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Introduction

The International Baccalaureate Diploma programme, a pre-university course for 16-19-year-
olds, is designed to develop not only a breadth of knowledge, skills and understanding, but well-
rounded individuals and engaged world citizens. One of the Diploma’s key requirements is
concurrent study in six academic areas, at least one of which is an experimental science. Of
these, biology, whether taken at standard or higher level, is the choice of many students. This
book is designed to serve them.

Within the IB Diploma programme, the theory content for biology is organised into
compulsory core topics and options. The organisation of this book follows that syllabus sequence:

m Section 1 is the common core material for standard and higher-level students: Chapters
1-7;

m Section 2 is the additional higher level material for higher-level students: Chapters 8—12;

m Section 3 consists of the options, of which three are available to standard students only
(Chapters 13—15), four are for standard and higher-level students (Chapters 16-19), and one
is available to higher-level students only (Chapter 20).

The syllabus is presented as topics and options, and most are the subject of a single chapter in
Biology for the IB Diploma (see pages xi and xii). The exceptions are Topics 3 and 4, which are
split between two chapters in each case, in order to facilitate design and delivery of individual
teaching programmes. The topic on statistical analysis is presented in Chapter 21.

Special features of the chapters of Biology for the IB Diploma:

m each begins with ‘Starting points’ that summarise the essential concepts on which the chapter
is based; where the issues to be addressed have their genesis in earlier chapters, these are
identified

m the text is written in straightforward language, uncluttered by phrases or idioms that might
confuse students for whom English is a second language; the depth of treatment of topics
carefully reflects the objectives and action verbs in which the syllabus assessment statements
are phrased

m photographs, electron micrographs and full-colour illustrations are linked to support the
relevant text, with annotations included to elaborate the context, function or applications

m the main sections within chapters specify the IB syllabus subtopics paragraph numbers being
addressed, so links between text and syllabus are self-evident

m explanations of structure are linked to function and behaviour in living things, and the habitat
and environment of organisms are identified where appropriate; application of biology in
industry, and the economic, environmental and ethical consequences of developments are
highlighted, where appropriate

m processes of science (science methods) and something of the history of developments are
introduced selectively to aid appreciation of the possibilities and limitations of science

m self-assessment questions (SAQs) are phrased so as to assist comprehension and recall, but also
help familiarise students with the assessment implications of the action verbs; at the end of
chapters, typical examination questions are given

m links to the interdisciplinary Theory of Knowledge (TOK link) element of the IB course are
made at appropriate points in most chapters.

Using this book

The sequence of chapters in Biology for the IB Diploma follows the sequence of the syllabus
contents. However, the IB Diploma biology syllabus is not designed as a teaching syllabus, and
the order in which the syllabus content is presented is not necessarily the order in which it
should be taught. Different schools and colleges need to design a course delivery model based on
individual circumstances. How this may be tackled is discussed in Chapter 22.
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Introduction

In addition to the study of theory issues on which this book focuses, IB science students are
also involved in practical investigations and project work. Investigations are ultimately presented
for the internal assessment, based on given assessment criteria. How all these components are
integrated is also the subject of Chapter 22. This has been written by guest author Gary Seston,
an experienced and enthusiastic teacher of IB Diploma biology, who, importantly, also has
examiner experience. Prior to his present post at Sotogrande International School, Cadiz, Gary
taught at the United World College of South East Asia in Singapore. This chapter is an
excellent guide of interest to both teachers and students, though possibly at different stages of
their experience of the course.

Author’s acknowledgements

[ am indebted to IB teachers who have welcomed me into their Departments, and updated me
on the delivery of the Diploma programme, including:

m Chris Hall, Head of Science, Malvern College, Worcester, UK
m Carolyn Halliday, Head of Biology, and Keith Allen, St Clare’s, Oxford, UK
m John Cherverton, Head of Biology, Oakham School, Rutland, UK.

These colleagues also read early drafts of chapters of the manuscript, and their advice guided me
to the best approach, following helpful discussion with Katie Mackenzie Stuart, Science
Publisher, of Hodder Murray.

To Gary Seston, of Sotogrande International School, Cadiz, I owe a special debt. His
perceptive comments on the appropriateness of the presentation to students for whom English is
a second language, together with his advice on organisms familiar to students across other
continents, and especially his observations on content and approach to syllabus issues of all
chapters, were invaluable.

On particular aspects of the IB Diploma biology syllabus, I had the advantage of insights from
experts:

m Dr Robin Cook, The Marine Laboratory, Aberdeen, Scotland, concerning the conservation of
marine fish stocks

m Professor Robert Turner, Wellcome Department of Imaging Neuroscience, Institute of
Neurology, University College, London, concerning fMRI scanning of the brain

m Dr Richard Johnson, Aberdeen University, Scotland, concerning electron microscopy

m Dr Kevin McKenzie, School of Medical Science, Aberdeen University, concerning electron
microscopy

m Dr Neil Millar, Head of Biology, Heckmondwike Grammar School, Kirklees, West Yorkshire,
UK, for permission to introduce Merlin, his unique statistical package for biology students,
which is made freely available for educational and non-profit use.

Finally, [ am indebted to the Science publishing team of Phillipa Allum and Helen Townson at
Hodder Murray, and freelances Penelope Lyons and Gina Walker, all of whose skill and patience
brought together text and illustration as I have wished, and | am most grateful to them.
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The cell is the basic unit of life; living things are made of cells.

Cells are small, too small to be seen with the naked eye. They must be viewed using a
microscope.

Plant and animal cells have common features, including the nucleus, cytoplasm and
cell membrane (plasma membrane).

Many living things consist of a single cell (unicellular organisms), others are built of
many cells (multicellular organisms).

In most multicellular organisms, the cells perform specialised functions.

The cell is the basic unit of living matter — the smallest part of an organism which we can say is
alive. It is cells that carry out the essential processes of life. We think of them as self-contained
units of structure and function.

Introducing cells

Some organisms are made of a single cell, and are known as unicellular. Examples of unicellular
Figure 1.1 Introducing  Organisms are introduced in Figure 1.1. In fact, there are vast numbers of different unicellular
unicellular organisation ~ organisms in the living world, many with a very long evolutionary history.

Chlamydomonas — a motile, unicellular alga Amoeba - a protozoan of freshwater habitats
of fresh water habitats rich in ammonium ions cytoplasm
A

r N\
endoplasm  clear ectoplasm

pseudopodia plasma

flagella
g membrane

contractile
vacuole

nucleus
cytoplasm

O | h 4
light-sensitive ength 400 pm

spot

food vacuoles
chloroplast

Escherichia coli — a bacterium found in the intestines of animals, e.g. humans
nucleus cell wall — plasma — cytoplasm plasmid
(polysaccharide membrane
+ amino acids)

starch storage

—~ - 0O
R ﬁ? |

length 30pm ) R .
o 5 ’%JQO
|
\ ) circular \(\j
length 2.0pm DNA ribosomes
Other organisms are made of many cells, and are known as multicellular organisms. Examples of
State the essential multicellular organisms are the mammals and flowering plants. Much of the biology in this book
processes is about multicellular organisms, including humans, and the processes that go on in these
f:ir(-;asctenstm of IvVing  roanisms. But remember, single-celled organisms carry out all the essential functions of life too,
| 8

occurring within the confines of a single cell.



CELLS — THE BUILDING BLOCKS

Table 1.1 Units of length
used in microscopy

Calculate:
how many cells of
100 um diameter
will fit side by side
along a millimetre
the magnification
of the image of
Escherichia coli in
Figure 1.1.

Cell size

Cells are extremely small — most are only visible as distinct structures when we use a microscope
(although a few types of cell are just large enough to be seen by the naked eye).

Observations of cells were first reported over 300 years ago, following the early development of
microscopes (Figure 1.2). Today we use a compound light microscope to investigate cell structure
— perhaps you are already familiar with the light microscope as a piece of laboratory equipment.
You may have used one to view living cells, such as the single-celled animal, Amoeba, shown in
Figure 1.1.

Since cells are so small, we need appropriate units to measure them. The metre (symbol m) is
the standard unit of length used in science (it is an internationally agreed unit, or SI unit). Look
at Table 1.1 below, showing the subdivisions of the metre used to measure cells and their
contents. These units are listed in descending order of size. You will see that each subdivision is
one thousandth of the unit above it. The smallest units are probably quite new to you; they may
take some getting used to.

1 metre (m)= 1000 millimetres (mm)
1mm = 1000 micrometres (um) (or microns)

1T um = 1000 nanometres (nm)

So, the dimensions of cells are expressed in the unit called a micrometre or micron (um). Notice
this unit is one thousandth (10-?) of a millimetre. This gives us a clear idea about how small
cells are when compared to the millimetre, which you can see on a standard ruler.

Bacteria are really small, typically 0.5-10 um in size, whereas the cells of plants and animals
are often in the range 50-150 wm or larger. In fact, the lengths of the unicells shown in
Figure 1.1 are approximately:

Chlamydomonas 30 um
Escherichia coli 2 pm
Amoeba 400 um (but its shape, and therefore length, varies greatly).

The features of cells

A cell consists of a nucleus surrounded by cytoplasm, contained within the cell membrane. The
nucleus is the structure that controls and directs the activities of the cell. The cytoplasm is the
site of the chemical reactions of life, which we call ‘metabolism’. The cell membrane, known as
the plasma membrane, is the barrier controlling entry to and exit from the cytoplasm.

Newly formed cells grow and enlarge. A growing cell can normally divide into two cells. Cell
division is very often restricted to unspecialised cells, before they become modified for a
particular task.

Cells may develop and specialise in their structure and in the functions they carry out. A
common outcome of this is that many fully specialised cells are no longer able to divide, for
example. But as a consequence of specialisation, cells show great variety in shape and
structure. This variety in structure reflects the evolutionary adaptations of cells to different
environments, and to different specialised functions — for example, within multicellular organisms.

Cell theory — a summary statement

The cell theory — the statement that cells are the unit of structure and function in living things
— contains three very basic ideas:

cells are the building blocks of structure in living things;
cells are the smallest unit of life;
cells are derived from other cells (pre-existing cells) by division.

Today we can confidently add two concepts:

cells contain a blueprint (information) for their growth, development and behaviour;
cells are the site of all the chemical reactions of life (metabolism).



Introducing cells

The origins of cell theory
Many biologists contributed to the development of the cell theory. This concept evolved
gradually in western Europe during the nineteenth century as a result of a steadily accelerating

Figure 1.2 Early steps in ) ; . . )
the development of the ~ pace of developments in microscopy and biochemistry. You can see a summary of the earliest

cell theory  steps in Figure 1.2.

Hooke’s microscope, and a drawing
of the cells he observed
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Robert Hooke (1662), an expert mechanic and one of
the founders of the Royal Society in London, was

fascinated by microscopy. He devised a compound p
microscope, and used it to observe the structure of cork.

He described and drew cork cells, and also measured
them. He was the first to use the term ‘cells’.

Anthony van Leeuwenhoek (1680) was born in Delft. focus screws

Despite no formal training in science, he developed a
hobby of making lenses, which he mounted in metal
plates to form simple microscopes. Magnifications of
x240 were achieved, and he observed blood cells,
sperms, protozoa with cilia, and even bacteria (among
many other types of cells). His results were reported to
the Royal Society, and he was elected a fellow.

side view

Leeuwenhoek’s microscope

Robert Brown (1831), a Scottish botanist, observed

and named the cell nucleus. He also observed the 2
random movements of tiny particles (pollen grains, in

his case) when suspended in water (Brownian movement). 1

Matthias Schleiden (1838) and Theodor Schwann (1839),
German biologists,established cells as the natural unit of
form and function in living things: ‘Cells are organisms,
and entire animals and plants are aggregates of these
organisms arranged to definite laws.’

Rudolf Virchow (1856), a German pathologist, established

the idea that cells arise only by division of existing cells.

Louis Pasteur (1862), a brilliant French microbiologist,

_?;taihsbted ﬂ;ﬁt ,l”fe o InAot;pt?[Etaneogsly kg)env?ratvle. Pasteur’s experiment, in which broth was sterilised (1),
3 Iatc' - tha lappeha'rhm r(; gretmlcro esd reei/t and then either exposed to air (3) or protected from

creulating In the air, which contaminate exposed matter. air-borne spores in a swan-necked flask (2). Only the

broth in 3 became contaminated with bacteria.




CELLS — THE BUILDING BLOCKS

What evidence do we have in total, to support the cell theory?

Although cells were observed as long ago as the seventeenth century, it was not until the
nineteenth century that biologists were confident enough to state what we now call the ‘cell
theory’, categorically (Figure 1.2). Subsequent developments in many aspects of biological
investigation have supported this concept. Cell theory has not been challenged, although it took
some time for the true cause of apparent ‘spontaneous generation of life’ — the sudden
appearance of living things in water that had previously seemed devoid of life, for example — to
be understood.

Today, the study of the structure of cells, called cytology, is integrated within a larger, major
branch of biology called cell biology. We know that cells contain the hereditary material
deoxyribonucleic acid (DNA) in their nucleus (page 63). The structure and role of the DNA
double helix in the control of metabolism and of growth via protein synthesis are understood.
Now, developments in cell biology are closely linked to developments in genetics, biochemistry,
biophysics, electron microscopy, biotechnology, enzymology, genetic engineering, and medicine
— including oncology (the study of cancer), as we shall see. Table 1.2 is a summary of the
evidence for the cell theory, and identifies where it is discussed further.

Concept Evidence

living things are made of cells observations by microscopists (light microscopy and electron
microscopy) on the structure of unicellular and multicellular organisms,
especially on the structure of tissues and organs (histology, page 7)

cells are the smallest units of life discovery of viruses as particles that are ‘crystalline’ (non-cellular)
when outside a host cell, and that can only reproduce themselves at
the expense of their host cell’'s metabolic machinery (page 19)

biochemical investigations of organelles (tiny substructures in cells,
e.g. chloroplasts) showing their ability to function outside of a cell,
under laboratory-controlled conditions, for a limited time (page 281)

cells come from pre-existing cells Pasteur’s observations on the origins of microbes in fermenter
vessels (Figure 1.2), and related discoveries that cases of apparent
‘spontaneous generations’ of microorganisms in pond or puddle waters
were due to the presence of (unnoticed) pre-existing cells

discovery that the life cycles of many microorganisms include a
resistant spore phase, and the linked discovery that spores of many
microorganisms and unicellular protoctista are ubiquitous, but that
they become active only in favourable growing conditions

observations on the behaviour of cells at division (mitosis, page
31 and meiosis, page 94) and during reproduction (cytology)

cells contain a blueprint for growth, observations on the behaviour of chromosomes and the
development and behaviour establishment of the nature and role of genes / DNA in the day-to-day
control of cells (page 66), and in the process of heredity (page 91)

experimental evidence of the effects on cells of the deliberate transfer
of genes between organisms (genetic engineering, page 117)

cells are the site of the chemical discovery of enzymes and the enzyme machinery of cellular processes
reactions of life such as cell aerobic respiration and fermentation (page 80)

discovery of biochemical events in cells, such as the formation of
proteins from amino acids (page 69)

discovery of cell ultrastructure, of the presence of discrete
organelles and of the biochemical events located in particular
organelles (electron microscopy and biochemistry, page 14)

Table 1.2 The evidence
for the cell theory — a
review

Maintaining cell growth

The materials required for growth and maintenance of a cell enter through the outermost layer
of the cytoplasm, a membrane called the plasma membrane. Similarly, waste products must leave
the cell through the plasma membrane.
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The rates at which materials can enter and leave a cell depend on the surface area of that cell,
but the rates at which materials are used and waste products are produced depend upon the
amount of cytoplasm present within the cell. Similarly, heat transfer between the cytoplasm and
environment of the cell is determined by surface area.

Cell surface:volume ratios and cell size

As the cell grows and increases in size, an important difference develops between the surface area
available for exchange and the volume of the cytoplasm in which the chemical reactions of life
occur. The volume increases faster than the surface area; the surface area:volume ratio falls
(Figure 1.3). So, with increasing size of a cell, less and less of the cytoplasm has access to the cell
surface for exchange of gases, supply of nutrients, and loss of waste products.

Figure 1.3 The effect of
increasing size on the
surface area:volume ratio

cubic cell of increasing size

Tmm 2mm 3mm 4mm
dimensions/mm Tx1x1 2x2x2 3x3x3 4x4x4
surface area/mm? 6 24 54 96
volume/mm? 1 8 27 64
surface area:

1 =6/, = -8 = 24/ — 27 = 54/, = 64 = 96/, —
volume ratio 6:1=51=6 24:8=2%g=3 54:27 =54/77=2 | 96:64 =%/g4=1.5

For imaginary cubic ‘cells” with sides 1, 2, 4 and 6 mm:

calculate the volume, surface area and ratio of surface area to volume for each

state the effect on the SA:V ratio of a cell as it increases in size

explain the effect of increasing cell size on the efficiency of diffusion in the removal of waste products
from cell cytoplasm.

Put another way, we can say that the smaller the cell is, the more quickly and easily can
materials be exchanged between its cytoplasm and environment. One consequence of this is that
cells cannot continue growing larger, indefinitely. When a maximum size is reached, cell growth
stops. The cell may then divide. The process of cell division is discussed later (page 30).

Metabolism and cell size

The extent of chemical reactions that make up metabolism in a cell (the subject of later
chapters) is not directly related to the surface area of the cell, but it does relate to the amount of
cytoplasm, expressed as the cell mass. In summary, we can say that the rate of metabolism of a
cell is a function of its mass, whereas the rate of exchange of materials and heat energy that
metabolism generates is a function of the cell’s surface area.

Introducing animal and plant cells

No ‘typical’ cell exists — there is a very great deal of variety among cells. However, we shall see
that most cells have features in common. Viewed using a compound microscope, the initial
appearance of a cell is of a simple sac of fluid material, bound by a membrane, and containing a
nucleus. Look at the cells in Figure 1.4.
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Figure 1.4 Animal and
plant cells from
multicellular organisms

Canadian pondweed (Elodea) human

grows submerged in fresh water

photomicrograph of a leaf cell of Elodea photomicrograph of a human cheek cell
(x400) (x800)

- o secretory
@/

large permanent vacuole,

surrounded by a membrane granules

cellulose cell wall
cytoplasm

temporary
vacuoles

plasma
membrane

pit, where the cytoplasm
of cells connects

centrosome
chloroplasts
(with starch grains)

junction between walls
(the middle lamella)

Animal and plant cells have at least three structures in common. These are their cytoplasm with
its nucleus, surrounded by a plasma membrane. In addition, there are many tiny structures in
the cytoplasm, called organelles, most of them common to both animal and plant cells. An
organelle is a discrete structure within a cell, having a specific function. Organelles are all too
small to be seen at this magnification. We have learned about the structure of organelles using
the electron microscope (page 14).
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There are some important basic differences between plant and animal cells (Table 1.3). For
example, there is a tough, slightly elastic cell wall, made largely of cellulose, present around
plant cells (page 16). Cell walls are absent from animal cells.

A vacuole is a fluid-filled space within the cytoplasm, surrounded by a single membrane. Plant
cells frequently have a large, permanent vacuole present. By contrast, animal cells may have
small vacuoles, but these are mostly temporary.

Green plant cells also contain organelles called chloroplasts in their cytoplasm. These are not
found in animal cells. The chloroplasts are the sites where green plant cells manufacture
elaborated food molecules by a process known as photosynthesis.

The centrosome, an organelle that lies close to the nucleus in animal cells (Figure 1.4), is not
present in plants. This tiny organelle is involved in nuclear division in animal cells.

Finally, the storage carbohydrate (energy store) differs, too. Animal cells may store glycogen
(page 47); plant cells normally store starch.

Plant cells Feature Animal cells
cellulose cell wall present cell wall no cellulose cell walls
many cells contain chloroplasts; site of chloroplasts no chloroplasts;
photosynthesis animal cells cannot photosynthesise
large, fluid-filled vacuole typically present ~ permanent vacuole no large permanent vacuoles
no centrosome centrosome a centrosome present outside the nucleus

Table 1.3 Differences
between plant and
animal cells

starch  carbohydrate storage  glycogen
product

Multicellular organisms - specialisation and division of
labour

Unicellular organisms are structurally simple in that they perform all the functions and activities
of life within a single cell. The cell feeds, respires, excretes, is sensitive to internal and external
conditions (and may respond to them), may move, and eventually divides or reproduces. You
have seen examples of unicellular organisation in Figure 1.1.

By contrast, the majority of multicellular organisms are like the mammals (and flowering
plants) in that they are made of cells, most of which are highly specialised to perform particular
functions. Specialised cells occur organised into tissues and organs. A tissue is a group of
similar cells specialised to perform a particular function, such as heart muscle tissue of a
mammal. An organ is a collection of different tissues which performs a specialised function,
such as the heart of a mammal. So the tissues and organs of multicellular organisms consist of
specialised cells.

Control of cell specialisation

We have noted that the nucleus of each cell is the structure that controls and directs the
activities of the cell, and that the information required for this exists in the form of a nucleic
acid, DNA. The nucleus of a cell contains the DNA in thread-like chromosomes, which are
linear sequences of genes (page 92). Genes control the development of each cell within the
mature organism. We can define a gene in different ways, including:

a specific region of a chromosome which is capable of determining the development of a
specific characteristic of an organism;

a specific length of the DNA double helix (hundreds or thousands of base pairs long) which
codes for a protein.

So, when a cell is becoming specialised — we say the cell is differentiating — some of its genes are
being activated and expressed. These genes determine how the cell develops. What happens
during gene expression, and the mechanism by which a cell’s chemical reactions are controlled,
are explored in the next chapter.
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For the moment we can just note that the nucleus of each cell contains all the information required
to make each type of cell present within the whole organism, only a selected part of which is needed
in any one cell and tissue. The potential of each cell to specialise in any number of different ways
is called totipotency. Which genes are activated and how a cell specialises are controlled by the

immediate environment of the differentiating cell, and its position in the developing organism.

The cost of specialisation

Specialised cells are efficient at carrying out their particular function, such as transport, or
support, or protection. We say the resulting differences between cells are due to division of
labour. By specialisation, increased efficiency is achieved, but at a price. The specialised cells are
now totally dependent on the activities of other cells. For example, in animals, nerve cells are
adapted for the transport of nerve impulses, but dependent on blood cells for oxygen, and on
heart muscle cells to pump the blood. This modification of cell structure to support differing
functions is another reason why no ‘typical cell’ really exists.

Extension: Non-cellular organisation — an exceptional condition

In addition to the familiar unicellular and multicellular organisation of living things, there are a
few examples of multinucleate organs and organisms, without divisions into separate cells. This
type of organisation is called acellular. An example of an acellular organism is the pin mould
Rhizopus, where the ‘plant’ body consists of fine, thread-like structures called hyphae. An
example of an acellular organ is the striped muscle fibres that make up the skeletal muscles of
mammals (Figure 1.5).

Figure 1.5 Acellular
organisation in Rhizopus Rhizopus spores 'germinate’ original
and in skeletal muscle quickly when they land on spore

fibres a suitable medium under
favourable growing conditions. ~ mycelium
An extensive mycelium of of hyphae
branching hyphae is formed.

skeletal muscle cut to show the bundles of fibres

bundle of thousands
of muscle fibres

tendon

tip of hypha enlarged
the hyphae are not divided

into individual cells connective tissue

nuclei

individual
muscle fibre

each muscle fibre contains
several nuclei (i.e. a syncytium)

Emergent properties of the multicellular organism

It has been said that a multicellular organism has properties that in total are greater than the
sum of the individual parts — that is, of all the cells, tissues and organs of which it is made up.
Such properties are described as emergent.

Suggest emergent properties of a human, as an example of a multicellular organism.
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Examining cells, and recording structure and size

We use microscopes to magnify the cells of biological specimens in order to view them.
Figure 1.6 shows two types of light microscope.

In the simple microscope (hand lens), a single biconvex lens is held in a supporting frame so
that the instrument can be held very close to the eye. Today, a hand lens is mostly used to
observe external structure, although some of the earliest detailed observations of living cells were
made with single-lens instruments.

In the compound microscope, light rays are focused by the condenser on to a specimen on a
microscope slide on the stage of the microscope. Light transmitted through the specimen is then
focused by two sets of lenses (hence the name compound microscope). The objective lens forms
an image (in the microscope tube) which is then further magnified by the eyepiece lens,
producing a greatly enlarged image.

Biological material to be examined by compound microscopy must be sufficiently transparent
for light rays to pass through. When bulky tissues and parts of organs are to be examined, thin
sections are cut. Thin sections are largely colourless.

TOK Link

Researching the development of the microscope and the early history of The Royal Society may support your
study of the methods of science. If so, the following websites provide useful links:

= The Royal Society
www.royalsoc.ac.uk

= Royal Microscopical Society
www.rms.org.uk

Figure 1.6 Light  using the simple
microscopy  microscope
(hand lens)

You should bring the thing you
are looking at nearer to the lens
and not the other way round.

eyepiece lens using the
compound
microscope

turret — as it is turned the objectives
click into place, first the medium-
power, then the high-power

objective lenses — x4 (low);
x10 (medium); x40 (high power)

stage — microscope

coarse focus — used to focus the )
slide placed here

low- and medium-power objectives

—— condenser — focuses light on
\ to the object with iris diaphragm

— used to vary the intensity of light
reaching the object

fine focus — used to focus
the high-power objective

built-in light source


www.royalsoc.ac.uk
www.rms.org.uk
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Recording observations

Images of cells and tissues viewed may be further magnified, displayed or projected and saved for
printing out by the technique of digital microscopy (Figure 1.7). A digital microscope is used, or
alternatively an appropriate video camera is connected by microscope coupler or eyepiece
adaptor that replaces the standard microscope eyepiece. Images are displayed via video recorder,
TV monitor, or computer, and may be printed out by the latter.

Alternatively, a record of what you see via the compound microscope may be recorded by
drawings of various types (Figure 1.8). For a clear, simple drawing:

= use a sharp HB pencil and a clean eraser;

= use unlined paper and a separate sheet for each specimen you record;

u draw clear, sharp outlines, avoiding shading or colouring (density of structures may be
represented by degrees of stippling);

u label each sheet or drawing with the species, conditions (living or stained; if stained, which
stains), TS or LS, and so forth;

u label your drawing fully, with labels well clear of the structures shown, remembering that label
lines should not cross;

= annotate (add notes about function, role, development) if appropriate;

= include a statement of the magnification under which the specimen has been observed.

Figure 1.7 Digital
microscopy in action.

digital
microscope

epidermis

fibres

phloem (nutrient
transporting)
cambium

&
ek

8o
SIHERE

[

prepared slide of TS stem print of tissues of
of sunflower (Helianthus) the outer part of xylem (water
the stem showing transporting)

the tissues of a
vascular bundle
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Figure 1.8 Recording cell
structure by drawing

Figure 1.9 Measuring
the size of cells

The lining of the stomach consists of columnar
epithelium. All cells secrete mucus copiously.

columnar
epithelial cell

mucus

cytoplasm

nucleus

0 < ¥ i
Q- LN
view (phase contrast) of the layer of basement

cells (epithelium) lining the stomach wall membrane /\

compound light
microscope

nosepiece with
medium- and high-
power objectives

012345678910

shelf —

stage the eveni
yepiece
anr?(e and graticule is
IN€ TOCUS installed here
I controls
built-in light
source .
with iris graticule much
diaphragm enlarged — scale

is arbitrary units

1 Measuring a cell (e.g. a red blood cell)
by alignment with the scale on the
eyepiece graticule

using a prepared
slide of mammalian
blood smear

red cell (side view) with
(S ———— —"—'—'—'—\ the eyepiece graticule
0 2 P iyoRcmZ5ro 10| 0 2 scale superimposed
red cell diameter

measured
(arbitrary units)

2 Calibrating the graticule scale
by alignment of graticule and
stage micrometer scales

0l68L9S¥VECLO
wabboboslusbbddvbid

the stage micrometer is placed on the
stage in place of the prepared slide and
examined at the same magpnification

now graticule scale and stage micrometer the measurement of the blood
scale are superimposed cell diameter is converted to a
[Om measurement

0 1 2

——————————>|

‘ 1.5 (15 units) in this case, the red cell
appears to have a

— —— | diameter of about 8 [Jm

0 10 Om
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Measuring microscopic objects

The size of a cell can be measured under the microscope. A transparent scale called a graticule is
mounted in the eyepiece at the focal plane (there is a ledge for it to rest on). In this position,
when the object under observation is in focus, so too is the scale. The size (e.g. length, diameter)
of the object may then be recorded in arbitrary units. Next, the graticule scale is calibrated using
a stage micrometer — in effect, a tiny, transparent ruler, which is placed on the microscope stage
in place of the slide and then observed. With the eyepiece and stage micrometer scales
superimposed, the true dimensions of the object can be estimated in microns. Figure 1.9 shows
how this is done.

Figure 1.10 Recording Once the size of a cell has been measured, a scale bar line may be added to a micrograph or

size by means of scale ~ drawing to record the actual size of the structure, as illustrated in the photomicrograph in
bars  Figure 1.10.

interpretive drawing

plasmalemma

small food
vacuoles

pseudopodia

nucleus

large food vacuole

cytoplasm outer,
clear (ectoplasm) ——*
inner, granular
(endoplasm)

contractile
vacuole

scale bar| 0.1 mm

photomicrograph of Amoeba proteus (living specimen) — phase L
contrast microscopy

Using the scale bar given in Figure 1.10, calculate the maximum observed length of the Amoeba cell.
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Magnification and resolution of an image

Magnification is the number of times larger an image is than the specimen. The magnification
obtained with a compound microscope depends on which of the lenses you use. For example,
using a x10 eyepiece and a x10 objective lens (medium power), the image is magnified x100
(10 x 10). When you switch to the x40 objective (high power) with the same eyepiece lens,
then the magnification becomes x400 (10 x 40). These are the most likely orders of
magnification used in your laboratory work.

Actually, there is no limit to magnification. For example, if a magnified image is
photographed, then further enlargement can be made photographically. This is what may happen
with photomicrographs shown in books and articles. Magnification is given by the formula:

size of image

magnification = ————°>—
size of specimen

So, for a particular plant cell of 150 wm diameter, photographed with the microscope and with
the image enlarged photographically, the magnification in a print showing the cell at 15 cm
diameter (150 000 wm) is:

150 000
150

If a further enlargement is made, to show the same cell at 30 cm diameter (300 000 wm), then
the magnification is:

= 1000

300000
150 < 2000
Calculate what In this case, the image size has been doubled, but the detail will be no greater. You will not be
magnification occurs able to see, for example, details of cell membrane structure, however much the image is enlarged.

with a x6 eyepiece

PIEC This is because the layers making up a cell’s membrane are too thin to be seen as separate
and a x10 objective.

structures using the light microscope (Figure 1.11).

Figure 1.11  chloroplast enlarged (x6000)
Magnification without  a) from a transmission electron micrograph b) from a photomicrograph obtained by light microscopy

i K il
resolution a0
T W

The resolution (resolving power) of the microscope is its ability to separate small objects which
are very close together. If two separate objects cannot be resolved they will be seen as one object.
Merely enlarging them will not separate them. Resolution is a property of lenses quite different
from their magnification — and is more important.

Resolution is determined by the wavelength of light. Light is composed of relatively long
wavelengths, whereas shorter wavelengths give the better resolution. For the light microscope,
the limit of resolution is about 0.2 um. This means two objects less than 0.2 um apart may be
seen as one object.

Electron microscopy

In the electron microscope, an electron beam is used to make a magnified image. Because an
electron beam has a much shorter wavelength than light, resolution is much greater in the
electron microscope than it is in the light microscope. For the electron microscope used with
biological materials, the limit of resolution is about 5 nm (the size of nanometres is given in

Table 1.1, page 2).
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In transmission electron microscopy (TEM), the electron beam is passed through an
extremely thin section of material. Membranes and other structures present are stained with
heavy metal ions, making them electron-opaque so they stand out as dark areas in the image.
We cannot see electrons, so the electron beam is focused onto a fluorescent screen for viewing,
or onto a photographic plate for permanent recording (Figure 1.12).

In scanning electron microscopy (SEM) a narrow electron beam is scanned back and forth
across the surface of the specimen. Electrons that are reflected or emitted from this surface are
detected and converted into a three-dimensional image (Figures 10.17, 12.1).

Figure 1.12 A
transmission electron
microscope in use

The impact of electron microscopy on cell biology

The nucleus is the largest substructure (organelle) of a cell, and may be observed with the light
Distinguish between  mjcroscope. Most organelles cannot be viewed by light microscopy, and none is large enough for
$20|:i:‘|iigti)nnd internal details to be seen. It is the electron microscope that we use to learn about the fine
9 ' details of cell structure (Figure 1.13).

Prokaryotic and eukaryotic organisation

Living things have traditionally been divided into two major groupings: animals and plants.
However, the range of biological organisation is more diverse than this. The use of the electron
microscope in biology has led to the discovery of two types of cellular organisation, based on the
presence or absence of a nucleus.

Cells of plants, animals, fungi and protoctista have cells with a large, obvious nucleus. The
surrounding cytoplasm contains many different membranous organelles. These types of cells are
called eukaryotic cells (meaning a ‘good nucleus’).

On the other hand, bacteria contain no true nucleus and their cytoplasm does not have the
organelles of eukaryotes. These are called prokaryotic cells (meaning ‘before the nucleus’).

This distinction between prokaryotic and eukaryotic cells is a fundamental division and is
more significant than the differences between plants and animals. We will shortly return to
examine the detailed structure of the prokaryotic cell, choosing a bacterium as our example
(page 16). First, we need to look into the main organelles in eukaryotic cells.

The ultrastructure of the eukaryotic cell

Our knowledge of the fine structure (known as ultrastructure) of cells has been built up by the
examination of numerous TEMs. In effect, the eukaryotic cell is a bag of organelles suspended in
a fluid matrix, contained within a special membrane, the plasma membrane.

The ultrastructure of a mammalian liver cell is shown in Figure 1.13. The functions of each of
the six types of organelle shown (nucleus, mitochondria, ribosomes, rough endoplasmic
reticulum (rER), lysosomes, and Golgi apparatus) are included on their labels.
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Figure 1.13
Ultrastructure of a
eukaryotic animal cell
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Cells may have extracellular components

We have noted that the contents of cells are contained within the plasma membrane. However,
cells may secrete material outside the plasma membrane; for example, plant cells have an
external wall, and many animal cells secrete glycoproteins.

The plant cell and its wall
The plant cell differs from an animal cell in that it is surrounded by a wall. This wall is
completely external to the cell. The plant cell wall is not an organelle. Plant cell walls are
primarily constructed of cellulose — a polysaccharide and an extremely strong material. Cellulose
2 Outline how the molecules are very long, and are arranged in bundles called microfibrils (Figure 1.14).
electron microscope Cell walls make the boundaries of plant cells easy to see when plant tissues are examined by
has increased our microscopy. The presence of this strong structure allows the plant cell to develop high internal
slftr:a\c,\t/frige of cell pressure due to water uptake, without danger of the cell bursting. This is a major difference
' between the cell water relations of plants and animals.
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Figure 1.14 The cellulose  microfibrils of cellulose laid cellulose microfibrils
of a plant cell wall ~ down at different angles packed together

cellulose built of

glucose molecules

combined in straight,
unbranched chains,

forming very long
molecules

electron micrograph of cellulose
in a plant cell wall (x1500)

The effect of hydrated cell contents pressing against a cell wall (which is distinctly non-
elastic) creates an internal pressure which supports the herbaceous (non-woody) plant, its stem,
leaves and roots. For example, try cutting a 1 cm x 1 cm x 10 cm potato ‘chip’ from a potato
tuber, and standing it in tap water for an hour or two. Then remove and gently bend it. The now
turgid tissue may audibly snap, so stretched are the potato cells!

Extracellular glycoproteins around animal cells

Many animal cells have the ability to adhere to each other. We see the importance of this
property in the ways in which cells may form compact tissues and organs. Other animal cells
occur in simple sheets or layers, attached to a basement membrane below them. These cases of
adhesion are brought about by glycoproteins that the cells have secreted. Glycoproteins are large
molecules of protein to which quite large sugar molecules (called oligosaccharides) are attached.
Glycoproteins play a part in the support and movement of cells.

The structure of the prokaryotic cell

Figure 1.15 The structure ~ Figure 1.15 shows the structure of a prokaryotic cell called Escherichia coli. The bacteria and
of Escherichia coli ~ cyanobacteria are prokaryotes.

*structures that occur

! in all bacteria

Om

scale bar
flagella — bring about
movement of the
bacterium
pili — enable

attachment to surfaces
and to other bacteria

plasma membrane*—
a barrier across which
all nutrients and waste
products must pass

cytoplasm*—
site of the chemical
reactions of life

[— ribosomes*-site of
, ) protein synthesis

nucleoid*— genetic
material: a single
circular chromosome
of about 4000 genes

mesosome

cell wall*- protects
cell from rupture
caused by osmosis and
possible harm from
food granule plasmid other organisms

electron micrograph of Escherichia coli
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E. coli is a common bacterium of the human gut — it occurs in huge numbers in the lower
intestine of humans and other endothermic (once known as ‘warm-blooded’) vertebrates, such as
the mammals, and it is 2 major component of the faeces of these animals. This tiny organism was
named by a bacteriologist, Professor T. Escherich, in 1885. Notice the scale bar in Figure 1.15.
This bacterium is typically about 1 x 3 um in length — about the size of a mitochondrion in a
eukaryotic cell. The cytoplasm lacks the range of organelles found in eukaryotic cells and there is
no large nucleus surrounded by a double membrane.

In Figure 1.15, the ultrastructure of E. coli is shown. The functions of each of the structures

Calculate the (cell wall, plasma membrane, cytoplasm, pili, flagella, ribosomes and nucleoid) are included on
approximate their labels.
magpnification of the Finally, we can note that all prokaryote cells are capable of extremely rapid growth when

image of E. coli in

; S conditions are favourable for them. In such environments, prokaryote cells frequently divide into
igure 1.15.

two cells (known as ‘binary fission’). New cells formed then grow to full size and divide again.

Prokaryotic and eukaryotic cells compared

By contrasting Figures 1.13 and 1.15 we can see that there are fundamental differences, both in
cell size and cell complexity. In Table 1.4, prokaryotic and eukaryotic cells are compared.

Prokaryotes Feature Eukaryotes
(e.g. bacteria, cyanobacteria) (e.g. animals, plants, fungi)
cells are extremely small, typically 5-10 um size cells are larger, typically 50-150 um
nucleus absent; circular strand of DNA helix genetic nucleus has distinct nuclear membrane (with
in the cytoplasm, not supported by histone material pores), and chromosomes of linear DNA helix
protein, and called a ‘nucleoid’ supported by histone protein
cell wall present (not of cellulose) cell wall cell wall present in plants and fungi

few organelles; membranous organelles  organelles ~ many organelles bounded by double membrane
absent or very simple (e.g. mitochondria, nucleus) or single membrane
(e.g. Golgi apparatus, lysosome, vacuole, rough

endoplasmic reticulum)

proteins synthesised in small ribosomes (70S) protein proteins synthesised in large ribosomes (80S)
synthesis
Table 1.4 Prokaryotic some cells have simple flagella, 20 nm motile some cells have cilia or flagella with internal

and eukaryotic cells

in diameter ~ organelles  structures, 200 nm in diameter
compared

Extension: A possible origin for mitochondria and chloroplasts

Present-day prokaryotes are similar to fossil prokaryotes, some of which are 3500 million years
old. By comparison, the earliest eukaryote cells date back only 1000 million years. Thus
eukaryotes must have evolved surrounded by prokaryotes that were long-established organisms.
It is possible that, in the evolution of the eukaryotic cell, prokaryotic cells that were taken up
into food vacuoles came to survive as organelles inside the ‘host’ cell, rather than being digested
as food items. If so, they have become integrated into the biochemistry of their ‘host’ cell, with
time.

