare the bell-jar model in Figure 9.15 with
continually move in a flicking motion to move the the diagram of the lungs (Figure 9.1). State what
mucus, secreted by the goblet cells, upwards and the following parts represent on the model.
away from the lungs. When the mucus reaches the i) glass tubing iv) bell jar
top of the trachea it passes down the gullet during ii) Y-piece vl rubber sheet

iii) balloons
b Explain why this model does not give a complete
simulation of the process of breathing.
9 State the two principal muscular contractions that
cause air to be inhaled.
10 Place the following in the correct order:
lungs expand, ribs rise, air enters lungs, external
intercostal muscles contract, thorax expands.
11 During inhalation, suggest which parts of the lung
structure you would expect to expand the most. y.

normal swallowing.




Exam-style questions

Exam-style questions

1 The diagram shows the human breathing system. 2 The diagram shows blood vessels associated with
the breathing system of a human.

a i) State the name of the artery. [1]
ii) Describe how this artery is different
from other arteries. [1]
/ b i) State what structures in the lungs are
a Which labelled part(s) B embedded in t'he capilla}ries. [1]
i) are muscle, to help the process i) What process is happening bgtwgen
of breathin’g 2] these_structures and the cap1llar1e:s? _ [1]
||] contair]s'rings of cartilage [1] i rlilzskcef]fheish;x;::s S:;ﬁifg;i of cap1llar1es[3]
i Ezztirl].]?:r?dcgzged UL [1] 3 The diagram show's.a model us.ed to demonstrate
iv) is closely linked to blood capillaries the action of expiring (breathing out).
for gas exchange [1] I SPEINGRA
v) moves downwards during inspiration.  [1]
b The apparatus in the diagram is used to barrel Z
compare the amount of carbon dioxide in the piston Y piston
air breathed in with that in the air L‘gvcgjrc
breathed out.
— mouthpiece
Position A Position B
a State which part of the breathing system is
represented by
o] \\— i) the opening X [1]
0 H ii) the piston Y [1]
iii) the barrel Z. [1]
b State three ways in which the model does
not represent the process of expiration in a
human. [3]
¢ With reference to volume and pressure, explain
boiling tube A boiling tube B why air is forced out of the syringe when the
) ) piston Y is forced upwards. [4]
i) Describe how you use the apparatus, 4 Explain why increased exercise causes an increase
including any precautions you would take. [5] in the breathing rate. [4]
i) Describe the results you would expect 5 Construct a table with suitable headings to
to obtain. [2]

compare the composition of inspired and expired
air, giving reasons for the differences. [8]

¢ Outline the effect of exercise on breathing. [2]




Respiration

Focus

In the previous chapter we found out about how the breathing system is closely linked to the blood
system. You discovered how the lungs are specially adapted to make them efficient in obtaining

oxygen and getting rid of carbon dioxide. We are now going to find out more about what cells do with
the oxygen the blood brings them. What happens if not enough oxygen is available to meet demand?
By the end of the chapter you will have made links between many of the topics we have already
studied: nutrition, gas exchange, enzymes and diffusion.

Respiration

FOCUS POINTS

* What do living organisms use energy for?
* What are the effects of temperature on
respiration in yeast?

Key definitions

Respiration is described as the chemical reactions in all
living cells that release energy from glucose.

Most of the processes taking place in cells need
energy to make them happen. Examples of energy-
consuming processes in living organisms are

» the contraction of muscle cells - to produce
movement of the organism, for peristalsis
to move food along the alimentary canal, or
contraction of the uterus wall during childbirth

» building up proteins from amino acids

» the process of cell division (Chapter 16) to
produce more cells, replace damaged or worn out
cells, or to make reproductive cells

» the process of active transport (Chapter 3),
involving the movement of molecules across
a cell membrane against a concentration gradient

» growth of an organism through the formation of
new cells or a permanent increase in cell size

» the conduction of electrical impulses by nerve
cells (Chapter 14)

» maintaining a constant body temperature
in warm-blooded animals (‘Homeostasis’ in
Chapter 14) to make sure that vital chemical
reactions continue at a predictable rate and do
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not slow down or speed up as the surrounding
temperature varies.

This energy comes from the food that cells take in.
The food mainly used for energy in cells is glucose. The
process by which energy is released from food is
called respiration.

Respiration is a chemical process that
takes place in cells and involves the action
of enzymes. It must not be confused with the
process of breathing, which is also sometimes
called respiration. You should not use the word
respiration for breathing.