If this hypothesis is correct, it would explain why mitochondria (and chloroplasts) contain a
ring of DNA double helix, just like a bacterial cell. They also contain small ribosomes like those
of prokaryotes. These features have caused some evolutionary biologists to suggest that these
organelles may be descendants of free-living prokaryotic organisms that came to inhabit larger
cells. It may seem a fanciful idea, but not impossible.
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The life history of the cell and the nature of stem cells

Figure 1.16 The life Multicellular organisms begin life as a single cell, which grows and divides, forming very many
history of a cell and the ~ cells, and these eventually form the adult organism. So cells arise by division of existing cells.
role of stem cells  The time between one cell division and the next is known as the cell cycle (Figure 1.16).
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unable to divide again ~ \
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Extension note =
stem cells In healthy organisms, cells eventually die by programmed cell
death (PCD), a process controlled by specific genes. In PCD, all
e.g. stem cells of bone marrow, which divide to form parts of a cell are packaged in membrane and engulfed by
the cells that develop into red cells, white cells and surrounding cells. PCD normally takes out all superfluous, infected,
platelets and more cells forming stem cells and damaged cells. It is a key part of tissue and organ development.

We have noted that most of the cells of a multicellular organism like ourselves have become
highly specialised for a particular function. Many specialised cells are then unable to divide
again, or can only do so if a special need arises such as when they are damaged (e.g. mammalian
liver cells). However, a few cells are able to continue to divide and do so frequently throughout
the life of the organism. These are the body’s stem cells. Adult stem cells can divide an
unlimited number of times, producing a new stem cell and a new body tissue cell each time. For
example, blood stem cells, present in our bone marrow, produce the full range of different types
of blood cell. In other positions in the body, stem cells are capable of producing other body tissue
cells. In fact, stem cells may be able to grow into any of the 300 different kinds of cell in the
human body.

Human stem cell research seeks to use human embryonic stem (ES) cells, obtained from
embryos a few days old. ES cells are more flexible in that they may be coaxed to grow into any
type of mature cell. ES cells may be extracted from human embryos that have been discarded
during fertility treatments (page 230). Alternatively, therapeutic cloning is the creation of
human embryos for the sole purpose of producing of ES cells (rather than cloning with the aim
of producing a new human).

The hope is the ES cells, grown up in the laboratory, may eventually be successfully implanted
in patients to treat diseases like Alzheimer’s, Parkinson’s or Type I diabetes. Perhaps genetically
engineered stem cells could eventually be available to treat the genetic fault underlying sickle
cell disease (page 101). Similarly, people with cystic fibrosis (page 576) might be treated with
their own stem cells, removed and genetically engineered with the cystic fibrosis gene. Such cells
would then be planted back in the patient in a way that might lead to the formation of healthy
cells lining the airways of their lungs. This would eliminate the problem of tissue rejection that
occurs in traditional transplant surgery.

Because these techniques are controversial and experimental, international scientists have
agreed a consensus of principles guiding their work. New developments and challenges arise all
the time around this therapy for human diseases. You can keep in touch with developments in
this (and other) aspects of modern biology by reference to journals such as New Scientist
(www.newscientist.com), and Scientific American (www.sciam.com). Other organisations and
sources, including the BioNews website (www.bionews.org.uk), may be accessed using an
internet search engine.


www.newscientist.com
www.sciam.com
www.bionews.org.uk
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Introducing the viruses

Viruses are disease-causing agents, rather than organisms. They are not made of cells. A virus
consists of a core of nucleic acid, either of DNA or RNA. This is surrounded by a protein coat
called a capsid (Figure 1.17). In some viruses there is an additional external envelope of
membrane made of lipids and proteins (e.g. human immunodeficiency virus — HIV).
All viruses are all extremely small, most are in the size range 20-400 nm (0.02-0.4 um).
Consequently, they are visible only by means of electron microscopy.
Viruses reproduce inside specific living cells only. Here they function as parasites in their host
Figure 1.17 Tobacco organism. However, they have to be transported in some way between hosts. Viruses are mostly
mosaic virus (TMV) —an  highly specific to particular host species, some to plant species, some to animal species and some
example of avirus  to bacteria. An example of a plant virus is shown in Figure 1.17.

enlarged drawing of part of the virus

X

| virus in side view shows
hollow tube construction

position
of RNA

protein coat (capsid) of
polypeptide building blocks
arranged in a spiral around
the canal containing RNA

btk

5 arrangement of single
strand of RNA in TMV

‘*‘. & ' L i i

transmission electron micrograph of TMV (x40 000) negatively stained

10 State which characteristics of living things are not shown by viruses.

Relative sizes of molecules, macromolecules, viruses and
organisms

There are great disparities of size among organisms, viruses, and the molecules they are built
from. We measure size using the SI unit of length, the metre, and the accepted subdivisions
(Table 1.1, page 2). In Figure 1.18; size relationships of biological and chemical levels of
organisation are compared. The scale is logarithmic to accommodate the diversities in size in the
space available, so each division is ten times larger than the division immediately below it. In
science, ‘powers to ten’ are used to avoid writing long strings of zeros.

Remember, although sizes are expressed by a single length or diameter, all cells and organisms
are three-dimensional structures, with length, breadth and depth.

11 Distinguish between the following pairs of terms:

a cell wall and plasma membrane
b nucleus and nucleoid
¢ flagella and pili.
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Figure 1.18 Size
relationships on a
logarithmic scale
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Figure 1.19 The fluid
mosaic model of the
plasma membrane

Draw a copy of the
diagrammatic cross-
section of the fluid
mosaic membrane
(part of Figure
1.19). Label it
correctly, using the
terms: phospholipid
bilayer, cholesterol,
glycoprotein,
integral protein,
peripheral protein.

Membranes

Membranes

We have seen that a plasma membrane is a structure common to eukaryotic and prokaryotic

cells. The plasma membrane maintains the integrity of the cell (it holds the cells contents
together). Also, it is a barrier across which all substances entering and leaving the cell pass.

The structure of the plasma membrane

The plasma membrane is made almost entirely of protein and lipid, together with a small and

variable amount of carbohydrate. How are these components assembled into the plasma
membrane? Figure 1.19 shows the molecular structure of the plasma membrane, which is known
as the fluid mosaic model. The plasma membrane is described as fluid because the components
(lipids and proteins) are on the move, and mosaic because the proteins are scattered about in this
pattern.

. peripheral proteins —
polysaccharide attached to surface of lipid bilayer

! glycoprotein
protein

three-dimensional view
outside of cell }

polysaccharide
glycolipid

lipid

lipid
bilayer

protein that traverses
the membrane, and
is exposed at both
surfaces

with pore

protein on one
side of the

integral proteins —
membrane

embedded in the lipid bilayer

diagrammatic cross-sectional view

it

inside of cell

The lipid of membranes is phospholipid. The chemical structure of phospholipid is shown in
Figure 2.13, page 50.

Take a look at its structure, now.

You see that phospholipid has a ‘head’ composed of a glycerol group to which is attached one
ionised phosphate group. This latter part of the molecule has hydrophilic properties (water-
loving). For example, hydrogen bonds readily form between the phosphate head and water
molecules.

The remainder of the phospholipid consists of two long, fatty acid residues consisting of
hydrocarbon chains. These ‘tails’ have hydrophobic properties (water-hating).

So phospholipid is unusual in being partly hydrophilic and partly hydrophobic.
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Figure 1.20 Phospholipid
molecules and water —
the formation of
monolayers and bilayers

Figure 1.21 Plasma
membrane structure;
evidence from the
electron microscope

interior of cell lipid bilayer

TEM of the cell membrane of a red cell

(x700 000)

State the difference
between a lipid
bilayer and the
double membrane
of many organelles.

Phospholipid molecules in contact When mixed with water, phospholipid
with water form a monolayer, with molecules arrange themselves into a
heads dissolved in the water and the bilayer, in which the hydrophobic tails
tails sticking outwards. are attracted to each other.

a phospholipid molecule has / i?g??g
a hydrophobic tail — which water

repels water —and a

hydrophilic head — which / \ 33833!

attracts water

What are the consequences of this dual nature of phospholipid?

A small quantity of phospholipid in contact with water will float with the hydrocarbon tails
exposed above the water, forming a monolayer of phospholipid molecules (Figure 1.20). When
more phospholipid is available, the molecules arrange themselves as a bilayer, with the
hydrocarbon tails facing together. This is the situation in the plasma membrane (Figure 1.21).

In the lipid bilayer, attractions between the hydrophobic hydrocarbon tails on the inside, and
between the hydrophilic glycerol/phosphate heads and the surrounding water on the outside
make a stable, strong barrier.

cell membrane in cross-section
polysaccharides

lipid bilayer

protein

inner face of molecules

membrane

line of fracture of
membrane shown
to the right

electron micrograph of the cell
membrane (freeze-etched)

The proteins of plasma membranes are globular proteins (page 257). Some of these proteins
occur partially or fully buried in the lipid bilayer, and are described as integral proteins. Others
are superficially attached on either surface of the lipid bilayer and are known as peripheral
proteins. The functions of the membrane proteins are various; some are channels for transport of
metabolites, some are enzymes or carriers, and some receptors or antigens (Figure 1.22).

The carbohydrate molecules of the membrane are relatively short-chain polysaccharides, some
attached to the proteins (glycoproteins) and some to the lipids (glycolipids). This glycocalyx, as
it is known, occurs only on the outer surface of the plasma membrane. Its various functions
involve, for example, cell-cell recognition, acting as receptor sites for chemical signals, and the
binding of cells into tissues.

Movement across the plasma membrane

Movement of molecules across the plasma membrane of living cells is continuous and heavy.
Into and out of cells pass water, respiratory gases (oxygen and carbon dioxide), nutrients such
as glucose, essential ions, and excretory products.

Cells may secrete substances such as hormones and enzymes, and they may receive growth
substances and certain hormones. Plants secrete the chemicals that make up their walls through
their cell membranes, and assemble and maintain the wall outside the membrane. Certain
mammalian cells secrete structural proteins such as collagen, in a form that can be assembled
outside the cells.

In addition, the plasma membrane is where the cell is identified by surrounding cells and
organisms. For example, protein receptor sites are recognised by hormones, by neurotransmitter
substances from nerve cells, and by other chemicals sent from other cells. Figure 1.23 is a
summary of this movement, and Figure 1.24 summarises the mechanisms of transport across
membranes, into which we need to look further.
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Figure 1.23 Movements receptors
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Movement by diffusion

The atoms, molecules and ions of liquids and gases undergo continuous random movements.
These movements result in the even distribution of the components of a gas mixture and of the
atoms, molecules and ions in a solution. So, for example, from a solution we are able to take a
tiny random sample and analyse it to find the concentration of dissolved substances in the whole
solution — because any sample has the same composition as the whole. Similarly, every breath we
take has the same amount of oxygen, nitrogen and carbon dioxide as the atmosphere as a whole.

Continuous random movements of all molecules ensures complete mixing and even
distribution, given time, in solutions and gases.

Diffusion is the free passage of molecules (and atoms and ions) from a region of their high
concentration to a region of low concentration.

Where a difference in concentration has arisen in a gas or liquid, random movements carry
molecules from a region of high concentration to a region of low concentration. As a result, the
particles become evenly dispersed. The energy for diffusion comes from the kinetic energy of
molecules. Kinetic means that a particle has this energy because it is in continuous motion.
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Diffusion in a liquid can be illustrated by adding a crystal of a coloured mineral to distilled
water. Even without stirring, the ions become evenly distributed throughout the water (Figure
1.25). The process takes time, especially as the solid has first to dissolve.

Figure 1.25 Diffusionina 1 A crystal of potassium permanganate 2 As the ions dissolve, random 3 The ions become evenly distributed.
liquid (potassium manganate(VIl), KMnO,) —> movements disperse them ——  Random movements continue, but
is placed in distilled water. through the water. there is now no net movement in
N e any particular direction.
A g N e

potassium ions and
permanganate ions

Diffusion in cells
Diffusion across the cell membrane occurs where:

The plasma membrane is fully permeable to the solute. The lipid bilayer of the plasma
membrane is permeable to non-polar substances, including steroids and glycerol, and also
oxygen and carbon dioxide in solution, all of which diffuse quickly via this route.

The pores in the membrane are large enough for a solute to pass through (Figure 1.26). Water
diffusing across the plasma membrane passes via the protein-lined pores of the membrane, and
via tiny spaces between the phospholipid molecules. This latter occurs easily where the fluid
mosaic membrane contains phospholipids with unsaturated hydrocarbon tails, for here these
hydrocarbon tails are spaced more widely. The membrane is consequently especially ‘leaky’ to
water, for example.

Figure 1.26 Diffusion  molecules of a non-polar substance, polar molecules, e.g. water, in high concentration
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Students were provided with cubes of slightly alkaline gelatine of different dimensions, containing an
acid-alkali indicator that is red in alkali but yellow in acid. The cubes were placed in dilute acid solution, and
the time taken for the colour in the gelatine to change from red to yellow was measured.

Dimensions/mm Surface area/mm? Volume/mm?3 Time/minutes
10x10x 10 600.0 1000.0 12.0
5x5x5 150.0 125.0 4.5
4dx4x4 96.0 64.0 4.2
25%x25x%x25 37.5 15.6 4.0

For each block, calculate the ratio of surface area to volume (SA:V).

Plot a graph of the time taken for the colour change (vertical or y axis) against the SA:V ratio (horizontal
or x axis).

Explain why the colour changes more quickly in some blocks than others.

Facilitated diffusion

In facilitated diffusion, a substance that otherwise is unable to diffuse across the plasma
membrane does so as a result of its effect on particular molecules present in the membrane. In
the presence of the substance, these membrane molecules, made of globular protein, form into
pores large enough to allow diffusion; they close up again when the substance is no longer
present (Figure 1.27). In facilitated diffusion, the energy comes from the kinetic energy of the
molecules involved, as is the case in all forms of diffusion. Energy from metabolism is not
required. Important examples of facilitated diffusion are the movement of ADP into
mitochondria and the exit of ATP from mitochondria (page 80).

Figure 1.27 F?jfg‘tifgg 4 < < < 4 > <
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b
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through specific pores [>

the membrane D [>

Distinguish between diffusion and facilitated diffusion.

Osmosis — a special case of diffusion

Osmosis is a special case of diffusion. It is the diffusion of water molecules across a membrane
which is permeable to water (partially permeable). Since water makes up 70-90% of living cells
and cell membranes are partially permeable membranes, osmosis is very important in biology.

Why does osmosis happen?

Dissolved substances attract a group of polar water molecules (page 38) around them. The
forces holding the water molecules in this way are weak chemical bonds, including hydrogen
bonds. Consequently, the tendency for random movement by the dissolved substances and their
surrounding water molecules is restricted. Organic substances like sugars, amino acids,
polypeptides and proteins, and inorganic ions like Na*, K*, CI- and NOj;~, have this effect on the
water molecules around them.
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The stronger the solution (i.e. the more solute dissolved per volume of water) the greater the
number of water molecules that are slowed up and held almost stationary. So, in a very
concentrated solution, very many more of the water molecules have restricted movement than in
a dilute solution. In pure water, all of the water molecules are free to move about randomly, and
do so.

When a solution is separated from water (or a more dilute solution) by a membrane permeable
to water molecules (such as the plasma membrane), water molecules free to move tend to diffuse,
while dissolved molecules and their group of water molecules move very much less, if at all. So
there is a net flow of water, from a more dilute solution into a more concentrated solution, across
the membrane. The membrane is described as partially permeable.

Osmosis is the net movement of water molecules (solvent), from a region of high
concentration of water molecules to a region of lower concentration of water molecules, across a
selectively permeable membrane (Figure 1.28). Alternatively, we can state the following.

Osmosis is the passive movement of water molecules, across a partially permeable
membrane, from a region of lower solute concentration to a region of higher solute

concentration.
Figure 1.28 Osmosis
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When a concentrated solution of glucose is separated from a dilute solution of glucose by a partially
permeable membrane, determine which solution will show a net gain of water molecules.
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Movement by active transport

We have seen that diffusion is due to random movements of molecules, and occurs
spontaneously, from a high to a low concentration. However, many of the substances required
by cells have to be absorbed from a weak external concentration and taken up into cells that
contain a higher concentration. Uptake against a concentration gradient cannot occur by
diffusion. Instead, it requires a source of energy to drive it. This type of uptake is known as
active transport.

In active transport, metabolic energy produced by the cell, held as ATP, is used to drive the
transport of molecules and ions across cell membranes. Active transport has characteristic
features distinctly different from those of movement by diffusion.

1 Active transport occurs against a concentration gradient
[t occurs from a region of low concentration to a region of higher concentration. The
cytoplasm of a cell normally holds some reserves of molecules and ions valuable in
metabolism, like nitrate ions in plant cells, or calcium ions in muscle fibres. The reserves of
useful molecules and ions do not escape; the cell membrane retains them inside the cell. Yet
when more of these or other useful molecules or ions become available for uptake, they too are
actively absorbed into the cells. This happens even though the concentration outside the cell
is lower than that inside.

2 Active uptake is highly selective
For example, in a situation where potassium chloride (K* and CI- ions) is available to an
animal cell, K* ions are more likely to be absorbed, since they are needed by the cell. Where
sodium nitrate (Na* and NO;~ ions) is available to a plant cell, it is likely that more of the
NO," ions are absorbed than the Na*, since this reflects the needs of plant cells.
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Figure 1.30 The sodium/
potassium ion pump

1 carrier protein
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carrier protein
in lipid bilayer

Membranes

3 Active transport involves special molecules of the membrane, called pump molecules
The pump molecules pick up particular molecules or ions and transport them to the other side
of the membrane, where they are then released. The pump molecules are globular proteins,
sometimes also called carrier proteins, that span the lipid bilayers (Figure 1.29). Movements by
the pump molecules require reaction with ATP; this reaction supplies metabolic energy to the
process. Most membrane pumps are specific to particular molecules or ions and this is the way
selective transport is brought about. If the pump molecule for a particular substance is not
present, the substance will not be transported.

Active transport is a feature of most living cells. We meet examples of active transport in the gut
where absorption occurs (Chapter 7), in the active uptake of ions by plant roots (Chapter 20), in
the kidney tubules where urine is formed, and in nerve fibres where an impulse is propagated

(Chapter 13).

The protein pumps of plasma membranes are of different types. Some transport a particular
molecule or ion in one direction (Figure 1.29), while others transport two substances (like Na*
and K*) in opposite directions (Figure 1.30). Occasionally, two substances are transported in the
same direction; for example, Na* and glucose (Figure 20.13, page 654).

Samples of five plant tissue discs were incubated in dilute sodium chloride solution at different temperatures.
After 24 hours, it was found that the uptake of ions from the solutions was as follows (arbitrary units).

Sodium ions Chloride ions

Tissue at 5°C 80 40
Tissue at 25°C 160 80

Comment on how absorption of sodium chloride occurs, giving your reasons.
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Movement by bulk transport

Another mechanism of transport across the plasma membrane is known as bulk transport. It
occurs by movements of vesicles of matter (solids or liquids) across the membrane by processes
known generally as cytosis. Uptake is called endocytosis and export is exocytosis.

The strength and flexibility of the fluid mosaic membrane makes this activity possible. Energy
from metabolism (ATP) is also required to bring it about. For example, when solid matter is
being taken in (phagocytosis), part of the plasma membrane at the point where the vesicle forms
is pulled inwards and the surrounding plasma membrane and cytoplasm bulge out. The matter
thus becomes enclosed in a small vesicle.

Vesicles are used to transport materials within cells, for example, between the rough

endoplasmic reticulum (rER) and the Golgi apparatus, and on to the plasma membrane
(Figure 1.13, page 15).
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In the human body, there is a huge number of phagocytic cells (phagocytosis means ‘cell
eating’). These are called the macrophages. The macrophages engulf the debris of damaged or
dying cells and dispose of it. For example, we break down about 2 x 10!! red cells each day. This
number are ingested and disposed of by macrophages, every 24 hours.

Bulk transport of fluids is referred to as pinocytosis (Figure 1.31).

Figure 1.31 Transport by

; Movements also take place in
cytosis

the reverse direction, i.e.
exocytosis of solids and

liquids.
‘ nucleus
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Q
uptake of solid particles = phagocytosis —=© cytoplasm

uptake of matter = endocytosis

uptake of liquid = pinocytosis

Distinguish between the following pairs:
proteins and lipids in cell membranes
active transport and bulk transport

endocytosis and exocytosis.

Cell division

New cells arise by division of existing cells. Unicellular organisms grow quickly under favourable
conditions, then divide into two cells. The growth and division cycle is repeated while
conditions are suitable. Multicellular organisms begin life as a single cell which grows and
divides, forming many cells which eventually make up the adult organism. In these situations, it
is important that division of a nucleus produces two new cells (daughter cells) containing
identical sets of chromosomes; this is achieved by mitosis.

The cell division cycle
The cycle of growth and division of a cell is called the cell division cycle. The cell division cycle

has three main stages:

interphase;
division of the nucleus by mitosis;
cytokinesis (cell division).

In each stage of the cell cycle particular events occur. These events are summarised in Figure
1.32, and they are discussed below.
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Interphase

Interphase is always the longest part of the cell cycle, but it is of extremely variable length.

When growth is fast, as in a developing human embryo, and the growing point of a young stem,
interphase may last about 24 hours or less. On the other hand, in mature cells that infrequently
divide it lasts a very long period — possibly indefinitely. For example, some cells, once they have
differentiated, rarely or never divide again. Here the nucleus remains at interphase permanently.

What happens to the nucleus in interphase?

At first glance the nucleus appears to be resting, but this is not the case. The chromosomes
cease to be visible as thread-like structures at interphase, becoming dispersed as chromatin. Now
they are actively involved in protein synthesis. From the chromosomes, copies of the information
in particular genes or groups of genes are taken for use in the cytoplasm (page 69). In organelles
of the cytoplasm called ribosomes, proteins are assembled by combining amino acids in sequences
dictated by the information from the gene.

During interphase, the synthesis of new organelles takes place in the cytoplasm. There is
intense biochemical activity in the cytoplasm and the organelles, and there is an accumulation
of stored energy before nuclear division occurs again.

Also in this period, between nuclear divisions, each chromosome replicates (makes a copy of
itself). The two identical structures formed are called chromatids. The chromatids remain
attached until they divide during mitosis.

Mitosis

When cell division occurs, the nucleus divides first. In mitosis, the chromosomes, present as the
chromatids formed during interphase, are separated, and accurately and precisely distributed to
two daughter nuclei (Figure 1.33). In the following description, mitosis is presented and
explained as a process in four phases, but remember this is for convenience of description only.
Mitosis is a continuous process with no breaks between the phases.

In prophase, the chromosomes become visible as long thin threads. They increasingly shorten
and thicken by a process of supercoiling. Only at the end of prophase is it possible to see that
they consist of two chromatids held together at the centromere. At the same time, the nucleolus
gradually disappears and the nuclear membrane breaks down.
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Cell division

In metaphase, the centrioles move to opposite ends of the cell. Microtubules in the cytoplasm
start to form into a spindle, radiating out from the centrioles (Figure 1.33, page 32).
Microtubules attach to the centromeres of each pair of chromatids, and these are arranged at the
equator of the spindle. (Note: in plant cells, a spindle of exactly the same structure is formed, but
without the presence of the centrioles.)

In anaphase, the centromeres divide, the spindle fibres shorten, and the chromatids are pulled by
their centromeres to opposite poles. Once separated, the chromatids are referred to as chromosomes.

In telophase, a nuclear membrane reforms around both groups of chromosomes at opposite
ends of the cell. The chromosomes decondense by uncoiling, becoming chromatin again. The
nucleolus reforms in each nucleus. Interphase follows division of the cytoplasm.

Cytokinesis

Division of the cytoplasm, known as cytokinesis, follows telophase. During division, cell
organelles such as mitochondria and chloroplasts become distributed evenly between the cells. In
animal cells, division is by in-tucking of the plasma membrane at the equator of the spindle,
‘pinching’ the cytoplasm in half (Figure 1.33).

In plant cells, the Golgi apparatus forms vesicles of new cell wall materials which collect along
the line of the equator of the spindle, known as the cell plate. Here the vesicles coalesce forming
the new plasma membranes and cell walls between the two cells (Figure 1.34).

Figure 1.34 Cytokinesis plant cell after nucleus has divided
in a plant cell

cytoplasm

daughter nucleus
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(equator of spindle)
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Observing chromosomes during mitosis

Actively dividing cells, such as those at the growing points of the root tips of plants, include
many cells undergoing mitosis. This tissue can be isolated, stained with an orcein ethanoic
(acetic orcein) stain, squashed, and then examined under the high-power lens of a microscope.
Nuclei at interphase appear red—purple with almost colourless cytoplasm, but the chromosomes
in cells undergoing mitosis will be visible, rather as they appear in the photomicrographs in
Figure 1.33. The procedure is summarised in the flow diagram in Figure 1.35.
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ethanoic stain of an
onion root tip squash
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19 Using slides they had prepared to observe chromosomes during mitosis in a plant root tip (Figure 1.35), five
students observed and recorded the number of nuclei at each stage in mitosis in 100 cells as shown in the

table below.

Number of nuclei counted by

Stage of mitosis student 1 student 2 student 3 student 4 student 5
prophase 64 70 75 68 73
metaphase 13 10 7 11 9
anaphase 5 5 2 8 5
telophase 18 15 16 13 13

a Calculate the mean % of dividing cells at each stage of mitosis and present your results as a pie chart.
b Assuming that mitosis takes about 60 minutes to complete in this species of plant, deduce what these

results imply about the lengths of the four steps.



Cell division

The significance of mitosis

Daughter cells produced by mitosis have a set of chromosomes identical to each other and to the
parent cell from which they were formed. This occurs because:

an exact copy of each chromosome is made by accurate replication (page 66) during
interphase, when two chromatids are formed;

chromatids remain attached by their centromeres during metaphase of mitosis, when each
becomes attached to a spindle fibre at the equator of the spindle;

centromeres then divide during anaphase and the chromatids of each pair are pulled apart to
opposite poles of the spindle; thus, one copy of each chromosome moves to each pole of the
spindle;

the chromosomes at the poles form the new nuclei — two to a cell at this point;

two cells are then formed by division of the cytoplasm at the midpoint of the cell, each with
an exact copy of the original nucleus.

In growth and development of an embryo, it is important that all cells carry the same genetic
information as the existing cells from which they are formed, and which they share with
surrounding cells or tissues. Similarly, when repair of damaged or worn out cells occurs, they are
exact copies of what they replace. In fact, this is essential for growth, development and repair,
because otherwise different parts of our body might start working to conflicting blueprints. The
results would be chaos.

Mitotic cell division is also the basis of all forms of asexual reproduction (page 133), in which
the offspring produced are identical to the parent.

Cancer - disease caused by uncontrolled cell division

There are very many different forms of cancer, affecting different tissues of the body. Cancer is
not thought of as a single disease. However, in cancer, cells divide by mitosis repeatedly, without
control or regulation, forming an irregular mass of cells, called a tumour. Sometimes tumour cells
break away and are carried to other parts of the body, where they form a secondary tumour.
Unchecked, cancerous cells ultimately take over the body at the expense of the surrounding,
healthy cells, leading to malfunction and death.

Cancer is caused by damage to DNA of chromosomes. ‘Mistakes’ of different types build up in
the DNA of the body cells. The accumulation of mistakes with time explains why the majority
of cancers arise in older people. Different types of mistake can occur, and this explains why
cancer is not one single disease. Another cause of cancer is damage to the gene that codes for a
protein known as p53 which stops the copying of damaged DNA. This p53 protein and the gene
that codes for it are called ‘the guardians of the genome’.

Damage to DNA has many potential causes, including the effects of ionising radiation (X-rays,
gamma rays and others), certain chemicals (such as components of the tar in tobacco smoke)
and some virus infections. Another set of factors is inherited, so that the members of some
families are more likely to suffer from certain cancers than others.

Describe how the behaviour of cancerous cells differs from that of normal cells.
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Questions 1-5 are taken from past IB Diploma
biology papers.

Q1
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Q2

Q3

Q4

Q5

The diagram
represents

an animal cell.
Which processes
occur in the
locations
labelled?

Transcription Translation Glycolysis
I 1l |

1] Il |

I 1l v
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Standard Level Paper 1, May 06, Q3

Which of the following is a characteristic of
organelles?
A They are only found in eukaryotic cells.
B They are only found in prokaryotic cells.
C They are sub-cellular structures.
D They are all membrane-bound.
Standard Level Paper 1, May 04, Q2
List two functions of membrane proteins. (1)
Oxygen (O,) moves across the membrane by
diffusion. Define the term diffusion.
¢ Potassium can move across the membrane by
passive or active transport. Distinguish between
active and facilitated diffusion of ions. (2)
d The hormone insulin leaves the cell by
exocytosis. Describe the process of exocytosis.
)
Standard Level Paper 2, May 06, Q3

oo

(1)

The width of a human hair is 0.1 mm. What is the
width in pm?
A10um B100um C1000um D 10000 um
Higher Level Paper 1, May 06, Q2
a State two processes which involve mitosis.  (2)
b Explain the importance of the surface area to
volume ratio as a factor limiting cell size.
¢ State one difference between the proteins
produced by free ribosomes and those
produced by ribosomes attached to the
endoplasmic reticulum. (1)
Higher Level Paper 2, May 05, Q2

3)

Questions 6-10 cover other syllabus issues in this
chapter.

Q6

Q7

Q8

Q9

Q10 a

List the features animal and plant cells have in
common. Construct a table of the differences in
structure between typical plant and animal cells.

(6)

The stages of the cell cycle are interphase, mitosis
and cytokinesis. Four distinct phases make up the
process of mitosis itself.
a Outline the events of interphase which establish
that this is not a ‘resting’ stage in the cell cycle.
4)
b List the major changes that occur to the
chromosomes of a nucleus undergoing mitosis
during:
i prophase (the first phase)
ii anaphase (the third phase).
¢ Explain how mitosis produces two genetically
identical nuclei. 4)
d Distinguish between stem cells and cancer cells.

(2)

(6)

The structure of a plasma membrane is
represented by the fluid mosaic model. It is a
barrier that has to be crossed by material entering
or leaving a cell.

a Draw and label a diagram to illustrate the
structure of the plasma membrane as seen in
cross-section.

b Explain how the properties of phospholipids
help maintain the structure of the plasma
membrane.

¢ List the essential conditions necessary for
diffusion.

d Explain the process by which water moves
across the plasma membrane.

(6)

(3)
(4)
(4)

a Draw and label a diagram of a generalised
prokaryotic cell. Annotate your diagram with
the functions of each named structure. (6)

b Explain how the size of a prokaryotic cell relates
to the size of some organelles typically found in
animal cells. (2)

¢ Define binary fission. (2)

List three ideas contained within the cell theory.
3)
b Outline the differences between the processes
typically observed in a eukaryotic unicellular
organism and a named highly differentiated

animal cell. (4)



Chemistry of life

STARTING POINTS Elements are the basic units of pure substances. An atom is the smallest part of an
element that can take part in a chemical change. At the centre of an atom is a nucleus
of protons (positively charged particles), and usually also neutrons (uncharged
particles). Around the nucleus are tiny particles called electrons (negatively charged). A
molecule is a group of like or different atoms held together by chemical forces. A
compound contains two or more elements chemically combined together.

The element carbon has a branch of chemistry to itself, known as organic chemistry.
Compounds built from carbon are called organic compounds.

A vast number of organic compounds make up living things, but most of them fall into
one of four groups of compounds, each with distinctive structures and properties. They
are: carbohydrates, lipids (e.g. fats and oils), proteins, and nucleic acids.

Most cells are at least 80% water by mass. The properties of water are vital to life.

Chemical elements are the units of pure substance that make up our world. The Earth is
composed of about 92 stable elements in all, in varying quantities, and living things are built
from some of them. In Table 2.1 there is a comparison of the most common elements in the
Earth’s crust and in us. You can see that the bulk of the Earth is composed of the elements
oxygen, silicon, aluminium and iron. Of these, only oxygen is a major component of cells.

Earth’s crust Human body

1 oxygen 47% hydrogen 63%

2 silicon 28% oxygen 25.5%

3 aluminium 7.9% carbon 9.5%

4 iron 4.5% nitrogen 1.4%

5 calcium 3.5% calcium 0.31%
Table 2.1 Most common 6 sodium 2.5% phosphorus 0.22%

elements
Chemical elements and water 311316

About 16 elements are required by cells, and are therefore essential for life. Consequently, the
full list of essential elements is a relatively short one. Furthermore, about 99% of living matter
consists of just four elements: carbon, hydrogen, oxygen and nitrogen.

Why do these four elements predominate in living things?

The elements carbon, hydrogen and oxygen predominate because living things contain large
quantities of water, and also because most other molecules present in cells and organisms are
compounds of carbon combined with hydrogen and oxygen, including the carbohydrates and
lipids. The element nitrogen is combined with carbon, hydrogen and oxygen in compounds
called amino acids from which proteins are constructed.

The roles of a selection of the other essential elements are listed in Table 2.2. Note that
several of these elements are required in tiny, ‘trace’ amounts only; in fact, more of some would
actually be very harmful to the body.
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Table 2.2 Roles of
certain other elements in
living organisms

1 Distinguish between
the terms ‘atom’ and

M i

on".

2 Distinguish between
ionic and covalent
bonding.

Element In plants In animals In prokaryotes
sulphur ® in some amino acids and ® in some amino acids and m in some amino acids and
proteins proteins proteins
B in some vitamins ® in some vitamins ® in some vitamins
calcium m cell wall formation m constituent of bones m co-factor for certain
between dividing plant cells m reacts in muscle fibre enzymes
m co-factor for certain contraction, blood clotting ~ m contributes to heat
enzymes and synapses resistance of bacterial
m co-factor for certain enzymes  endospores
phosphorus m synthesis of nucleotides m synthesis of nucleotides m synthesis of nucleotides
m ATP m ATP m ATP
m constituent of bones
iron m constituent of electron m constituent of electron m constituent of electron
transport molecules transport molecules transport molecules
(e.g. cytochromes) (e.g. cytochromes and haem m chlorophyll synthesis in
m chlorophyll synthesis — part of haemoglobin) photosynthetic
prokaryotes
sodium m involved with potassium in m involved with potassium in m involved with potassium

membrane function and in membrane function

nerve impulse transport

membrane function

Other essential elements include:
m magnesium (in chlorophyll - in green plants and certain prokaryotes);
B manganese, copper, cobalt, zinc, molybdenum (all in trace amounts, in certain enzymes).

The difference between atoms, molecules and ions
The fundamental unit of chemical structure is the atom.
An atom is the smallest part of an element that can take part in a chemical change.

Atoms group together to form molecules, and molecules are the smallest part of certain elements
and compounds that can exist alone under normal conditions. For example, both oxygen and
nitrogen naturally combine with another atom of the same type to form a molecule (O, and N,).

Alternatively, if an atom gains or loses an electron an ion is formed.

Ions are formed when atoms gain or lose electrons to form positively or negatively charged ions.

Water

Living things are typically solid, substantial objects, yet water forms the bulk of their structures —
between 65% and 95% by mass of most multicellular plants and animals (about 80% of a human
cell consists of water). Despite this, and the fact that water has some unusual properties, water is
a substance that is often taken for granted.

Water is composed of atoms of the elements hydrogen and oxygen. One atom of oxygen and
two atoms of hydrogen combine by sharing electrons (covalent bonding). However, the water
molecule is triangular rather than linear, and the nucleus of the oxygen atom draws electrons
(negatively charged) away from the hydrogen nuclei (positively charged) — with an interesting
consequence. Although overall the water molecule is electrically neutral, there is a net negative
charge on the oxygen atom and a net positive charge on the hydrogen atoms. In other words, the
water molecule carries an unequal distribution of electrical charge within it. This arrangement is
known as a polar molecule (Figure 2.1).

Hydrogen bonds

With water molecules, the positively charged hydrogen atoms of one molecule are attracted to
negatively charged oxygen atoms of nearby water molecules by forces called hydrogen bonds. These
are weak bonds compared to covalent bonds, yet they are strong enough to hold water molecules
together and attract water molecules to charged particles or a charged surface. In fact, hydrogen
bonds largely account for the unique properties of water. We examine these properties next.
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Figure 2.1 The water  one oxygen atom combines unshared electrons
molecule and the  with two hydrogen atoms by (negative charge)
hydrogen bonds it forms  sharing electrons (covalent
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Thermal properties of water

Heat energy and the temperature of water
A lot of heat energy is required to raise the temperature of water. This is because much energy is
needed to break the hydrogen bonds that restrict the movements of water molecules. This property
of water is its specific heat capacity. The specific heat capacity of water is the highest of any
known substance. Consequently, aquatic environments like streams and rivers, ponds, lakes and
seas are very slow to change temperature when the surrounding air temperature changes. Aquatic
environments have much more stable temperatures than terrestrial (land) environments do.
Another consequence is that cells and the bodies of organism do not change temperature
readily. Bulky organisms, particularly, tend to have a stable temperature in the face of a
fluctuating surrounding temperature, whether in extremes of heat or cold.

Evaporation and heat loss

The hydrogen bonds between water molecules make it difficult for them to be separated and
vaporised (evaporated). This means that much energy is needed to turn liquid water into water
vapour (gas). This amount of energy is the latent heat of vaporisation, and for water it is very high.
Consequently, the evaporation of water in sweat on the skin, or in transpiration from green leaves,
causes marked cooling. The escaping molecules take a lot of energy with them. You experience
this when you stand in a draught after a shower. And since a great deal of heat is lost with the
evaporation of a small amount of water, cooling by evaporation of water is economical on water, too.
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Figure 2.2 Ice forms on
the surface of water

Because ice freezes from
below, it is difficult to judge
its depth. It can therefore be
very dangerous to walk on!

The angle between the
covalent bonds in the water
molecule is very close to the
angles of a perfect
tetrahedron. In ice the
molecules form a regular

tetrahedral arrangement, and

are spaced more widely
apart than they are in liquid
water.

Heat energy and freezing

The amount of heat energy that must be removed from water to turn it to ice is very great, as is
that needed to melt ice. This amount of energy is the latent heat of fusion, and is very high for
water. As a result, both the contents of cells and the water in the environment are always slow

to freeze in extreme cold.

The density of ice

Most liquids contract on cooling, reaching maximum density at their freezing point. Water is
unusual in reaching its maximum density at 4 °C. So as water freezes, the ice formed is less
dense than the cold water around it. As a consequence, ice floats on top of very cold water
(Figure 2.2). The floating layer of ice insulates the water below. The consequence is that lakes
rarely freeze solid; aquatic life can generally survive a freeze-up.

ice forms at surface (because ice is
less dense than water)
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Cohesive properties of water

Cohesion is the force by which individual molecules stick together. Water molecules stick
together as a result of hydrogen bonding. These bonds continually break and reform with
other, surrounding water molecules, but at any one moment, a large number are held together
by their hydrogen bonds. Adhesion is the force by which individual molecules cling to
surrounding material and surfaces. Materials with an affinity for water are described as
hydrophilic (see ‘Solvent properties of water’ on page 42). Water adheres strongly to most
surfaces and can be drawn up long columns, through narrow tubes like the xylem vessels of
plant stems, without danger of the water column breaking (Figure 2.3). Compared with other
liquids, water has extremely strong adhesive and cohesive properties that prevent it breaking
under tension.

Related to the property of cohesion is the property of surface tension. The outermost
molecules of water form hydrogen bonds with water molecules below them. This gives a very
high surface tension to water — higher than any other liquid except mercury. The surface tension
of water is exploited by insects that ‘surface skate’ (Figure 2.4). The insect’s waxy cuticle
prevents wetting of its body, and the mass of the insect is not great enough to break the surface
tension.

Below the surface, water molecules slide past each other very easily. This property is described
as low viscosity. Consequently, water flows readily through narrow capillaries and tiny gaps and
pores.
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Figure 2.3 Water is
drawn up a tree trunk

heat in sunlight evaporation of water
in the leaves

(transpiration)

N

water drawn up the tree
trunk by force generated
in transpiration

/111

water taken from soil by root cells

Figure 2.4 A pond
skater moving over the
water surface

the column of water
coheres (does not break),
adheres to the walls of the
xylem vessels and flows
smoothly through them
(because its viscosity is low)

water can be drawn up
to a great height without
the column breaking or
pulling apart

xylem vessels run from
roots to leaves, as
continuous narrow tubes

the photograph shows the
interference patterns
created by the water’s
surface tension
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Figure 2.5 Water as
universal solvent

B Extension:

Solvent properties of water

Water is a powerful solvent for polar substances. These include the following:

m Jonic substances like sodium chloride (Na* and ClI-, page 695). All cations (positively charged
ions) and anions (negatively charged ions) become surrounded by a shell of orientated water
molecules (Figure 2.5).

m Carbon-containing (organic) molecules with ionised groups (such as the carboxyl group ~COO-,
and amino group —-NH;*). Soluble organic molecules like sugars dissolve in water due to the
formation of hydrogen bonds with their slightly charged hydroxyl groups (-OH).

Once they have dissolved, molecules (the solute) are free to move around in water (the
solvent), and as a result, are more chemically reactive than when in the undissolved solid.

On the other hand, non-polar substances are repelled by water, as in the case of oil on the
surface of water. Non-polar substances are hydrophobic (water-hating).

lonic compounds like
NaCl dissolve in water,

NaCl == Na* + CI”

with a group of orientated @3
water molecules @D (ﬁ Ctj:)

around each ion:
¢ < PUE

Sugars and alcohols
dissolve due to hydrogen

bonding betvyeen polar CHZOHCg
groups in their molecules |

(e.g. —OH) and the polar H C——0, H
water molecules: AN /|1| AN

3 In an aqueous solution of glucose, state which component is the solvent and which the solute.

Solvent properties arise because water is not a gas

Water has a relative molecular mass of only 18, yet it is a liquid at room temperature. This is
surprising; it contrasts with other small molecules, which are gases. For example, methane
(CH,) = 16; ammonia (NH;) = 17; and carbon dioxide (CO,) = 44. But none of these latter
molecules contains hydrogen bonds.

In gases, molecules are widely spaced and free to move about independently. In liquids,
molecules are closer together. In the case of water, hydrogen bonds pull the molecules very close
to each other, which is why water is a liquid at the temperatures and pressure that exist over
much of the Earth’s surface. As a result, we have a liquid medium which life exploits (Table 2.3).
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Figure 2.6 Seaweed can
survive at depth

In warm, shallow seas, the
plant life includes attached
seaweeds and an
abundance of tiny,
unicellular, floating
phytoplankton. These
support animal life,
including shoals of fish,
and many non-vertebrates
such as sessile corals like
the large Toadstool Leather
Coral seen here, in the
Banda Sea, Indonesia.

Table 2.3 Water and life

= summary

Water is transparent
Because light penetrates water, aquatic photosynthetic plants can live at some depth (Figure 2.6).
These plants support aquatic food chains, and therefore animal life. Light aids sight in aquatic

animals.

Property

1 aliquid at room temperature, water dissolves
more substances than any other common liquid

2 much heat energy needed to raise the temperature
of water

3 evaporation requires a great deal of heat

4 much heat has to be removed before freezing
occurs

5 ice is at maximum density at 4 °C

6 surface water molecules orientate with hydrogen
bonds formed inwards

7 water molecules slide past each other easily (low
Viscosity)

8 water molecules adhere to surfaces

9 water column does not break or pull apart under
tension

10 water is transparent

Benefit to life

liquid medium for living things and for the chemistry of
life

aquatic environment slow to change temperature
bulky organisms have stable temperatures

evaporation causes marked cooling (much heat is lost
by evaporation of a small quantity of water)

cell contents and water in aquatic environments are
slow to freeze in cold weather

ice forms on the surface of water, insulating the water
below and allowing much aquatic life to survive
freezing

water forms droplets and rolls off surfaces

certain animals exploit surface tension to move over
water surface

water flows easily through narrow capillaries, and
through tiny spaces (e.g. in soils, spaces in cell walls)

water adheres to walls of xylem vessels as it is drawn
up the stem to the leaves, from the roots

water can be lifted by forces applied at the top, and so
can be drawn up xylem vessels of tree trunks by forces
generated in the leaves

aquatic plants can photosynthesise at some depth in
water

4 Explain the significance to organisms (plants and animals) of water as a coolant and transport medium, in

terms of it properties.
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5 Suggest where non-
organic forms of
carbon exist in the
biosphere.

Table 2.4 Carbohydrates
of cells and organisms

6 Suggest why simple
sugars like glucose
are not commonly
found as a storage
form of carbohydrate
in cells or tissues.

Carbohydrates, lipids and proteins 321327

Carbohydrates, lipids and proteins are examples of compounds of carbon. Carbon is a relatively
uncommon element of the Earth’s crust, but in cells and organisms it is the second most
abundant element by mass, after oxygen.

Compounds containing carbon that are found in living organisms are called organic
compounds. The exceptions are the gas carbon dioxide (CO,), hydrogen carbonates (the product
of CO, when dissolved in water), and mineral calcium carbonate (CaCQO,), which are classified
as non-organic carbon.

Carbon has remarkable properties. It is a relatively small atom, and is able to form four strong,
stable, covalent bonds. Also, carbon atoms are able to react with each other to form extended
chains. These carbon ‘skeletons’ may be straight chains, branched chains, or rings. Carbon also
bonds covalently with other atoms, such as oxygen, hydrogen, nitrogen and sulphur, forming
different groups of organic molecules with distinctive properties. So, there are vast numbers of
organic compounds — more than the total of known compounds made from other elements, in
fact. Biologists think the diversity of organic compounds has made possible the diversity of life.

Fortunately, very many of the organic chemicals of living things fall into one of four discrete
groups or ‘families’ of chemicals with many common properties. These families are the
carbohydrates, lipids, proteins, and nucleic acids.

Carbohydrates

Carbohydrates are the largest group of organic compounds found in living things. They include
sugars, starch, glycogen and cellulose. Carbohydrates contain only three elements: carbon,
hydrogen and oxygen, with hydrogen and oxygen always present in the ratio 2:1 (as they are in
water — H,0), so they can be represented by the general formula CX(HZO)y. Table 2.4 is a
summary of the three types of carbohydrates commonly found in living things.

Carbohydrates - general formula CX(HZO)y

Monosaccharides Disaccharides Polysaccharides

m simple sugars m two simple sugars condensed m very many simple sugars
(e.g. glucose and fructose — together (e.g. sucrose, lactose, condensed together (e.g.
6 carbon atoms; maltose) starch, glycogen, cellulose)

ribose — 5 carbon atoms)

Monosaccharides — the simple sugars

Monosaccharides are carbohydrates with relatively small molecules. They taste sweet and are
soluble in water. In biology, glucose is an especially important monosaccharide because:

all green leaves manufacture glucose using light energy;

our bodies transport glucose in the blood;

all cells use glucose in respiration — we call it one of the respiratory substrates;

in cells and organisms, glucose is the building block for very many larger molecules.

The structure of glucose

Glucose has the chemical or molecular formula C.H,,O,. This type of formula tells us what
the component atoms are, and the numbers of each in the molecule. For example, glucose is a
6-carbon sugar, or hexose. But the molecular formula does not tell us the structure of the
molecule.

Glucose can be written on paper as a linear molecule but it cannot exist in this form (because
each carbon arranges its four bonds into a tetrahedron, so the molecule cannot be ‘flat’). Rather,
glucose is folded, taking a ring or cyclic form. Figure 2.7 shows the structural formula of glucose.

The carbon atoms of an organic molecule may be numbered. This allows us to identify which
atoms are affected when the molecule reacts and changes shape. For example, as the glucose ring
forms, the oxygen on carbon-5 attaches itself to carbon-1. Note that the glucose ring contains
five carbon atoms and an oxygen atom (Figure 2.7).
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Figure 2.7 Structural glucose ribose deoxyribose
formulae of some
monosaccharides
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Other monosaccharides of importance in living cells
Glucose, fructose and galactose are examples of hexose sugars commonly occurring in cells and
organisms.

Other monosaccharide sugars produced by cells and used in metabolism include:

m 3-carbon sugars (trioses), early products in photosynthesis (page 284);
m 5-carbon sugars (pentoses), namely ribose and deoxyribose.

The pentoses ribose and deoxyribose are components of the nucleic acids (page 63). The
structures of both these pentoses are also shown in Figure 2.7.

Disaccharides

Disaccharides are carbohydrates made of two monosaccharides combined together. For example,
sucrose is formed from a molecule of glucose and a molecule of fructose chemically combined
together.

Condensation and hydrolysis reactions

When two monosaccharide molecules are combined to form a disaccharide, a molecule of water
is also formed as a product, and so this type of reaction is known as a condensation reaction.
The linkage between monosaccharide residues, after the removal of H—O—H between them, is
called a glycosidic linkage (Figure 2.8). This comprises strong, covalent bonds. The
condensation reaction is brought about by an enzyme.

In the reverse process, disaccharides are ‘digested’ to their component monosaccharides in a
hydrolysis reaction. This reaction involves adding a molecule of water (hydro-) as splitting
(-lysis) of the glycosidic linkage occurs. It is catalysed by an enzyme, too, but it is a different
enzyme from the one that brings about the condensation reaction.
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Figure 2.8 Disaccharides,
and the monosaccharides
that form them

hydrolysis
sucrose + water - glucose + fructose
condensation
CH,OH
o) glycosidic
linkage CH,OH
Mo ¥
OH 5 o. GH0H | 0 HO o CH,OH
HO s + H0 hydrolysis .
HO wat condensation OH HO
HO ater
HOH,C HO OH  HOH,C
OH HO OH
This structural formula shows us how the glycosidic linkage forms/breaks, but the structural
formulae of disaccharides should not be memorised.
hydrolysis
maltose + water - glucose + glucose
condensation
hydrolysis
lactose + water galactose + glucose

_—
condensation

Apart from sucrose, other disaccharide sugars produced by cells and used in metabolism
include:

m maltose, formed by condensation reaction of two molecules of glucose;
m lactose, formed by condensation reaction of galactose and glucose.

Polysaccharides

Polysaccharides are built from very many monosaccharide residues condensed together, all linked
by glycosidic linkages. Poly- means ‘many’, and in fact thousands of monosaccharide residues
make up a polysaccharide. They are examples of molecules known as polymers — that is, huge
molecules normally made of only one type of repeated monomer residue.

Examples of polysaccharides produced by cells and used in metabolism include:

m starch, which is a polymer of glucose, and is in fact a mixture of two polysaccharides: amylose
(an unbranched chain of glucose residues) and amylopectin (which has branches at points
along its chain) — each chain in starch takes the form of a helix, and the whole molecule is
stabilised by countless hydrogen bonds;

m glycogen, which is a polymer of glucose chemically similar to amylopectin, although larger and
more highly branched (Figure 2.9);

m cellulose, which is a giant polymer also made of repeating glucose units, arranged in straight,
unbranched, parallel chains held together in fibres by numerous hydrogen bonds (Figure 1.14,
page 16).

Examples of some important carbohydrates are given in Table 2.5.

7 Define the terms ‘monomer’ and ‘polymer’, giving examples from the carbohydrates.
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Figure 2.9 Glycogen mitochondria glycogen granules
granules in a liver cell

i ( ¥ '.”-"4
TEM of a liver cell (x7000)

Animals Plants
Monosaccharides Monosaccharides
glucose  m transported to cells in the blood plasma glucose  m a first product of photosynthesis

m used as a respiratory substrate for cellular
respiration or converted to glycogen
(storage carbohydrate, see below)

galactose m used in the production of lactose (milk fructose  m produced in cellular respiration as an
sugar) intermediate of glucose breakdown

m used in the production of sucrose

Disaccharides Disaccharides

lactose m produced in mammary glands and sucrose  m produced in green leaves from glucose
secreted into the milk as an important and fructose
component in the diet of very young

m transported in plant in solution, in the

mammals vascular bundles
maltose  m breakdown product in the hydrolysis of
starch
Polysaccharides Polysaccharides
glycogen m storage carbohydrate formed from cellulose  m manufactured in cells and laid down
glucose in the liver and other cells (but externally, in bundles of fibres, as the
Table 2.5 Examples of not in brain cells) when glucose is not main component of the cell walls
carbohydrates important immediately required for cellular starch m storage carbohydrate

in animals and plants respiration (Figure 2.9)

Lipids
Lipids occur in living things as animal fats and plant oils, and also as the phospholipids of cell
membranes, for example. Fats and oils seem rather different substances, but their only difference
is that at about 20 °C (room temperature) oils are liquid and fats are solid.

Lipids contain the elements carbon, hydrogen and oxygen, as do carbohydrates, but in lipids
the proportion of oxygen is much less.

Lipids are insoluble in water. In fact they generally behave as ‘water-hating’ molecules, a
property described as hydrophobic. However, lipids can be dissolved in organic solvents such as
alcohol (e.g. ethanol) and propanone (acetone).

Fats and oils

Fats and oils are compounds called triglycerides. They are formed by reactions in which water is
removed (another case of a condensation reaction) between fatty acids and an alcohol called
glycerol. Here the bond formed is known as an ester linkage. The structure of a fatty acid
commonly found in cells, and of glycerol, is shown in Figure 2.10, and the steps of triglyceride
formation in Figure 2.11. In cells, enzymes catalyse the formation of triglycerides, and also the
breakdown of glycerides by hydrolysis.
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Figure 2.10 Fatty acids Fatty acid
and glycerol, the building

blocks hydrocarbon tail carboxyl group
H H H H H H H 0
Attt d g
[ W T H T H ] H T H [ H | OFH
H 0 H H H H H H H

the carboxyl group ionises to form

this is palmitic acid with 16 carbon atoms hydrogen ions, i.e. it is a weak acid

0O 0O
/ //
—C/ = —C/ + HY
\ \
molecular formula of O—H 0

palmitic acid

CH3(CH,)14COOH

Glycerol

molecular formula of
glycerol

C3Hs(OH)3

The fatty acids combined in fats and oils have long hydrocarbon ‘tails’, typically of about
1618 carbon atoms, but may be anything between 14 and 22. The hydrophobic properties of
triglycerides are due to these hydrocarbon tails. A molecule of triglyceride is quite large, but
relatively small when compared to polymer macromolecules such as starch and cellulose. It is
because of their hydrophobic properties that triglyceride molecules clump together (aggregate)
into huge globules, making them appear to be macromolecules.

8 Distinguish between condensation and hydrolysis reactions. Give an example of each.

The roles of fats and oils in living things

1 Energy store and metabolic water source
When triglycerides are oxidised in respiration a lot of energy is transferred (and used to make,
for example, ATP — page 77). Mass for mass, fats and oils transfer more than twice as much
energy as carbohydrates do, when they are respired (Table 2.6). This is because fats are
comparatively low in oxygen atoms (the carbon of lipids is more reduced than that of
carbohydrates), so more of the oxygen in the respiration of fats comes from the atmosphere. In
the oxidation of carbohydrate, more oxygen is present in the carbohydrate molecule itself. Fat
and oils, therefore, form a concentrated energy store.

They are insoluble, too, so the presence of fat or oil in cells does not cause osmotic water
uptake there. A fat store is especially typical of animals that endure long unfavourable seasons
in which they survive on reserves of food stored in the body. Oils are often a major energy
store in plants, their seeds and fruits, and it is common for fruits and seeds — including maize,
olives and sunflower seeds — to be used commercially as a source of edible oils for humans.
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Figure 2.11 Formation a bond is formed between the carboxyl group (—COOH) of fatty acid
of triglyceride and one of the hydroxyl groups (—OH) of glycerol, to produce a monoglyceride

H 0 . : H o
| \\ condensation reaction | ||

H—Cl—OH + /C—(CHZ)NCHB H—Cl—O—C—(CHZ)nCH3 +  HO

H—C—OH OH H—C—OH with an
| | ester linkage

H—Cl—OH H—Cl—OH
H / H

glycerol + fatty acid monoglyceride + water

condensation reaction
is repeated to give a diglyceride

H 0
H—Ci—O—lCl)—(CHZ)nCH3
H—C—O—g—(CHZ)nCH3 +  HO
H—C|—OH

!

condensation reaction to form a triglyceride

l

P
H—C—0—C—(CH,),CH;

|
H—(—0—C— (CH,),CHs

| Il The three fatty acids in a
H—Cl—O—C—(CHz)HCHg triglyceride may be all the

N same, or may be different.

+
H,0

Complete oxidation of fats and oils produces a large amount of water, far more than when the
same mass of carbohydrate is respired. Desert animals like the camel and the desert rat retain
much of this metabolic water within the body, helping them survive when there is no liquid
water for drinking. The development of the embryos of birds and reptiles, while in their shells,
also benefits from metabolic water formed by the oxidation of the stored fat in their egg’s yolk.

Lipids Role Carbohydrates
more energy per gram than from energy store less energy per gram than from lipids
carbohydrates
much metabolic water is produced on  metabolic water source  less metabolic water is produced on
oxidation oxidation
insoluble, so osmotic water uptake is solubility sugars are highly soluble in water,
not caused causing osmotic water uptake
Table 2.6 Lipi . . .
able 2.6 Lipids and not quickly ‘digested’ ease of breakdown more easily hydrolysed — energy

carbohydrates as energy

) transferred quickly
stores — a comparison
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2 Subcutaneous fat as a buoyancy aid (and thermal insulation)
Fat is stored in animals as adipose tissue, typically under the skin, where it is known as
subcutaneous fat (Figure 2.12). In aquatic diving mammals, which have a great deal of
subcutaneous fat, it is identified as blubber. Blubber undoubtedly gives buoyancy to the body
since fat is not as dense as muscle or bone.

If fat reserves like these have a restricted blood supply (as is normally the case), then the

heat of the body is not especially distributed to the fat under the skin. In these circumstances
the subcutaneous fat also functions as a heat insulation layer.

a

Figure 2.12 Adipose
tissue %

cells with fat deposits ﬁ 2 ""'" ..
— L B

capillary

3 Water-proofing of hair and feathers
Qily secretions of the sebaceous glands, found in the skin of mammals, act as a water repellent,
preventing fur and hair from becoming waterlogged when wet. Birds have a preen gland that
fulfils the same function for feathers.

4 Electrical insulation
Mpyelin lipid in the membranes of Schwann cells, forming the sheaths around the long fibres of
nerve cells (page 211), electrically isolates the cell plasma membrane and facilitates the
conduction of the nerve impulse there.

Phospholipid

A phospholipid has a similar chemical structure to triglyceride; here, one of the fatty acid groups

9 Describe the is replaced by phosphate (Figure 2.13). This phosphate is ionised and therefore water soluble. So
property given to a phospholipids combine the hydrophobic properties of the hydrocarbon tails with hydrophilic
lipid when it properties of the phosphate.

combines with a

ohosphate Group. Phospholipid molecules form monolayers and bilayers in water (Figure 1.20, page 22). A

phospholipid bilayer is a major component of the plasma membrane of cells.

Figure 2.13  phosphate group ionised
Phospholipid under conditions in cells

H,C—CO00 non-polar hydrocarbon
tails of two fatty acids
HC—COO condensed with glycerol

o
0‘—|P|—o—CH2

;(3_/
phosphate group has condensed
with the third —OH group of
glycerol

phosphate
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Amino acids, peptides and proteins

Proteins make up about two-thirds of the total dry mass of a cell. They differ from carbohydrates
and lipids in that they contain the element nitrogen, and usually the element sulphur, as well as
carbon, hydrogen and oxygen.

Amino acids are the molecules from which peptides and proteins are built — typically several
hundred or even thousands of amino acid molecules are combined together to form a protein.
The terms ‘polypeptide’ and ‘protein’ can be used interchangeably, but when a polypeptide is
about 50 amino acid residues long it is generally agreed to have become a protein.

Once the chain is constructed, a protein takes up a specific shape. Shape matters with proteins
— their shape is closely related to their function. This is especially the case in proteins that are
enzymes, as we shall shortly see.

Amino acids - the building blocks of peptides

Figure 2.14 shows the structure of an amino acid. As their name implies, amino acids carry two
groups:

® an amino group (—NH,);
m an organic acid group (carboxyl group —COOH).

These groups are attached to the same carbon atom in the amino acids which get built up into
proteins. Also attached here is a side-chain part of the molecule, called an R group.

Proteins of living things are built from just 20 different amino acids, in differing proportions.
All we need to note is that the R groups of these amino acids are all very different and
consequently amino acids (and proteins containing them) have different chemical characteristics.

Figure 2.14 The carbon atom to which side chain
structure of amino acids the two functional /
groups are attached

HN— C = C —— carboxyl group
| (acidic)

amino group b OH

(basic)

The 20 different amino acids that make up proteins in cells and organisms differ in their side
chains. Below are three illustrations but details of R groups are not required.

H3C\ /CH3
ClH
H o) CH3 0 CH, (0]
| 7 7 7
H,N— C—C H,N— C—C H,N— C—C
Y |\ I\
H OH H OH H OH
glycine alanine leucine

Some amino acids have an additional —COOH group in their side chain (= acidic amino acids).
Some amino acids have an additional —NH, group in their side chain (= basic amino acids).



52 CHEMISTRY OF LIFE

Figure 2.15 Peptide
linkage formation

Peptide linkages

Two amino acids combine together with the loss of water to form a dipeptide. This is one more
example of a condensation reaction. The amino group of one amino acid reacts with the
carboxyl group of the other, forming a peptide linkage (Figure 2.15).

A further condensation reaction between the dipeptide and another amino acid results in a
tripeptide. In this way, long strings of amino acid residues, joined by peptide linkages, are
formed. Thus, peptides or protein chains are assembled, one amino acid at a time, in the
presence of a specific enzyme (page 72).

amino acids combine together, the amino group of one with the carboxyl group of the other

carboxyl amino
group group
R / H condensation R O H H
H O H . 0
N | V4 N é Y4 reaction AN | I | i V4
N—C—C + N—C—C —— N—C—C—N—C—C + H,0
L e W T Do . L Now
M : S
peptide
linkage
amino acid 1 amino acid 2 dipeptide water

When a further amino acid residue is attached by condensation reaction, a tripeptide is formed.
In this way, long strings of amino acid residues are assembled to form polypeptides and proteins.

10 The possible number of different polypeptides, P, that can be assembled is given by P = A"
where A = the number of different types of amino acids available,
and n = the number of amino acid residues in the polypeptide molecule.

Given the naturally occurring pool of 20 different amino acids, calculate how many different polypeptides
are possible if constructed from 5, 25 and 50 amino acid residues, respectively.
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Most chemical reactions do not occur spontaneously. In a laboratory or in an industrial process,
chemical reactions may be made to occur by applying high temperatures, high pressures, extremes of
pH, and by maintaining high concentrations of the reacting molecules. If these drastic conditions
were not applied, very little of the chemical product would be formed. On the other hand, in cells
and organisms, many chemical reactions occur simultaneously, at extremely low concentrations, at
normal temperatures, and under the very mild, almost neutral, aqueous conditions we find in cells.

How is this brought about?

It is the presence of enzymes in cells and organisms that enables these reactions to occur at
incredible speeds, in an orderly manner, yielding products that the organism requires, when they
are needed. Sometimes, reactions happen even though the reacting molecules are present in very
low concentrations. Enzymes are truly remarkable molecules.

Enzymes are biological catalysts made of protein.

By ‘catalyst’ we mean a substance that speeds up the rate of a chemical reaction. In general,
catalysts:

m are effective in small amounts;
m remain unchanged at the end of the reaction.
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Another important property of enzymes and catalysts is that they speed up the rate at which
an equilibrium position is reached. In a reversible reaction:

A+B=C+D

A and B react to form C and D. This is a reversible reaction as shown by the sign =. As soon as
C and D start to accumulate, some will react to re-form A and B. The reversible reaction reaches
an equilibrium point when the rate of the forward reaction equals the rate of the reverse
reaction. Most enzyme-catalysed reactions are reversible; the presence of the enzyme for these
reactions means the equilibrium position is reached quickly.

The enzyme active site

In a reaction catalysed by an enzyme, the starting substance is called the substrate, and what it is
converted to is the product. An enzyme works by binding to the substrate molecule at a specially
formed pocket in the enzyme. This binding point is called the active site.

An active site is a region of an enzyme molecule where the substrate molecule binds.

As the enzyme and substrate form a complex, the substrate is raised to a transition state
and instantly breaks down to products which are released, together with unchanged enzyme
(Figure 2.16). The enzyme is available for use again.

Figure 2.16 The  The sequence of steps to an enzyme-catalysed reaction:

enzyme—substrqte enzyme + substrate —> E-S complex —> product + enzyme available for re-use
complex and active site
(substrate raised to
transition state)

substrate molecule
E + S E-S Pr + E

- the key
active site (here
the substrate
molecule is held
and reaction occurs) enzyme-—substrate
_ the lock enzyme (large complex
protein molecule)
substrate
product molecule now at
molecules transition state

Enzymes are typically large globular protein molecules. Most substrate molecules are quite
small molecules by comparison. Even when the substrate molecules are very large, such as certain
macromolecules like the polysaccharides, only one bond in the substrate is in contact with the
enzyme active site. The active site takes up a relatively small part of the total volume of the
enzyme.

The active site and enzyme specificity

Enzymes are highly specific in their action — they catalyse only one type of reaction or only a
very small group of highly similar reactions. This means that enzymes ‘recognise’ a very small
group of substrate molecules or even only a single type of molecule. This is because the active
site where the substrate molecule binds has a precise shape and distinctive chemical properties
(meaning the presence of particular chemical groups and bonds). Only particular substrate
molecules are attracted to a particular active site and can fit there. All other substrate molecules
are unable to fit and so cannot bind.
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To emphasise this, the binding of enzyme and substrate is referred to as the lock and key
hypothesis of enzyme action. The enzyme is the ‘lock’, the substrate is a ‘key’ that fits it, and the
point of link-up is the active site on the enzyme, as shown in Figure 2.16.

Enzymes control metabolism
There is a huge array of chemical reactions that go on in cells and organisms — collectively the
chemical reactions of life are called metabolism.

Since the reactions of metabolism can only occur in the presence of a specific enzyme, we
know that if an enzyme is not present then the reaction it catalyses cannot occur. Many enzymes
are always present in cells and organisms, but some enzymes are produced only under particular
conditions or at certain stages. By making some enzymes and not others, cells can control what
chemical reactions happen in the cytoplasm. Sometimes it is the presence of the substrate
molecule that triggers the synthesis machinery by which the enzyme is produced. Very many of
the proteins made by cells are enzymes.

Later in this chapter we shall see how protein synthesis (and therefore enzyme production) is
controlled by the cell nucleus.

Where do enzymes operate?

Some enzymes are exported from cells, such as the digestive enzymes (page 180). Enzymes like
these, that are parcelled up and secreted and work externally, are called extracellular enzymes.
However, very many enzymes remain within cells and work there. These are the intracellular
enzymes. They are found inside organelles, and in the membranes of organelles, in the fluid
medium around the organelles, known as the cytosol, and in the plasma membrane.

11 Explain why the shape of globular proteins that are enzymes is important in enzyme action.

Factors affecting the rate of enzyme-catalysed reactions

Reactions catalysed by enzymes are typically extremely fast. However, the rate of an enzyme-
catalysed reaction is sensitive to environmental conditions. Many factors within cells affect
enzymes and therefore alter the rate of the reaction being catalysed. In extreme cases, proteins
become denatured.

Denaturation of protein

Many of the properties of proteins depend on the three-dimensional shape of the molecule. This
is true of enzymes, which are large, globular proteins where a small part of the surface is an active
site. Here the precise chemical structure and physical configuration is critical. Provided the
active site is unchanged, substrate molecules can attach and reactions can be catalysed.

Denaturation is a structural change in a protein that alters its three-dimensional shape and
causes the loss of its biological properties.

Denaturation occurs when the bonds within the globular protein, formed between different
amino acid residues, break. Possibly different bonds are formed. Temperature rises and changes in
pH of the medium may cause denaturation of the protein of enzymes.

How may denaturation be brought about?

Exposure to heat causes atoms to vibrate violently and this disrupts bonds within globular
proteins. Protein molecules change chemical characteristics. We see this most dramatically when
a hen’s egg is cooked. The translucent egg ‘white’ is a globular protein called albumen, which
becomes irreversibly opaque and insoluble. Heat has triggered irreversible denaturation of this
globular protein.

Small changes in pH of the medium similarly alter the shape of globular proteins. The
structure of an enzyme may spontaneously re-form when the optimum pH is restored, but
exposure to strong acids or alkalis is usually found to irreversibly denature enzymes.

It was investigation of the effect of change in factors such as temperature, pH and
concentration of substrate that particularly helped our understanding of how enzymes work.
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Temperature

Examine the investigation of the effects of temperature on the hydrolysis of starch by the
enzyme amylase, shown in Figure 2.17. When starch is hydrolysed by the enzyme amylase, the
product is maltose, a disaccharide (page 46). Starch gives a blue-black colour when mixed

. with iodine solution (iodine in potassium iodide solution), but maltose gives a red colour. The

Figure 2.17 The effects . . . . . .
of temperature on first step in this experiment is to bring samples of the enzyme and the substrate (the starch
hydrolysis of starch by ~ solution) to the temperature of the water bath before being mixed — a step called pre-
amylase  incubation.

blue-black = starch

the sequence of colour
changes observed is:

red = maltose

glass rod

yellow-brown =all carbohydrate is

present as monosaccharide
\\/ /Kl solution
5 cm? amylase solution } @ )
mixed —— @
5 cm?starch solution & D) &
water bath — -+ water @« ) )
at selected @ @
temperature \/ @

white tile

The glass rod was rinsed before
returning to the reaction
mixture to remove any traces
of 1,/Kl solution.

stop clock

&

The experiment is repeated at a range of temperatures, such as at 10, 20, 30, 40, 50 and 60 °C.

A control tube of 5 cm?of starch solution + 5 cm? of distilled water (in place of the enzyme) should
be included and tested for the presence/absence of starch, at each temperature used.

The progress of the hydrolysis reaction is then followed by taking samples of a drop of the
mixture on the end of the glass rod, at half-minute intervals. These are tested with iodine
solution on a white tile. Initially, a strong blue-black colour is seen confirming the presence of
starch. Later, as maltose accumulates, a red colour predominates. The endpoint of the reaction is
when all the starch colour has disappeared from the test spot. Using fresh reaction mixture each
time, the investigation is repeated at a series of different temperatures, say at 10, 20, 30, 40, 50
and 60 °C. The times taken for complete hydrolysis at each temperature are recorded and the
rate of hydrolysis in unit time is plotted on a graph (Figure 2.18).

A characteristic curve is the result — although the optimum temperature varies from reaction
to reaction and with different enzymes.

How is the graph interpreted?

As temperature is increased, molecules have increased active energy, and reactions between
them go faster. The molecules are moving more rapidly and are more likely to collide and
react. In chemical reactions, for every 10 °C rise in temperature the rate of the reaction
approximately doubles. This property is known as the temperature coefficient (Q,,) of a
chemical reaction.
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Figure 2.18 Other variables — such as the concentrations of the enzyme and substrate solutions —
Temperature and the rate were kept constant.

of an enzyme-catalysed

reaction Up to about 40C the rate increases —
a ten-degree rise in temperature is accompanied
by an approximate doubling of the rate of reaction.

high rate

| X X
X
Now the enzyme-catalysed reaction rate
1 X decreases, owing to the denaturation of
/ the enzyme and destruction of active sites.
low rate
X
T T T
40 50 60

T T T
10 20 30
temperature at which the rate was measured/ecC

or amount of product formed
per unit time, e.g. per second)
in arbitrary units

rate of enzyme-catalysed reaction
(amount of substrate used up

denatured enzyme —
substrate molecules
no longer fit the active site

active site

However, in enzyme-catalysed reactions the effect of temperature is more complex, for
proteins are denatured by heat. The rate of denaturation increases at higher temperatures, too.
So as the temperature rises the amount of active enzyme progressively decreases, and the rate is
slowed. As a result of these two effects of heat on enzyme-catalysed reactions, there is an
apparent optimum temperature for an enzyme.

Not all enzymes have the same optimum temperature. For example, the bacteria in hot
thermal springs have enzymes with optima between 80 °C and 100 °C or higher, whereas
seaweeds of northern seas and the plants of the tundra have optima closer to 0 °C. Humans have
enzymes with optima at or about normal body temperature. This feature of enzymes is often
exploited in the commercial and industrial uses of enzymes (page 61).

enzyme in active state —— >

12 In studies of the effect of temperature on enzyme-catalysed reactions, suggest why the enzyme and
substrate solutions are pre-incubated to a particular temperature before they are mixed.

pH

Change in pH can have a dramatic effect on the rate of an enzyme-catalysed reaction. Each
enzyme has a range of pH in which it functions efficiently. This is often at or close to neutrality
point (pH 7.0). This effect of pH is because the structure of a protein (and therefore the shape of
the active site) is maintained by various bonds within the three-dimensional structure of the
protein. A change in pH from the optimum values alters the bonding patterns, progressively
changing the shape of the molecule. The active site may quickly be rendered inactive. However,
unlike temperature changes, the effects of pH on the active site are normally reversible —
provided, that is, the change in surrounding acidity or alkalinity is not too extreme. As the pH
reverts to the optimum for the enzyme, the active site may reappear.
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Figure 2.19 pH effect on
enzyme shape and activity

13 Explain what a
buffer solution is
and why such
solutions are often
used in enzyme
experiments.

rate of enzyme-catalysed reaction
(amount of substrate used up
or amount of product formed
per unit time)

T T T T T
lower pH
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substrate molecules enzyme in
no longer fit the active state
active site
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active site
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T
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A
substrate molecules
no longer fit the
active site

-
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structure of protein changes when a change of pH alters the ionic charge on
—COO™ (acidic) and —NH;* (basic) groups in the peptide chain, so the shape of the active site is lost

the optimum pH of different human enzymes

B optimum pH
of pepsin

m (active in
acidic

] stomach)

rate of reaction

optimum pH of
most enzymes
in human cells

optimum pH

of trypsin

(active in neutral/alkaline
duodenum and small intestine)

Some of the digestive enzymes of the gut have different optimum pH values from the

majority of other enzymes. For example, those adapted to operate in the stomach, where there

57

is a high concentration of acid during digestion, have an optimum pH which is close to pH 2.0

(Figure 2.19).
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Substrate concentration

The effect of different concentrations of substrate on the rate of an enzyme-catalysed reaction
can be shown using an enzyme called catalase. This enzyme catalyses the breakdown of hydrogen
peroxide:

catalase
2H,0,— 2H,0 + O,

Catalase occurs very widely in living things; it functions as a protective mechanism for the
delicate biochemical machinery of cells. This is because hydrogen peroxide is a common by-
product of reactions of metabolism, but it is also a very toxic substance (a very powerful
oxidising agent, page 270). Catalase inactivates hydrogen peroxide as it forms, before damage
can occur.

You can demonstrate the presence of catalase in fresh liver tissue by dropping a small piece
into dilute hydrogen peroxide solution (Figure 2.20). Compare the result obtained with that
from a similar piece of liver that has been boiled in water (we have seen that high temperature
denatures enzymes). If you do not wish to use animal tissues, then you can use potato or soaked

20 cm? of “10 volume’

and crushed dried peas, instead.
H, 0, solution

violent liberation no gas evolved
of oxygen gas ’

Figure 2.20 Liver tissue in  frash liver
dilute hydrogen peroxide
solution, a demonstration

tissue

small blocks
of tissue cut

@

tissue treated
with boiling
water for

3 minutes,
then cooled
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14 Calculate the initial
rate of reaction
shown in the graph
in Figure 2.21.

Figure 2.21 Measuring
the rate of reaction using
catalase

When measuring the rate of enzyme-catalysed reactions, we measure the amount of substrate
that has disappeared from a reaction mixture, or the amount of product that has accumulated, in
a unit of time. For example, in Figure 2.17 it is the rate at which the substrate starch disappears
from a reaction mixture that is measured.

Working with catalase, it is convenient to measure the rate at which the product (oxygen)
accumulates — the volume of oxygen that has accumulated at 30-second intervals is recorded
(Figure 2.21).

Opver a period of time, the initial rate of reaction is not maintained, but falls off quite sharply.
This is typical of enzyme actions studied outside their location in the cell. The fall-off can be due
to a number of reasons, but most commonly it is because the concentration of the substrate in
the reaction mixture has fallen. Consequently, it is the initial rate of reaction that is measured.
This is the slope of the tangent to the curve in the initial stage of reaction.
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To investigate the effects of substrate concentration on the rate of an enzyme-catalysed
reaction, the experiment shown in Figure 2.21 is repeated at different concentrations of
substrate, and the initial rate of reaction plotted in each case. Other variables such as
temperature and enzyme concentration are kept constant.

When the initial rates of reaction are plotted against the substrate concentration, the curve
shows two phases. At lower concentrations, the rate increases in direct proportion to the
substrate concentration — but at higher substrate concentrations, the rate of reaction becomes
constant, and shows no increase.

Now we can see that the enzyme catalase works by forming a short-lived enzyme—substrate
complex. At low concentration of substrate, all molecules can find an active site without delay.
Effectively, there is an excess of enzyme present. Here the rate of reaction is set by how much
substrate is present — as more substrate is made available the rate of reaction increases.

However, at higher substrate concentrations, there comes a point when there is more substrate
than enzyme. Now, in effect, substrate molecules have to ‘queue up’ for access to an active site.
Adding more substrate merely increases the number of molecules awaiting contact with an
enzyme molecule, so there is now no increase in the rate of reaction (Figure 2.22).
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15 When there is an excess of substrate present in an enzyme-catalysed reaction, explain the effects on the
rate of reaction of increasing the concentration of:

a the substrate
b the enzyme.

Enzymes and a link with homeostasis
The requirements of enzymes for specific conditions — for example, of temperature and pH —

have led to the need to control the internal environment of the body, a phenomenon known as
homeostasis (page 217).
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Industrial uses of enzymes

There is a tradition of using enzymes as biological catalysts in some long-established industries,
all over the world. Here are some examples.

m In leather tanning, hides have been softened and hair removed using proteases naturally
present in the faeces of carnivorous animals.

m In brewing, enzymes in barley grains at germination are used to convert the starch stored in the
grain to sugars. These sugars are converted to ethanol by the fermentation enzymes of yeast.

m In cheese manufacture, the proteins in milk are coagulated (made insoluble), using the
enzyme rennet (rennin, page 181), originally from young mammals.

Today, there are many new uses for enzymes as industrial catalysts, a part of the current
development of biotechnology. Biotechnology is the industrial and commercial applications of
biology, particularly of microorganisms, enzymology and genetic engineering (page 117). The use
of enzymes in industrial processes is known as enzyme technology.

Advantages of enzymes as industrial catalysts

Enzymes are produced by living cells but often they may be separated from cells and continue to
function outside the cell. They can be used in test tubes or industrial reactor vessels (known as in
vitro conditions). Enzymes have advantages over inorganic catalysts in industrial processes
because they are:

m specific, typically catalysing one particular compound or one type of bond only;

m efficient, requiring only a tiny quantity to catalyse the production of a huge quantity of
product;

m able to work at normal temperatures and pressures, and so require much less input of energy
than a chemical catalyst normally requires.

16 Define what we
mean by ‘in vitro’
and ‘in vivo’.

Sources of industrial enzymes

Useful enzymes are obtained from plant and animal sources; for example, enzymes for use in
medicine in the treatment of thromboses are extracted from pineapple juice. However, the
majority of enzymes for enzyme technology are from microorganisms, mainly from bacteria and
fungi. Features of microorganisms making them valuable as a source of enzymes include the
following.

m Microorganisms may be cultured economically and at high growth rates, in bulk fermenters,
often using relatively low-grade nutrients.

m Some microorganisms occur naturally under extreme environmental conditions, and
consequently may contain enzymes adapted to function efficiently under extremes of
temperature and pH — for example, enzymes from hot springs’ bacteria are used in biological
washing powders.

Lactose-free milk — an example of industrial use of enzymes

People unable to produce lactase in their pancreatic juice or on the surface of the villi of the
small intestine (page 183) fail to digest milk sugar. Lactose passes on to their large intestine
without being hydrolysed to its constituent monosaccharides (page 44). As a result, bacteria in
the large intestine feed on the lactose, producing fatty acids and methane, causing diarrhoea and
flatulence. Such people are said to be lactose intolerant.