Many enzymes are involved in the chemical
reactions of respiration. Low temperatures slow
down the rate of respiration in cells because the
enzyme and substrate molecules have less kinetic
(movement) energy, so there are fewer collisions.
As a result, the process of respiration releases less
energy for cells. An increase in temperature speeds
up respiration because the reacting molecules
gain more kinetic energy, resulting in more
collisions. Consequently, more energy is released
through the process of respiration. However, above
the optimum temperature for the enzymes, the
rate of respiration starts to reduce because the
enzyme molecules begin to be denatured. The
enzyme molecules are not all denatured at the
same temperature, so the reduction in rate of
respiration is gradual as the temperature increases.
Once all the enzymes involved in respiration have
become denatured, respiration will stop. It is
important that yeast is not mixed in boiling water
when used for processes such as bread-making,
because the respiratory enzymes in the cells would
be denatured and the cells would be killed.
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Respiration

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Safety
e Eye protection must be worn.

Experiments on the effect of temperature on
respiration in yeast

1 The effect of temperature on yeast respiration

e Make some bread dough using flour, water and
activated yeast (yeast in a warm sugar solution).

@ Rub the inside of a boiling tube or measuring
cylinder with oil (this makes it easier to
remove the dough after the experiment).

® Use aglass rod or the end of an old pencil
to push a piece of dough into the bottom of
the boiling tube, so that the tube is about a
quarter full of dough.

e Mark the height of the top of the dough on the
boiling tube or measuring cylinder using a
chinagraph pencil or permanent marker pen.

e Place the boiling tube into a beaker of water
set to a preselected temperature (e.g. 20°C).

e® Leave the dough for 20 minutes, checking to
make sure the temperature of the water-bath
remains constant (add warm or cold water to
maintain this).

® Record the new height of the dough.

® Repeat the method at different temperatures and

Results

The dough rises faster as the temperature is
increased to 35 or 40°C. Higher temperatures
slow down the rate. Low temperatures may result
in no change in the height of the dough.

Interpretation

Yeast respires anaerobically, producing carbon
dioxide. This causes the dough to rise. The
process is controlled by enzymes, which work
faster as the temperature is increased to the
optimum (around 35-40°C). Higher temperatures
cause the enzymes to denature (Chapter 5).

2 The effect of temperature on yeast respiration
(alternative method)

e Make up a 5% solution of glucose and a 10%
suspension of dried yeast.

compare the rate at which the bread dough rises.

® Place 5 cms of the glucose solution and 1 ¢cms of
the yeast suspension in a side-arm boiling tube
or conical flask. (If a conical flask is used, add
larger volumes of the glucose solution and yeast
suspension, keeping the proportions the same).

e® Place the container with the yeast and glucose
in a beaker of water at 20°C.

® Leave the apparatus for a few minutes to allow
the yeast to adjust to the temperature of the
water in the beaker.

e Attach the side arm to a gas syringe, with the
plunger pushed fully in.

e Start a stopwatch and allow the gas produced by
yeast to collect in the gas syringe for a fixed time.

® Record the time and the volume of gas produced.

® Repeat for a range of different temperatures.

Calculate the gas production per minute for
each temperature.

Note: If a gas syringe is not available, the side
arm could be attached to a delivery tube inserted
into a boiling tube containing water. Count the
bubbles produced for a fixed time.

gas syringe

j:t(\””U”E””W”W”W”\ | :]

~—1 | yeastandglucose
1L [ ;
solution

N

AN J

A Figure 10.1 Experiment to investigate the effect of
temperature on respiration in yeast

Results

The volume of gas produced increases as

the temperature is increased to 35 or 40 °C.
Higher temperatures slow down the rate of gas
production. Low temperatures may result in less
gas being produced.

=
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Interpretation

Yeast respires, producing carbon dioxide. This
causes the formation of gas, which collects in
the gas syringe. The process is controlled by
enzymes, which work faster as the temperature
is increased to the optimum (around 35-40°C).
Higher temperatures cause the enzymes to
denature (Chapter 5), so the rate of carbon
dioxide production slows down.

Practical work questions

1 A student carried out experiment 1 with five
boiling tubes set up at different temperatures.
What would she need to keep the same to
make sure the results were comparable?

2 a For experiment 2, describe the test you
would carry out on the gas being produced
to show that it was carbon dioxide.

b What result would you expect to get?

b Test yourself

1 a Choose one word from the list that describes
what respiration is about: breathing, energy,
oxygen, cells, food.

b State in which parts of a living organism
respiration takes place.

2 Which of the following statements are true? If an
organism is respiring, you would expect it to be

giving out carbon dioxide

losing heat

breaking down food

using up oxygen

gaining weight

moving about.