The enzyme lactase is produced in the gut of all human babies while they are dependent on
milk. However, it is only found in adults from Northern Europe (and their descendents,
wherever they now live) and from a few African tribes. On the other hand, people from the
Orient, Arabia and India, most African people and those from the Mediterranean typically
produce little or no lactase as adults.

Such people may be prescribed lactose-free milk; this product can be supplied by the
application of enzyme technology, using lactase obtained from bacteria.

How can bacterial lactase be used safely in this context?
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Figure 2.23 Methods of
immobilising enzymes

Figure 2.24 Production
of lactose-free milk

17 Define the term
‘catalyst’. List two
differences between
inorganic catalysts
and enzymes.

Initially, enzymes were used in industrial processes as whole-cell preparations. This meant
applying a culture of particular microorganisms, usually some species of bacteria. This is not
efficient, and may be highly inappropriate for a food product such as liquid milk. Cell-free
preparations of enzymes have tended to replace the use of whole cells, especially where the
enzymes are secreted by the microorganism into the culture medium, and so are relatively easily
isolated for use. However, isolated enzymes, once applied, cannot be used over and over again,
and removal of the enzyme may be expensive.

The favoured, alternative arrangement is the use of immobilised enzymes. Figure 2.23
illustrates the ways in which enzymes may be effectively immobilised. The advantages of using an
immobilised enzyme in industrial productions are:

m it permits re-use of the enzyme preparation;
m the product is obtained enzyme free;
m the enzyme may be much more stable and long lasting, due to protection by the inert matrix.

Today, lactose-free milk is produced by passing milk through a column containing immobilised
lactase. The enzyme is obtained from bacteria, purified, and enclosed in capsules (Figure 2.24).
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Nucleic acids 3.1.1-3.3.5, 3.4.1-3.4.3

Nucleic acids are the information molecules of cells found throughout the living world. This is
because the code containing the information in nucleic acids, known as the genetic code, is a
universal one. That means that it makes sense in all organisms. It is not specific to a few
organisms or to just one group, such as bacteria.

There are two types of nucleic acid found in living cells: deoxyribonucleic acid (DNA), and
ribonucleic acid (RNA). DNA is the genetic material and occurs in the chromosomes of the
nucleus. But while some RNA also occurs in the nucleus, most is found in the cytoplasm —
particularly in the ribosomes. Both DNA and RNA have roles in the day-to-day control of cells
and organisms, as we shall shortly see. First, we will look into the structure of nucleotides and
the way they are built up to form the unique DNA double helix.

Nucleotides

A nucleotide consists of three substances combined together. These are:

m a nitrogenous base — the four bases of DNA are cytosine (C), guanine (G), adenine (A), and
thymine (T);

m a pentose sugar — deoxyribose occurs in DNA and ribose in RNA;

m phosphoric acid.

These components are combined by condensation reaction to form a nucleotide with the
formation of two molecules of water. Since any one of the four bases can be selected, four
different types of nucleotide are formed to make DNA. How these components are combined
together is shown in Figure 2.25, together with the diagrammatic way the components are
represented to illustrate their spatial arrangement. Simple shapes are used rather than complex
structural formulae, and these shapes are all that are required here.

Figure 2.25 The pentose sugars

components of phosphoric acid CH,OH OH  CH,OH OH Chemical structures of the
nucleotides OH components are shown together
_| with the symbols by which they
O_T_OH are represented in diagrams.
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Nucleotides become nucleic acid

Nucleotides themselves then condense together, one nucleotide at a time, to form huge
molecules called nucleic acids or polynucleotides (Figure 2.26). So, nucleic acids are very long,
thread-like macromolecules with alternating sugar and phosphate molecules forming the
‘backbone’. This part of the nucleic acid molecule is uniform and unvarying. However, also
attached to each of the sugar molecules along the strand is one of the bases, and these project
sideways. Since the bases vary, they represent a unique sequence that carries the coded
information held by the nucleic acid.

Figure 2.26 How  nycleotides are added at this
nucleotides make up  end of the growing
nucleic acid  polynucleotide

Nucleotides become chemically combined
together, phosphate to pentose sugar,
by covalent bonds, with a sequence of
bases attached to the sugar residues.
Up to 5 million nucleotides condense
together in this way, forming a
polynucleotide (nucleic acid).

See Table 2.7, page 69.

H,0

H,0

H,0

L]
L]
L]
L]
L]
L]

bases
A
. \

| adenine < | guanine( |thymine > | cytosine )

18 Distinguish between a nitrogenous base and a base found in inorganic chemistry.

The DNA double helix

The DNA molecule consists of two polynucleotide strands, paired together, and held by
hydrogen bonds. The two strands take the shape of a double helix (Figure 2.27). The pairing of
bases is between adenine (A) and thymine (T), and between cytosine (C) and guanine (G),
simply because these are the only combinations that fit together along the helix. This pairing,
known as complementary base pairing, also makes possible the very precise way that DNA is
copied in a process called replication. The existence of the DNA double helix was discovered,
and the way DNA holds information was suggested, by Francis Crick and James Watson in 1953
— they received a Nobel Prize for this work (Figure 2.28).
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Figure 2.27 The DNA w0 polynucleotides
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In the chromosomes, the helical structure of DNA is

stabilised and supported by proteins. into a double helix

Crick and Watson had a distinctive method of working, including re-interpreting already published data and
developing studies they had access to. Research this for your study of the methods of science. Try these
resources.

1 Crick and Watson's original, short ‘letter’ to Nature, published 25 April 1953, if your school or college can
make a copy available for you. For a one-off fee, the paper can be obtained from:
www.nature.com/nature/archive

2 Their own accounts in:
James D. Watson (1965), The Double Helix, Weidenfeld & Nicolson
Francis Crick (1988), What Mad Pursuits, Penguin

3 Find out about the contribution of Rosalind Franklin:
Brenda Maddox (2003), The Dark Lady of DNA, Harper Collins

the DNA molecule is twisted


www.nature.com/nature/archive
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Francis Crick (1916-2004) and James Watson (1928-) laid the
foundations of a new branch of biology — cell biology — and achieved this
while still young men. Within two years of their meeting in the Cavendish
Laboratory, Cambridge (1951), Crick and Watson had achieved their
understanding of the nature of the gene in chemical terms.

Crick and Watson brought together the experimental results of many other
workers, and from this evidence they deduced the likely structure of the

DNA molecule.

¢ Edwin Chergaff measured the exact amount of the four organic bases
in samples of DNA, and found the ratio of A:T and of C:G was always

close to 1.

Chergaff's results suggest consistent base pairing in DNA from

different organisms.

Ratio of bases in DNA samples

Organism Adenine : Thymine Guanine : Cytosine
Cow 1.04 1.00
Human 1.00 1.00
Salmon 1.02 1.02

Escherichia coli

1.09 0.99

¢ Rosalind Franklin and Maurice Wilkins produced X-ray diffraction
patterns by bombarding crystalline DNA with X-rays.

Figure 2.28 The discovery
of the role of DNA

Rosalind Franklin produced the key X-ray diffraction X-ray diffraction pattern of DNA
pattern of DNA at Kings College, London

Watson and Crick concluded that DNA is a double helix consisting of:

¢ two polynucleotide strands with nitrogenous bases stacked on the inside of the helix (like rungs on a twisted ladder)
o parallel strands are held together by hydrogen bonds between the paired bases (A-T, C-G)

e ten base pairs occur per turn of the helix

¢ the two strands of the double helix are antiparallel.

They built a model. See Figure 2.27 (page 65) for a simplified model of the DNA double helix.

Replication — how DNA copies itself

In order that a copy of each chromosome can pass into the daughter cells at cell division, the
DNA of the chromosomes must first be copied (replicated). As the DNA carries the genetic
message, replication must be extremely accurate. Remember, it is a process that takes place in
the interphase nucleus, well before the events of nuclear division (page 31).
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In replication, the DNA double helix must unwind, and the hydrogen bonds holding the
strands together be broken. This allows the two strands of the helix to separate. An enzyme,
helicase, is involved in these steps and holds the strands apart while replication occurs.

Both strands of DNA act as templates in replication. New nucleotides with the appropriate
complementary bases line up opposite the bases of the exposed strands. Adenine pairs with
thymine, cytosine with guanine. Because of this process of base pairing, the sequence of bases in
one strand exactly determines the sequence of bases in the other strand. The two strands are said
to be complementary. The bases of the two strands fit together only if the sugar molecules they
are attached to point in opposite directions. The strands are said to be antiparallel.

Hydrogen bonds then form between the complementary bases, holding them in place. Finally,
the sugar and phosphate groups of adjacent nucleotides of the new strand condense together.
This reaction is catalysed by an enzyme called DNA polymerase. DNA replication is
summarised in Figure 2.29.

Figure 229 DNA  pepjication sites open at points
replication along the DNA double helix. helicase unwinds the helix and breaks
the H-bonds ('unzips’ the DNA molecule)
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ition of ﬁ @\Q @ condensation
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free nucleotides present
in excess at the replication
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complementary
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Each new pair of double strands winds up into a double helix. One strand of each new double
helix came from the original chromosome and one is a newly synthesised strand. This
arrangement is known as semi-conservative replication because half the original molecule is
kept the same (Figure 2.30).

DNA polymerase also has a role in ‘proof-reading’ the new strands. Any mistakes that start to
happen (such as the wrong bases attempting to pair up) are corrected. Each new DNA double
helix is an exact copy of the original.

Figure 2.30 Semi- ¢ ick and Watson suggested replication of DNA would be ‘semi-conservative’, and this has since been shown
conservative versus experimentally, using DNA of bacteria ‘labelled” with a ‘heavy’ nitrogen isotope.
conservative replication

In semi-conservative replication
one strand of each new double helix
comes from the parent chromosome

original
and one is a newly synthesised strand (pa%ent)
(i.e. half the original molecule is conserved) DNA

first generation
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NAVAVINGS
J

second generation
DNA

If an entirely new double helix

were formed alongside the original,

then one DNA double helix molecule

wogld be cpnserved without . parent DNA
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Protein SyntheSiS 3.5.1-3.5.5

Proteins are linear series of amino acids condensed together — most proteins contain several
hundred amino acid residues. There are only 20 different amino acids used in protein synthesis;
all cell proteins are built from these. The unique properties of a protein lie in:

m which amino acids are involved in its construction;
m the sequence in which these amino acids are condensed together.

The sequence of bases in DNA dictates the order in which specific amino acids are assembled
and combined together. The huge length of the DNA molecule in a single chromosome codes
for a very large number of proteins. Within this extremely long molecule, the relatively short
length of DNA that codes for a single protein is called a gene. Proteins are very variable in size
and, therefore, so are genes. A very few genes are as short as 75-100 nucleotides. Most are at
least 1000 nucleotides long, and some are more.

Proteins are formed at ribosomes in the cytoplasm, so a copy of the gene’s information is first
required, and transported to the site of protein synthesis. That copy is made of RNA, and is
called messenger RNA. So both DNA and RNA are involved in protein synthesis.

Introducing RNA

RNA molecules are relatively short in length when compared with DNA. In fact, RNAs tend
to be from a hundred to thousands of nucleotides long, depending on the particular role they
have. The RNA molecule is a single strand of polynucleotide in which the sugar is ribose. The
bases found in RNA are cytosine, guanine, adenine, and uracil (which replaces thymine of
DNA). There are three functional types of RNA, known as messenger RNA (mRNA),
transfer RNA (tRNA), and ribosomal RNA (Table 2.7). While mRNA is formed in the
nucleus and passes out to ribosomes in the cytoplasm, tRNA and ribosomal RNA occur only in
the cytoplasm.

DNA Feature RNA
very long strands, several million nucleotides length relatively short strands, 100 to several
thousand nucleotides
contains deoxyribose sugar contains ribose
contains bases C, G, A and T (not U) bases contains C, G, Aand U (not T)
consists of two polynucleotide strands of forms consists of single strands, and in three
complementary base pairs functional forms:
(C with G and A with T) held by H-bonds in messenger RNA (mRNA)
Table 2.7 The the form of a double helix
. transfer RNA (tRNA)
differences between DNA .
ribosomal RNA
and RNA

Transcription - the first step in protein synthesis

Stage 1 of protein synthesis occurs in the nucleus where a complementary copy of the code is
made by the building of a molecule of mRNA. This process is called transcription (Figure 2.31),
and the enzyme is RNA polymerase. The DNA double helix unwinds and the hydrogen bonds
are broken at the site of the gene being transcribed. At this site there is a pool of free
nucleotides. Then, one strand of the DNA, the coding strand, is used as the template for
transcription by complementary base pairing. Of course, in RNA synthesis it is uracil which pairs
with adenine. Once the mRNA strand is formed, it leaves the nucleus through pores in the
nuclear membrane and passes to ribosomes in the cytoplasm, where the information can be ‘read’
and used in the synthesis of a protein.
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Figurg 2'_31 1 part of the DNA double length of gene
Transcription helix of one chromosome (coding for a specific protein)
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The genetic code

The sequence of bases in nucleic acid dictates the order in which specific amino acids are to be
assembled and combined to make proteins. The code is a three-letter or triplet code, meaning
that each sequence of three bases stands for one of the 20 amino acids, and is called a codon.

In fact, with the four-letter alphabet of DNA (C, G, A, T) there are 64 possible different
triplet combinations (4 x 4 x 4). In other words, the genetic code has many more codons than
there are amino acids — since only 20 amino acids require coding. This type of code is described
as degenerate since most amino acids have two or three similar codons that code for them. A
degenerate code has more than one base triplet (codon) to code for one amino acid.

Of course, some of the codons represent the ‘punctuations’ of the code, meaning there are
‘start’ and ‘stop’ triplets. Thus the enzyme machinery involved in protein synthesis is instructed
where to begin and to end a particular protein sequence.

Amino acid activation - the second step in protein
synthesis

In Stage 2 of protein synthesis, the amino acids of the pool available for incorporation into
protein are activated by combining with short lengths of a different sort of RNA, tRNA. This
activation occurs in the cytoplasm. The special significance of tRNA is that translates a three-
base sequence into an amino acid sequence.

How does this occur?

All the tRNAs have a cloverleaf shape, but there is a different tRNA for each of the 20 amino
acids involved in protein synthesis. At one end of each tRNA molecule is a site where one
particular amino acid of the 20 involved can be joined. At the other end, there is a sequence of
three bases called an anticodon. This anticodon is complementary to the codon of mRNA that
codes for the specific amino acid (Figure 2.32).
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Figure 2.32 Aminp a.dd Each amino acid is linked to a specific transfer RNA (tRNA)
activation before it can be used in protein synthesis. This is the process
of amino acid activation. It takes place in the cytoplasm.

tRNA specific for tRNA-amino
amino acid, acid, complex—!\
amino

— point of amino >
acid attachment acidy
enzyme,
+ . o + ATP V\_} + AMP + 2P;
specific
enzyme

anticodon = three consecutive bases in tRNA,
anticodon specific complementary to a codon on the mRNA
for amino acid, e.g. AAA is complementary to UUU

The amino acid becomes attached to its tRNA by an enzyme in a reaction that also requires
ATP. These enzymes are specific to the particular amino acids (and types of tRNA) to be used in
protein synthesis. The specificity of the enzymes is a way of ensuring the correct amino acids are
used in the right sequence.

Translation — the last step in protein synthesis

In Stage 3, the final stage, a protein chain is assembled, one amino acid residue at a time, in tiny
organelles called ribosomes. These move along the messenger RNA ‘reading’ the codons from
the ‘start’ codon. In the ribosome, for each mRNA codon, the complementary anticodon of the
tRNA—amino acid complex slots into place and is temporarily held in position by hydrogen
bonds. While held there, the amino acids of neighbour tRNA—amino acid complexes are joined
by a peptide linkage. This frees the first tRNA which moves back into the cytoplasm for re-use.
Once this is done, the ribosome moves on to the next mRNA codon. The process continues
until a ribosome meets a ‘stop’ codon (Figure 2.33).

19 Outline the different forms of RNA involved in transcription and translation, and state the roles of each.

One gene - one enzyme?

So far we have assumed that each gene works by coding for the synthesis of one particular
protein, such as an enzyme.

Do we know this is the case? If so, how?

The answer is that evidence came from two American scientists, G. W. Beadle and E. L.

Tatum, who worked together in America in 1940. Their work is summarised below, and in
Figure 2.34.

While the details of Beadle and Tatum’s experiments are not required, comparison of their experimental
approach with that of Watson and Crick may support your discussion of the methods of science.

Beadle and Tatum worked with a fungus called Neurospora that was a pest organism in
bakeries, causing bread to turn mouldy. This simple organism was easily cultured on laboratory
agar plates containing a minimal medium of sugar, mineral ions, the vitamin biotin, and a source
of nitrogen such as nitrate or ammonium ions. The fungus naturally manufactures all other
organic compounds required, including all the amino acids, from this medium — hence the term
‘minimal’.
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They exposed some of their cultures of Neurospora to X-rays that caused the formation of
mutants. A mutant organism has altered genetic material. Interestingly, some of the mutant
forms produced by chance were unable to grow on the minimal medium, but could still grow
normally on media enriched with amino acids used in protein synthesis.

Further investigations with these mutants showed that most needed only one particular amino
acid added to minimal medium in order to be able to grow and reproduce. These mutants had
lost the ability to synthesise one particular enzyme.

In a whole series of experiments, many different mutants were produced and cultured — each
unable to synthesise a different enzyme. They also conducted breeding experiments between
mutants and unaltered Neurospora cultures, and found that the new characteristics of mutant

Figure 2.33 Translation

5
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Neurospora were inherited just as other, naturally occurring characteristics were (Figure 2.34).
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Figure 2.34 The ‘one
gene — one enzyme’
experiments with
Neurospora — a summary

1 culturing Neurospora
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culture,
one from
each spore
(kept, used for
sub-culturing)

agar slope

3 isolating spores spores have been — full medium
Groups of eight spores are lifted from irradiated, so may
the surface of the medium and be mutants

separately plated on medium in a sterile
tube, i.e. each spore gives rise to a
separate reference culture grown on

full medium.

& oy

]

5 screening spores for mutations
Spores are plated out on a full medium, containing most of the
elaborate nutrients required for growth (called the
reference culture).
Part of the reference culture is sub-cultured on minimal
medium. Any mutant unable to manufacture any of the
essential amino acids will start to die.
Once a mutant fungus is detected, it is experimentally sub-
cultured on a range of media providing different amino acids
to find out which one the mutant requires (i.e. which genes it
has lost through mutation).

minimal minimal minimal
medium medium + medium +
citrulline ornithine

Results and discovery

¢ A range of mutants were produced, each deficient in one of the enzymes needed to produce arginine.

e Arginine production in Neurospora starts with glutamic acid, and involves two intermediates and three enzymes:
enzyme 1 enzyme 2 enzyme 3

glutamic acid ————————— ornithine ———— citrulline —————— arginine

In different mutants, enzymes 1, or 2, or 3 were no longer produced, e.g. one mutant lacked enzyme 2, and could not

produce citrulline (only if citrulline was added to the minimal medium would growth occur).
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20 Not all proteins
formed in cells are
enzymes. State the
other important
roles proteins may
have.

Beadle and Tatum concluded that in an organism each gene coded for a particular enzyme.
This was known as the one gene — one enzyme hypothesis.

This work was carried out in the middle of the last century, well before Crick and Watson’s
work on the chemical nature of the gene. Beadle and Tatum’s contribution earned them a Nobel
Prize. Interestingly, the same conclusions about the role of a gene had been proposed by a doctor
studying inherited human diseases of metabolism several years earlier, but his work was ignored,
and so was unknown to the American scientists at the time of their study.

Subsequently, as protein chemistry became better understood, several proteins were found to
consist of two (or more) polypeptide chains. Also, of course, not all proteins are enzymes, so the
hypothesis was modified to one gene — one polypeptide.

Another development has been the appreciation that in different parts of an organism (or at
different times), selected genes are switched on or switched off. The existence of regulator genes
which activate or suppress the action of neighbouring genes has been demonstrated in, for
example, prokaryotes (page 244).

Human haemoglobin consists of two sorts of polypeptide chain, o (alpha) chains and 3 (beta)
chains. In the fetus, the § chains are replaced by y (gamma) chains, the effect of which gives
fetal haemoglobin a higher affinity for oxygen (page 667). Control of haemoglobin production
may involve:

a gene that codes for a chains — always switched on;

a gene that codes for y chains — switched on in the fetal stage only;

a gene that codes for B chains — switched off at the fetal stage but switched on at birth;
other genes that switch on and off the § gene and the y gene.

Consequently, the picture has emerged of genes with a range of roles, sometimes activated, but
possibly inactivated at other times. The combined effect of gene action, however, is the
realisation of the characteristics of an organism by the interactions of gene products, not all of
which are enzymes.
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B Examination questions — a selection

Questions 1-4 are taken from past IB Diploma
biology papers.

Q1 Which property of water is most important to
plants living below the surface of water?

A
B
C
D

Q2 a

cohesion
oxygen solubility
surface tension
transparency

Higher Level Paper 1, May 06, Q8
Define the term active site of an enzyme. (1)
Outline how enzymes catalyse biochemical
reactions.
Explain the effect of pH on enzyme activity.
State three functions of lipids.

Higher Level Paper 1, May 03, Q3

()
3)
()

Q3 Where do transcription and translation occur in
eukaryotic cells?
Transcription Translation
A cytoplasm cytoplasm
B cytoplasm mitochondria
C nucleus cytoplasm
D nucleus nucleus
Standard Level Paper 2, May 05, Q8
Q4 Which of the following elements is most common
in living organisms?
A sodium
B oxygen
C iron
D nitrogen

Standard Level Paper 1, May 04, Q6

Questions 5-8 cover other syllabus issues in this
chapter.

Q5 Carbohydrates, lipids and proteins make up the
bulk of the organic compounds found in
organisms.

Q6

Q8

a

b

Identify a monosaccharide commonly found in
both animal and plant cells. (1)
State the polysaccharide with a role as energy
store found in skeletal muscle, and what
monomer it is constructed from.

Draw a generalised structural formula for:
i an amino acid

ii a fatty acid. 4)
Define the type of chemical reaction involved in
the formation of a peptide linkage between
two amino acids, and state the other product,
in addition to a dipeptide. (2)
List three advantageous features of lipids as
energy stores for terrestrial animals.

()

3)

State at which period in a cell cycle the
replication process takes place.

For the process of DNA replication, draw a
diagrammatic representation of the structure of
a ‘replication fork’ in which two important
enzymes essential to replication are shown in
situ. Annotate your diagram to make clear the
roles of these enzymes. (6)
Explain the part played by complementary base
pairing in replication. (2)
Explain why the replication process is
described as semi-conservative.

(1)

(2)

Outline the key features of biological
macromolecules.

Glycogen and protein are both polymers.
Explain why there is only one type of glycogen
but many different types of protein. (2)

(1)

Nucleic acids are the information molecules of
cells, and structurally consist of nucleotides
combined together. State what three
substances combine together to form a
nucleotide.

List the structural differences between

RNA and DNA.

Describe the types of RNA that occur in cells,
what roles each type has, and where each type
is commonly found in growing cells. (3)
Outline the difference in roles of DNA
polymerase and RNA polymerase.

3)
()

(2)



Energy transfer in cells

STARTING POINTS Organisms require energy to maintain cells and carry out their activities and functions.
Cellular respiration occurs in every living cell, making energy available.
Green plants manufacture glucose by photosynthesis, using energy from sunlight.
Chloroplasts contain chlorophyll and are the site of photosynthesis.

Living things require energy to build and repair body structures, and to maintain all the
activities of life, such as movement, reproduction, nutrition, excretion and sensitivity. The need
for energy for protein synthesis, and for the active transport of molecules and ions across
membranes by membrane pumps, has already been discussed (Chapter 1).

Energy is transferred in cells by the breakdown of nutrients, principally of carbohydrates like
glucose. The process by which energy is made available from nutrients in cells is called cellular
respiration; this process is investigated first in this chapter.

Organisms require a supply of nutrients to sustain respiration, but they obtain their nutrients
in very different ways. Green plants synthesise sugars from simpler substances by photosynthesis.
Photosynthesis is discussed later in this chapter. On the other hand, animals and other
heterotrophic organisms take nutrients into the body tissues following the digestion of food
(Chapter 7, page 178).

Cellular respiration — the controlled release
of energy 3.7.1-3.7.4

We can measure the total amount of energy that can be released from the nutrient glucose by
means of a simple calorimeter (Figure 3.1). Here, a known amount of glucose is placed in the
crucible in a closed environment, and burnt in oxygen. The energy, released as heat, is
transferred to the surrounding jacket of water, and the rise in temperature of the water is
measured. Then the energy value of the glucose sample may be calculated, based on the fact that
it takes 4.2 joules (]) of heat energy to raise 1 g of water by 1 °C. One well known outcome of
this technique is the energy value labelling of manufactured foods that we can read on the
packaging — and the publicity that ‘low-calorie’ items may receive in slimming diets.

Figure 3.1 A calorimeter z— ~
for measuring energy amples are stirrer (ensures
R +—— thermometer
value coh;.ple(;elly even distribution
oxidised in of heat) I
air.
- -
heat-transfer | insulation
coil
fopd §amp|e crucible with The energy values of
is ignited here I D weighed foods are published in
sample tables, and those of
manufactured and

packaged foods may
be recorded on the
~—— oxygen wrapping.
inlet
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People sometimes talk about ‘burning up food’ in respiration. In fact, likening respiration to
combustion is unhelpful. In combustion, energy in fuel is released in a one-step reaction, as heat
(Figure 3.2). Such a violent change would be disastrous for body tissues. In cellular respiration, a
large number of small steps occur, each catalysed by a specific enzyme. Because energy in
respiration is transferred in small quantities, much of the energy is made available to the cells,
and may be trapped in the energy currency molecule adenosine triphosphate (ATP). However,
some energy is still lost as heat in each step — we notice how warm we become with strenuous
physical activity!

Cellular respiration is the controlled release of energy, in the form of ATP, from organic
compounds in cells.

Figure 3.2 Combustion  glucose burning in air sprinter completing a race
and respiration compared

energy change in burning energy change in cellular respiration
~ <—glucose y<— glucose + oxygen
+ oxygen
v %)
<@ R
) o}
% % energy transferred
£ £ to ATP in many
£ —— energy lost as £ (| small steps (ATP
3 heat 3 then used
e o in muscular
o o contraction)
7<= CO, +H,0 Je—co, +H,0
time time

ATP - the universal energy currency

Energy made available within the cytoplasm is transferred to a molecule called adenosine
triphosphate (ATP). ATP is referred to as energy currency because, like money, it can be used
in different contexts, and it is constantly recycled.

ATP is a nucleotide (page 63) with an unusual feature. It carries three phosphate groups
linked together in a linear sequence (Figure 3.3). ATP may lose both of the outer phosphate
groups, but usually only one at a time is lost. ATP is a relatively small, soluble organic molecule.
It occurs in cells at a concentration of 0.5-2.5 mg cm™>.

Like many organic molecules of its size, ATP contains a good deal of chemical energy locked
up in its structure. What makes ATP special as a reservoir of stored chemical energy, is its role as
a common intermediate between energy-yielding reactions and energy-requiring reactions and
processes. Energy-yielding reactions include many of the individual steps in respiration. Energy-
requiring reactions include the synthesis of cellulose from glucose, the synthesis of proteins from
amino acids, and the contraction of muscle fibres.
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Figure 3.3 ATP, ADP and
AMP phosphate

adenine phosphate phosphate

ribose

adenosine triphosphate ATP

adenosine diphosphate ADP

adenosine monophosphate AMP

In summary, ATP is a molecule universal to all living things; it is the source of energy for
chemical change in cells, tissues and organisms. The important features of ATP are that it is:

m a substance that moves easily within cells and organisms — by facilitated diffusion;

m able to take part in many steps of cellular respiration and in very many reactions of
metabolism;

m able to deliver energy in relatively small amounts, sufficient to drive individual reactions.

The ATP-ADP cycle and metabolism
In cells, ATP is formed from adenosine diphosphate (ADP) and phosphate ion (P.) using

energy from respiration (Figure 3.4). Then, in the presence of enzymes, ATP particlipates in
energy-requiring reactions. The free energy available in ATP is approximately 30— 34 kJ mol-!.
Some of this energy is lost as heat in a reaction, but much free energy is made available to do
useful work, more than sufficient to drive a typical energy-requiring reaction of metabolism
(Figure 3.4).
Sometimes ATP reacts with water (a hydrolysis reaction) and is converted to ADP and P,.
For example, direct hydrolysis of the terminal phosphate groups happens in muscle contraction.
1 Outline why ATP is Mostly, ATP reacts with other metabolites and forms phosphorylated intermediates, making
igrreg:?enmtoﬁgce;?ey them more reactive in the process. The phosphate groups are released later, so both ADP and P,
i ' become available for re-use as metabolism continues.

Figure 3.4 The ATP-ADP

ATP is formed during
+ P, cycle

- sugar + oxygen carbon dioxide
respiration.

+ water

’espiratio®

ADP + P; ATP

+Hzo

metabolic reactions and metabolic processes
driven by energy transferred from ATP, e.g.
- movement of materials across cell membranes

« building molecules, including macromolecules
and other biomolecules

- movements by muscle contraction, and other
cell movements
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The steps of cellular respiration

In the first steps of cellular respiration, the glucose molecule (a 6-carbon sugar) is split into two
3-carbon molecules. Then the products are converted to an organic acid called pyruvic acid (also
a 3-carbon compound). Under conditions in the cytoplasm, organic acids are weakly ionised, and
therefore pyruvic acid exists as the pyruvate ion.

Obviously, two molecules of pyruvate are formed from each molecule of glucose. In addition,
there is a small amount of ATP formed, using a little of the energy that had been locked up in
the glucose molecule. No molecular oxygen is required for these first steps of cellular respiration.

Because glucose has been split into smaller molecules, these steps are known as glycolysis
(glyco + lysis). The enzymes that catalyse these reactions are found in the cell cytoplasm
generally, but not inside an organelle. Throughout cellular respiration, a series of oxidation—
reduction reactions occur. (What oxidation and reduction consist of is explained on page 270.)

In summary:

enzymes in the cytoplasm

glucose pyruvate + small amount of ATP

Aerobic and anaerobic cellular respiration

While no oxygen is required for the formation of pyruvate by cells in the early steps of cellular
respiration, most animals and plants and very many microorganisms do require oxygen for cell
respiration, in total. We say that they respire aerobically.

In aerobic cellular respiration, sugar is completely oxidised to carbon dioxide and water and much
energy is made available. The steps of aerobic respiration can be summarised by a single equation:

glucose + oxygen — carbon dioxide + water + ENERGY
CH,0,+ 60, — 6CO,  +6H,0 + ENERGY

This equation is a balance sheet of the inputs (raw materials) and the outputs (products). It tells
us nothing about the separate steps, each catalysed by a specific enzyme, by which cellular
respiration occurs. It does not mention pyruvate, for example.

What happens to pyruvate in aerobic respiration?

If oxygen is available to cells and tissues, the pyruvate is completely oxidised to carbon dioxide,
water and a large quantity of ATPs. Before these reactions take place, the pyruvate first passes
into mitochondria by facilitated diffusion. This is because it is only in mitochondria that the
required enzymes are found (Figure 3.5).

In summary:

enzymes in the mitochondria
pyruvate carbon dioxide + water + large amount of ATP

In this phase of cellular respiration, the pyruvate is oxidised by:

m removal of hydrogen atoms by hydrogen acceptors (oxidising agents);
m addition of oxygen to the carbon atoms to form carbon dioxide.

These reactions occur one at a time, each catalysed by a different enzyme.

Also, it is in the mitochondria that the reduced hydrogen acceptor molecules (these carry H)
react with oxygen to form water. The reduced hydrogen acceptor is re-oxidised (loses its H), and
is available for re-use in the production of more pyruvate. The majority of ATP molecules (the
key product of respiration for the cell) are generated in this step, also.

The sites of cellular respiration

The enzymes of cellular respiration occur partly in the cytoplasm (the enzymes of glycolysis)

and partly in the mitochondria (the enzymes of pyruvate oxidation and most ATP formation).
After formation, ATP passes to all parts of the cell. Both ADP and ATP pass through the
mitochondrial membranes by facilitated diffusion. The locations of the different stages of aerobic
respiration are shown in Figure 3.5.
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Figure 3.5 The sites of
cellular respiration in cells

2 State which steps in
cellular respiration
occur whether or not
oxygen is available to
cells.

B Extension:

cytoplasm outside
the organelles

glucose — pyruvate + ATP

]
occurs here A mitochondrion
VRN
’ ~_
7 =~ -
¢ THL pyruvat_e — CO, + HZO_ + rpuch ATP
e N/ (aerobic cellular respiration)
7 pyruvate  occurs here

pyruvate — lactate or ethanol
(anaerobic cellular respiration)
occurs here

Anaerobic respiration — fermentation

In the absence of oxygen, many organisms (and sometimes tissues in organisms, when these have
become deprived of oxygen) will continue to respire pyruvate by different pathways, known as
fermentation or anaerobic respiration, at least for a short time.

Many species of yeast (Saccharomyces) respire anaerobically, even in the presence of oxygen. The
products are ethanol and carbon dioxide. You will already be aware that alcoholic fermentation
of yeast has been exploited by humans in wine and beer production for many thousands of years:

glucose — ethanol + carbon dioxide + ENERGY

Vertebrate muscle tissue can respire anaerobically, too, but in this case it involves the formation
of lactic acid rather than ethanol. Once again, under conditions in the cytoplasm, lactic acid is
weakly ionised, and therefore exists as the lactate ion.

Lactic acid fermentation occurs in muscle fibres, but only when the demand for energy for
contractions is very great, and cannot be fully met by aerobic respiration. In lactic acid
fermentation the sole waste product is lactate.

glucose — lactate + ENERGY

Out of general interest we can also note that just a few organisms respire only in the absence of
oxygen. One such is the tetanus bacillus Clostridium tetani which causes tetanus, also called lock-
jaw. This bacterium is active in oxygen-free environments rich in nutrients, such as occur in
deep body wounds. Otherwise the bacteria merely survive as resistant spores in the soil or among
the faeces of the lower gut of many animals. Clostridium tetani (during growth, but not as a
dormant spore) produces toxins which, when released inside wounds, are carried around the
body in the blood circulation, and cause agonising muscular spasms. Today, tetanus may be
prevented by vaccination, supported by periodic booster injections.

What happens to pyruvate in anaerobic respiration?

In human skeletal muscle tissue, when oxygen is not available, the pyruvate remains in the
cytoplasm and is converted to lactate. In yeast, whether or not oxygen is available, the pyruvate
is converted to the alcohol called ethanol.

How is the supply of pyruvate maintained in cells in the absence of oxygen?

This is the key issue in the breakdown of pyruvate in the absence of oxygen. Remember, in
pyruvate formation, hydrogen acceptor molecules are reduced (take up hydrogen atoms). Without
using oxygen, these must be re-oxidised (lose their H) if production of pyruvate is to continue.

The answer is that in anaerobic cellular respiration the reduced hydrogen acceptor molecules
donate their hydrogen to form lactate or ethanol from pyruvate. This is how they are re-oxidised.
In this way the acceptor molecules are available for further pyruvate synthesis. Pyruvate
formation is able to continue.
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3 Identify two
products of anaerobic
respiration in muscle.

Table 3.1 Energy yield of
aerobic and anaerobic
cellular respiration
compared

Figure 3.6 A
respirometer to measure
respiration rate

We can summarise this as:
reduced H acceptor

ethanol + CO,
oxidised H acceptor

reduced H acceptor (carrying H)
lactate

pyruvate pyruvate

oxidised I}\acceptor (lost H)

Anaerobic respiration is ‘wasteful’

Anaerobic respiration is ‘wasteful’ of respiratory substrate. This is the case because the total
energy yield per molecule of glucose respired, in terms of ATP generated, in both alcoholic and
lactic acid fermentation is limited to the net two molecules of ATP produced in pyruvate
formation. No additional energy is transferred in the latter steps and made available in cells.

So we can think of both lactate and ethanol as energy-rich molecules. (That is correct;
ethanol is sometimes used as a fuel in cars, for example.) The energy locked up in these
molecules may be used later, however. For example, in humans, lactate is transported to the liver
and later metabolised aerobically. Energy yields of cellular respiration are compared in Table 3.1.

Yield from each molecule of glucose respired

Aerobic respiration Anaerobic respiration

2 ATPs glycolysis 2 ATPs
up to 36 ATPs fates of pyruvate nil
38 ATPs Totals 2 ATPs

Investigating respiration

The rate of respiration of an organism is an indication of its demand for energy. Respiration rate,
the uptake of oxygen per unit time, may be measured by means of a respirometer. This apparatus,
a form of manometer, detects change in pressure or volume of a gas. Respiration by tiny organisms
(germinating seeds or fly maggots are ideal) trapped in the chamber of the respirometer alters the
composition of the gas there, once the screw clip has been closed (Figure 3.6).

. . . . . q=:

4 after a fixed time, the syringe is adjusted |

to level the fluid in the two arms of the {

manometer, and the volume of O,
absorbed is read off on the syringe

graduated syringe 7|:‘

L

A clipsAand B are closed I

hypodermic
needle

-

respirometer tube

N
—— water bath

control tube
(thermobarometer)

1 the respiring organisms
give off CO, and
absorb O,

glass beads (same — |
volume as sample in
respirometer tube)

soda lime pellets 5 \ §

(CO, absorbent) L y

soda lime pellets
(CO, absorbent)

2 CO, is absorbed by
the soda lime

i : U-tube manometer
Any change in pressure or temperature during
the experiment affects the respirometer tube
and the thermobarometer tube equally.

3 manometer fluid moves to the right
due to the volume change caused
by uptake of oxygen
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Soda lime removes carbon dioxide gas as it is released by the respiring organism. Consequently,
only oxygen uptake causes a change in volume. The bubble of coloured liquid in the attached
capillary tube will move in response. The change in the volume of air in the respirometer tube,
due to oxygen uptake, can be estimated from measurements of the movement of the manometric
fluid during the experiment. In this apparatus, the volume of gas absorbed per unit time is given
by readings on the syringe — the volume of air from the syringe that must be added to the
respirometer tube to make the manometric fluid level in the two arms is equal to the volume of
oxygen taken up by the respiring organisms.

4 In the respirometer (Figure 3.6), explain how changes in temperature or pressure in the external environment
are prevented from interfering with measurement of oxygen uptake by respiring organisms in the apparatus.

Photosynthesis 381388

Green plants use the energy of sunlight to produce sugars from the inorganic raw materials
carbon dioxide and water, by a process called photosynthesis. The waste product is oxygen.
Photosynthesis occurs in plant cells that contain the organelles called chloroplasts (page 6) —
such as many of the cells of the leaves of green plants. Here energy of light is trapped by the green
pigment chlorophyll, and becomes the chemical energy in molecules such as glucose and in ATP.
Note that we now say that light energy is transferred to organic compounds in photosynthesis,
rather than talking of the ‘conversion of energy’ — a term that was once widely used.
Sugar formed in photosynthesis may temporarily be stored as starch, but sooner or later most is
used in metabolism. For example, plants manufacture other carbohydrates, together with the
Figure 3.7 lipids, proteins, growth factors, and all other metabolites they require. For this they additionally
Photosynthesis and its ~ need certain mineral ions, which are absorbed from the soil solution. Figure 3.7 is a summary of
place in plant nutriton  photosynthesis and its place in plant metabolism.

photosynthesis: a summary
The process in the chloroplast can be summarised by the equation:

carbon  + water +  LIGHT chlorophyll organic + oxygen
dioxide ENERGY —— > compounds,
in chloroplast  e.g. sugars

raw materials energy products waste
source product
) chlorophyll
6CO, + 6H,0 + light ——— > C.H,,0, + 60, the rest of
in chloroplast the plant

oxygen from
the air
/

plant nutrition: a summary v
»

oxygen
74
/ carbon
doxide
_ — — = — > glucose

’ |

» ions —> <«— energy
7

energy from sunlight the leaf

photosynthesis
in chloroplasts

carbon + water —————5 oxygen + glucose — —
dioxide x in leaf cells o j
S ~

A /
/

\
\ PR giff \ | storage cellulose, and .
carbon dioxide in air  loss of water oxygen dituses I carbohydrates, other wall-forming
vapour into the I fats and waxes compounds
atmosphere |
\

\ vitamins,

N proteins, hormones
N enzymes, and growth
cytoplasm factors

5 Compare the source
of glucose for cellular
respiration in
mammals and water
flowering plants.

ions actively
absorbed - _ _ _ _
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What is light?