3 Victims of drowning who have stopped breathing
are sometimes revived by a process called artificial
respiration. Suggest why a biologist would object to
the use of this expression. (Resuscitation is a better
word to use.)

-0 QonNn UL

4 The table below shows the energy used up each
day as kilojoules per kilogram of body mass and as
kilojoules per square metre of body surface.

kJ per day
per kg body per mz body
animal mass/kg mass surface
man 64.3 134 4360
mouse 0.018 2736 4971

a Using figures from the table, calculate the total
amount of energy used each day by
i) aman
ii) amouse.
State which of these two mammals shows a
greater rate of respiration in its body cells.

¢ Suggest why the mouse has a much greater
energy use per kg of body mass than the man. /

Aerobic respiration

FOCUS POINTS

* What is aerobic respiration?

* What is the word equation for aerobic respiration?

* What is the balanced chemical equation for
aerobic respiration?

Key definitions

Aerobic respiration is the release of a relatively large
amount of energy by the breakdown of glucose in the
presence of oxygen.

The word aerobic means that oxygen is needed
for this chemical reaction. The food molecules are
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combined with oxygen. All food molecules contain
carbon, hydrogen and oxygen atoms. The process
of oxidation converts the carbon to carbon dioxide
(C0,) and the hydrogen to water (H,0) and, at the
same time, releases energy, which the cell can use
to drive other reactions.

Aerobic respiration can be summed up by
the equation

enzymes
glucose + oxygen Snzymes, carbon + water + ENERGY

dioxide released
The balanced chemical equation for aerobic
respiration is:

C,H,0, + 60, > 6C0, + 6H,0 + 2830 kJ

glucose oxygen carbon water  energy released

dioxide



Aerobic respiration

= Going further

The amount of energy you would get by completely
oxidising 180 grams (1 mol) of glucose to carbon dioxide
and water is 2830 kilojoules (kJ). In the cells, the energy
is not released all at once. The oxidation takes place in a
series of small steps and not in one jump as the equation
suggests. Each small step needs its own enzyme and at
each stage a little energy is released (Figure 10.2).
Although the energy is used for the processes
mentioned above, some of it always appears as heat.

(a) molecule of glucose
(H and O atoms not all shown)

(d) each 3-carbon molecule is broken

down to carbon dioxide is produced

A Figure 10.2 Aerobic respiration

C C c
\ \ | ~\ I/
— N C———energy — —0
c—o o , _epery N
carbon atom ——C C C C C C
/ AV -
c—c c—cC — energy — —cC

(b) the enzyme attacks and breaks the
glucose molecule into two 3-carbon

molecules a
Cco

T co,

c 0 —energy — ~\ I/

2 A —energy —

C\<}:I C o “7 A~

enzyme +0,
/ A Cor—
C +0, Y enzyme

(e) more energy is released and CO,

In warm-blooded animals (e.g. birds and mammals]
some of this heat is needed to maintain their

body temperature.

In cold-blooded animals (e.g. amphibians, reptiles
and fish) the heat may build up for a time in the body
and allow the animal to move about more quickly.

In plants the heat is lost to the surroundings (by
conduction, convection and evaporation) as fast as it
is produced.

PN

(c) this breakdown sets free energy

(f) the glucose has been completely
oxidised to carbon dioxide (and water)
and all the energy released

Safety
e Eye protection must be worn.

Experiments on respiration and energy

If you look below at the chemical equation that
represents aerobic respiration you will see that a
tissue or an organism that is respiring should be
(@) using up food, (b) using up oxygen, (c) giving
off carbon dioxide, (d) giving out water and. (e)
releasing energy, which can be used for

other processes.

(b) using up
oxygen

(d) giving out

j] water
carbon energy
—_—> a .

j](a) using up (e) releasing &7

food energy

(c) giving out
carbon dioxide

If we wish to test whether aerobic respiration is
taking place:

e ‘(d) giving out water’ is not a good test
because non-living material will give off water
vapour if it is wet to start with.

® ‘() using up food’ can be tested by seeing if
an organism loses weight. This is not as easy
as it seems because most organisms lose
welght as a result of evaporation of water and
this may have nothing to do with respiration.

It is the decrease in ‘dry weight’ that must be
measured.

We will focus on the uptake of oxygen and the
production of carbon dioxide as indications that
respiration is taking place.

Seeds are often used as the living organisms
in such experiments because when they start
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to grow (germinate) there is a high level of
chemical activity in the cells. Seeds are easy

to obtain and to handle and they fit into small-
scale apparatus. In some cases blowfly maggots
or woodlice can be used as animal material.
Yeast is useful when studying anaerobic
respiration.