Light is a form of the electromagnetic radiation produced by the Sun. Visible light forms only a
part of the total magnetic radiation reaching the Earth. When this visible ‘white’ light is
projected through a prism, we see a continuous spectrum of light — a rainbow of colours, from red
to violet. Different colours have different wavelengths. The wavelengths of electromagnetic
radiation and of the components of light are shown in Figure 3.8.

The significance of the spectrum of light in photosynthesis is that not all the colours of the
spectrum present in white light are absorbed equally by chlorophyll. Some are even transmitted
(or reflected), rather than being absorbed.

Which of these individual colours does chlorophyll absorb and then exploit as the energy source for

photosynthesis?

Figure 3.8 the spectrum of

the spectrum of

Electromagnetic radiation electromagnetic visible light
and the spectrum of  radiation
visible light 400nm
gamma rays
— 10-10
X-rays — 108
500nm
— 106
ultra-violet
visible
104
infra-red — 600nm
(heat) yellow
— 102
microwaves
— ’]00
700nm
radio-waves
L 102
cm 750nm

Investigating chlorophyll

Some plant pigments are soluble in water, but chlorophyll is not. While we cannot extract
chlorophyll from leaves with water, it can be extracted by dissolving in an organic solvent like
propanone (acetone). With this solvent, extraction of chlorophyll is straightforward. Figure 3.9
shows how it may be done.

With chlorophyll in solution, the colours of light it absorbs can be investigated. We have seen
that white light consists of a roughly equal mixture of violet, blue, green, yellow, orange and red
light (Figure 3.8). When these different colours are projected through the chlorophyll solution in
turn, we see that the greatest absorption occurs in the blue and red parts of the spectrum,
whereas green light is transmitted or reflected (Figure 3.10).
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The chemical structure of the chlorophyll molecule allows absorption of the energy of blue
and red light. When extracted from the chloroplasts and dissolved in organic solvent,
chlorophyll still absorbs light, but it cannot now use the energy gained to cause photosynthesis
to take place. This is because, in the extraction process, the chlorophyll has been separated from

Figure 3.9 Steps in the the membrane systems and enzyme systems that surround it in chloroplasts, and which are
extraction of chlorophyll  essential for carrying out the biochemical steps of photosynthesis.

1 fresh leaves dipped into

boiling water to kill cells, 2 leaves finely cut and 3 about 20 cm3 of propanone
making cell membranes placed in a mortar (acetone) added as solvent,
fully permeable then ground up with and the contents ground again

a small quantity of washed to produce a concentrated
/_\ and dried sand (as abrasive) chlorophyll extract
m measuring cylinder

fresh green

leaves
5 tubes centrifuged to 6 extracted pigment solution combined
‘ ) _ remove suspended organic and stored in the cold, in the dark,
4 solution decanted into two centrifuge tubes and matter (wall fragments, as chlorophylls are unstable molecules
contents adjusted to balance quantities starch grains, etc.) once removed from the chloroplast

(chlorophyll solution bleaches in
direct sunlight)

glass rod
ﬁ'_\' o Q ?cl)lijlminium

< chlorophyll

Q solution

Green plants suitable to use for chlorophyll extraction
e spinach
¢ bougainvillea
e hibiscus
e green grass
e in Asia, the leaf vegetables
kai lan or kang kong

6 Evaluate the essential safety precautions required when chlorophyll is extracted as shown in Figure 3.9.
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Figure 3.10 Colours of
light absorbed by
chlorophyll aluminium foil
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because all wavelengths
are absorbed except green
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B Extension: Which wavelengths are used in photosynthesis?

T B0 Bredlmas We can see that chlorophyll absorbs light energy most strongly in the blue and red ranges of the
investigation of light and ~ spectrum. How can we tell that this light energy, once absorbed, is being used to drive
photosynthesis ~ photosynthesis in chloroplasts?

cell structure of Spirogyra (a filamentous alga)

cytoplasm  vacuole spiral sites of nucleus cellulose
chloroplast starch cell wall
storage

an individual cell of the filament

Engelmann’s investigation

Spirogyra with Pseudomonas in the dark Spirogyra with Pseudomonas with parts
of the algal filament illuminated selectively
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Figure 3.12 Two steps
of photosynthesis

LIGHT

This question was first resolved by a German biologist, T. W. Engelmann, in 1882. Using
filamentous algae such as Spirogyra (an aquatic, photosynthetic organism), he shone fine beams
of white light and of light of different wavelengths onto different parts of a filament of the alga
— so different parts were exposed to blue, green or red light, or to full (white) light. The other
parts of the filament were in darkness.

Present in the water around the filament was a population of a motile bacterium
(Pseudomonas sp.). This is a strongly aerobic species — the bacterium requires a supply of oxygen
to survive, and migrates away from regions where oxygen is scarce.

Where algal cells are carrying out photosynthesis, oxygen diffuses out and is dissolved in the
water immediately around the cell. Engelmann found that the bacteria migrated to only certain
of the illuminated regions, and were visible there when the filaments were examined
microscopically. They occurred around the parts illuminated with red and blue light only
(Figure 3.11). He concluded that it is these wavelengths that are used in photosynthesis.

What happens in photosynthesis?

Photosynthesis is a set of many reactions occurring in chloroplasts in the light. However, these
can be conveniently divided into two main steps:

1 Light energy is used to split water (photolysis)
This releases the waste product of photosynthesis, oxygen, and allows the hydrogen atoms
released to be retained on hydrogen acceptor molecules. The hydrogen is one requirement of

step 2. At the same time, ATP is generated from ADP and phosphate, also using energy from
light.

2 Sugars are built up from carbon dioxide
We say that carbon dioxide is fixed to make organic molecules. To do this, both energy of
ATP and hydrogen atoms from the reduced hydrogen acceptor molecules are required.

oxygen carbon dioxide
ENERGY 0, o,
A
/ in chloroplasts
X ATP
+
- = reduced — = =
/ N\ o
. \ ptor
/, light energy used (carrying H) / sugars built
to split water \ | H up from carbon
(photolysis) | dioxide and |
h
2H,0-50, + 4H y \ ydrogen
\ ) glucose yZ
N N \
~ _ _ - hydrogen ~ _ -~
acceptor sugar
8 H
ADP + P;
water starch

7 State from where a green plant obtains a carbon and b hydrogen used to build up glucose molecules.
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Measuring the rate of photosynthesis

Measuring the rate of photosynthesis is a straightforward task in the laboratory. The rate can be
estimated indirectly, by measuring the increase in biomass in samples of illuminated leaves,
since most of the sugar produced in the light is immediately stored as starch in the cells. This
Figure 3.13 Rate of  technique is illustrated in Figure 3.13. It is best to destarch the leaves of the plant beforehand by
photosynthesis estimated  keeping the intact plant in the dark for 48 hours first. The result is a more accurate estimate of

by dry mass ml(vi:raefafj?slcz gain in mass due to photosynthesis.

typically, samples of discs
from 10 leaves are used
(initially, and after a fixed ‘

period of illumination) stop clock

sample after
period of
photosynthesis —> dried —> dry mass

. initial sample — dried — dry mass

discs cut with approximate net photosynthesis = difference in
cork borer of dry mass
standard size

potted tobacco plant

8 Suggest the likely fate of starch stored in a green leaf, during the destarching process.

The rate of photosynthesis can also be estimated using an oxygen sensor probe connected to a
data-logging device or, using a microburette, measured as the volume of oxygen given out in the
light by an aquatic plant (Figure 3.14). The experiment requires a freshly cut shoot of a
pondweed which, when inverted, produces a vigorous stream of gas bubbles from the base. The
bubbles tell us the pondweed is actively photosynthesising. The pondweed is placed in a very
dilute solution of sodium hydrogencarbonate, which supplies the carbon dioxide (as —HCO,
ions) required by the plant for photosynthesis. The quantity of gas evolved in a given time, say
in 30 minutes, is measured by drawing the gas bubble that collects into the capillary tube, and
measuring its length. This length is then converted to a volume.

Alternatively, the uptake of carbon dioxide in the light can be measured. Using an aquatic
plant, the dissolved carbon dioxide absorbed from the water will cause the pH to rise and this
may be monitored with a pH meter connected to a data-logging monitor.

Using this apparatus the effects of external conditions such as light intensity, carbon dioxide
concentration and temperature on the rate of photosynthesis have been investigated.
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Figure 3.14 Measuring 7]
the rate of photosynthesis ( plastic tube
with a microburette L —
syringe 4[ u _]
I
+— stand

heat
1
ep bubble
of gas
collecting
1 1
LIGHT ; }

I

~

Ji

bubble of gas
being measured

end of

capillary tube

—— Elodea capillary

tube

;

—— dilute hydrogencarbonate
solution

stop clock

9 A thermometer is not shown in the apparatus in Figure 3.14. Predict why one is required, and state where.

External factors and the rate of photosynthesis

The effect of the concentration of carbon dioxide on the rate of photosynthesis is shown in
Figure 3.15. Look at this figure now — note the shape of the curve.

In this experiment, when the concentration of carbon dioxide is at zero there is no
photosynthesis, of course. As the concentration is steadily increased, the rate of photosynthesis
rises, and the rate of that rise is positively correlated with the increasing carbon dioxide
concentration. However, at much higher concentrations of carbon dioxide, the rate of
photosynthesis reaches a plateau — now there is no increase in rate with rising carbon dioxide
concentration.

The effect of light intensity on the rate is shown in Figure 3.16. Look at this graph now — the
shape of the curve is familiar.

In this experiment, when light intensity is low, the rate of photosynthesis is directly
proportional to light intensity. However, at much higher light intensities, there is no increase in
rate with rising light intensity — this rate had reached a plateau, too.

Figure 3.15 The effect of carbon dioxide concentration on

no photosynthesis

Figure 3.16 The effect of light intensity on photosynthesis

at high light infensity

the rate no /ongar increases
with increasing light infensity
- a plateau is reached

o226

here the rate is correlated with
the light infensity

photosynthesis
ho photosynthesis at high CO, concentration the
rate no longer increases with
increasing CO, concentration
high - a plateau is reached high 4
" g 0 0 0 0 0 0 "
‘o ) ‘5
£2 £3
g £ = i
n S 8 5
% > 52 °
© 1 o
= ° S
w 9 w2
o here the rafe is correlated with °c 1
% the CO, concentration %
4 " @
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0 low high 0 low
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Figure 3.17 The effect of

temperature on optimum femperature

above the optimum

The effect of temperature on the rate of
photosynthesis is shown in Figure 3.17. Here

hotosynthesis femperature the i ) )
P Y rate falls of f steeply  the curve of the graph is an entirely different
high as the *;Wf“;*“m shape. At relatively low temperatures, as the
# .
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i photosynthesis increases more and more

increases the rafe )

with increasing effect steeply. However, at higher temperatures, the
i | O A rate of photosynthesis abruptly stops rising and
< 7N .
g2 actually falls steeply. The result is a clear
332 optimum temperature for photosynthesis.
&3 A
o5
T3 10 Suggest why we should expect that high external
[} .
s E e temperatures cause the rate of photosynthesis to
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B Examination questions — a selection

Questions 1-3 are taken from past IB Diploma
biology papers.

Q1

Q2

ONnw>»

Q3

In which process of photosynthesis is light directly

involved?

A conversion of ATP to ADP

B the fixing of carbon

C the splitting of water

D the conversion of pyruvate to ethanol
Standard Level Paper 1, May 06, Q11

In the following generalised diagram of anaerobic
respiration, which molecules are represented
by I, Il and lI?

glucose T» pyruvate <

[ I
o,
| 1l 1l
ATP ethanol lactate
ethanol ATP lactate
lactate ethanol ATP
ATP lactate ethanol

Higher Level Paper 1, May 05, Q5

a State the main photosynthesis pigment in
plants. (1
b State the two materials used to convert carbon

dioxide to organic molecules in plants. (2)
¢ Explain two ways in which the rate of
photosynthesis can be measured. 4)

Standard Level Paper 2, May 04, Q4

Questions 4-8 cover other syllabus issues in this
chapter.

Q4

Q5

Q6

Q7

Q8

Define cell respiration. Include the essential raw

materials, and the products. (2)
State where respiration occurs in a living

organism. ()
Explain the composition of ATP and the role of

this molecule in cell metabolism. (2)

Construct a flow diagram to show the steps in
aerobic cellular respiration. Demonstrate which
steps are restricted to the cytoplasm, and which to
a mitochondrion, and the connection between
these steps.

(6)

Photosynthesis involves the transfer of light energy

to chemical energy of glucose and other organic

molecules.

a State why photosynthesis is restricted to

green plants in the light.

State the waste product of photosynthesis. (1)

Define the term ‘photolysis’. (1

d Photosynthesis leads to an increase in biomass
of a green plant. Suggest the metabolic process
mostly responsible for reducing the amount of
biomass present in the plant. (1)

Design an experiment to test whether temperature
has an effect on photosynthesis. Predict what
outcome you would expect.

(1)

n o

(6)



The nucleus is the largest organelle in a cell. It contains the chromosomes on which
genes, the blueprints (coded instructions) for the cell, occur.

When cells divide, the nucleus divides first, and each new (daughter) cell receives a
nucleus.

The nucleus controls and directs the activities of the cell throughout life; it contains
the hereditary material which is passed from generation to generation during
reproduction.

Genetics is the study of inheritance and of variation in the inherited characteristics that
chromosomes control. The nucleus contains the chromosomes, as we have already seen. The
chromosomes hold the blueprint (coded instructions) for the organisation and activities of cells
and for the whole organism, in the form of genes. Genes are involved both in the continuous
control of cell activity and in reproduction, carrying instructions from one generation to the
next.

Chromosomes, genes, mutations and

melosIs

Chromosomes can be seen in cells by staining them with certain dyes (Figure 1.33, page 34). At
the time a nucleus divides, the chromosomes become compact, much-coiled structures, and are
clearly visible. At all other times, the chromosomes are very long thin, uncoiled threads. In this
condition, they give the stained nucleus a granular appearance. The granules are called
chromatin.

Each chromosome consists of DNA, a huge molecule consisting of two paired strands in the
form of a double helix (Figure 2.27, page 64). The DNA molecule runs the full length of the
chromosome, and is supported by protein. About 50% of a chromosome is built of protein. While
some of these proteins are enzymes that are involved in copying and repair reactions of DNA,
the bulk of chromosome protein has a support and packaging role for DNA.

There are five features of the chromosomes of organisms which it is helpful to note now.

1 The number of chromosomes per species is fixed
The number of chromosomes in the cells of different species varies, but in any one species the
number of chromosomes per cell is normally constant. For example, the mouse has 40
chromosomes per cell, the onion has 16, humans have 46, and the sunflower has 34. Each
species has a characteristic chromosome number. Note, these are all even numbers.

2 The shape of a chromosome is characteristic
Chromosomes are long thin structures of a particular, fixed length. Somewhere along the
length of the chromosome is a narrow region called the centromere. Centromeres may occur
anywhere along the chromosome, but they are always in the same position on any given
chromosome. The position of the centromere, as well as the length of a chromosome, is how
they are identified in photomicrographs (photographs taken down a light microscope, see
page 10).

3 The chromosomes of a cell occur in pairs called homologous pairs
The word ‘homologous’ just means ‘similar in structure’. One of each pair came originally from
one parent, and the other from the other parent. So, for example, the human has 46
chromosomes, 23 coming originally from each parent in the process of sexual reproduction.
This is why chromosomes occur in homologous pairs.

Homologous chromosomes resemble each other in structure. They occur in a diploid cell,
contain the same sequence of genes, but have come from different parents.
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You can see this from the photomicrographs in Figure 4.1. Here, chromosomes of a human male
are shown at a stage of the nuclear division called mitosis (page 31). They are cut out of a
photomicrograph and arranged in numbered descending order of size. This type of enlarged
photographic image of the mitotic chromosomes of a cell, arranged in pairs in order of size, is
called a karyotype.
Chromosomes as L . . . . .
homologous pairs, as The procedure of karyotyping is used by genetic counsellors, in conjunction with other
seen during nuclear  techniques, to detect the presence of (rare) abnormalities, such as Down’s syndrome (page 98),
division  in a patient’s chromosome set. This is discussed later in this chapter.

Figure 4.1

human chromosomes of a male chromosomes arranged as homologous
(seen at the equator of the spindle pairs in descending order of size
during nuclear division) )
9 Lo homologous each chromosome has been replicated
chromosomes (copied) and exists as two chromatids

held together at their centromeres
“ ‘\

'\
\" b % \ , >R Mt

images of chromosomes cut from
| a copy of this photomicrograph u
] can be arranged and pasted to R ﬁh xn 6 ﬁ
| produce a karyotype mﬁ H’ ﬁ & l‘x
6 7 8 9 10 n 12

h» N7 ﬁ AN QA DA KR K& §A

a ¥R XX A A4
- X Q&‘/ 19 20 2| 22 Ry
o
4 Chromosomes hold the hereditary factors — genes
The chromosomes are effectively a linear series of genes (Figure 4.2). We can define ‘gene’ in
different ways. For example, a gene is a:
a specific region of a chromosome which is capable of determining the development of a
specific characteristic of an organism;
b specific length of the DNA double helix, hundreds or (more typically) thousands of base
pairs long, which codes for a protein;
¢ unit of inheritance.
A particular gene always occurs on the same chromosome in the same position.
The position of a gene is called a locus (plural, loci).

Each gene has two or more forms, called alleles. The word ‘allele’ just means ‘alternative
form’.

The total of all the genetic information — all the genes present on an organism’s
chromosomes — is called the genome of the organism.

5 Chromosomes copy themselves
Between nuclear divisions, while the chromosomes are uncoiled and cannot be seen, each
chromosome makes a copy of itself. It is said to replicate.

Replication occurs in the cell cycle, during interphase (page 31). The two identical
structures formed are called chromatids (Figure 4.3). The chromatids remain attached by their
centromeres until they are divided during nuclear division. After division of the centromeres,

Explain why the chromatids are recognised as chromosomes again.
chromosomes occur Of course, when chromosomes copy themselves, the critical event is the copying of the

in homologous pairs

o DNA double helix that runs the length of the chromosome. Replication occurs in a very

precise way, brought about by specific enzymes, as we have already discussed (page 66).
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Figure 4.2 Genes and -
alleles of a homologous The loci are the positions along the chromosomes

where genes occur, so alleles of the same gene

pair of chromosomes
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Nuclear divisions and the fate of chromosomes

Divisions of the nucleus are very precise processes, ensuring the correct distribution of
chromosomes between the new cells (daughter cells). There are two types of nuclear division,
known as mitosis and meiosis.

In mitosis, the daughter cells produced have the same number of chromosomes as the parent
cell, typically two of each type, known as the diploid (2n) state. Mitosis is the nuclear division
that occurs when cells grow, old cells are replaced, and when an organism reproduces asexually.
The way mitosis works is explained in Chapter 1, page 32.
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In meiosis, the daughter cells contain half the number of chromosomes of the parent cell.
That is, one chromosome of each type is present in the nuclei formed; this is known as the
haploid (n) state. Meiosis is the nuclear division that occurs when sexual reproduction occurs,
normally during the formation of the gametes.

The differences between mitosis and meiosis are summarised in Figure 4.4.

Figure 4.4 Mitosis and  cell about to divide

meiosis, the significant
differences
nuclear
membrane ]
first the chromosomes
nucleolus _— appear as thin threads
chromatin

mitosis meiosis

nuclear division by mitosis (replication) occurs nuclear division by meiosis (reduction division)
when organisms grow and develop, and tissues occurs when sexual reproduction occurs (e.g. when
are repaired or replaced gametes are formed in mammals and plants)

two cells are formed, each with nuclei
identical to that of the parent cell — diploid (2n) ‘ ‘
2 Suggest why it is

elss_ehtial- that nu;lear four cells are formed, each with half the
division is a precise chromosome number — haploid (n)
process.

Meiosis, the reduction division

Meiosis is part of the life-cycle of every organism that reproduces sexually. In meiosis, four daughter
cells are produced — each with half the number of chromosomes of the parent cell. Halving of
the chromosome number of gametes is essential because at fertilisation the number is doubled.

How does meiosis work?

Meiosis involves two divisions of the nucleus, known as meiosis I and meiosis 11, both of
which superficially resemble mitosis. As in mitosis, chromosomes replicate to form chromatids
during interphase, before meiosis occurs. Then, early in meiosis I, homologous chromosomes
pair up. By the end of meiosis I, homologous chromosomes have separated again, but the
chromatids they consist of do not separate until meiosis II. Thus, meiosis consists of two nuclear
divisions but only one replication of the chromosomes.
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Figure 4.5 What  The process of meiosis

happens to chromosomes

in meiosis L he key events of meiosis are summarised in Figure 4.5.
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In the interphase that precedes meiosis, the chromosomes are replicated as chromatids, but
between meiosis [ and Il there is no further interphase, so no replication of the chromosomes
occurs during meiosis.

As meiosis begins, the chromosomes become visible. At the same time, homologous
chromosomes pair up. (Remember, in a diploid cell each chromosome has a partner that is the
same length and shape and with the same linear sequence of genes. It is these partner
chromosomes that pair.)

When the homologous chromosomes have paired up closely, each pair is called a bivalent.
Members of the bivalent continue to shorten.

During the coiling and shortening process within the bivalent, the chromatids frequently
break. Broken ends rejoin more or less immediately. When non-sister chromatids from homologous
chromosomes break and rejoin they do so at exactly corresponding sites, so that a cross-shaped
structure called a chiasma is formed at one or more places along a bivalent. The event is known as
a crossing over because lengths of genes have been exchanged between chromatids.

Then, when members of the bivalents start to repel each other and separate, the bivalents are
(initially) held together by one or more chiasmata. This temporarily gives an unusual shape to
the bivalent. So, crossing over is an important mechanical event (as well as a genetic event).

Next, the spindle forms. Members of the bivalents become attached by their centromeres to
the fibres of the spindle at the equatorial plate of the cell. Spindle fibres pull the homologous
chromosomes apart, to opposite poles, but the individual chromatids remain attached by their
centromeres.

Meiosis I ends with two cells each containing a single set of chromosomes each made of two
chromatids. These cells do not go into interphase, but rather continue smoothly into meiosis 1.
This takes place at right angles to meiosis I, but is exactly like mitosis. Centromeres of the
chromosomes divide and individual chromatids now move to opposite poles. Following division
of the cytoplasm, there are four cells — each with half the chromosome number of the original
parent cell (haploid).

Figure 4.6 Genetic
variation due to crossing
over between non-sister

chromatids

The effects of genetic variation are shown in one pair of homologous chromosomes.
Typically, two, three or more chiasmata form between the chromatids of each bivalent at prophase I.

centromere

Homologous
chromosomes paired
in a bivalent.

chromatids

chiasma l chiasma

If the chromatids break
at corresponding points
along their length, their
rejoining may cause
Crossing over.

l

combination
The chromatids finally

haploid nuclei in meiosis
Il, producing new genetic

combinations
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Meiosis and genetic variation

The four haploid cells produced by meiosis differ genetically from each other for two reasons.

There is independent assortment of maternal and paternal homologous chromosomes. This
happens because the way the bivalents line up at the equator of the spindle in meiosis I is
entirely random. Which chromosome of a given pair goes to which pole is unaffected by
(independent of) the behaviour of the chromosomes in other pairs.

There is crossing over of segments of individual maternal and paternal homologous
chromosomes. These events result in new combinations of genes on the chromosomes of the

haploid cells produced (Figure 4.6).

Independent assortment is illustrated in Figure 4.7, in a parent cell with a diploid number of 4
chromosomes. In human cells, the number of pairs of chromosomes is 23; the number of possible
combinations of chromosomes that can be formed by random orientation during meiosis is 223,
which is over 8 million. We see that independent assortment alone, generates a huge amount of
variation in the coded information carried by different gametes into the fertilisation stage.

Figure 4.7 Genetic
variation due to
independent assortment

Independent assortment is illustrated in a parent cell with two pairs of homologous chromosomes (four bivalents).
The more bivalents there are, the more variation is possible. In humans, for example, there are 23 pairs of chromosomes
giving over 8 million combinations.

nucleus of parent cell

(diploid)
homologous

chromosomes

homologous

chromosomes

In meiosis | the bivalents move
to the equator of the spindle
and line up randomly. Then,
when homologous chromosomes /
separate they move to the

nearest pole. This may occur... ...like this... or ...like this

bivalents

In meiosis Il the final
outcome is one of these,
alternative combinations
of four haploid cells.

Here the resulting gametes Here the resulting gametes
will be 1/2 AB, 1/2 ab. will be 1/2 Ab,1/2 aB.



GENETICS

Abrupt change in hereditary information — mutations

An abrupt change in the structure, arrangement or amount of DNA of chromosomes may result
in a change in the characteristics of an organism or an individual cell in which they occur. This
is because the change, called a mutation, results in the alteration or non-production of a cell
protein (and of the mRNA which codes for it, page 69). Mutations can occur spontaneously as a
result of errors in normal cell processes such as DNA replication, although this is rare.
Alternatively, they can be induced by certain chemicals or types of radiations that cells are
sometimes exposed to.

Mutations occurring in body cells of multicellular organisms are called somatic mutations.
They are only passed on to the immediate descendents of that cell. However, we have already
noted that somatic mutations can also be the cause of a cancer (page 35). Somatic mutations do
occur with increasing frequency as an organism ages; cancers are more common in elderly people
than in the young.

On the other hand, mutations occurring in the cells of the gonads (called germ line
mutations) that give rise to gametes with an altered genome can be inherited by the offspring
and so be the cause of genetic changes in future generations.

A mutation is a change in the amount or chemical structure of DNA which may result in
a change in the characteristics of an organism.

Chromosome mutations

In chromosome mutations, there is a change in the number or the sequence of genes, brought
about in a number of different ways. Additional sets of chromosomes may occur; for example, the
cultivated potato has double the number of chromosomes of the smaller, wild potato (polyploidy,
page 467).

Alternatively, there may be an alteration to part of the chromosome set. Sometimes,
chromosomes that should separate and move to opposite poles during the nuclear division of
gamete formation do not separate but instead move to the same pole.

Non-disjunction is the term for the failure of a pair of chromatids to separate and go to
opposite poles during division of the nucleus. In meiosis, this results in gametes with more
than and less than the haploid number of chromosomes.

For example, people with Down’s syndrome have an extra chromosome 21, giving them a total
of 47 chromosomes. How this case of non-disjunction arises is illustrated in Figure 4.8. The
symptoms of Down’s syndrome are variable, but when severe they include congenital heart
defects, defects in the eyes, subsequent learning difficulties and immune system deficiencies.
How are chromosome mutations detected?
A chromosome mutation is exposed by karyotyping the chromosome set of a fetus, after fetal
cells have been obtained by amniocentesis or chorionic villus sampling (Figure 4.9).

Gene mutations

Gene mutations are changes in the sequence of bases in the DNA of a gene. They may occur
spontaneously as a result of errors in DNA replication although this is extremely rare since DNA
polymerase has a built-in checking mechanism as it operates (page 67).

Alternatively, gene mutations can be caused by environmental agents we call mutagens.
These can include ionising radiation in the form of X-rays, cosmic rays, and radiation from
radioactive isotopes (a, f and y rays). Any of these can cause the break-up of the DNA
molecule. Non-ionising mutagens include UV light and various chemicals, including carcinogens
in tobacco smoke (tar compounds). These act by modifying the chemistry of the base pairs of
DNA.

Base substitution mutation and sickle cell condition

The smallest form of gene mutation change occurs when one base is replaced by another — this is
called base substitution. An example of this type of gene mutation is the cause of the human
condition known as sickle cell anaemia.
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Figure 4.8 Down’s An extra chromosome causes Down’s syndrome. The
syndrome, an example of - exira one comes from a meiosis error. The two
a chromosome mutation chromatids of chromosome 21 fail to separate, and both
go into the daughter cell that forms the secondary
oocyte.
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Figure 4.9 Screening of
a fetus in the uterus
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Figure 4.11 Sickle cell
anaemia; an example of a
gene mutation

Anaemia is a disease typically due to a deficiency in healthy red cells in the blood.

Haemoglobin occurs in red cells — each contains about
280 million molecules of haemoglobin. A molecule consists
of two a-haemoglobin and two B-haemoglobin subunits,
interlocked to form a compact molecule.

The mutation that produces sickle cell haemoglobin (Hg%) is
in the gene for B-haemoglobin. It results from the substitution
of a single base in the sequence of bases that make up all the
codons for B-haemoglobin.
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Haemoglobin, the oxygen-transporting pigment of red cells, is made of four protein molecules
that interlock to form a compact molecule. Two of the haemoglobin molecules are known as o
haemoglobin and two are 3 haemoglobin. The gene that codes for the amino acid sequence of
 haemoglobin occurs on chromosome 11, and is prone to a substitution of the base A to T in a
codon for the amino acid glutamic acid. As a consequence, the amino acid valine appears at that
point, instead, as illustrated in Figure 4.11. Note the consequence of this substitution at the
transcription and translation stages.

The effects on the properties of the haemoglobin molecule of this simple change of one amino
acid residue for another within the whole  haemoglobin molecule are dramatic. The molecules
with this unusual haemoglobin, known as haemoglobin S (Hb*), tend to clump together and
form long fibres that distort the red cells into sickle shapes. In this condition, they transport
little oxygen and the sickle cells may even block smaller vessels.

People who are heterozygous for haemoglobin S (Hb Hb*) have less than 50% haemoglobin S.
Such a person is said to have sickle cell trait, and they are only mildly anaemic. However,
people who are homozygous for haemoglobin S (Hb® Hb®) have a serious problem, and are
described as having sickle cell anaemia. Heart and kidney failure problems are common in
people affected with sickle cell anaemia.

An advantage in having sickle cell trait?

Malaria is the most important of all insect-borne diseases. It is in Africa south of the Sahara that
about 80% of the world’s malaria cases are found, and here that most fatalities due to the disease
occur. It is estimated that some 400 million people are infected, of whom 1.5 million (mostly
children under 5 years) die each year.

Malaria is caused by Plasmodium, a protozoan, which is transmitted from an infected person to
another person by blood-sucking mosquitoes of the genus Anopheles. Only the female mosquito is
the vector (the male mosquito feeds on plant juices).

Plasmodium completes its life cycle in red cells, but it cannot do so in red cells containing
haemoglobin S. People with sickle cell trait are protected to a significant extent. Where malaria

Figure 4.12 How sickle is endemic in Africa, possession of one mutant gene (having sickle cell trait, not full anaemia) is
cell trait may confer an  advantageous. This means that ‘survival of the fittest’ ensures this allele is selected for. Fewer of
advantage the alleles for normal haemoglobin are carried into the next generation (Figure 4.12).

distribution of haemoglobin S is virtually the same as that of malaria

distribution of malaria caused by Plasmodium falciparum distribution of sickle cell gene in the population
or P. vivax (the forms of malaria that are most frequently
fatal, especially in childhood)

] 0-5%
[ 5-10%
[ 10-15%
B 15-20%

Sickle cell anaemia is a genetically transmitted disease of the blood caused
by an abnormal form of haemoglobin. Red cells with ‘sickle” haemoglobin
do not carry oxygen and can cause blockage of arterioles. Normally, sickle cell

Explain how knowledge of the cause of sickle cell anaemia confers a disadvantage, but the malarial parasite (page 595) is unable
trait and sickle cell anaemia supports the concept to complete its life cycle in red cells with haemoglobin S, so the gene for sickle
of a gene as a linear sequence of bases. cell is selected for in regions of the world where malaria occurs.
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Chromosomes and the mechanism of
inheritance

The mechanism of inheritance was successfully investigated before chromosomes had been
observed or genes were known about. It was Gregor Mendel who made the first discovery of the
fundamental laws of heredity (Figure 4.13).

Figure 4.13 Gregor
Mendel - founder of
modern genetics

Gregor Mendel was born in Moravia in 1822, the
son of a peasant farmer. As a young boy, he worked
to support himself through schooling, but at the age
of 21 he was offered a place in the monastery at
Bruno (now in the Czech Republic). The monastery
was a centre of research in natural sciences and
agriculture, as well as in the humanities. Mendel was
successful there. Later, he became Abbot.

Mendel discovered the principles of heredity by
studying the inheritance of seven contrasting
characteristics of the garden pea plant. These did
not ‘blend’ on crossing, but retained their identities,
and were inherited in fixed mathematical ratios.

He concluded that hereditary factors (we now
call them genes) determine these characteristics,
that these factors occur in duplicate in parents,
and that the two copies of the factors segregate
from each other in the formation of gametes.

Today, we often refer to Mendel's laws of heredity, but Mendel’s results were not
presented as laws — which may help to explain the difficulty others had in seeing
the significance of his work at the time.

Mendel was successful because:

¢ his experiments were carefully planned, and used large samples

¢ he carefully recorded the numbers of plants of each type but expressed his
results as ratios

¢ in the pea, contrasting characteristics are easily recognised

¢ by chance, each of these characteristics was controlled by a single factor (gene)*
rather than by many genes, as most human characteristics are

e pairs of contrasting characters that he worked on were controlled by factors
(genes) on separate chromosomes*

e in interpreting results, Mendel made use of the mathematics he had learnt.

* Genes and chromosomes were not known then.

Features of the garden pea

Q Q round v. wrinkled seeds
A 4 Wiz
¢
green v. yellow
cotyledons
(seed leaves) TR Kol

dwarf v. tall plants
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At the time of Mendel,
it was thought that the
characteristics of
parents ‘blended’ in
their offspring. What
features of Mendel's
methods enabled him
to avoid this error?

Figure 4.14 The steps of
Mendel's monohybrid
Ccross

Mendel’s investigation of the inheritance of a single contrasting characteristic is known as a
monohybrid cross. Mendel had noticed that the garden pea plant was either tall or dwarf. How
was this contrasting characteristic controlled?

Figure 4.14 summarises the steps of his investigation of the inheritance of height in the pea
plants. Note that his experiment began with plants that always ‘bred true’; that is, the tall plants
produced progeny that were all tall and the dwarf plants produced progeny that were all dwarf,
when each was allowed to self-fertilise. Self-fertilisation is the normal condition in the garden
pea plant.

In Mendel’s interpretation of the monohybrid cross he argued that because the dwarf
characteristic had apparently disappeared in the F, generation and reappeared in the F,
generation, there must be a factor controlling dwarfness that remained intact from one
generation to another. However, this factor did not express itself in the presence of a similar
factor for tallness. In other words, as characteristics, tallness is dominant and dwarfness is
recessive. Logically there must be two independent factors for height, one from one parent and
the other factor from the other parent in the cells of an organism. A sex cell (gamete) must
contain only one of these factors.

Mendel saw that a 3:1 ratio could be the product of randomly combining two pairs of unlike
factors (T and t, for example). This can be shown using a grid, now known as a Punnett grid,
after the mathematician who first used it (Figure 4.15).

Mendel’s conclusions from the monohybrid cross were that:

within an organism there are breeding factors controlling characteristics such as ‘tall’ and ‘dwarf’;
there are two factors in each cell;

one factor comes from each parent;

the factors separate in reproduction, and either can be passed on to an offspring;

the factor for ‘tall’ is an alternative form of the factor for ‘dwarf’;

the factor for ‘tall’ is dominant over the factor for ‘dwarf’.

peas from peas from
pure-breeding tall plants pure-breeding dwarf plants

sown and grown (about 10-15 plants of each)

parental tall plants dwarf plants
generation (P)

crossed

X self-pollination

was prevented
at this stage

many seeds produced
(150-250 seeds typically harvested)
— planted and grown, and found to be
all tall plants

first filial
generation (F,)

flowered and allowed to
self-pollinate

|

seeds produced
(Mendel recorded 1064 seeds)
second filial - planted and grown, and found
generation (F,) to be in the ratio of
3 tall : 1 dwarf plants
(Mendel recorded 787 tall : 277 dwarf, ratio of 2.84 : 1)
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Figure 4.15 Genetic

diagram showing the parental (P) homozygous homozygous o
behaviour of alleles in phenotypes: tall dwarf pea plants are diploid
. so they have two
Mendel's monohybrid genotypes: T y f < copiesof each allele
Cross.
(meiosis) (meiosis)

gametes produced by

meiosis so only have
gametes: <«—  one copy of each allele

the allele for ‘tall" is

dominant over the

) allele for ‘dwarf’ so
offspring (F,) / the F, progeny are
all tall

genotypes: Tt
heterozygous tall each heterozygous
phenotypes: x self parent produces two

kinds of gametes with

respect to the T allele
segregation occurs
during meiosis —

Fy selfed alleles are located
on homologous

chromosomes which
gametes: (meiosis) (me|05|s move to opposite

poles of the spindle

@ ® @_0..

separated into
different gametes
(= Law of Segregation)

®
K this is called a Punnett grid
— it shows all the possible
progeny of the cross

4 TT
homozygous
tall plants

14Tt
heterozygous
tall plants

heterozygous

tall plants here both d and @ gametes

can be T or t, giving four
possible genotypes

4 tt
homozygous
dwarf plants

The fractions represent
the probabilities that
particular gametes and
zygotes (genotypes)
will occur.

offspring (F,)
genotypes: T Tt tt
From the Punnett grid

(Figure 4.15), a ratio genotypes ratio: 1 : 2 : 1
of 3 tall to 1 dwarf L These ratios are likely to

be achieved only when a

pea plants was phenotypes: tall dwarf ]
predicted. In fact, a L :Srgigsgzer of offspring
ratio of 2.84:1 phenotypes ratio: 3 : 1 '

occurred (Figure
4.14). Suggest what
chance events may

e e aeuE Mendel never stated his discoveries as laws, but it might have helped others understand his work
ratios of offspring had he done so. For example, he might have said, ‘Each characteristic of an organism is determined by
obtained in breeding a pair of factors of which only one can be present in each gamete’. Today we call a similar statement
fﬁgje”mems llee Mendel’s First Law, the Law of Segregation: “The characteristics of an organism are controlled by

pairs of alleles which separate in equal numbers into different gametes as a result of meiosis.’
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Genotype, phenotype and the test cross

The alleles that an organism carries (present in every cell) make up the genotype of that
organism. A genotype in which the two alleles of a gene are the same is said to ‘breed true’ or,
more scientifically, to be homozygous for that gene. In Figure 4.15, the parent pea plants (P
generation) were either homozygous tall or homozygous dwarf.

If the alleles are different, the organism is heterozygous for that gene. In Figure 4.15, the
progeny (F, generation) were heterozygous tall.

So the genotype is the genetic constitution of an organism. Alleles interact in various ways
and with environmental factors. The outcome is the phenotype. The phenotype is the way in
which the genotype of the organism is expressed — including the appearance of the organism.
Here the heights of the plants were their phenotypes.

If an organism shows a recessive characteristic in its phenotype (like the dwarf pea) it must have
a homozygous genotype (tt). But if it shows the dominant characteristic (like the tall pea) then it
may be either homozygous for a dominant allele (TT) or heterozygous for the dominant allele (Tt).
In other words, TT and Tt look alike. They have the same phenotype but different genotypes.

You could tell plants like these apart only by the offspring they produced in a particular cross.
When the tall heterozygous plants (Tt) are crossed with the homozygous recessive plants (tt),
the cross yields 50% tall and 50% dwarf plants (Figure 4.16). This type of cross has become
known as a test cross. If the offspring produced had all been tall then we would have known
that the tall plants under test were homozygous plants (TT). Of course, sufficient plants have to
be used to obtain these distinctive ratios.