3 Using up oxygen during respiration

The apparatus in Figure 10.3 is a simple
respirometer (a ‘respire meter’), which can
measure the rate of respiration by seeing how
quickly oxygen is taken up. Germinating seeds,
blowfly larvae or a locust are placed in the
boiling tube and, as they use up the oxygen for
respiration, the liquid in the capillary tube will
move towards the organism.

There is a drawback to this. The organisms
usually give out as much carbon dioxide as they
take in oxygen. So, there may be no change in
the total amount of air in the boiling tube and
the liquid drop will not move. This drawback is
overcome by placing soda lime in the boiling
tube. Soda lime will absorb carbon dioxide

as fast as the organisms give it out, so only the
uptake of oxygen will affect the amount of air in
the tube.

e Alarger invertebrate such as a locust, a group
of blowfly maggots or germinating seeds are
placed in the boiling tube (an alternative is a
large plastic syringe linked to the capillary
tube with a short section of rubber or silicone
tubing). The organisms are protected from
the soda lime by cotton wool or a wire gauze
(soda lime is corrosive).

soda lime
locust capillary tube
drop of water
cotton wool boiling or coloured dye
or wire gauze tube

A Figure 10.3 A simple respirometer

e A drop of water or coloured dye is introduced
to the capillary tube by touching it against
the liquid.

o The capillary tube is rested against a ruler
and the position of the water drop is noted.

e After 1 minute (or longer if the drop moves
very slowly) the new position of the water drop
is recorded.

Note: Care must be taken when handling living
organisms. Wash your hands thoroughly with
water if they come into contact with soda lime.

Control

To show that it is a living process that uses up
oxygen, a second simple respirometer is set up
using the same apparatus, but with glass beads
instead of the organism(s). (This is not a very
good control but is more acceptable than killing
animals.) The bubble may still move because the
soda lime will absorb any carbon dioxide in the
air in the boiling tube, but the movement should
be less than the movement for living organisms.

Results

The water drop moves towards the organism.
If the diameter of the bore of the capillary tube
is measured, the volume of air taken in by the
organism can be calculated:

volume = 1r2]
where r = radius of the capillary tube bore
I= distance travelled by the water drop.

This value can be converted into a rate if the
volume is divided by the time taken.

Interpretation

The movement of the water drop towards the
organism shows that it is taking in air. By using
a range of organisms (locust, woodlice, blowfly
larvae, germinating seeds) the rates of uptake
can be compared to see which 1s respiring most
actively.
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? Worked example

The capillary tube had a bore with a diameter of 0.5mm.
The water drop moved 4.2cm in 5 minutes.

Calculate
a thevolume of air taken up by the organism
b the rate of uptake of air.

First, make sure all the units are suitable. We have a
diameter in millimetres and a distance in centimetres. So,
change the distance to millimetres.

4.2x10=42mm

For the calculation we need to know the radius of the
capillary tube bore. Its diameter is 0.5mm.

Theradius=0.5+2=0.25mm

Volume = nr2l, where r=0.25mm and [ = 42mm

So, volume = 3.142 x (0.25)2 x 42

=0.66mm3in 5 minutes.

To calculate the rate of uptake of the air, this volume needs to
be divided by the time, which was 5 minutes.

8.25+5=1.65mms3 min-

Tasks
1 Inanexperiment using 20 germinating seeds in a simple
respirometer, the capillary tube had a bore with a
diameter of 1.0 mm.
The drop of coloured dye moved 2.55 cm in 10 minutes.
Calculate
a thevolume of air taken up by the seeds
b the volume of air taken up by one seed
¢ the rate of uptake of air by one seed. Give your
answer in standard form.

Safety

e FEye protection must be worn.
e Take care when using and handling hot and
boiling water.

rate of respiration of germinating seeds
® Use the same apparatus as shown in

is vertical and supported in a water-bath, for
example, a beaker (Figure 10.4).

soaked for 24 hours and rinsed in domestic

the seeds.

e Kill an equal quantity of soaked seeds by
boiling them for 5 minutes.

e Cool the boiled seeds in cold tap water
then rinse them in bleach for 5 minutes as
before. These can be used as the control (or,
alternatively, use the same volume of glass
beads).

e Start with a water-bath at about 20°C and
allow the seeds to adjust to that temperature

4 Investigating the effect of temperature on the

experiment 3 but set up the boiling tube so it

@ Use wheat grains or pea seeds that have been

bleach diluted 1:4 for 5 minutes. This solution
will kill any bacteria or fungi on the surface of

for a few minutes before taking any readings.

The initial and final positions of the water
drop could be recorded on the capillary tube.
You can do this with a permanent marker
or chinagraph pencil, or by sticking a small
label onto the glass. You can then measure the
distance travelled with a ruler.

® Repeat the method (introducing a new
bubble each time) at a range of different
temperatures, remembering to allow time
for the seeds to adjust to the new conditions
before taking more readings.

Results

As the temperature is increased the rate of
movement of the water bubble towards the seeds
increases. The movement may stop at higher
temperatures.

Interpretation

As the temperature increases, the rate of
respiration in the germinating seeds increases.
This is because the enzymes controlling
respiration are more active at higher
temperatures. However, respiration may stop
above around 40 °C because the enzymes
become denatured if they get too hot.

=
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. Practical work questions
capillary tube

drop of water 3 In experiment 3, the drop of coloured dye
/ or coloured dye moved 2.5 cm in 5 minutes. The diameter of
the capillary tubing was 1 mm.

thermometer Calculate the rate of uptake of oxygen by
g the locust.
P boiling tube 4 For expe}riment 4: . .
germinating a Explain why the killed seeds were rinsed
beaker of water — / e | in bleach.
(acting as a — satteoga\;v;eo o b Suggest what the result might be if the
water-bath) soda lime bleach had not been used on these seeds.

A Figure 10.4 Simple respirometer for investigating the
effect of temperature on germinating seeds

/
b Test yourself
5 a State what chemical substances must be b Describe what test you would carry out to show
provided for aerobic respiration to take place that an organism produces carbon dioxide when
i) from outside the cell it respires.
ii) from inside the cell. 7 Inan experiment like the one shown in Figure 10.3,
b What are the products of aerobic respiration? growing seeds took in 5cms3 oxygen and gave out
6 a Explain why soda lime was used in the 7cms3 carbon dioxide. How does the volume change
respirometer in Figure 10.3. a if nosoda lime is present
b if soda lime is present? /
Anaerobic respiration
FOCUS POINTS
* What is anaerobic respiration?
* How much energy does anaerobic respiration release compared to aerobic respiration per
glucose molecule?
* What is the word equation for anaerobic respiration in yeast?
* What is the word equation for anaerobic respiration in humans?
* What causes an oxygen debt during vigorous exercise?
* How is the oxygen debt removed after exercise?
Key definitions dioxide. A common example is the action of yeast
Anaerobic respiration is the release of a relatively small 9” sugar solution to,pTOduce alcohol. The.sugar
amount of energy by the breakdown of glucose without 1s not ComplEtEL_y 9X1d15ed to carbon ChOX]C.le Efmd
using oxygen. water. Instead, it is converted to carbon dioxide and

alcohol. This process is called fermentation and is

The word anaerobic means in the absence of oxygen. shown by the following equation:

In this process, energy is still released from food enzymes ..
by breaking it down chemically. The reactions do glucose == alcohol + carbon dioxide + ENERGY

not use oxygen but they do often produce carbon released
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The processes of making ethanol and bread-making
(see Chapter 18) rely on anaerobic respiration by
yeast. Like aerobic respiration, the reaction takes
place in small steps and needs several different
enzymes. The yeast uses the energy for its growth
and living processes, but much less energy is
released by anaerobic respiration than in aerobic
respiration. This is because the alcohol still contains
a lot of energy that the yeast is unable to use.

Anaerobic respiration also happens in muscles
during vigorous exercise, because oxygen cannot be
delivered fast enough for the muscle cells to respire
aerobically. The products are different to those
produced by anaerobic respiration in yeast. The
process is shown by the following equation:

glucose — lactic acid

Anaerobic respiration is much less efficient than
aerobic respiration because it releases much less
energy (118 kJ) per 180 grams of glucose (1 mol)
broken down.

=) Going further

Anaerobic respiration

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

During vigorous exercise, lactic acid may build
up in a muscle. In this case it is removed in the
bloodstream. The blood needs to move more quickly
during and after exercise to maintain this lactic
acid removal process, so the heart rate is rapid. On
reaching the liver, some of the lactic acid is respired
aerobically. This produces carbon dioxide and water
and uses oxygen in the process. After exercise has
stopped, a high level of oxygen consumption may
continue until the excess of lactic acid has been
broken down. As a result, the person who is exercising
breathes faster and more deeply (an athlete pants
for breath rapidly). The build-up of lactic acid
that is oxidised later is called an oxygen debt. An
alternative term for this is Excess Post-exercise
Oxygen Consumption (or EPOC). EPOC is the amount
of oxygen needed to return the body to its normal,
resting level of metabolic function (an example of
homeostasis, see Chapter 14). It is important because
build-up of lactic acid in the muscles results in
muscular fatigue, leading to cramp.