Figure 4.16 Genetic

diagram of Mendel’s test parental heterozygous homozygous
Cross phenotypes: tall dwarf
genotypes: Tt X tt
(meiosis) (meiosis)

. ®/ N @ @/ N\ @

& 2
$ S
g tt
A homozygous .
R dwarf plants 5(

14 tt
homozygous
dwarf plants

/4 Tt
heterozygous

The fractions represent tall plants

the probabilities that
particular gametes and
zygotes (genotypes)
will occur.

a4 Tt
heterozygous
tall plants

offspring (F,)

genotypes: T tt
Construct a table to
explain the genotypes ratio: 1 : 1
relationship between
Mendel’s Law of

Segregation and phenotypes ratio: 50% : 50%
meiosis.

phenotypes: tall dwarf
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Modification of the 3:1 monohybrid ratio

In certain types of monohybrid cross the 3:1 ratio is not obtained. Two of these situations are
illustrated next.

Codominance — when both alleles are expressed
In the case of some genes, both alleles may be expressed simultaneously, rather than one being
dominant and the other recessive in the phenotype, as has been illustrated up to now. For
example, in the common garden flower Antirrhinum, when red-flowered plants are crossed with
white-flowered plants, the F, plants have pink flowers. When pink-flowered Antirrhinum plants
are crossed, the F, offspring are found to be red, pink and white in the ratio 1:2:1 respectively.
Pink coloration of the petals occurs because both alleles have been expressed in the
heterozygote and two pigment systems are present, rather than that of a dominant allele only.
Red and white are codominant alleles. In genetic diagrams, codominant alleles are represented
by a capital letter for the gene, and different superscript capital letters for the two alleles, in
recognition of their equal influence (Figure 4.17).

Figure 4.17
Codominance in the
garden flower, parental (P)
Antirrhinum phenotypes: red flowers white flowers
genotypes: FRFR AN FWEW
(meiosis m' x (meiosis
gametes: all e Q\‘\') all \\\)\
: A\
N ¢ \
offspring (F,)
genotype: FREW
phenotype: pink flowers ,
\
N W
F, selfed FRFW o FRFW
(meiosis) (meiosis)

self

@/

/

@/

gametes: ) 2

Construct for
yourself (pencil and
paper) a monohybrid
cross between cattle
of a variety that has a
gene for coat colour
with codominant
alleles, for red and
white coats.
Homozygous parents
produce roan
offspring (red and
white hairs together).

Predict what offspring (F,)

offspring you would

expect and in what genotypes: FRFR FRFY FYFY
proportions, when a !

sibling cross genotypes ratio: 1 : 2 : 1
(equivalent to selfing phenotypes: red pink white

in plants) occurs
between roan
offspring.
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Table 4.1 The ABO
blood groups —
phenotypes and
genotypes

Figure 4.18 Inheritance
of blood groupings A, B,
AB, and O

More than two alleles exist for a particular locus

The genes introduced so far exist in two forms (two alleles), like the height gene of the garden
pea, existing as tall or dwarf alleles. That means that in genetic diagrams we can represent alleles
by a single letter (here, T or t) according to whether they are dominant or recessive.

For simplicity we began by considering inheritance of a gene for which there are just two
alleles. However, we now know that not all genes are like this. In fact, most genes have more
than two alleles, and these are cases of multiple alleles.

With multiple alleles, we choose a single capital letter to represent the locus at which the
alleles may occur, and the individual alleles are then represented by an additional single letter
(usually capital) in a superscript position (Table 4.1) — as with codominant alleles. An excellent
example of multiple alleles is found in those controlling the ABO blood group system of humans.
Human blood belongs to one of four groups: A, B, AB or O. Table 4.1 lists the possible
phenotypes and the genotypes that may be responsible for each.

Phenotype Genotypes
A IM1A or 141
B IBIB or IBIi
AB IAIE

o] I

arental (P, i . . )
P (P) I'is recessive I'is recessive

phenotypes: blood group A to 1A blood group B to IB

genotypes: L B
(meiosis) (meiosis)

/o /o
gametes: 1/2 1/2@) 1/2 Vz@

1*and IBare codominant

— they both affect the
phenotype when present
together in the heterozygote.

The fractions represent
the probabilities that
particular gametes and
zygotes (genotypes)

ill . .
wiltoceur I'I' gives blood
group O
offspring
genotypes: A8 Y Bl I
genotypes ratio: 1 : 1 : 1 : 1
phenotypes: blood blood blood blood
group AB group A group B group O
phenotypes ratio: 25% 25% 25% 25%
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So, the ABO blood group system is determined by combinations of alternative alleles. In each
individual, only two of the three alleles exist, but they are inherited as if they were alternative
alleles of a pair. However, I4 and IB are codominant alleles and both I# and I® are dominant to
the recessive I'. In Figure 4.18 the way the alternative blood groups may be inherited is shown.

One busy night in an understaffed maternity unit, four children were born about the same time. Then the
babies were muddled up by mistake; it was not certain which child belonged to which family. Fortunately the
children had different blood groups: A, B, AB and O.

The parents’ blood groups were also known:

Mr and Mrs Jones
Mr and Mrs Gerber

AxB Mr and Mrs Lee BxO
O0xO0 Mr and Mrs Santiago AB x O

The nurses were able to decide which child belonged to which family. Deduce how this was done.

Reviewing the genetic terms learned so far

Table 4.2 lists these essential genetic terms and defines each, succinctly.
Cower the right-hand column with a piece of paper, temporarily, and see if you can define each
correctly, in your own words.

Gene

Allele

Loci

Genotype
Phenotype

Dominant allele

Recessive allele

Homozygous

Heterozygous

Test cross
Codominant alleles
Carrier

Table 4.2 Essential
genetic terms

the basic unit of inheritance by which inherited characteristics are transferred from
parents to offspring, consisting of a length of DNA on a chromosome

one alternative form of a gene, occupying a specific position (locus) on a chromosome

the positions along the chromosomes where genes occur, so alleles of the same gene
occupy the same locus (singular)

the genetic constitution of an organism

the characteristics displayed by the organism — the way in which the genotype is
expressed (appearance of an organism)

an allele that affects the phenotype of the organism, whether present in the
heterozygous or homozygous condition

an allele that affects the phenotype of the organism only when the dominant allele is
absent (in homozygous recessive individuals)

a diploid organism that has inherited the same allele (for any particular gene) from both
parents

a diploid organism that has inherited different alleles from each parent
testing a suspected heterozygote by crossing it with a known homozygous recessive
pairs of alleles that both affect the phenotype when present in a heterozygote

an individual with a recessive allele of a gene that does not affect their phenotype —
especially one responsible for a genetic disorder such as colour blindness or haemophilia
(page 114)

Human inheritance investigated by pedigree chart

Studying human inheritance by experimental crosses (with selected parents, sibling crosses, and
the production of large numbers of progeny) is out of the question. Instead, we may investigate
the pattern of inheritance of a particular characteristic by researching a family pedigree, where
appropriate records of the ancestors exist. A human pedigree chart uses a set of rules. These are
identified in Figure 4.19.

In the human pedigree chart in Figure 4.19 (page 110) state:

who are the female grandchildren of Richard and Judith
who are Alan’s (i) grandparents; (ii) uncles

how many people in the chart have parents unknown to us
the names of two offspring who are cousins.
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Generation

male

parents female

} unaffected
} affected

O

Judith

[}

Richard

male

female

offspring of parental marriage/mating

|

birth sequence of
offspring (siblings)

individuals on the same line

David

Chris Liz

Alan

Figure 4.19 An example
of a human pedigree
chart

Figure 4.20 Pedigree
chart of a family with
albino members

Albino people must be homozygous
for the recessive albino allele (pp).

People with normal skin
pigmentation may be homozygous
normal (PP) or carriers (Pp).

are of the same generation

O

D_

—O O

Anne Louise Charles Alice Henry Sophie
James Sarah William Arthur Diana Frederick Gail
5% union of related individuals
- ] ins) = init .
Patricia Jessica (cousins) = consanguinity Timothy Jonathan Mary

We can use a pedigree chart to detect conditions likely to be due to dominant and recessive
alleles. In the case of a characteristic due to a dominant allele, the characteristic tends to occur
in one or more members of the family in every generation (Figure 4.19). On the other hand, a
recessive characteristic is seen infrequently, often skipping many generations.

For example, albinism is a rare inherited condition of humans (and other mammals) in which
the individual has a block in the biochemical pathway by which the pigment melanin is formed.
Albinos have white hair, very light-coloured skin and pink eyes. Albinism shows a pattern of
recessive monohybrid inheritance in humans (Figure 4.20). In the chart shown of a family with
albino members, albinism occurs infrequently, skipping two generations altogether.

L1d

oL } }amm

Generation

Key
[]
O

normal
skin colour

1 2
]
carrier carrier carrier
X
1]
1 2 3

558 bhoa

This is a typical family tree for inheritance of a
characteristic controlled by a recessive allele.
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Figure 4.21
Brachydactyly, and
pedigree chart of a family
with brachydactylous
genes

10 If a homozygous
normal-handed
parent (nn) were
crossed with a
heterozygous
brachydactylous
parent (Nn)
calculate the
probability of an
offspring with
brachydactylous
hands, using a
Punnett grid.
Construct a genetic
diagram to show
your workings.

Brachydactyly is a rare condition of humans in which the fingers are very short.
Brachydactyly is due to a mutation in the gene for finger length. Unusually, the mutant allele
is dominant, so brachydactyly shows a pattern of dominant monohybrid inheritance among
members of a family in which it occurs; that is, it tends to occur in every generation (Figure 4.21).
Indeed, the frequencies of brachydactylous and normal handed people are similar to those
obtained in a test cross (page 106).

X-ray of bones of hand of normal length Drawing of brachydactylous hand

Pedigree chart of family with brachydactylous alleles

. 4
T I I EEER.
b ad 0hd ho b od b d

y o onbddd Sbbod

In generation | the parents are assumed to be normal male (nn) and brachydactylous
female (heterozygous Nn), as the ratio of offspring is similar to that of a test cross.

individuals

}normal D } brachydactylous

In each subsequent generation about half the offspring are brachydactylous (i.e. Nn or NN)
and half are normal (nn).

Sex chromosomes and gender

In humans, gender is determined by specific chromosomes known as the sex chromosomes. Each
of us has one pair of sex chromosomes (either XX or XY chromosomes) along with the 22 other
pairs (known as autosomal chromosomes).

Egg cells produced by meiosis all carry an X chromosome, but 50% of sperms carry an X
chromosome and 50% carry a Y chromosome. At fertilisation, an egg cell may fuse with a sperm
carrying an X chromosome leading to a female offspring. Alternatively, the egg cell may fuse with a
sperm carrying a Y chromosome, leading to a male offspring. So, the gender of offspring in humans
(and all mammals) is determined by the male partner. Also, we would expect equal numbers of
male and female offspring to be produced by a breeding population, over time (Figure 4.22).
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Figure 4.22 X and Y

chromosomes and the parental (P)

determination of sex phenotypes: human male (6) human female (?)
genotypes: XY XX
(meiosis) (meiosis)

gametes: 1/ @ ', @

offspring (F1)

genotypes: XY XX
phenotypes: male (6) female (?)
phenotypes ratio: 50% 50%

Human X and Y chromosomes and the control of gender

Initially, male and female embryos develop identically in the uterus. At the seventh week of
pregnancy, however, a cascade of developmental events is triggered, leading to the growth of
male genitalia if a Y chromosome is present in the embryonic cells.

On the Y chromosome is the prime male-determining gene. This gene codes for a protein —
the testis-determining factor (TDF). TDF functions as a molecular switch; on reaching the
embryonic gonad tissues, TDF initiates the production of a relatively low level of testosterone.
The effect of this hormone at this stage is to inhibit the development of female genitalia, and to
cause the embryonic genital tissues to form testes, scrotum and penis.

In the absence of a Y chromosome, the embryonic gonad tissue forms an ovary. Then, partly
under the influence of hormone from the ovary, the female reproductive structures develop.

Extension: Non-disjunction and the sex chromosomes

We have noted already that non-disjunction in meiosis results in gametes with more and less
than the haploid number of chromosomes (page 98). Table 4.3 identifies cases that occur in the
determination of gender, and how frequently they arise.

Genotype Condition Incidence at birth

X0 @ Turner’'s syndrome: common at conception, but normally fatal 1in 2500
(99% naturally aborted); infertile adult

XXY o Klinefelter's syndrome: male with feminine features; often infertile; 1 in 1000
typically mildly mentally disabled

Table 4.3 Non- XXX @ normal individual 1in 1000

dislinctioniofEtand XYY & almost normal individual 1in 1000
chromosomes



Figure 4.23 The pairing
of X and Y chromosomes
in meiosis
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Pairing of X and Y chromosomes in meiosis

We know that homologous chromosomes pair up early in meiosis (Figure 4.5, page 95). Pairing is
an essential step in the mechanism of meiosis. However, only a very small part of the X and Y
chromosomes of humans have complementary alleles and can pair up during meiosis. The bulk
of the X and Y chromosomes contain genes that have no corresponding alleles on the other

(Figure 4.23).

The short Y chromosome carries genes specific for male sex determination and sperm
production, including the gene that codes for TDF, which switches development of
embryonic gonad tissue to testes early in embryonic development.

The X chromosome carries an assortment of genes, very few of which are concerned with
sex determination.

We shall examine the effects of some of the alleles of these genes next.

—— pairing
regions Y chromosome

— testis-determining
factor (TDF)

pairing of X and Y chromosomes

S

X chromosome

Duchenne —
muscular
dystrophy

centromeres gene for testis function

During meiosis homologous
chromosomes pair. When
chromosomes pair, two X
chromosomes will do so along
their whole length, but X and
Y chromosomes have few
corresponding alleles and they
pair for only a short part of
their length.

Sites of particular

genes are shown
> <— these parts of the

chromosomes

haemophilia B repel each other

red-green colour blindness

J

haemophilia A

Sex linkage

Genes present on the sex chromosomes are inherited with the sex of the individual. They are
said to be sex-linked characteristics.

Sex linkage is a special case of linkage occurring when a gene is located on a sex
chromosome (usually the X chromosome).

The inheritance of these sex-linked genes is different from the inheritance of genes on
the autosomal chromosomes. This is because the X chromosome is much longer than the
Y chromosome (because many of the genes on the X chromosome are absent from the
Y chromosome). In a male (XY), an allele present on the X chromosome is most likely to be
on its own and will be apparent in the phenotype even if it is recessive.

Meanwhile, in a female, a single recessive gene is often masked by a dominant allele on the
other X chromosome, and in these cases the recessive allele is not expressed. A human female
can be homozygous or heterozygous with respect to sex-linked characteristics whereas males will
have only one allele.

An individual with a recessive allele of a gene that does not have an effect on their phenotype
(i.e. is heterozygous for that allele) is known as a carrier. They carry the allele but it is not
expressed. So, female carriers are heterozygous for sex-linked recessive characteristics. Of course,
the unpaired alleles of the Y chromosome are all expressed in the male. However, the alleles on
the (short) Y chromosome are mostly concerned with male structures and male functions.

Examples of recessive conditions controlled by genes on the X chromosome are: Duchenne
muscular dystrophy, red—green colour blindness, and haemophilia. In the case of these
genetically controlled diseases, if a single recessive allele is present in a male human, the
disease-triggering allele will be expressed. However, a female must be homozygous recessive for a
sex-linked characteristic for the allele to be expressed.



GENETICS

Figure 4.24 Detection
and inheritance of
red—-green colour
blindness

Colour blindness is detected
by multicoloured test cards.
A mosaic of dots is arranged
on the cards so that those
with normal vision see a
pattern that is not visible to
those with colour blindness.

State how the
genetic constitution
of a female who is
red—green colour
blind is represented.
Explain why it is
impossible to have a
‘carrier’ male.

Red—green colour blindness
A red—green colour blind person sees green, yellow, orange and red as all the same colour. The
condition afflicts about 8% of males, but only 0.4% of females in the human population. This is
because a female with normal colour vision may by homozygous for the normal colour vision
allele (XBXB) or she may be heterozygous for normal colour vision (XBX?). For a female to be
red—green colour blind, she must be homozygous recessive for this allele (X?XP), and this occurs
extremely rarely. On the other hand a male with a single recessive allele for red—green colour
vision (XPY) will be affected.

The inheritance of red—green colour blindness is illustrated in Figure 4.24. It is helpful for
those who are red—green colour blind to recognise their inherited condition. Red—green colour
blindness is detected by the use of multicoloured test cards.

parental (P)

phenotypes: carrier female (Q) X normal male ((S)
_ xB xb xby
genotypes: (meiosis) (meiosis)
gametes: 1/, 7, /5 /5 @

offspring (F1)

genotypes: xBxB xBxb xBy xby
phenotypes: normal carrier normal colour blind
%{_/ %{_/
females males
Q@) A&
Haemophilia

If a break occurs in the circulatory system of a mammal, there is a risk of uncontrolled bleeding.
This is normally overcome by the blood clotting mechanism that causes any gap to be plugged
(page 349). Haemophilia is a rare, genetically determined, condition in which the blood will not
clot normally. The result is frequent, excessive bleeding.

There are two forms of haemophilia, known as haemophilia A and haemophilia B. They are
due to a failure to produce adequate amounts of particular blood proteins essential to the
complex blood clotting mechanism. Today, haemophilia is effectively treated by the
administration of the clotting factor the patient lacks.

Haemophilia is a sex-linked condition because the genes controlling production of the blood
proteins concerned are located on the X chromosome. Haemophilia is caused by a recessive
allele. As a result, haemophilia is largely a disease of the male since a single X chromosome
carrying the defective allele (X®Y) will result in disease. For a female to have the disease, she
must be homozygous for the recessive gene (X"X®), but this condition is usually fatal in the
uterus, typically resulting in a natural abortion.



Chromosomes and the mechanism of inheritance

A female with only one X chromosome with the recessive allele (XHX?) is described as a
carrier. She has normal blood clotting. When a carrier is partnered by a normal male, there is a
50% chance of the daughters being carriers and a 50% chance of the sons having haemophilia
(Figure 4.25).

Figure 4.25 The
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inheritance of P ®
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Haemophilia results
from a sex-linked

gene. The disease is offspring (F,)
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males, but the genotypes: XHXH XHxh xHy xhy
haemophilia allele is ) -
on the X phenotypes: normal carrier normal haemophiliac
chromosome. D —
Explain this females males

apparent anomaly. (9) (o)




GENETICS

Questions 1-4 are taken from past IB Diploma
biology papers.

Q1 Which response summarises meiosis?

Pairing of Number of Result
chromosomes divisions
A no one two diploid cells
B no two four diploid cells
C vyes one two haploid cells
D yes two four haploid cells

Higher Level Paper 1, May 02, Q8

Q2 The diagram below shows the pedigree of a family
with red—green colour blindness, a sex-linked

condition.
1st generation .
1 2

2nd generation

1 2 3 4 5
3rd generation

1 2 3 4

Key
normal male

normal female

male with condition

female with condition

ONO

a Define the term sex linkage. (1)
b Deduce, with a reason, whether the allele
producing the condition is dominant or

recessive. (2)
¢ i Determine all the possible genotypes of the
individual (2nd generation-1) using
appropriate symbols. (1)

ii Determine all the possible genotypes of the
individual (3rd generation-4) using
appropriate symbols. (1)

Standard Level Paper 2, May 03, Q2

Q3

Q4

What is the genetic cross called between an
individual of unknown genotype and an individual
who is homozygous recessive for a particular trait?
A test cross
B hybrid cross
C dihybrid cross
D F, cross

Higher Level Paper 1, May 06, Q11

When red shorthorn cattle are crossed with white
shorthorn cattle, the offspring are roan, a colour
that has both red and white hairs. What does this
cross illustrate?
A codominance
B multiple alleles
C sexlinkage
D mutation

Standard Level Paper 1, May 03, Q15

Questions 5 and 6 cover other syllabus issues in
this chapter.

Q5

Q6

Mendel carried out a breeding experiment with
garden pea plants in which pure-breeding pea
plants grown from seeds with a smooth coat were
crossed with plants grown from seeds with a
wrinkled coat. All the seeds produced (called the

F, generation) were found to have a smooth coat.

When plants were grown from these seeds and

allowed to self-pollinate, the second generation of

seeds (the F, generation) included both smooth

and wrinkled seeds in the ratio of 3:1.

a In Mendel's explanation of his results he used
the term "hereditary factor’. Identify our term
for ‘factors’ and state where in the cell they
occur. (2)

b The parent plants have diploid cells, while the
gametes (sex cells) are haploid. Define what we
mean by haploid and diploid. 4)

¢ By reference to the above experiment, define the
following terms and give an example of each:

i homozygous and heterozygous 4)
ii dominant and recessive 4)
ili genotype and phenotype. 4)

d Using appropriate symbols for the alleles for
smooth and wrinkled coat, construct a genetic
diagram (including a Punnett grid) to show the
behaviour of the alleles in this experiment.  (6)

a Define the term mutation. (2)

b By means of specific examples, explain the
difference between chromosome mutation and
gene mutation. 4)



Genetic engineering and
biotechnology

STARTING POINTS Chromosomes are a linear sequence of genes. They consist of a length of DNA
double helix, hundreds or thousands of base pairs long.
The sequence of bases in nucleic acid forms the genetic code. The code dictates the
order in which specific amino acids are assembled and combined to make proteins.
The code is universal to prokaryotes and eukaryotes.
Many of the proteins coded for by genes and produced in cells function as enzymes.
Reactions of metabolism are catalysed by specific enzymes.
Bacteria are prokaryotes and have a distinctive cell structure. They lack chromosomes
enclosed in a nucleus, but have a nucleoid - a single, circular chromosome of DNA in
the cytoplasm, attached to the plasma membrane.

The practical skill of animal and plant breeding made possible the first great revolution in
human history. This is known as the Neolithic Revolution. [t commenced after the last Ice Age,
about 10 000 years ago. At this time, groups of Homo sapiens stopped their nomadic existence
and became farmers in settled communities.

The greatest achievement of these Neolithic (new stone age) peoples was the breeding of
domesticated animals and the cultivation of many crop plants, all from the wild stock around
them. This technology, now called artificial selection, was developed without theoretical
knowledge of heredity. Many of the plant and animal species of modern farming were first bred
at this time.

Today a new type of genetic modification is also in use. Genes from one organism are
transferred to the set of genes (the genome) of another, unrelated organism. The process is
called recombinant DNA technology or genetic engineering. The outcomes are new varieties
of organisms, mostly but not exclusively of microorganisms such as bacteria. Genetic material
can be transferred because the genetic code is universal (page 251). This means that any
particular triplet code represents the same amino acid whether it is being read in a
bacterium, cyanobacterium, green plant, fungus or animal. Thus the amino acid sequence of
the protein coded for by the gene is the same wherever that gene occurs or is placed.

Gene technology has important applications in, for example, the pharmaceuticals industry,
medicine, agriculture, horticulture and forensic science. It is a branch of biotechnology — the
industrial and commercial application of biology. Another aspect of biotechnology is the
industrial exploitation of enzymes (page 61).

1 Define the terms
‘genome’ and ‘gene’.
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The steps of genetic engineering

The five steps of genetic engineering are discussed, each in turn, below.

Isolating the gene from the source genome

The long double strand of DNA of a chromosome is functionally divided into genes, the units of
inheritance. A chromosome holds a linear sequence of very many genes. For example, there is an
average of 2200 genes on each human chromosome. Genes are variable in their length, but
usually consist of hundreds or thousands of bases. Each gene codes for a particular protein. For
genetic engineering to take place, individual genes may have to be isolated (and eventually
identified).

How can one gene be found and isolated among so many?
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Figure 5.1 The
extraction of DNA - the
procedure or protocol
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DNA may be extracted from tissue samples by mechanically breaking up the cells, filtering off
the debris, and breaking down cell membranes by treatment with detergents. After this, the
protein framework of the chromosomes, often called a scaffold, is removed by incubation with a
protein-digesting enzyme (protease). As a result the DNA is now present as long naked threads
and can be isolated from the mixture of chemicals by precipitation with ethanol; it is thus
‘cleaned’ (Figure 5.1). The DNA strands are then re-suspended in aqueous, pH-buffered medium
and are ready for ‘slicing’ into fragments.

2 State the products of digestion of proteins by protease enzymes.

Cutting up of DNA

Genetic engineering really began with the discovery of restriction endonucleases (restriction
enzymes). These enzymes occur naturally in bacteria. Here they protect against the activity of
viruses by cutting up viral DNA that enters the bacterium, and thereby completely inactivating
it. Viral DNA might otherwise take over the host cell. The viruses that specifically parasitise
bacteria have a special name. They are called bacteriophage or phage. Restriction enzymes were
so named because they restrict the multiplication of phage viruses.

Many different restriction enzymes have been discovered and purified, and today they are used
widely in genetic engineering experiments. Restriction enzymes cut at particular base sequences,
and are of two types, forming either blunt ends or sticky ends to the cut fragments. Sticky ends
are single-stranded extensions formed in the double-stranded DNA after ‘digestion’ with a
restriction enzyme that cuts in a staggered fashion (Figure 5.2).

In experiments, a selected restriction enzyme is used to cut the DNA extracted from cells of
an organism known to carry a required gene.

Figure 5.2 The role of
restriction endonucleases restriction
(restriction enzymes) enzyme =/

DNA strand in pH-buffered
medium, incubated with
restriction enzyme

restriction enzymes are of two types

Producing blunt ends according to how the DNA is cut

Producing sticky ends

e.g. Pvoll from Proteus vulgaris e.g. EcoRl from Escherichia coli
cuts at CAGCTG cuts at GAATTC
s I . e R .
T T 7T T T T T T 1T 1T T T 7T T ;T T T T 1T 1T
MM T el RO S I N
/GT;GTC!GACETA G T!ICTTAAG:ITA
1 1 1 1 1 :_1___I___I__'I 1 ! 1 _I___l__l___l_-:_l___l_-'l L
hydrogen bonds \ - /
between bases restlnctlon
blunt sites sticky
T T T T T T T T T T T 1
CACAGAaEC T 6AT ¢ A EATTCA
G T GTC G ACTA cCT'TA A G T
1 1 1 1 1 1 1 1 1 1
restriction sites of other enzymes:
GTT:AAC G:GATCC
Hpal CAATTG * restriction sites are BamH CCTAGG
CCG:GG 4 or 6 base pairs long . AIAGCTT
Hpall ¢ dle e Hindll TTCGANA

Restriction enzymes are named after the microorganisms they are found in. Roman numbers are added
to distinguish different enzymes from the same microorganism.

3 Outline why we describe DNA as double stranded.
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Isolating DNA fragments — electrophoresis

Electrophoresis is a process used to separate particles, including biologically important molecules
such as DNA, RNA, proteins and amino acids. Electrophoresis is typically carried out on an
agarose gel (a very pure form of agar) or on polyacrylamide gel (PAG). Both these substances
contain tiny pores which allow them to act like a molecular sieve. Small particles can move
quite quickly through these gels whereas larger molecules move much more slowly.

Biological molecules separated by electrophoresis also carry an electrical charge. In the case of
DNA, it is the phosphate groups in DNA fragments that give them a net negative charge.
Consequently, when these molecules are placed in an electric field they migrate towards the
positive pole.

So, in electrophoresis, separation occurs according to the size of the molecule and the charge
carried. This is the double principle of electrophoretic separations. Separation of DNA fragments
produced by the actions of restriction enzyme is shown in Figure 5.3.

Figure 5.3 electrophoresis in progress
Electrophoretic separation
of DNA fragments  power supply (battery — maximum
voltage 45 volts) buffer solution

/

wells (DNA samples loaded —

here after treatment with—" -~
restriction enzyw/ S — electrode (carbon fibre)
_— -~ —negative

_—

gel (of agrose or
polyacrilamide) supported
on glass plate

DNA electrophoretogram

DNA separates into bands
of different sized 1 1 | |
fragments while the
potential difference is
maintained (time depends
on voltage supplied)

positive\;\—
electrode 3 e

subsequently:

the DNA fragments in the gel are made
visible, typically by the addition of a specific
dye which penetrates and colours the
bands of DNA fragments )

Vectors for cloning

Electrophoresis is used to sort the DNA fragments by size. The required gene will occur in
fragments of a particular size (Figure 5.4). The gene fragment required can be identified
eventually, after it has been copied (a process known as cloning). For these steps to be carried
out, the gene has to be added to a vector by which it is transferred to a receiving organism.
These steps and techniques of genetic engineering are outlined next.

In biology, a vector is an agent that transports between one organism and another. In genetic
engineering, a vector is ‘carrier DNA’ into which a DNA fragment containing a particular gene
can be inserted, and which is then used to introduce the gene into a new organism. One such
vector is commonly found in bacteria.

A bacterium such as E. coli (page 16) contains two types of genetic material. One is the long,
double strand of DNA in the form of a ring, which we can think of as a single, circular
chromosome. This is called the nucleoid.
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Figure 5.4 Locating the
required gene
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cuts DNA strands into fragments
of differing lengths at the
restriction sites. One fragment
will contain the required gene.

Figure 5.5 Plasmids as
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The other type of DNA in bacteria takes the form of numerous smaller rings, called plasmids
(Figure 5.5). Plasmids are easily isolated from a bacterium and can be re-introduced to a bacterial
cell, too. They are therefore extremely useful as vectors. In the bacterium, plasmids copy
themselves (replicate) independently of the chromosome, so any gene added to a plasmid is also
copied many times. This is how the isolated gene is cloned, once inside a bacterial cell.

Using plasmids as vectors

To prepare isolated plasmids as vectors, a restriction enzyme that forms sticky ends is used to cut
open the plasmid. The same restriction enzyme is used to cut out the gene from longer strands of
DNA, previously separated by electrophoresis. In this way, both will carry complementary sticky
ends. Then the opened plasmids and the gene-containing fragments may be combined together
by a second enzyme, ligase.
Ligase occurs naturally in the nuclei of organisms where it will repair DNA damaged in

replication. Ligase catalyses the joining of sugar—phosphate backbones of adjacent DNA strands
(a process called annealing), after their sticky ends have aligned by complementary base pairing

(Figure 5.6).

Figure 5.6 The action of
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Finally, genetically engineered plasmids are re-introduced to the bacterium. This may occur by
4 State the property of  mixing bacterial cells and engineered plasmids in the presence of a salt (calcium chloride) which
DNA that makes makes the bacterial cell walls especially permeable to plasmids. Some of the recombinant
complementary sticky plasmids enter the cytoplasm of the bacteria. Because the genetic code is universal, the
ends hold together. . ) .
bacterium can translate the code and produce the gene’s protein product.

Current uses of genetically modified organisms

Genetically modified (GM) bacteria, animals and plants all have roles in the world we live in
today.

The production of transformed bacteria

One of the earliest applications of the techniques of genetic engineering was in the production
of GM bacteria containing human genes, or genes taken from other eukaryotes. The manufacture
of human growth hormone by the pharmaceutical industry is a good example.

Human growth hormone (hGH), also known as somatostatin, is one of a group of hormones
normally synthesised in the pituitary gland and circulated around the body in the blood stream.
[t stimulates growth of body cells, particularly those of the skeleton and skeletal muscles. It
works by enhancing cell protein synthesis, and the uptake of amino acids by the plasma
membrane, from the plasma and tissue fluid. Also, it enhances conversion of glycogen to glucose
in the liver, so tending to cause blood sugar level to rise.

Failure to secrete sufficient hGH in children and young people in their growth years leads to a
condition called pituitary dwarfism. This can be overcome by a series of injections of hGH
(Figure 5.7). It proved extremely difficult to extract a significant quantity of the equivalent
hormone from, for example, sheep — and such hormone was largely not effective in humans.
Hence the importance of a supply of hGH
from GM bacteria.

This hormone is produced from cultures of
the bacterium E. coli that have been
engineered to carry the gene for hGH. This is
a mutant form of E. coli — one that requires
special laboratory conditions to survive at all.
This is an obvious safety precaution, since
otherwise genetically engineered bacteria
might escape and exchange genes with a gut
population of E. coli, with possibly
unpredictable consequences.

Interestingly, hGH is a short protein (a
polypeptide, in this case), only 14 amino acid
residues in length. Consequently, it was found
easier to manufacture an artificial gene coding
for the hormone, than to isolate the real gene
from human chromosomes. The artificial gene
was inserted into plasmids and introduced into
host bacteria. Transformed bacteria with the
hGH gene ‘switched on’ are cultured in large
vats called fermenters, where they produce
hGH polypeptide in significant quantities.
This is extracted and purified from the culture
medium.

Figure 5.7 This 11-year-
old boy required
treatment with genetically
engineered hGH to
overcome the effects of
childhood deficiency of
the hormone, which
resulted in dwarfism;
regular injections were
given and the effects
monitored

5 Calculate the minimum number of nucleotides an artificial gene (a polynucleotide) coding for hGH would
need in length, given that in addition to codons for 14 amino acids, ‘stop’ and ‘start’ codons are also required,
and the plasmid vector has to be ‘cut open’ with EcoRl restriction enzyme (Figure 5.2) to create sticky ends.
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6 Explain why a gene
that is inserted into
the nucleus of a
fertilised egg cell is
also passed to the
progeny of the
animal that forms
from the zygote.

7 Explain why plants
formed from the gall
tissue will contain the
recombinant gene
that has been added
to the Ti plasmid.

In eukaryotes

Manipulating genes in eukaryotes is a more difficult process than in prokaryotes. There are
several reasons for this, including the following.

m Plasmids, the most useful vehicle for moving genes, do not occur in eukaryotes (except in
yeasts) and, if introduced, do not always survive there to be replicated.

m Eukaryotes are diploid organisms, so two forms (alleles) for every gene are required to be
engineered into the nucleus. By comparison, prokaryotes have a single, circular ‘chromosome’,
so only one copy of the gene has to be engineered into their chromosome.

Producing transgenic animals

Transgenic organisms have genetic material introduced artificially from another organism.
Despite the difficulties of engineering eukaryotic cells, several varieties of transgenic animal have
been produced. For example, transgenic sheep have been successfully engineered to produce in
their milk rare and expensive human proteins that may be useful as medicines.

One example is the production of a special human blood protein, known as AAT. Production
of AAT protein in our bodies enables us to maintain lung elasticity which is essential in
breathing movements. Patients with a rare genetic disease are unable to manufacture AAT
protein at all, and they develop emphysema (destruction of the walls of the air sacs, so that the
lungs remain full of air during expiration).

The chemical industry is unable to manufacture AAT protein in the laboratory on a practical
scale. However, the human gene for AAT protein production has been identified and isolated,
and it has been cloned into sheep, together with a promoter gene (a sheep’s milk protein
promoter) attached to it. Consequently the sheep’s mammary glands produce the human protein
and secrete it in their milk, during lactations (Figure 5.8). Thus, human AAT protein is made
available for use with patients.

Another product important to medicine is the human blood clotting factor known as factor
IX, now obtained from the milk of GM sheep for use with patients whose bodies are unable to
synthesise this protein.

Producing transgenic plants

Many commercially valuable plant species have been genetically engineered and field trials
undertaken. The crops most involved are cotton, tobacco, oilseed rape, maize, potatoes, soya and
tomatoes. The improvements achieved include:

= herbicide resistance in crop plants, so that application of weed killer will remove weeds
without harm to the crop (Figure 5.10, page 128);

m rice varieties that contain § carotene (vitamin A precursor);

= tomato varieties able to ripen on the plant and develop full flavour, without rotting quickly
when picked and marketed as red fruit (traditionally, tomatoes are picked green and induced
to ripen but in this state they may lack flavour);

m resistance to insect pests — crop plant tissue contains a naturally occurring insecticide which is
harmless to other animal species;

m oilseed rape varieties that make and store commercially useful oils;

m thale cress (Arabidopsis thaliana), engineered as a cheap, renewable source of the biodegradable
plastic called polyhydrobutyrate (most plastics come from petrochemicals and are slow to
degrade; reserves of petrochemicals are limited).

Transgenic flowering plants may be formed using tumour-forming Agrobacterium. This soil-
inhabiting bacterium sometimes invades broad-leaved plants at the junction of stem and root,
forming a huge growth called a tumour or crown gall. The gene for tumour formation occurs
naturally in a plasmid in the bacterium, known as a Ti plasmid. Useful genes may be added to
the Ti plasmid, using restriction enzyme and ligase, and the recombinant plasmid placed back
into Agrobacterium. A host crop plant is then infected by the modified bacterium. The gall
tissue that results may be cultured into independent plants, all of which also carry the useful
gene. All the plants will make the particular useful gene product that has been introduced
(Figure 5.9).
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Figure 5.9 Transgenic
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Issues raised by genetic engineering

There are many examples of genetic modification of organisms that are beneficial. However,
geneticists are really producing new organisms when genes are transferred. Consequently, this
work is potentially a source of hazards and it certainly generates concerns. These include the
following.

m Will a gene, added to a genome, function in an unforeseen manner — perhaps, for example,
triggering some disease in the recipient?

m Might an introduced gene for resistance to adverse conditions get transferred from a crop plant
or farm animal into a weed species or to some predator?

m Is it possible that a harmless organism such as the human gut bacterium E. coli might, with
recombinant DNA technology, be transformed into a harmful pathogen that escapes the
laboratory and infects the population?

m Is there an important overriding principle that humans should not ‘change nature’ in a
deliberate way?

m Genetic engineering is a costly technology, mostly beneficial to the health and life expectancy
of people of developed nations. If the funds were made available for more basic problems of
housing, health and nutrition in less developed countries instead, vastly more humans would
benefit immediately.

An evaluation of the potential benefits and possible harmful effects of genetic modification of
plants is presented in the following case study (Table 5.1 and Figure 5.10).

Case study: Consider the production of herbicide-tolerant crops, such as sugar beet modified to
be tolerant of glyphosate herbicide applications. This herbicide normally kills plants it comes in

Table 5.1 Benefits from
and dangers of GM
herbicide tolerance in a
crop plant such as sugar
beet

contact with, but is inactivated in a ‘tolerant’ plant (Figure 5.10).

Benefits

Use of herbicide eradicates weeds around sugar beet
crops, where loss of yield due to competition with
weeds is very high.

Glyphosate herbicide is transported all around the
weed plant, killing even the largest weeds with
extensive roots.

Glyphosate inhibits an enzyme for the production of
essential amino acids in plants. This enzyme is absent
from animals, so glyphosate has very low toxicity.

An average of five sprays of herbicides are applied to
sugar beet in conventional cultivation, whereas with
GM sugar beet a maximum of three spays (and
normally only one or two) are needed because of the
greater activity of glyphosate.

Cereals normally precede spring-sown sugar beet.
Cereal stubble is an important source of food for bird
life in autumn and winter. With glyphosate herbicide
applied to GM beet being so effective, there is no

need for weed control in stubble the preceding autumn
— so wild birds’ food sources are available for longer.

Glyphosate herbicide provides good weed control,
allowing cultivation by discs or tines (conservation
tillage) rather than by ploughing. These systems have
less harmful effects on soil organisms, and increase
moisture, improve soil structure, and reduce tillage costs.

Glyphosate herbicide is applied as large droplets from
coarse nozzles, rather than as a fine mist of tiny
droplets that are prone to drift onto surrounding
habitats.

Dangers

Fewer weed species on farmland, and longer periods
without weeds growing, breaks the wildlife food chain.

Selection of a glyphosate-resistant crop plant ties the
grower to one particular herbicide product — choice is
lost.

Will GM plant material, when consumed by humans,
release novel toxins or otherwise adversely affect
enzyme systems in the human digestive system?

Genetically engineered genes are vectored in plasmids
containing an antibiotic-resistant gene — to facilitate
GM processes in the lab. This latter gene might be
accidentally transferred to human gut bacteria, via food
eaten.

‘Superweeds’ may develop by cross-pollination
between herbicide-tolerant crop plants and compatible
weed species (fat-hen, sea beet and weed beet are
naturally occurring near relatives of sugar beet).
Superweeds would be difficult to eradicate from crops.

There is a possibility of cross-pollination between GM
crops and conventional and organic crops. The
maintenance of sufficient distance or the devising of
effective barriers to prevent or reduce pollen transfers
between crops may be difficult to achieve.