Athletes and climbers who are used to working at low
altitude (normal air pressure) have problems if they
then perform at high altitude (low air pressure). High-
altitude air has a lower percentage of oxygen, so an
oxygen debt can be experienced much more easily than

at low altitude. The problem can be overcome if the
person spends time at high altitude before performing
to allow the body to adjust (making more red blood cells
and increasing blood volume).

Safety

e Eye protection must be worn.
e Take care when using and handling hot and
boiling water.

More experiments on respiration and energy
5 Releasing energy in respiration

e TFill a small vacuum flask with wheat grains or
pea seeds that have been soaked for 24 hours
and rinsed in domestic bleach diluted 1:4 for 5
minutes. This solution will kill any bacteria or
fungi on the surface of the seeds.

e Kill an equal quantity of soaked seeds by
boiling them for 5 minutes.

@ Coolthe boiled seeds in cold tap water, rinse
them in bleach for 5 minutes as before and then
put them in a vacuum flask that is the same size
as the first one. This flask is the control.

® Place a thermometer in each flask so that its
bulb is in the middle of the seeds (Figure 10.5).

o Block the mouth of each flask with cotton wool
and leave both flasks for 2 days, noting the
thermometer readings whenever possible.

Results

The temperature in the flask with the living seeds
will be 5-10°C higher than the temperature of the

flask containing the dead seeds.
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Interpretation

If there are no signs of the living seeds going
mouldy, the heat released must have come from
living processes in the seeds. This is because
the dead seeds in the control did not give out

any heat. There is no evidence that this process
is respiration rather than any other chemical
change, but the result is what you would expect if
respiration does release energy.

Q

+—thermometer

< &
¢ ||I' = cotton wool —

dead seeds

germinating
seeds

A Figure 10.5 Experiment to show energy release in
germinating seeds

6 Anaerobic respiration in yeast

e Boil some water to remove all the
dissolved oxygen.

@ When cool, use the boiled water to make up a
5% solution of glucose and a 10% suspension
of dried yeast.

e Place 5 cms of the glucose solution and 1 cm?
of the yeast suspension in a test tube and
cover the mixture with a thin layer of liquid
paraffin to exclude atmospheric oxygen.

e Fit a delivery tube as shown in Figure 10.6 and
allow it to dip into clear limewater.

Results

After 10-15 minutes, with gentle warming if
necessary, there should be signs of fermentation
in the yeast—glucose mixture and the bubbles of
gas escaping through the limewater should turn
it milky:.

screw clip
(closed when
experiment
is started)

liquid paraffin

——— limewater
yeast and ————

glucose
N _/

solution
A Figure 10.6 Experiment to show anaerobic respiration
in yeast

Interpretation

The fact that the limewater goes milky shows that
the yeast—glucose mixture is producing carbon
dioxide. If we assume that the production of
carbon dioxide is evidence of respiration then

it suggests that the yeast is respiring. In setting
up the experiment, you took care to make sure
that oxygen was removed from the glucose
solution and the yeast suspension, and the liquid
paraffin excluded air (including oxygen) from the
mixture. So, any respiration taking place must be
anaerobic (i.e. without oxygen).

Control

One possibility is that the carbon dioxide came
from a chemical reaction between yeast and
glucose (like the reaction between chalk and
acid), which had nothing to do with respiration or
any other living process. So, a control should be
set up using the same method as before, but with
yeast that has been killed by boiling. If no carbon
dioxide is produced, this supports the claim that
it was a living process in the yeast in the first
experiment that produced the carbon dioxide.

Practical work questions

5 In experiment 5, why are vacuum flasks used
in this investigation?
6 In experiment 6, state the functions of
a theliquid paraffin
b the limewater
¢ the glucose. /




Anaerobic respiration

Test yourself

8 State the main differences between aerobic and
anaerobic respiration.

9 Explain why your breathing rate and heart rate stay
high for some time after completing
vigorous exercise.

10 Explain why lactic acid builds up in the muscles
during vigorous exercise.

= Going further

Hypothesis testing

You will have noticed that none of the experiments
described above claim to have proved that respiration

is taking place. The most we can claim is that they have
not disproved the proposal that energy is released from
respiration. There are many reactions taking place

in living organisms and, for all we know at this stage,
some of them may be using oxygen or giving out carbon
dioxide without releasing energy, i.e. they would not fit
our definition of respiration.

This inability to ‘prove’ that a particular proposal is
true is not limited to experiments on respiration.

It is a feature of many scientific experiments. One
way in which science makes progress is by writing a
hypothesis, making predictions from the hypothesis,
and then testing these predictions by experiments.

A hypothesis is an attempt to explain an event or
observation using the information currently available. If
an experiment’s results do not confirm the predictions,
the hypothesis must be abandoned or changed.

For example, biologists observing that living organisms
take up oxygen might put forward the hypothesis that
‘oxygen is used to convert food to carbon dioxide, so
producing energy for movement, growth, reproduction,
etc.”. This hypothesis can be tested by predicting that,
‘if the oxygen is used to oxidise food then an organism
that takes up oxygen will also produce carbon dioxide'.
Experiment 3 on page 156 tests this and achieves this
prediction, and so it supports the hypothesis. Looking
at the equation for respiration, we might also predict

that an organism that is respiring will produce carbon
dioxide and take up oxygen. Experiment 6 with yeast,
however, does not achieve this prediction and so

does not support the hypothesis, because here is an
organism producing carbon dioxide without taking up
oxygen. The hypothesis will have to be changed, for
example, ‘energy is released from food by breaking it
down to carbon dioxide; some organisms use oxygen for
this process, others do not'".

There are still plenty of tests that we have not done. For
example, we have not tried to see whether food is the
source of energy and carbon dioxide. One way of doing
this is to provide the organism with food (e.g. glucose)
in which the carbon atoms are radioactive. Carbon-14
(14C) is a radioactive form of carbon and can be detected
by using a Geiger counter. If the organism produces
radioactive carbon dioxide, it is reasonable to accept
that the carbon dioxide comes from the glucose.

C.H,,0,+ 60, — 6CO, + 6H,0 + energy released

This is direct evidence in support of the hypothesis. All
the previous experiments have only provided
indirect evidence.

Criteria for a good hypothesis

A good hypothesis must

© explain all aspects of the observation

©® be the simplest possible explanation

© be stated in such a way that predictions can be made
from it

© be testable by experiment.
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Exam-style questions

1 Match the processes to their products. Products

may be linked once or more than once. [5]
process product
aerobic respiration alcohol

anaerobic respiration

. carbon dioxide
In yeast

anaerobic respiration

A lactic acid
in muscles
water
2 a Define the term respiration. [3]
b Distinguish between aerobic respiration
and anaerobic respiration in muscles. [4]

¢ Energy is used for the contraction of
muscles. State four other uses of
energy in living organisms. [4]
3 The diagram shows an investigation into
respiration in a mammal.

air in
thistle l
funnel soda lime
to air
1 pump
limewater & limewater
%o
flask A Mt flask B

Exam-style questions

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

a The soda lime was weighed then placed in the
thistle funnel. At the end of the investigation
it was weighed again.

i) State the function of the soda lime. [1]
ii) Suggest how the mass of the soda lime
at the end of the investigation was
different to its mass at the start.
Explain your answer. [2]

b Describe and explain what happened to

the limewater at the end of the

investigation

i) in flask A [2]

i) in flask B. [2]
¢ Suggest why flask A was included in

the investigation. [2]

What is/are the product(s) of anaerobic
respiration in yeast?

A lactic acid only

B carbon dioxide and water

C carbon dioxide and ethanol

D ethanol only [1]
Where is the site of respiration in a cell?

A nucleus

B mitochondrion

C chloroplast

D cell membrane [1]
An athlete who completes a sprint relies on
anaerobic respiration for his muscles to continue
working. Describe what happens in his muscles
and bloodstream during and after the sprint. [8]
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Focus

Transport in humans

In Chapter 2 you were introduced to some single-celled organisms that can obtain what they need by

diffusion. In Chapter 7 you found out how plants can obtain and move materials around the organism
without the need for a pump. Now we can start to look at other multicellular organisms and how
their bodies have developed to move materials efficiently to where they need to be. Are there any
similarities between transport in plants and animals? You will soon find the answers.

Circulatory systems

FOCUS POINTS

* What is the circulatory system?
* What is the double circulation of a mammal?
* What are the advantages of a double circulation?

Key definitions

The circulatory system is a system of blood vessels with
a pump and valves to ensure a one-way flow of blood.

Double circulation is a system in which blood passes

through the heart twice for each complete circuit.