If glyphosate herbicide droplets do reach hedgerow
plants (or further), their size and chemical activity in
plants means they are more likely to do damage.
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Figure 5.10 Herbicide-
tolerant sugar beet and
the action of glyphosate

glyphosate applied in solution
via a spray boom

herbicide is absorbed by
foliage it comes in contact
with and is transported all
around plants (systemic
herbicide)

GM sugar beet contains gene for glyphosate inhibits enzymes
enzyme that inactivates for amino acid formation —

glyphosate (gene obtained from quickly disrupting the weed
naturally occurring soil bacteria) plant’s metabolism

sugar beet grows free of
competition with weeds for
light and mineral ions

weeds die and decay

8 Suggest what advantage would result from the eventual transfer of genes for nitrogen fixation from nodules
in leguminous plants to cereals such as wheat.

TOK Link

‘Frankenstein foods!" Occasional articles in the press make strong criticisms of genetic modification of food
organisms, sometimes with alarmist headlines. Select such an article and prepare the following to use in a
discussion with your peers:

1 a concise summary of the criticisms made, avoiding extremist language or unnecessary exaggeration
2 a list of balancing arguments in favour of genetic modification of food organisms

3 a concise statement of your own view on this issue.
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DNA profiling

DNA profiling exploits the techniques of genetic engineering to identify a person or organism
from a sample of their DNA. The DNA of our chromosomes, which is unique, includes that of
our genes.

Actually, the bulk of our DNA does not code for proteins. In these regions, short sequences of
bases are repeated many times. While some of these sequences are scattered throughout the
length of the DNA molecule, many are joined together in major clusters. It is these major
lengths of the non-coding, ‘nonsense’ DNA, often known as satellite DNA, that are used in
genetic profiling. Between 10% and 25% of our total DNA is made up of short sequences of
5-10 nucleotides (microsatellites) repeated thousands of times. We inherit a distinctive
combination of these apparently non-functional repeat regions, half from our mother and half
from our father. Consequently, each of us has a unique sequence of nucleotides in our DNA
(except for identical twins, who share the same pattern).

To produce a genetic ‘fingerprint’ a sample of DNA is cut with a restriction enzyme which
recognises specific sequences in the DNA. Electrophoresis (Figure 5.3, page 120) is used to
separate pieces according to length and size, and the result is a pattern of bands similar to a bar
code (Figure 5.11). The steps to produce a DNA fingerprint are as follows.

1 A sample of cells is obtained from blood, semen, hair root, or body tissues, and the DNA is
extracted. Where a tiny quantity of DNA is all that can be recovered, this is precisely copied
(polymerase chain reaction, below) to obtain sufficient DNA to analyse.

2 The DNA is cut into small, double-stranded fragments using a particular restriction enzyme
chosen because it ‘cuts’ close to, but not within, the satellite DNA.

3 The resulting DNA fragments are of varying lengths, and are separated by gel electrophoresis
into bands (invisible, at this stage).

4 The gel is treated to split DNA into single strands, and then a copy is transferred to a
membrane.

5 Selected, radioactively labelled DNA probes are added to the membrane to bind to particular
bands of DNA, and then the excess probes are washed away.

6 The membrane is now overlaid with X-ray film which becomes selectively fogged by emission
from the retained labelled probes.

7 The X-ray film is developed, showing up the positions of the bands (fragments) to which
probes have attached. The result is a profile with the appearance of a bar code.

DNA profiling has applications in forensic investigations

DNA profiles are produced from samples taken from serious crime scenes, both from victims and
suspects, as well as from others who have certainly not been involved in the crime, as a control.
The greatest care has to be taken to ensure the authenticity of the sample. There must be no
possibility of contamination if the outcome of subsequent testing is to be meaningful. DNA
profiling helps eliminate innocent suspects, and to identify a person or people who may be
responsible or related. It cannot prove with absolute certainty anyone’s guilt or connection. An
example is shown in Figure 5.11.

Crimes such as suspected murder and burglaries may be solved in cases where biological
specimens are left at the scene of the crime, such as a few hair roots or a tiny drop of blood.
Also, specimens may be collected from people suspected of being present at the crime. DNA
fingerprinting may also help forensic scientists identify corpses otherwise too decomposed for
recognition, or where only parts of the body remain, as may occur after bomb blasts or other
violent incidents, including natural disasters.

Note: There are various circumstances where the amount of DNA available or which can be
recovered (such as at a crime scene) is very small indeed — apparently too little for analysis, in
fact. It is now possible to submit such minute samples to a process known as the polymerase
chain reaction (PCR) in which the DNA is replicated in an entirely automated process, in witro,
to produce a large amount of the sequence. A single molecule is sufficient as the starting
material, should this be all that is available. The product is exact copies in quantities sufficient
for analysis.
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Figure 5.11 DNA profiles
used to investigate
relatedness

1 DNA profiles used to establish family
relationships

Is the male (F) the parent of both children?

Examine the DNA profiles shown to the
right.

Look at the children’s bands (C).

Discount all those bands that correspond to
bands in the mother’s profile (M).

The remaining bands match those of the
biological father.

DNA fingerprinting has been widely applied
in biology. In ornithology, for example,
DNA profiling of nestlings has established a
degree of ‘promiscuity’ in breeding pairs,
the male of which was assumed to be the
father of the whole brood. In birds, the
production of a clutch of eggs is extended
over a period of days, with copulation and
fertilisation preceding the laying of each
egg. This provides the opportunity for
different males to fertilise the female.

2 DNA profiling in forensic
investigation

Identification of criminals

At the scene of a crime (such as a murder
or burglary), hairs — with hair root cells
attached — or blood may be recovered. If
so, the resulting DNA profiles may be
compared with those of DNA obtained
from suspects.

Examine the DNA profiles shown to the
right, and suggest which suspect should be
interviewed further.

Identification in a rape crime involves
the taking of vaginal swabs. Here, DNA
will be present from the victim and also
from the rapist. The result of DNA analysis
is a complex profile that requires careful
comparison with the DNA profiles of the
victim and of any suspects. A rapist can be
identified with a high degree of certainty,
and the innocence of others established.

Identification of a corpse which is
otherwise unidentifiable is achieved by
taking DNA samples from body tissues and
comparing their profile with those of close
relatives or with DNA obtained from cells
recovered from personal effects, where
these are available.
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DNA profiling has applications in determining paternity

Another very important application of DNA profiling is in issues of parentage. A range of
samples of DNA of the people who are possibly related are analysed side by side. The banding
patterns are then compared (Figure 5.11). Because a child inherits half his DNA from his mother
and half from his father, the bands in a child’s DNA fingerprint that do not match his mother’s
must come from the child’s father.

DNA profiling also has wide applications in studies of wild animals — for example, concerning
breeding behaviour, and in the identification of unrelated animals as mates in captive breeding
programmes of species in danger of extinction. Note the use of a DNA profile in Figure 5.13
(page 134), for example.

9 Distinguish between the following pairs:

a genotype and genome

b restriction endonuclease and ligase

¢ 'blunt ends’ and sticky ends’

d bacterial chromosome and a plasmid.

Human Genome Project

The Human Genome Project (HGP), an initiative to map the entire human genome, is a
publicly funded project that was launched in 1990.

The ultimate objectives of the HGP were to discover the location of each human gene and
the base sequence within its DNA structure.

The work was shared among more than 200 laboratories around the world, avoiding duplication
of effort. However, in 1998 the task became a race when a commercially funded company set out
to achieve the same outcome in only three years, by different techniques. Because of a fear that a
private company might succeed, patent the genome, and then sell access to it (rather than
making the information freely available to all), the HGP teams accelerated their work.

In fact, both teams were successful well ahead of the project completion dates. On the 26th
June 2000, a joint announcement made at the White House in Washington DC (USA)
established that the sequencing of the human genome had been achieved. At the same time as
the HGP had got under way, teams of scientists set about the sequencing of the DNA of other
organisms, and more than 30 have been completed to date.

Outcomes of the HGP

Ultimately, most if not all aspects of biological investigation will be enhanced by the outcomes
of this project. At this stage, we can illustrate the impact of the HGP with three examples.

How many individual genes do we have and how do they work?

The three billion bases that make up the human genome represent 30 000 to 45 000 genes — far
fewer than the expected 100 000. This is only a few thousand more than the genes of a sea
urchin. Even Drosophila (the fruit fly) has almost half our number. A rice plant has many more
genes than a human — up to 55 000 genes.

How is the structural, physiological and behavioural complexity of humans delivered by so relatively

few genes?

The secret of our complexity may lie not in the number of our genes but how we use them.
Promoters and enhancers are associated with many genes and may determine which cells express
genes, when they are expressed, and at what level.

Another issue is the effect of experience. The genetic code of DNA is not altered by the
environment (except in cases of mutation) — information flows out of genes and not back into
them. However, while our genes are immune to direct outside influence, can our experience
regulate the expression of particular genes? Genes may be switched on and off by promoters, and
this may occur in response to external factors. If so, our genes may be responding to our actions
as well as causing them.

This field of investigation is in its infancy compared with its likely final impact.
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Figure 5.12 Familial
hypercholesterolaemia
(FH); correcting liver cell
functions

10 Suggest the factors
that tend to maintain
the levels of alleles
for a genetic disease
within a population,
despite their
unfavourable effects
on quality and length
of life of those
affected.

Locating the cause of genetic disease
Another outcome of the HGP is the ability to locate genes responsible for human genetic
diseases. Genetic diseases cause suffering in about 1-2% of the population.

More than half of all genetic diseases are due to a mutation of a single gene, and the mutant
gene is commonly recessive. To prove a gene is associated with a disease it must be shown that
patients have a mutation in that gene, but unaffected individuals do not. The outcome of the
mutation in affected people is the loss of the ability to form the normal product of the gene.
Common genetic diseases include cystic fibrosis (page 576), sickle cell disease (page 100), and
haemophilia (page 114).

Development of gene therapy
The discovery of genes responsible for human genetic disease generates the possibility of a
fundamental cure by gene therapy.

Gene therapy is the use of recombinant DNA technology to overcome genetic disease, where
this is thought safe and ethically sound. Gene therapy is a very recent, and is a highly
experimental science. One approach is to supply the body with the missing gene’s product (and
then periodically re-supply it). More difficult, but a permanent solution, would be to supply the
missing gene to body cells in such a way that it remains permanently functional. This approach
is illustrated here by reference to the genetic disease familial hypercholesterolaemia (FH).

Lipids are transported around the body and across cell membranes as lipoproteins, such as low-
density lipoproteins (LDLs). In the genetic disease FH, the membrane receptors for LDLs are
defective, and LDLs accumulate in the blood, leading to atherosclerosis (page 664) and coronary
heart disease.

Gene therapy for FH involves engineering a healthy human gene into a sample of liver cells so
that genetically corrected cells may be re-established in the liver and restore correct functioning

(Figure 5.12).

Samples of liver tissue may be removed, the cells genetically modified, and then returned.
The human body quickly regenerates missing liver tissue. If removed liver cells are returned to
the body they may be rapidly incorporated into the liver.

liver regenerates
the tissue
it has lost

N

liver cells isolated

N
hepatic artery

genetically engineered
liver cells are then /
re-introduced to the

liver via the bloodstream

DNA of the healthy
gene is incorporated
into the nucleus

healthy gene introduced via
~aretrovirus (see note below)

from viral RNA (including
the added gene) the nucleus
transcribes DNA using
reverse transcriptase

Note: An alternative vector is used in this case because plasmids are not components of eukaryotic
cells. Retroviruses are viruses that, on entry to the host cell, convert their RNA into DNA and add it
to a host chromosome. They use a special enzyme for this, reverse transcriptase (page 573). Once
the added genes are installed, they may be transcribed and translated in the usual way.
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The new discipline of bioinformatics

Bioinformatics is the storage, manipulation and analysis of biological information via computer
science. At the centre of this development is the creation and maintenance of databases
concerning nucleic acid sequences and the proteins derived from them. Already, the genomes of
several prokaryotes and eukaryotes have been sequenced, as well as that of humans. This
represents a deluge of data that requires organisation, storage and indexing to facilitate subsequent
effective analysis involving applied mathematics, informatics, statistics and computer science.

From these database resources, potentially highly rewarding discoveries may follow,
including:

m the location of specific genes in the DNA sequences of various organisms, as well as the
sequences that regulate genes (remember, within a genome not all the nucleotides are genes);

m development of methods of predicting the structure and suggesting the function of newly
discovered proteins and RNA sequences that the genes code for;

m establishment of evolutionary relationships between species (by comparing genes of different
species); new phylogenetic trees would follow, based on molecular genetics — it would become
possible to trace the evolutionary relationship of a large number of organisms by measuring
changes in their DNA, and to estimate the point in geological time when related organisms
diverged (page 499).

Cloning

Clones are identical things.

Genetic engineers clone genes when a single gene is introduced into a plasmid. Bacteria are then
induced to take up the recombinant plasmid (page 122). Once this has occurred, the plasmid is
replicated many times in the cytoplasm. In this way, very many identical copies of the gene are
produced. This is an important step in recombinant DNA technology. This is one important
aspect of cloning with which we are already familiar.

A clone is also defined as a group of genetically identical individuals or cells produced by
asexual reproduction from a single parent cell or individual. There are numerous cases of asexual
reproduction in plants, animals and protoctista. Cloning has been used widely in commercial
plant propagation for many years.

Human clones occur naturally, too, in the persons of identical twins. In sexual reproduction,
the fertilised egg cell divides to form a tiny hollow ball of cells called a blastocyst, as it passes
down the oviduct. In the uterus, the blastocyst becomes embedded in the wall, and forms a group
of cells, the inner cell mass, that will go on to form the embryo (page 385). If this cell mass
(unusually) divides into two separated masses before it embeds, then both cell masses go on to
form embryos, and these become genetically identical twins.

In recent years, animal clones have been produced by nuclear transfer techniques. Dolly the
sheep was the first mammal to be cloned from non-embryonic cells. This was achieved at the
Roslin Institute, Edinburgh in 1996. Dolly was produced from a fully differentiated udder cell
taken from a six-year-old ewe. The isolated cell was induced to become ‘dormant’ or genetically
quiescent, and then converted to the embryonic state by fusion with an egg cell from which

the nucleus had been removed, taken from a different ewe. The process is summarised in
Figure 5.13.

Human cloning?

Preliminary experiments have shown that it may be possible to clone humans, too. However, the
ethical issues of such a move have stimulated opposition and comment from many people and
organisations, and human cloning is currently banned in many countries.

In 2004, the UK’s Human Fertilisation and Embryology Authority (HFEA) gave a Newcastle
biomedical team permission to create human embryos that are clones of patients. The team is
licensed to use the embryos to make embryonic stem cells to investigate diabetes, though their
work could be relevant to diseases such as Alzheimer’s and Parkinson’s, also.
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steps in the production of Dolly the clone

cultured in medium
low in nutrients,
depriving the cells of
essentials and
causing active genes
to be ‘shut down’

unfertilised egg cell
taken from Scottish
blackface ewe

donor cells taken
from udder of a
Finn Dorset ewe

nucleus removed by
micropipette

@ egg cell without

nucleus

Qifused cell

cells fused together
— stimulus for fusion
is an electric pulse

cell division triggered
by electric pulse

early embryo
formed

embryo
implanted in
uterus of
surrogate
mother ewe

Dolly born — genetically identical with
Finn Dorset ewe from which the nucleus
was taken (see genetic profile)

&

|

Figure 5.13 Creating Dolly
the cloned sheep, using
nuclear transfer techniques

(udder cells used for cloning)

cells from Finn Dorset
cells from Dolly

}7other ewes
}7
}7other ewes
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genetic profile of Finn
Dorset ewe cells, Dolly’s
cells and other ewes
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Table 5.2 The cases for
and against human
cloning

Like the team who cloned Dolly the sheep, this team use nuclear transfer techniques — in this
case, replacing the DNA of a human embryo cell with the DNA from a human skin cell. The
embryos created in these Newcastle experiments will never be implanted in a uterus because

reproductive cloning is illegal in the UK.

Instead, the team work on embryonic stem cells derived from the embryos. Stem cells have
the ability to produce a variety of cells (page 18). It is thought these cells may have great
potential in treating disease by replacing damaged tissue. Unlike an organ transplant, stem cells
are not expected to be rejected by the patient’s body, as the process ensures the engineered cells

have the same DNA as the patient.

This is the first licence for cloning experiments in humans that the HFEA has issued. The

Chair of the HFEA said:

‘After careful consideration of all the scientific, ethical, legal and medical aspects of the

project, the HFEA Licence Committee agreed to grant an initial one-year research licence to the

Newecastle Centre for Life. This is an important area of research and a responsible use of
technology. The HFEA is there to make sure any research involving human embryos is

scrutinised and properly regulated.’

Since human clones can form naturally, and because experiments in human cloning are being

planned, permitted and funded in several countries around the world, this controversial issue

needs our careful, informed consideration.

Opponents of research cloning served an application for a judicial review on the HFEA over

its decision to issue the first research licence granting permission to create cloned human
embryos. At the time, UK ‘pro-life’ groups condemned the move and have mounted a legal

challenge. This remains a controversial issue.

Arguments for and against human cloning are listed in Table 5.2.

What views do you hold?

Points against human cloning

Human beings might be planned and produced with
the sole intention of supplying ‘spare parts’ for a related
human being with some passing health problem.

Cloning could facilitate ‘improving’ humans by
designing and delivering a race of ‘superior’ people
(like attempts to ‘improve’ by some arbitrary standards
proposed in earlier, discredited, eugenics movements).

Cloning techniques are experimental and unreliable,
resulting in the death of many embryos and newborns,
since there are still so many unknown factors operating.

The traditional concept of ‘family” is of a group of
people with individuality, and with a clear sense of
personal worth.

Clones might have diminished rights and a lessened
sense of individuality.

Some aspects of human life should exist above the
values and standards of the laboratory.

Many believers consider that cloning is against the will
of their god.

Human inventiveness must not tamper with ‘nature’,
regarding human life issues.

Points in favour of human cloning

Parents at high risk of producing offspring with genetic
disease would have the opportunity of healthy children.

Infertile couples could have children of their own.

Cloning technologies are being developed to deliver
organs for transplants that are entirely compatible and
are not rejected by the recipient’s immune system.

New treatments for genetic diseases are planned and
may shortly be achieved.

Cloning techniques are as safe and reliable as other
comparable medical procedures, given this early stage
in development and our limited experiences.

Clones are not true duplicates because environmental
factors and personal experiences influence
development and who we are.

Identical twins have a strong sense of individuality and
personal worth.

All new developments take time for acceptance.

Most improvements in medical technologies have
received trenchant opposition which has receded with
familiarity, and as the advantages are perceived.
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B Examination questions — a selection

Questions 1-4 are taken from past IB Diploma
biology papers.

Q1

Q2

Q3

Q4

What is a clone?

A a group of organisms which could interbreed
and produce fertile offspring

B a group of cells descended from two parent
cells

C a group of organisms of the same species living
together and interbreeding

D a group of organisms with identical genotype

Higher Level Paper 1, May 02, Q10

a Outline how the process of meiosis can lead to
Down’s syndrome. (4)
b Discuss the advantages and disadvantages of
genetic screening for chromosomal and genetic
disorders. (8)
¢ Describe the technique for the transfer of the
insulin gene using E. coli. (6)
Standard Level Paper 2, May 06, QB6

What is copied by the polymerase chain reaction
(PCR)?

A polypeptides
B polysaccharides
C polynucleotides
D polyunsaturated fatty acids
Standard Level Paper 1, May 04, Q16

Which of the following conditions has been
treated by gene therapy?

A emphysema
B SCID
C coronary heart disease
D colon cancer
Standard Level Paper 1, May 06, Q14

Questions 5-8 cover other syllabus issues in this
chapter.

Q5

Q6

Q7

Q8

a By means of examples, explain what is meant
by:
i therapeutic cloning
ii reproductive cloning.

b Suggest three reasons why many people may
object in principle to the cloning of human
embryos as being unethical.

(6)

(©)

DNA profiling uses the techniques of genetic
engineering to identify an individual (typically a
human) from a sample of their DNA.

a Itis satellite DNA that is used. Explain what you
understand by satellite DNA. )

b Restriction endonuclease is the enzyme that
cuts DNA into short lengths. Identify at what
specific points along the DNA molecule the
restriction enzyme selected for use in DNA
profiling cuts nucleic acid.

¢ Outline the processes by which gel
electrophoresis separates (sieves out) DNA
fragments. 2)

d During forensic investigation, application of the
polymerase chain reaction (PCR) is sometimes
required prior to DNA profiling. Explain what
the PCR does and in what circumstances it is
required.

2)

()

Many human communities appear highly critical of
attempts at the genetic modification of farm crops
or animals. Choosing a specific example with
which you are familiar, list the points you would
make if you attempted to change their outlook to
being supportive. (6)

a Outline what you understand by the term
biotechnology. Give examples that show its
relevance to human communities over time. (2)

b Suggest reasons why the application of
enzymes is so highly significant in
biotechnological processes.

)



Ecology is the study of living things in their environment.

Energy reaching the green plants as light is transferred to the chemical energy of
nutrients during photosynthesis.

During feeding, energy is transferred from organism to organism, but is eventually
returned to the environment as heat.

Cell respiration is a process by which nutrients are broken down and much energy
transferred to carry out the activities and functions of cells and organisms.
ATP is the energy currency molecule of cells and organisms.

Ecology is the study of living things in their environment. It is an essential component of
modern biology. Understanding the relationships between organisms and their environment is
just as important as knowing about the structure and physiology of animals and plants.

Communities and ecosystems

One of the ideas that ecologists have introduced is that of the ecosystem. This is defined as a
community of organisms and their surroundings, the environment in which they live and with
which they interact. An ecosystem is a basic functional unit of ecology since the organisms that
make up a community cannot realistically be considered apart from their physical environment.

Examples such as woodlands or a lake illustrate two important features of an ecosystem,
namely that it is:

a largely self-contained unit, since most organisms of the ecosystem spend their entire lives
there and their essential nutrients will be endlessly recycled around and through them;

an interactive system, in that the kinds of organism that live there are largely decided by the
physical environment, and the physical environment is constantly altered by the organisms;
the organisms (community) of an ecosystem are called the biotic component, and the physical
environment is known as the abiotic component.

Ecology

Ecosystem

Habitat

Population

Community

Table 6.1
An introduction to
ecological terms

Species

The study of living things within their environment.

A stable, settled unit of nature consisting of a community of organisms, interacting with each
other and with their surrounding physical and chemical environment. Examples of ecosystems are
ponds or lakes, woods or forests, sea shores or salt marshes, grassland, savannah or tundra.

Ecosystems are necessarily very variable in size.
The locality in which an organism occurs. It is where the organism is normally found.

If the area is extremely small, we call it a microhabitat. The insects that inhabit the crevices in the
bark of a tree are in their own microhabitat. Conditions in a microhabitat are likely to be very
different from conditions in the surrounding habitat.

All the living things of the same species in a habitat at any one time. The members of a population
have the chance of interbreeding, assuming the species concerned reproduces sexually. The
boundaries of populations are often hard to define, but those of aquatic organisms occurring in a
small pond are clearly limited by the boundary of the pond.

All the living things in a habitat or ecosystem, the total of all the populations. So, for example, the
community of a well-stocked pond would include the populations of rooted, floating and
submerged plants, the populations of bottom-living animals, the populations of fish and non-
vertebrates of the open water, and the populations of surface-living organisms — typically a very
large number of organisms.

A group of individuals of common ancestry that closely resemble each other and that are normally
capable of interbreeding to produce fertile offspring.
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Suggest why the
dominant plant
species of a habitat
may more or less
determine the types

of animal life present.

Environment is a term we commonly use to mean ‘surroundings’. In biology, we talk about the
environment of cells in an organism, or the environment of organisms in a habitat. It is also our
term for the external conditions affecting the existence of organisms, so ‘environment’ is a rather
general, unspecific term, but useful, nonetheless.

Alternatively, there are several other terms that ecologists have introduced and regularly use
that have precise meaning. Table 6.1 gives definitions of these ecological terms; you can refer to
it as the need arises.

Feeding relationships — producers, consumers and
decomposers

Think of an ecosystem that you are very familiar with. Perhaps it is one near your home, school
or college. It might be savannah, forest, a lake, woodland or meadow. Whatever you have in
mind, it will certainly contain a community of plants, animals, and microorganisms, all engaged
in their characteristic activities. Some of these organisms will be much easier to observe than
others, possibly because of their size, or the times of day (or night) at which they feed, for
example.

However, the essence of survival of organisms is their activity. To carry out these activities
organisms need energy. We have already seen that the immediate source of energy in cells is the
molecule ATP (page 77) produced by respiration. The energy ATP represents has been
transferred from sugar and other organic molecules, the respiratory substrates. These organic
molecules are obtained from nutrients as a result of the organism’s mode of nutrition.

We know that green plants make their own organic nutrients from an external supply of
inorganic molecules, using energy from sunlight in photosynthesis (page 82). The nutrition of
the green plants is described as autotrophic (meaning ‘self feeding’) and in ecology, green plants
are known as producers.

An autotroph is an organism that synthesises its organic molecules from simple inorganic
substances.

In contrast, animals and most other types of organism use only existing nutrients, which they
obtain by digestion and then absorb into their cells and tissues for use. Consequently, animal
nutrition is dependent on plant nutrition either directly or indirectly. Animal nutrition is
described as heterotrophic (meaning ‘other nutrition’) and in ecology, animals are known as
consumers.

A heterotroph is an organism that obtains organic molecules from other organisms.
A consumer is an organism that ingests other organic matter that is living or recently

killed.

Some of the consumers, known as herbivores, feed directly and exclusively on plants.
Herbivores are primary consumers. Animals that feed exclusively on other animals are
carnivores. Carnivores feeding on primary consumers are known as secondary consumers.
Carnivores that feed on secondary consumers are called tertiary consumers, and so on.

Eventually all producers and consumers die and decay. Organisms that feed on dead plants and
animals, and on the waste matter of animals, are described as saprotrophs (meaning ‘putrid
feeding’), and in ecology these feeders are known as detritivores or decomposers.

A saprotroph is an organism that lives on or in dead organic matter, secreting digestive
enzymes into it and absorbing the products of digestion.
A detritivore or a decomposer is an organism that ingests dead organic matter.

Feeding by saprotrophs releases inorganic nutrients from the dead organic matter, including
carbon dioxide, water, ammonia, and ions such as nitrates and phosphates. Sooner or later, these
inorganic nutrients are absorbed by green plants and re-used. We will look in more detail at the
cycling of nutrients in the biosphere later in this chapter.
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Drawing up a food chain

A feeding relationship in which a carnivore eats a herbivore which itself has eaten plant matter
is called a food chain (Figure 6.1). Here, light is the initial energy source, as it is with most other
food chains. Note that in a food chain the arrows point to the consumers, and so indicate the
direction of energy flow. Food chains from contrasting ecosystems are shown in Figure 6.2.

Figure 6.1 A food chain

oak
Quercus robur

oak beauty caterpillar
Biston strataria

caterpillar-hunting beetle
Carabus nemoralis

common shrew
Sorex araneus

red fox
Vulpes vulpes

2 Apply one or more of the terms below to describe each of the listed features of a freshwater lake:
population ecosystem habitat abiotic factor community biomass

a the whole lake

o

all the frogs of the lake
the flow of water through the lake

o N

all the plants and animals present
the total mass of vegetation growing in the lake
the mud of the lake

g the temperature variations in the lake

-~ O
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Figure 6.2 Food chains from contrasting ecosystems

A in a tropical rainforest

vines and creepers
on rainforest trees

silver striped
hawk-moth

hook-billed

praying mantis -
vanga-shrike

chameleon
lizard

B on the savannah of the Serengeti, East Africa

green grass of the Serengeti

e.g. elephant grass
Pennisetum purpureum

3 Using the information
in the food web in
Figure 6.3 B,
construct two
individual food chains
from the marine
ecosystem, each with
at least three linkages
(four organisms).

Identify each
organism with its
common name, and
state whether each is
a producer, primary
consumer, secondary
consumer, etc.

lion
Panthera leo

wildebeest
Connochaetes taurinus

Food webs

In an ecosystem the food chains are not isolated. Rather, they interconnect with other chains.
This is because most prey species have more than one predator. Predators, as well as having
preferences, need to exploit alternative food sources when any one source becomes scarce. They
also take full advantage of gluts of food as particular prey populations become temporarily
abundant.

Consequently, individual food chains may be temporary, and are interconnected so that they
may form a food web. Two examples of food webs are shown in Figure 6.3, one from a woodland
ecosystem and one from a marine ecosystem.

Examine these now.

Note that food chains tell us about the feeding relationships of organisms in an ecosystem, but
they are entirely qualitative relationships (we know which organisms are present as prey and as
predators) rather than providing quantitative data (we do not know the numbers of organisms at
each level).
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Figure 6.3 Examples of food webs

A a woodland food web beetle

oak leaf

caterpillar

connections
between
food chains
create a
food web

dead
oak leaf

B a marine food web

seaweeds
e.g. sea lettuce

=

common mussel

sea urchin

grey mullet
dog whelk
star fish
pollack
lobster
herring gull seal
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Table 6.2 An analysis of
trophic levels

Suggest what
trophic levels humans
occupy. Give
examples.

Trophic levels

The level at which an organism feeds in a food chain is called its trophic level (feeding level).
In this way of classifying feeding relationships, the producers are designated as trophic level 1,
because energy has been transferred once, from Sun to plant. All the herbivores make up trophic
level 2, because here energy has been transferred twice, and so on. The trophic levels of
organisms in some of the above food chains and food webs are classified in Table 6.2.

Trophic level Woodland Rainforest Savannah
Producer oak vines and creepers on grass

Level 1 rainforest trees

Primary consumer caterpillar silver striped hawk-moth wildebeest
Level 2

Secondary consumer beetle praying mantis lion

Level 3

Tertiary consumer shrew chameleon lizard

Level 4

Quaternary consumer fox hook-billed vanga-shrike

Level 5

Identify the initial energy source for almost all communities.

Note that there is not a fixed number of trophic levels to a food chain, but typically they have
three, four or five levels only. There is an important reason why stable food chains remain quite
short. We will come back to this point, shortly.

Sometimes it can be difficult to decide at which trophic level to place an organism. For
example, an omnivore feeds on both plant matter (level 2 — primary consumer) and on other
consumers (level 3 — secondary consumer, or higher). In the woodland food chain of Figure 6.1,
the fox more commonly feeds on beetles than shrews because there are many more beetles about,
and they are easier to catch.

Energy flow

Between each trophic level there is an energy transfer. At the base of the food chain, green
plants, the producers, transfer light energy into the chemical energy of sugars in photosynthesis.
Much of the light energy is not retained in the green leaf. Some is reflected, some transmitted,
and some lost as heat energy. Heat is also a waste product of the reactions of respiration and of
the plant’s metabolism, as sugar is converted into lipids and amino acids, for example. Some of
these metabolites are used in the growth and development of the plant, and by these reactions,
energy is locked up in the organic molecules of the plant body.

Inevitably, energy is transferred every time the tissues of a green plant are consumed by
herbivores.

Finally, on the death of the plant, the remaining energy passes to detritivores and saprotrophs
when dead plant matter is broken down and decayed. The diverse routes of energy flow through
a primary producer are summarised in Figure 6.4.

Consumers eat producers or primary or secondary consumers, according to where they occur in
a food chain. In this way, energy is transferred to the consumer. The consumer in turn, transfers
energy in muscular movements by which it hunts and feeds, and as it seeks to escape from
predators. Some of the food eaten remains undigested, passing through the consumer unchanged,
and is lost in the faeces. Also, heat energy, a waste product of the reactions of respiration and of
the animal’s metabolism, is continuously lost as the consumer grows and develops and forms
body tissues. If the consumer is itself caught and consumed by another, larger consumer, energy is
again transferred. Finally, on the death of the consumer, the remaining energy passes to
detritivores and saprotrophs when dead matter is broken down and decayed.

The flow of energy through a consumer is summarised in Figure 6.5.
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Figure 6.4 Energy flow 4 heat energy lost
through a producer as waste product of chemical reactions
of cell respiration and metabolism

Sun

5 energy transferred
to primary consumers
(herbivores) when plant
tissues are eaten ==

-

LIGHT
ENERGY
input

2 energy
used energy transferred to
to drive life sugar etc. produced
processes

by photosynthesis

3 energy
stored
in organic
molecules
of new cells
and tissues

Figure 6.5 Energy flow
through a consumer

2 energy used to drive
life processes

3 energy stored in organic 4 energy lost

molecules of tissues as heat, waste product of chemical reactions
of cell respiration and metabolism and as
undigested food and excreted matter

=y

energy input as chemical
energy in organic molecules
of tissues of prey, caught

and eaten by the consumer

6 final energy lost to detritivores
and saprotrophs, on death and
decay of animal, on or in the soil

5 energy transferred to
consumer at higher trophic level
if caught and tissues eaten
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So, energy is transferred from one organism to another in a food chain, but only some of the
energy transferred becomes available to the next organism in the food chain. In fact, only about
10% of what is eaten by a consumer is built into that organism’s body, and so is potentially

Explain why, in a available to be transferred on in predation or browsing. There are two consequences of this.

food chain, a large ) i )

amount of plant The energy loss at transfer between trophic levels is the reason why food chains are short. Few
material supports a transfers can be sustained when so little of what is eaten by one consumer is potentially

smaller mass of available to the next step in the food chain. Consequently, it is very uncommon for food chains

herbivores and an
even smaller mass of
carnivores.

to have more than four or five links between producer (green plant) and top carnivore, at most.
Feeding relationships of a food chain may be structured like a pyramid. At the start of the chain
is a very large amount of living matter (biomass) of green plants. This supports a smaller

Figure 6.6 Energy flow biomass of primary consumers, which in turn supports an even smaller biomass of secondary

through a food chain — consumers. A generalised ecosystem pyramid diagram, representing the structure of an
the pyramid of biomass ecosystem in terms of the biomass of the organisms at each trophic level, is shown in Figure 6.6.
A linear food chain - energy flow heat energy lost to space
respiration respiration
LIGHT photosynthesis pglgenin_ feeding ST feeding sty
ENERGY > producer ) consumer > consumer

death, waste matter and faeces

v

detritivores
and
saprotrophs
B food chain as pyramid of biomass showing energy flow
(Note: materials are recycled)
* cycling of materials
’ flow of chemical energy
secondary
. ]~ nsumers
|:> flow of energy as light or heat 8 .
& carnivores
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N
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& =, /
Energy enters the food chain from sunlight
and leaves as heat energy lost to space. primary consumers
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A A
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Pyramids of numbers, biomass and energy

Ecological pyramids are a practical means of analysing ecosystems. For example, they have been used
to express seasonal changes in one ecosystem, or to compare different ecosystems at comparable times.

Initially, pyramids of numbers were produced. All the organisms at each trophic level within
a given area were recognised and counted. The data were relatively easily obtained without
destroying the organisms (given that the experimenter recognised all the organisms). The results
were presented as rectangular blocks, stacked on top of each other, representing the numbers of
organisms at each trophic level in a bar diagram.

In this approach, no allowance was made for differences in size of individual organisms; a giant
oak tree and a single microscopic green alga counted the same. Consequently, the pyramids of
numbers sometimes created strange shapes of limited meaning (Figure 6.7).

Figure 6.7 Examples of
ecological pyramids of

numbers tertiary

consumer = fox

secondary

consumer = pheasants —— |

primary

a grassland ecosystem

consumer =
grasshoppers

producer = grass

a forest ecosystem

tertiary

consumer = sparrowhawk
secondary

consumer =

insectivorous birds

primary |
consumer =
caterpillars

producer = oak tree

This problem of erratically shaped ‘pyramids’ was overcome by producing pyramids of biomass.
To do this, the fieldwork involved estimating the numbers of organisms of each type at each trophic
level, and then finding the biomass (dry weight) of a representative sample of each type of organism.

However, problems emerged with pyramids of biomass, too. A pyramid of biomass represents
matter in different organisms at the moment the analysis was made, but the data do not indicate
how fast matter is being added or consumed. Consequently, a pyramid based on the inflow of
energy to each trophic level is preferred. This is called a pyramid of energy.

There are few examples of pyramids of energy because obtaining the data is difficult and time-
consuming, and is a destructive activity. In practice, pyramids of biomass can be converted to
pyramids of energy using published values of energy content, made in previous experiments in

Figure 6.8 A generalised
pyramid of energy

Only energy taken in at one trophic level
and then built in as chemical energy in
the molecules making up the cells and
tissues is available to the next trophic level.
This is about 10% of the energy.

The reasons are:

* Much energy is used for cell respiration
to provide energy for growth, movement,
feeding, and all other essential life
processes.

* Not all food eaten can be digested. Some
passes out with the faeces. Indigestible
matter includes bones, hair, feathers, and
lignified fibres in plants.

* Not all organisms at each trophic level are
eaten. Some escape predation.

producers

tertiary consumers

Secondary consumers

habitats that are comparable. The amounts of energy (kJ) measured are expressed per square
metre of area occupied by the community per year (k] m= year™).

0.1%

1%

primary consumers

10%

100%




ECOLOGY, EVOLUTION AND BIODIVERSITY

A generalised pyramid of energy is shown in Figure 6.8. It is annotated to summarise the
reasons why the shape is always pyramidal. Figure 6.9 shows a researched example — a study made
over 50 years ago by an American ecologist working on a river system in Florida, USA. It is
interesting to note that it is a quite sweeping generalisation to say that only about 10% of energy
is available for the next trophic level. For example, in the Florida river analysis it was found that
17% of energy of the producers (green aquatic plants) was transferred to primary consumers. The
reason in this case was that the plants concerned were almost entirely of highly digestible matter.
They lacked any woody tissues common to most terrestrial plant matter.

Figure 6.9 Pyramid of tertiary consumers || 90 figures are in k) m=2 yr-1
energy for a river

ecosystem at Silver
Springs, Florida

secondary consumers 1600

primary consumers 14000

producers 87000

Cycling of nutrients

We have seen that energy enters ecosystems as light energy, is transferred to chemical energy in
the nutrient molecules that sustain the growth of the tissues of producers and consumers, but
ultimately is lost to space as heat. Energy continuously flows through ecosystems in this way. On
the other hand, the nutrients of the ecosystem are not lost — they are recycled and re-used.

Nutrients provide the chemical elements that make up the biochemical molecules of cells and
organisms. We have seen that all organisms are made of carbon, hydrogen and oxygen, together
with mineral elements nitrogen, calcium, phosphorus, sulphur and potassium, and several others,
in increasingly small amounts (Table 2.2, page 38). Plants obtain their essential nutrients as
carbon dioxide and water, from which they manufacture sugar. With the addition of mineral
elements absorbed as ions from the soil solution, they build up the complex organic molecules
they require (Figure 3.7, page 82). Animals, on the other hand, obtain nutrients as complex
organic molecules of food which they digest, absorb and assimilate into their own cells and
tissues.

Recycling of nutrients is essential for the survival of living things, because the available
resources of many elements are limited. When organisms die, their bodies are broken down and
decomposed, mainly by bacteria and fungi, and the nutrients are released. Elements may become
part of the soil solution, and some may react with chemicals of soil or rock particles, before
becoming part of living things again by being reabsorbed by plants.

The cycling processes by which essential elements are released and re-used are called
biogeochemical cycles because the cycle of changes involves both living things (the biota) and
the non-living (abiotic) environment, consisting of atmosphere, hydrosphere (oceans, rivers and
lakes) and the lithosphere (rocks and soil). All the essential elements take part in
biogeochemical cycles — one example is the carbon cycle, which we will discuss shortly.
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Roles of detritivores and saprotrophs in recycling

When organisms die, their bodies are broken down to simpler substances (for example, CO,,

H,O, NH; and various ions) by a succession of organisms (mostly microorganisms), as illustrated

in Figure 6.10. Scavenging actions of detritivores often begin the process, but saprotrophic

bacteria and fungi always complete the breakdown processes.