The blood, pumped by the heart, travels all around
the body in blood vessels. It leaves the heart in
arteries and returns in veins. Valves, present in the
heart and veins, ensure a one-way flow of the blood.
As blood enters an organ, the arteries divide into
smaller vessels, which supply capillaries. In these
vessels the blood moves much more slowly, allowing
the exchange of materials like oxygen and glucose,
carbon dioxide and other wastes. Blood leaving an
organ is collected in veins.

Double circulation of mammals

Double circulation is a system in which blood
passes through the heart twice for each complete
circuit. The route of the circulation of blood in a
mammal is shown in Figure 11.1.

The blood passes twice through the heart during
one complete circuit: once on its way to the body
and again on its way to the lungs. On average, a red
blood cell would go around the whole circulation
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in 45 seconds. A more detailed diagram of the
circulation is shown in Figure 11.17.

/' LUNGS o

pulmonary
circulation

N | A
2z

HEART

systemic
circulation

N 4

REST OF BODY

key
I:I deoxygenated I:I oxygenatet
blood blood

A Figure 11.1 Double circulation of a mammal

A double circulation has the advantage of
maintaining a high blood pressure to all the major
organs of the body. The right side of the heart
collects blood from the body and builds up the
blood pressure enough to send it to the lungs to be
oxygenated. The pressure drops during this process.
The left side of the heart receives oxygenated blood
from the lungs, builds up the blood pressure again,
but higher, and pumps the oxygenated blood to

the body.
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Test yourself

1 State why there are valves presentin a
circulatory system.

2 Suggest why some small organisms do not need a
circulatory system.

Heart
FOCUS POINTS
* What is the structure of the mammalian heart?
* Where is blood pumped?
* Why is the muscle wall of the left ventricle thicker than that of the right ventricle?
* Why are the muscle walls of the ventricles thicker than those of the atria?
* How does the heart function in terms of the contraction of muscles of the atria and ventricles and the

action of the valves in a heartbeat?
Why does physical activity affect heart rate?
How can the heart be monitored?

* ot ok

What is the effect of physical activity on the heart rate?
What is coronary heart disease and what are the risk factors?
What are the roles of diet and exercise in reducing the risk of coronary heart disease?

The heart pumps blood through the circulatory
system to all the main organs of the body. The
appearance of the heart from the outside is shown
in Figure 11.2. Figure 11.3 is a diagram of a vertical
section to show its internal structure. As the heart
is seen like it would be in a dissection of a person
facing you, the left side is drawn on the right. Make
sure you remember this whenever you are labelling
parts of the heart on a diagram.
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A Figure 11.2 External view of the heart

If you look at Figure 11.3 you will see that
there are four chambers. The upper, thin-walled
chambers are the atria (singular = atrium) and
each of these opens into a thick-walled chamber,
the ventricle, below.

Blood is pumped away from the heart in
arteries and returns to the heart in veins. The
blood enters the atria from large veins. The
pulmonary vein brings oxygenated blood from the
lungs into the left atrium. The vena cava brings
deoxygenated blood from the body tissues into
the right atrium. The blood passes from each
atrium to the ventricle below it, and the ventricle
pumps it out into the arteries. The left chambers
are separated from the right chambers by a wall of
muscle called a septum.
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A Figure 11.3 Diagram of the heart, vertical section

The artery carrying oxygenated blood to the body
from the left ventricle is the aorta. The pulmonary
artery carries deoxygenated blood from the right
ventricle to the lungs.

In pumping the blood, the muscle in the walls
of the atria and ventricles contracts and relaxes
(Figure 11.3). The walls of the atria contract first
and force blood into the two ventricles. Then the
ventricles contract and send blood into the arteries.
Valves prevent blood flowing backwards during or
after heart contractions.

The heart muscle is supplied with food and
oxygen by the coronary arteries (Figure 11.2).

Control of blood flow through
the heart

Four sets of valves stop the blood from flowing
backwards. Valves that separate each atrium from
the ventricle below it are called atrioventricular
valves. The flaps of these valves are shaped like
parachutes, with strings called tendons or cords to
stop them being turned inside-out.

In the pulmonary artery and aorta are the
semilunar (= half-moon) valves. These are made of
three ‘pockets’, which are pushed flat against the
artery walls when blood flows one way. If blood tries
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to flow the other way, the pockets fill up and meet in
the middle to stop the flow of blood (Figure 11.4).
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A Figure 11.4 Action of the semilunar valves

The heartbeat is started by the ‘pacemaker’, a small
group of specialised muscle cells at the top of the
right atrium. These fire an impulse. The impulse
spreads through the walls of the right and left atria,
causing them to contract. This forces blood into the
ventricles. The impulse carries on to the ventric