Ultimately, both plants and animals depend on the activities of saprotrophic microorganisms
Figure 6.10 The © release matter from dead organisms for re-use. There is a limited supply of many of the
sequence of organisms ~ chemical elements required as nutrients, so recycling is essential for life. Microorganisms are the

involved in decay  main contributors in the vital recycling that goes on in the environment, largely unseen.

dead animal 1 break up
of animal body by
‘ scavengers and detritivores
e.g. carrion crow, magpie, fox

2 succession of microorganisms

- mainly bacteria, feeding:

e firstly on simple nutrients
such as sugars, amino acids,
fatty acids

e secondly on polysaccharides,
proteins, lipids

e thirdly on resistant molecules
of the body, such as keratin

—

64‘ N

and collagen
release of simple
inorganic molecules
such as CO,, H,0, NHj,
jons such as Na+, K+,
2 succession of microorganisms Ca2+, NO3—, PO4,
—mainly fungi, feeding: all available to be
e firstly on simple nutrients reabsorbed by plant
such as sugars, amino acids, roots for re-use
fatty acids

e secondly on polysaccharides,
pr oteins, lipids
e thirdly on resistant molecules
such as cellulose and lignin
1 break up

of plant body by detritivores

e.g. slugs and snails, earthworms,

wood-boring insects

dead plant

Explain how it is that animal life is dependent on the actions of saprotrophs.
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Greenhouse effect

Carbon dioxide is present in the atmosphere at about 0.038% by volume (which represents
0.057% by mass). This amount of atmospheric carbon dioxide is maintained by a balance
between the fixation of this gas during photosynthesis and release of carbon dioxide into the
atmosphere by respiration, combustion, and decay by microorganisms — an interrelationship
illustrated in the carbon cycle (Figure 6.11).

Photosynthesis withdraws about as much carbon dioxide during the daylight each day as is
released into the air by all the other processes, day and night — or nearly so.

In fact, the level of atmospheric carbon dioxide is now rising for reasons we will examine
shortly. First, we need to look at the effect of low levels of atmospheric carbon dioxide because

Figure 6.11 The carbon  this natural component of the atmosphere maintains a favourable environmental temperature
cycle  on Earth — a phenomenon known as the greenhouse effect.

photosynthesis

T

CO, in the air — now
about 350 parts per
million

precipitation{,/

combustion

weathering 4
and industrial
lime production ; decay by respiration
saprotrophic
- microbes

HCOg3 ions animals

combine

with Q

. o
Ca?*ions

—
death, faeces,
CO, fixation in green plants

/ humus in urea
exceptional soil
chalk . geological
deposits conditions
in the light (photosynthesis)
/ death almost completely offsets the

release of CO, into the air
(respiration, decay and

skeletons and shells combustion of fossil fuels)
of animals on a daily basis.
In the cycling of The mechanism of the greenhouse effect

E15E [ ERITE; The radiant energy reaching the Earth from the Sun includes visible light (short wave radiation),
state in what forms

e T L and infra-red radiation (longer wave radiation — heat), which warms up the sea and the land. As
exist in: it is warmed, the Earth radiates infra-red radiation back towards space. However, much of this
the atmosphere heat does not escape from our atmosphere. Some is reflected back by clouds and much is
the hydrosphere absorbed by gases in the atmosphere which are warmed. In this respect, the atmosphere is
the lithosphere. working like the glass in a greenhouse, which is why the effect is called the greenhouse effect
(Figure 6.12). We must stress that the greenhouse effect is very important to life on the Earth:
without it surface temperatures would be too cold for life.
Gases in the atmosphere that absorb infra-red radiation are referred to as greenhouse gases.
Carbon dioxide is not the only component of our atmosphere with this effect — both water
vapour and methane are naturally occurring greenhouse gases. In addition, atmospheric pollutants
such as the oxides of nitrogen (particularly nitrous oxide) and the chlorofluorocarbons (CFCs)
also have greenhouse properties. Oxides of nitrogen are waste products of the combustion of
fossil fuels (natural gas, oil and coal), and a particularly abundant source is the exhaust fumes of
internal combustion engines. CFCs, on the other hand, are unreactive molecules that were
deliberately manufactured by the chemical industry to use as propellants in aerosol cans and as
the coolant in refrigerators. With the passage of time these gases have escaped into the
atmosphere, and have slowly been carried up to the stratosphere.
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greenhouse effect

Figure 6.13 Three types
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An enhanced greenhouse effect leading to global warming?

The composition of the atmosphere has changed over time. That is beyond dispute.

How are current and historic levels of atmospheric carbon dioxide known?

The best long-term records of changing levels of greenhouse gases (and associated climate
change) are based on evidence obtained from ice cores drilled in the Antarctic and Greenland
ice sheets. For example, data from the Vostok ice core in East Antarctic and evidence from the
composition of the bubbles of gas obtained from these cores, show us how methane and carbon
dioxide levels have varied over no less than 400 000 years. Similarly, variations in the
concentration of oxygen isotopes from the same source indicate how temperature has changed
during the same period (Figure 6.13).

Clearly, the levels of greenhouse gas in the atmosphere can be closely correlated with global
temperature. Environmental conditions on Earth have changed as a consequence, and we may
anticipate further changes unless the current, rising levels of atmospheric carbon dioxide are
reversed by internationally agreed action. We need to examine this issue next.

1 There is a decline in both temperature
and greenhouse gas concentrations
during glacial periods ...

3 Climate has been relatively warm and
stable during the last 10 000 years
— the Holocene interglacial period.
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Changes in atmospheric carbon dioxide levels since 1957

Appropriate measuring devises were established at the Mauna Low monitoring station on
Hawaii, beginning in 1957 as part of the International Geophysical Year initiative, to monitor
the global environment. The most recent data furnished by this on-going investigation are
shown in Figure 6.14. Seasonal variations cause fluctuations in atmospheric carbon dioxide,
but the trend is unmistakeable. Note that there are differences in the scales of the graphs in
Figures 6.13 and 6.14, so the slopes of the curves appear profoundly different.

Figure 6.14 Atmospheric
carbon dioxide levels
recorded at Mauna Low, 380
Hawaii, 1957-2005
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From the data given in Figure 6.14:

calculate the % change in mean atmospheric carbon dioxide between 1960 and 2000
explain why it is that the atmospheric carbon dioxide varies between high and low values within each
12-month period of the graph.

The causes of raised levels of atmospheric carbon dioxide

From the graphs in Figures 6.13 and 6.14, we can see that while the levels of carbon dioxide
have risen at times during the past 20 000 years, it is since the beginnings of the industrial
revolutions in the developed countries of the world (the past 200 years or so) that levels have
been consistently high and steadily rising.

We may assume that when the carbon dioxide levels were raised in earlier Earth history,
processes like volcanic eruptions and the weathering of chalk and limestone rocks added
additional carbon dioxide. Today, the release of carbon dioxide from volcanoes is estimated to
contribute only about 1% of the amounts released by human activities.

The most recent sharp rise is attributed to the burning of fossil fuels (natural gas, coal and oil).
Fossil fuels were mostly laid down in the Carboniferous Period, so we are now adding to our
atmosphere carbon dioxide containing carbon that has been locked away for about 350 million
years. This is an entirely new development in geological history. This enhanced global warming
is beginning to generate problems that pose a major environmental threat to life as we know it.



Table 6.3

Evaluating the threats
posed by global warming
and appropriate strong
actions to rectify or avoid
the resulting
environmental
degradation

Greenhouse effect

Global warming and the Precautionary Principle

The Precautionary Principle is summed up by the expression ‘Better safe than sorry’! Given that
this idea is generally accepted once it is put to people in a particular context, it is surprising that
the principle has not been clearly defined. However, no official definition has been shown to be
other than vague, on careful consideration. The most common definition used is:

When an activity raises threats of harm, measures should be taken, even if a cause-and-
effect relationship has not been established scientifically.

To evaluate the relevance of this principle as a justification for strong action to combat the
threats posed by enhanced global warming, we need to identify:

the most likely consequences that may result from failure to slow down the rising level of
atmospheric carbon dioxide and then reduce it to earlier values;
the actions needed to deliver measures that enable us to achieve this.

In Table 6.3 these aspects are identified.

Likely consequences of unchecked enhanced Effective strong actions that may combat these

global warming

complete melt-down of the polar ice caps and the
glaciers of mountain regions, releasing vast amounts
of water into the seas, so raising sea levels

warming of sea waters, causing them to expand in
volume, so further raising sea levels

permanent flooding of much lowland territory where
currently vast numbers of the human population live
and where the most agriculturally productive land
occurs

raising of the sea water temperature to levels where
surface waters (where algae may flourish) is no
longer ion-enriched by natural mixing with deep,
colder water, causing failure of algal photosynthesis
(a major CO,-sump) so further raising atmospheric
CO, levels

destruction of forests by global temperatures that,
in many parts of the world, are too high to support
the survival and natural growth of trees

interruption of ocean current systems that distribute
warm waters from the tropical regions of the globe
northwards, thereby disrupting agricultural
production levels that sustain the human food chain
for many peoples

threats

conserve fossil fuel stocks, using them only
sparingly, and only where there are no apparent
alternatives (such as oils from biofuel sources)

develop nuclear power sources to supply electricity
for industrial, commercial and domestic needs

develop so-called renewable sources of power,
exploiting environmental energy sources, such as
wave energy and wind power

develop biofuel sources of energy that exploit
organic waste matter that will naturally decay
anyway, and biofuel crops that are renewable
sources of energy using current photosynthesis
products

reduce use of fuels for heating of homes (where
necessary) to minimum levels by designing well-
insulated houses

reduce use of fuels for transport systems

terminate the destruction of forests in general and,
in particular, of rainforest all around the tropical
regions of the Earth, since these are major CO,-
sumps

To be effective, strong actions taken in response to these challenges need to:

be agreed internationally as acceptable to all nations and be acted on by everyone

simultaneously;

recognise that existing developed countries have previously experienced their industrial
revolutions (which largely initiated these processes of environmental damage) and need to
fully share the benefits with less-developed countries that would otherwise be required to

forego some of the benefits of development.

Figure 6.15 summarises the problem.
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In less-developed countries

natural resources such as rainforest may be the only product people can
market to earn foreign currency to purchase goods and services, often at
developed-world prices — and there is huge demand for their resources
from developed and developing countries.

In developed countries

the destruction of natural resources like rainforest elsewhere in the
world is seen as a threat to stable environmental conditions essential
for an established, comfortable way of life. This way of life is often
based on earlier exploitation of similar resources.

Y0l AMIGO!!
WE NEED THAT TREE
0 PROTECT S FROM

THE GREENHOUSE EFFECT!

d
DE\/ELOPED
COUNTRIES

__gjlz:l

Figure 6.15 The
environmental
conundrum for today’s
world!

These contrasting needs cannot be met without huge sacrifices on both sides — yet it is
easier for each country to recognise only what other countries need to do!

Is effective international agreement possible?

The need is for drastic cuts in global emissions of carbon dioxide and other greenhouse gases.
An international agreement to limit release of greenhouse gases by all industrial countries and
emerging industrial countries was first agreed at the Earth Summit in Rio de Janeiro in 1992.
The initiative, known as Agenda 21, was launched. Subsequently, at the Kyoto Conference in

Japan a first attempt was made to meet the pledges made at Rio. Carbon dioxide emission targets

for the industrial nations were set for the period 2009-2012.

However, nations were allowed to offset emissions with devices such as carbon sinks —
mechanisms by which atmospheric carbon dioxide is removed from the air either permanently,
or on a long-term basis. For example, carbon dioxide may be absorbed by additional forest trees
and become the carbon of wood that is not harvested and burnt. However, many of the
arrangements are so complex as to be difficult to enforce. Real progress is extremely slow.

The Arctic and the consequences of global temperature rise

- a case study

Arctic ecosystems consist of areas of permanent ice desert and huge areas of low-lying treeless
land with an environment and vegetation regime described as tundra (Figure 6.16). The few
plants present all through the year are sedges, lichens and sometimes dwarf willows — often
described as low cushion plants. Trees do not grow because the growing season is too short for

them, the winters too cold and dry, and what soil exists there is unable to provide support for the

growth of significant root systems. Most of the year the temperatures are well below freezing
point, so the moisture, soil and organic remains present are frozen hard as rock (permafrost).

Dead organic matter accumulates, because the periods of the year when bacteria and fungi might

decay this to humus in the usual way are far too short. Thus, the bulk of nutrients are locked
away and few are released in growing periods. Nevertheless, during the brief growing season the
surface of the substratum melts and plant growth is briefly spectacular, including flowering and
seed dispersal, accompanied by a tremendous number of insects.




Figure 6.16 Arctic
ecosystems

Some arctic ecosystems
consist of permanent
ice desert.

Other areas are of low-lying
land with vegetation
described as tundra.

Greenhouse effect

The consequences of global warming for arctic ecosystems include:

loss of the ice habitats, leading to extensive flooding of surrounding low-lands, at least
temporarily;

significant decay by microorganisms of the accumulated detritus, once released from its
permafrost state, leading to huge releases into the atmosphere of methane and carbon dioxide,
previously locked away in dead organic matter; this contributes to further global warming;

an expansion in the range of habitats as significant quantities of soil rich in humus are formed;
appearance and growth of conifers, forming boreal forests (also known as taiga); these areas
absorb radiant heat energy from sunlight and contribute to further warming of the region,
since they replace ice, snow and frozen tundra;

appearance of insect-eating species, particularly of birds, able to take advantage of further
increasing numbers of insects;

a wider flora including annual plants typical of alpine meadows and grassland in summer
seasons, where these appear;

appearance of small mammals such as the alpine marmot, able to take advantage of the
expanding range of plant biota and habitats (in winter periods such mammals need to be able
to retreat into excavated dens for group hibernation);

predators for the expanded vertebrate populations, mostly birds of prey (raptors) that can fly
on when winter returns;

increased presence of pathogens that parasitise the expanded range of animal and plant life
the changing habitat supports.
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Extension: The enhanced greenhouse effect — important sources

Evidence on the causes and effects of enhanced global warming continues to be sought and the
data interpreted, not least so that steps and proposals for action to avoid an environmental
disaster may be effective. However, all aspects of the issue are controversial to some extent.

Our understanding is likely to continue to develop in what is a fast-changing situation.
Consequently, there are very likely to be relevant developments within the time span of your
International Baccalaureate programme, and you may need to consult other sources. In the table
below are some references currently pertinent to this issue.

Environmental change due to global warming will be less extreme than predicted

www.newscientist.com/article/mg18524861.500.html
‘Meet the global warming sceptics’, 12 February 2005

W. Kininmonth (2004), Climate change: A Natural Hazard, Multi-Science Publishing Co. ISBN 09065 22269

Evidence of how global temperatures have regularly fluctuated in geological time

Search Google for ‘Climate and the Carboniferous Period’. You may well find articles providing a graph of
atmospheric CO, and average global temperature variation for the past 600 million years of Earth history.

Current and recent human activities as the cause of enhanced global warming, the disastrous
consequences, and necessary action now

James Lovelock (2006) The Revenge of Gaia: Why the Earth is Fighting Back — and How We Can Still Save

Humanity, Allen Lane (London) ISBN 07139 99144
Table 6.4 Sources on
the issues of enhanced
global warming

Al Gore (2006) An Inconvenient Truth: The Planetary Emergency of Global Warming and What We Can Do About
It, Bloomsbury Publishing ISBN 07475 89062

Populations

Another practical approach to analysing what goes on in an ecosystem is to find out how the
separate populations which make up the ecosystem grow and maintain themselves. Remember, a
population is defined as a group of individuals of the same species that have the potential to
breed with each other. In an ecosystem such as a wood or lake, the numbers of some species
remain remarkably stable, but other species have times of rapid growth, and sometimes
populations ‘crash’. So, populations can vary greatly.

What are the factors in an ecosystem that control population size?

Population growth

First, think of the situation where a small number of young rabbits enter a large, well-stocked
meadow area from which other rabbits continue to be excluded. The rabbits initially familiarise
themselves with the new territory, and establish burrows. Then, benefiting from the more or less
unrestricted access to food supplies, breeding would commence.

The population of rabbits would increase very rapidly, but eventually, because of the very
large numbers of rabbits produced, the vegetation would be used up faster than it grew. Further
increases in population now stop, and the population enters a plateau or stationary phase. In this
situation, the supply of food has become a limiting factor in the growth of the rabbit population.

If we had maintained a careful census of rabbit numbers throughout this experiment, a graph
of number of individuals plotted against time would give us an S-shaped (sigmoid) curve
(Figure 6.17).


www.newscientist.com/article/mg18524861.500.html

Populations

Figure 6.17 The sigmoid The pattern of growth of a population of microorganisms after being inoculated into a fresh medium sample is shown.
curve of growth The distinct phases to growth are identified.

1 Lag phase 2 Exponential growth or log phase 3 Linear growth phase 4 Plateau or stationary
Little or no cell Population increases exponentially, Natality rate has started to growth phase
multiplication a period of no constraints on fall but still exceeds a rising Natality and mortality
(natality); a growth. Adequate nutrients are mortality rate so the rates are equal so the
period of available and little accumulation population rises, but at a population size is
adaptation of waste products has occurred. linear rate with time. Checks maintained constant.
to conditions. High natality rate, and little or on growth are due to a Nutrient supply and

no death of cells (mortality). developing shortage of the level of waste
nutrients and accumulating products do not
/ / waste products. support any growth
in numbers.
PN

number of living cells/
unit volume of medium

time

This situation of a population in the wild is similar to the change in population produced
when a quantity of microbiological growth medium, called a broth, is inoculated by a few
bacteria, under controlled laboratory conditions, and the growth of the bacterial population is
measured. The bacteria reproduce by a process called binary fission in which fully grown bacteria
each divide into two and these cells then grow to full size. The bacteria feed on the nutrients in
the medium (such as glucose, amino acids, and growth factors), slowly using them up. Waste
products start to accumulate.

The typical change in this population with time is shown by the graph in Figure 6.17. As in
the case of the rabbit population described above, we see that the population numbers pass
through distinct phases. Each phase is identified by a descriptive name:

organisms become adapted to the medium (lag phase);

growth proceeds at an exponential rate (exponential growth or log phase);
growth proceeds at a more steady rate (linear growth phase);

growth slows down and stops (stationary or plateau phase).

Exponential growth cannot be maintained

So, when a population has access to ideal conditions, there is an exponential period of growth,
whether it is a population of mammals or microorganisms. In exponential growth, the population
doubles in each generation: one individual becomes 2, then they become 4, 8, 16, 32, 64, 128,
256, and so on. This type of increase in a population is quick, but is not maintained because
there are insufficient resources for it.

Suggest what As a population increases, it begins to experience environmental resistance, because:

factors might:
space and resources are reduced;

lead to an competition for space and resources increases.

increase in a . o . . ) )
population of a The population tends to stabilise at a level which ecologists call the carrying capacity of the
species of habitat.

songbird in a If the numbers start to increase above carrying capacity, shortage of resources reduces the

E\;okfi)iaf;(z:;e;;u numbers of offspring produced, and the population regulates itself at the carrying capacity.

vl If the population is reduced, say by heavy predation, the additional resources that then become
the growth of available lead to an increase in reproductive rate, and the carrying capacity is again reached.

that lation. . .
PR In other words, populations tend to be naturally self-regulating.
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Why populations fluctuate in the wild

In practice, most populations in an ecosystem are already established, but do show significant
fluctuations in numbers over a period of time. One example is seen in the study of the
populations of phytoplankton (producers) and zooplankton (primary consumers) in a fresh water
lake, studied for a 12-month period (Figure 6.18). We can see there is a significant spring ‘bloom’
in the phytoplankton population in the third and fourth months of the year, and that a
corresponding surge in the zooplankton population occurred shortly afterwards. Note that the
abiotic factors of essential nutrients, light and mean temperature were also measured and
recorded.

Figure 6.18 Plankton of nutrients
a fresh water lake in
Northern Europe, with
data on abiotic factors

_ producers
(phytoplankton)

nutrients

temperature

increasing quantity

primary consumers

(zooplankton)

J F M A M J J A S 0} N D
months

Examine the results of the ecological study shown in Figure 6.18, and then suggest:

two soluble nutrients in the lake water that would be taken up by phytoplankton and facilitate their rapid
growth rate in March and April

why the numbers of phytoplankton decrease significantly by May and June, despite the favourable
conditions of light and temperature

the most likely source of the increase in nutrients that begins in October.

So, in ecosystems the numbers in each population may fluctuate to varying degrees with time.
In fact, population sizes vary for the following reasons:

the birth rate (natality) varies;

the death rate (mortality) varies;

mobile members of the population may move away to new habitats, referred to as emigration;
new members of species may arrive from other habitats, referred to as immigration.

In addition, it is possible that:

A sudden, rapid change in one or more of the physical or chemical components of the
environment may occur, reducing the size of the population or reducing the birth and death
rates. This might be due to severe drought, or intense cold, for example. The effects of such
change are unrelated to the density of the population. They are called density-independent
factors.

The effect of other members of the population and of members of other populations, in the
form of competition for resources, predation and grazing, and parasitism, may all affect the
population numbers adversely. The effects of these factors increase with increasing population
numbers. They are known as density-dependent factors.
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Figure 6.19 Fossilisation

12 Many fossils are
preserved in
sedimentary rocks.
Explain why is this
so, and how
sedimentary rocks
formed.

EVOlUtion 5.4.1-5.4.8

By ‘evolution’ we mean ‘the gradual development of life in geological time’. The word ‘evolution’
is used very widely, but in biology it specifically means ‘the processes by which life has been
changed from its earliest beginnings to the diversity of organisms we know about today, living
and extinct’. It is the development of new types of living organisms from pre-existing types by
the accumulation of genetic differences over long periods of time.

Evolution is the process of cumulative change in the heritable characteristics of a
population.

Evidence for evolution

Evidence for evolution comes from many sources, including from the study of fossils, from
artificial selection in the production of domesticated breeds, and from studies of the comparative
anatomy of groups of related organisms.

Fossils

We learn about the history of life from the evidence of the fossils that have been found.
Fossilisation is an extremely rare, chance event. This is because predators, scavengers and
bacterial action normally break down dead plant and animal structures before they can be
fossilised. Of the relatively few fossils formed, most remain buried, or if they do become exposed,
are overlooked or are accidentally destroyed before discovery.

Nevertheless, numerous fossils have been found — and more continue to be discovered all the
time. The various types of fossil and the steps of fossil formation by petrification are illustrated in
Figure 6.19. Where it is the case that the fossil or the rock that surrounds it can be accurately
dated (as is often the case, using radiometric dating techniques that exploit natural radioactivity
—as in "carbon or the ratio of *®potassium to “argon), we have good evidence of the history of

life.

Fossil forms

petrification — organic matter of the dead
organism is replaced by mineral ions

mould - the organic matter decays, but the
space left becomes a mould, filled by mineral
matter

trace — an impression of a form, such as a leaf
or a footprint, made in layers that then harden
preservation — of the intact whole organism;
for example, in amber (resin exuded from a
conifer, which then solidified) or in anaerobic,
acidic peat

Steps of fossil formation by petrification

1 dead remains of organisms may fall into a
lake or sea and become buried in silt or sand,
in anaerobic, low-temperature conditions

2 hard parts of skeleton or lignified plant
tissues may persist and become impregnated
by silica or carbonate ions, hardening them

3 remains hardened in this way become
compressed in layers of sedimentary rock

4 after millions of years, upthrust may bring
rocks to the surface and erosion of these
rocks commences

5 land movements may expose some fossils and
a few are discovered by chance but, of the
relatively few organisms fossilised, very few Sedimentary rock layers (with a fault line) and the remains of
will ever be found by humans extinct fossil species
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Figure 6.20 Charles -
9 , ) From his breeding of pigeons, Darwin noted that there were more than a dozen varieties that, had they been
Darwin'’s observation of . . o o :
. ) presented to an ornithologist as wild birds, would have been classsified as separate species.
pigeon breeding

rock dove (Columbia livia)
from which all varieties of
pigeon have been derived

jacobin

pouter

Figure 6.21 Dog  wolf (Canis lupus)
breeding  differences in size and other features of American,
European and Asian wolves are reflected in the dog
breeds that have been developed from them

The dog was domesticated from the wolf
about 13 000 years ago. It was the first animal to
be domesticated.

bloodhound
selectively bred for following air and ground scent in

hunting

Irish setter collie dog

selectively bred for recreational hunting (with guns), selectively bred to herd and control flocks of
along with pointers and retrievers domestic animals



Charles Darwin
argued that the
great wealth of
varieties we have
produced in
domestication
supports the
concept of
evolution. Outline
how this is so.

Figure 6.22
Homologous and
analogous structures

Homologous structures:

Evolution

Artificial selection

Artificial selection is the process by which all the plants and animals used by humans (in
horticulture, agriculture, transport, companionship and leisure) have been derived from wild
organisms. Artificial selection involves identifying the largest, the best or the most useful of the
progeny for the intended purpose, and using them as the next generation of parents. The
continuous culling out of progeny deficient in the desired features, generation by generation,
leads to deliberate genetic change in the population; the genetic constitution of the population

changes rapidly (Figures 6.20, 6.21).

Alsatians, Pekinese and Dachshunds are different in appearance yet are all classified as members of the same
species. Explain how this is justified.

Comparative anatomy

Studies of the comparative anatomy of many groups of related organisms show that, although
adapted to different habitats or life styles, often their underlying organisation is similar (that is,
they have homologous structures). In such cases, a likely explanation is that they share a
common ancestor, and show adaptive radiation from a basic plan (Figure 6.22). On the other
hand, fundamentally different structures that have similar functions show only superficial
resemblances. These are described as analogous structures.

Analogous structures:

o are similar in fundamental structure « resemble each other in function
e are similar in position and development, but not necessarily in function o differ in their fundamental structure
o are similar because of common ancestry o illustrate only superficial resemblances
Examples of homologous structures are the limbs of vertebrates, all of which Examples of analogous structures are the wings of birds and
appear to be modifications on an ancestral five-fingered (pentadactyl) limb. insects, which are similar only in their function as aerofoils.
23
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Evolution by natural selection — the ideas and arguments

Charles Darwin (1809-82) was a careful observer and naturalist who made many discoveries in
biology. After attempting to become a doctor (at Edinburgh University) and then a clergyman
(at Cambridge University), he became the unpaid naturalist on an Admiralty-commissioned
expedition to the southern hemisphere, on a ship called HMS Beagle. On this five-year
expedition around the world and in his later investigations and reading, he developed the idea
of organic evolution by natural selection.

Darwin remained very anxious (always) about how the idea of evolution might be received,
and he made no moves to publish it until the same idea was presented to him in a letter by
another biologist and traveller, Alfred Russel Wallace. Only then (1859) was On the Origin of
Species by Natural Selection completed and published. The arguments and ideas in the Origin of
Species are summarised in Table 6.5.

Statement/deduction
S1 Organisms produce a far greater number of progeny than ever give rise to mature individuals.
S2 The number of individuals in species remain more or less constant.
D1  Therefore, there must be a high mortality rate.
S3 The individuals in a species are not all identical, but show variations in their characteristics.

D2  Therefore, some variants will succeed better than others in the competition for survival. So the parents
for the next generation will be selected from those members of the species better adapted to the
conditions of the environment.

Table 6.5

Charles Darwin'’s ideas
about the origin of
species, summarised in ~ S4 Hereditary resemblance between parents and offspring is a fact.
four statements (S) and
three deductions (D) from
these statements

D3  Therefore, subsequent generations will maintain and improve in the degree of adaptation of their
parents, by gradual change.

Neo-Darwinism

Charles Darwin (and nearly everyone else in the scientific community of his time) knew
nothing of Mendel’s work. Instead, biologists generally subscribed to the concept of ‘blending
inheritance’ when mating occurred (which would reduce the genetic variation available for
natural selection).

Neo-Darwinism is an essential restatement of the concepts of evolution by natural selection in
terms of Mendelian and post-Mendelian genetics, as follows.

Organisms produce many more offspring than survive to be
mature individuals

Darwin did not coin the phrase ‘struggle for existence’, but it does sum up the point that the
over-production of offspring in the wild leads naturally to their competition for resources.
Table 6.6 is a list of the normal rate of production of offspring in some common species.

Organism No. of eggs/seeds/young per brood or season
rabbit 8-12
great tit 10
cod 2-20 million
Table 6.6  honey bee (queen) 120 000
Numbers ofpc‘)rgzzrclzg 0oPpY 6000

How many of these offspring survive to breed themselves?

In fact, in a stable population, a breeding pair may give rise to a single breeding pair of
offspring, on average. All their other offspring are casualties of the ‘struggle’; many organisms die
before they can reproduce.



Deduce the
importance of
modern genetics to
the theory of the
origin of species by
natural selection.

Evolution

So, populations do not show rapidly increasing numbers in most habitats, or at least, not for
long. Population size is naturally limited by restraints we call environmental factors. These
include space, light, and the availability of food. The never-ending competition for resources
results in the majority of organisms failing to survive and reproduce. In effect, the environment
can only support a certain number of organisms, and the number of individuals in a species
remains more or less constant over a period of time.

The individuals in a species are not all identical, but show variations
in their characteristics

Today, modern genetics has shown us that there are several ways by which genetic variations
arise in gamete formation during meiosis, and at fertilisation. We have seen that genetic
variations arise via:

random assortment of paternal and maternal chromosomes in meiosis (occurs in the process of
gamete formation, page 224);

crossing over of segments of individual maternal and paternal homologous chromosomes
(results in new combinations of genes on the chromosomes of the haploid gametes produced
by meiosis, page 96);

the random fusion of male and female gametes in sexual reproduction (this source of variation
was understood in Darwin’s time).

Additionally, variation arises due to mutations — either chromosome mutations or gene
mutations, page 98.

As a result of all these, the individual offspring of parents are not identical. Rather, they show
variations in their characteristics.

Natural selection results in offspring with favourable characteristics

When genetic variation has arisen in organisms:

the favourable characteristics are expressed in the phenotypes of some of the offspring;
these offspring may be better able to survive and reproduce in a particular environment; others
will be less able to compete successfully to survive and reproduce.

Thus, natural selection operates to determine the survivors and the genes that are perpetuated in
future progeny. In time, this selection process may lead to new varieties and new species.

The operation of natural selection is sometimes summarised in the phrase survival of the
fittest, although these were not words that Darwin used, at least not initially.

To avoid the criticism that ‘survival of the fittest’ is a circular phrase (how can fitness be
judged except in terms of survival?), the term ‘fittest’ is understood in a particular context. For
example, the fittest of the wildebeest of the African savannah (hunted herbivores) may be those
with the acutest senses, quickest reflexes, and strongest leg muscles for efficient escape from
predators. By natural selection for these characteristics, the health and survival of wildebeests is
assured.

Environmental change and speciation

When environmental changes put selected individuals at a disadvantage, then natural selection
is likely to operate on individuals and causes changes to gene pools. We have already noted that
individuals possessing a particular allele, or combination of alleles, may be more likely to survive,
breed, and pass on their alleles than other, less well-adapted individuals are. This process is also
referred to as differential mortality; two examples follow.

1 Multiple antibiotic resistance in bacteria
This is an example of the situation in which, while the majority of an existing form of an
organism may no longer be best suited to the environment, some unusual or abnormal forms of
the population have a selective advantage.
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Certain bacteria cause disease. Patients with bacterial infections are frequently treated with
an antibiotic to help them overcome the infection. Antibiotics are very widely used. In a large
population of a species of bacteria, some may carry a gene for resistance to the antibiotic in
question. Sometimes, such a gene arises by spontaneous mutation; sometimes the gene is
acquired in a form of sexual reproduction between bacteria of different populations.

The resistant bacteria in the population have no selective advantage in the absence of the
antibiotic, and must compete for resources with non-resistant bacteria. But when the antibiotic
is present, most bacteria of the population will be killed off. The resistant bacteria are very
likely to survive and be the basis of the future population. In the new population, all now
carry the gene for resistance to the antibiotic; the genome has been changed abruptly

(Figure 6.23).
Figure 6.23 Multiple  pathogenic bacteria
antibiotic resistance in cell carries gene for resistance
bacteria to an antibiotic (bacterium R
able to inactivate antibiotic) antibiotic-resistant gene acquired
by mutation
or

by conjugation (a form of sexual
reproduction) with a bacterial

cell that carries the gene

or

when infected by a virus
(phage) that has picked up

the gene in another host

pathogen invades and triggers disease
in human (or in a pet or farm animals)

™~

- - -» most bacterial cells perish
but
antibiotic-resistant cell survives

treated with antibiotic e.g. penicillin

gives rise to a new population of -— "
“mm <—— antibiotic-resistant bacteria v
(non-resistant competitor

bacteria have been killed,

so there is no competition

for resources)

process is repeated in another %
antibiotic-treated host 401
(following another infection
and treatment with a different
antibiotic e.g. methicillin) 301
causing multiple-antibiotic- i
resistant bacteria to evolve

20
10
overuse and misuse of antibiotics create the 0 -
perfect breeding ground for resistant bacteria 1992 1994 1996 1998 2000

development of multiple-resistant
Staphylococcus aureus, 1992-2001
(% of infected samples received in pathology labs)

In the long term, the drugs industry faces
the challenge of producing new antibiotics
faster than antibiotic-resistant bacteria evolve.

Explain:

why doctors ask patients to ensure that they complete their course of antibiotics fully
why the medical profession tries to combat resistance by regularly alternating the type of antibiotic used
against an infection.
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2 Heavy metal tolerance in plants
This is a phenomenon associated with those plants able to survive and even flourish on the
otherwise bare waste tips and spoil heaps commonly found at mining sites. Here, heavy metals
such as zinc, copper, lead, and nickel may be present as ions dissolved in soil moisture at
concentrations that generate toxic conditions for plants normally present on the surrounding
unpolluted soils. We have seen that several heavy metal ions are essential for normal plant
growth when present in trace amounts (page 38). In mining spoils, these levels are frequently
exceeded, and spoil heaps from eighteenth- and nineteenth-century mining activities in
several countries around the world remain largely bare of plant cover, even when surrounding,
unpolluted soils have dense vegetation cover. Seeds from these plants regularly fall on spoil
heap soil, but plants fail to establish themselves.

However, careful observations of spoil heaps at many locations have disclosed the presence
of local populations of plants that have evolved tolerance. One example is the grass Agrostis
tenuis (Bent grass), populations of which are tolerant of otherwise toxic concentrations of
copper (Figure 6.24).

A variety of biochemical and physiological mechanisms have evolved in tolerant species,
including:

a the selective ability to avoid uptake of heavy metal ions;

b the accumulation of ions that enter in insoluble compounds in cell walls by formation of
stable complexes with wall polysaccharides;

¢ transport of toxic ions into the vacuoles of cells, the membranes of which are unable to
pump them out again, so avoiding interactions with cell enzymes.

The evolution of this form of tolerance has been demonstrated in several species of
terrestrial plants, and also in species of seaweeds now tolerant of copper-based antifouling
paints frequently applied to the hulls of ships.

Figure 6.24 Copper ion
tolerance in populations

of Bent grass Agrostis tenuis (Bent grass)

a common species of poor soils |
on hills and mountains A Y

Experimental investigation of the ability of
Bent grass plants to grow in the presence

of copper ions at concentrations normally
toxic to plants
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Extension:

Suggest what sort
of events might, in
the past, have caused
violent and speedy
habitat change over
a substantial part of
the surface of the
Earth.

The development of the ideas of evolution

The idea of biological evolution is closely linked to the name of Charles Darwin, but in fact
evolution was discussed by Erasmus Darwin (1731-1802), Charles’s grandfather, and by other
biologists and geologists long before the publication of Charles Darwin’s controversial theory
shocked Victorian Britain.

The earliest, significant contribution was the realisation that the Earth was extremely old. In
Western culture, the biblical account of creation was generally accepted as authoritative until
the eighteenth century, at least. Furthermore, the chronology detailed in the Bible suggested
that life had appeared on Earth a mere few thousand years ago. This timescale, which meant
that the Earth was only 5000-6000 years old, was widely accepted in Europe until well into the
nineteenth century.

James Hutton (1726-97), a doctor, farmer and experimental scientist, realised that the
sedimentary rocks of many existing mountain ranges had once been the beds of lakes and seas
and, before that, had been the rocks of even older mountains. He made no estimate of the age
of the Earth, but he realised that, in contrast to biblical estimates, the Earth’s timescale
virtually had no beginning and no end. Nowadays, geologists estimate the age of the Earth to be
4500 million years, and life to have originated 3500 million years ago. With these timescales
it became possible to imagine organic evolution by gradual change.

Explain the significance for evolution theory of the realisation by early geologists that the Earth was more
than a few thousand years old.

The word ‘theory’ comes from a Greek word meaning ‘seeing’. Today, a scientific theory normally explains
something, usually via some mental model. However, there is diversity of scientific theories. They are not always
precise and mathematical, like those of Isaac Newton (1642-1727), which seized people’s imaginations and
enabled them to see science as extremely precise and exact. This remains a very commonly held view.

Dip into the The Origin of Species — say Chapter 7. Find the paragraph on the Greenland whale and the
evolution of the baleen plates. How would you describe this reasoning? What sort of ‘theory’ is presented here?

Classification

Classification is essential to biology because there are far too many different living things to sort
out and compare unless they are organised into manageable categories. With an effective
classification system in use, it is easier to organise our ideas about organisms and make
generalisations. The scheme of classification has to be flexible, allowing newly discovered living
organisms to be added into the scheme where they fit best. It should also include fossils, since we
believe living and extinct species are related.

The process of classification involves:

giving every organism an agreed name;
arrangement of organisms into groupings of apparently related organisms, as far as these
relationships are understood, so imposing an overall scheme on the diversity of living things.

The binomial system of naming

Many organisms have local names, but these often differ from locality to locality around the
world, so they do not allow observers to be confident they are talking about the same thing. For
example, in America the name ‘robin’ refers to a bird of the size of the European blackbird and
altogether different from the European robin (Figure 6.25). To avoid confusion, scientists use an
international approach called the binomial system (meaning ‘a two-part name’). By this system
everyone, anywhere knows exactly which organism is being referred to.
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Figure 6.25 Two robins

of the northern

hemisphere European robin & American robin &

Erithacus rubecula Turdus migratorius
length 14 cm length 21 cm

In the binomial system, each organism is given a scientific name consisting of two Latin
words. The first (a noun) designates the genus, the second (an adjective) names the species. The
generic name begins with a capital letter, and is followed by the specific name, which begins
with a lowercase letter. Conventionally, this name is written in italics when in print (or is
underlined in handwriting). As shown in Figure 6.26, closely related organisms have the same
generic name; only their species names differ. You will see that when organisms are frequently
referred to in a piece of writing, the full name is given initially and thereafter the generic name
is shortened to the first (capital) letter. Thus, in continuing references to humans in an article or
scientific paper, Homo sapiens becomes H. sapiens.

Figure 6.26 Naming  generic name + specific name
organisms by the (noun) (adjective)
binomial system

Ranunculus aquatilis
water crowfoot = growing in water

Ranunculus repens
creeping buttercup

Homo sapiens
modern humans

19 Scientific names of organisms are often difficult to pronounce or

Homo habilis remember. State why they are used.

handy human (extinct)

The scheme of classification

The science of classification is called taxonomy. The word comes from taxa (singular, taxon),
which is the general name for groups or categories within a classification system. The taxa used
in taxonomy are given in Figure 6.27.

Biological classification schemes are the invention of biologists, based on the best available
evidence at the time. In classification, the aim is to use as many characteristics as possible in
placing similar organisms together and dissimilar ones apart. Just as similar species are grouped
together into the same genus (plural, genera), so similar genera are grouped together into
families. This approach is extended from families to orders, then classes, phyla and kingdoms.
This is a hierarchical scheme of classification, each successive group containing more and more
different kinds of organism.
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Figure 6.27 Taxa used in
taxonomy, applied to
genera from two different
kingdoms

Kingdom: Plantae

\J

Phylum: Angiospermophyta

Y
Class: Dicotyledonae

Y
Order: Fagales

Y
Family: Fagaceae

\/
Genus: Quercus

\]
Species: robur
‘common oak’

Design a method of
classifying animals
and plants
commonly found in
gardens that might
be useful to an
enthusiastic
gardener.

——> other phyla

——> other classes

———> other orders

———> other families

——> other genera

——> other species

kingdom the largest and most inclusive Kingdom: Animalia
grouping e.g. plants, animals, fungi, etc.

———> other phyla

Y
phylum organisms constructed Phylum: Chordata

on a similar plan
——> other classes

Y
class a grouping of orders Class: Mammalia

within a phylum
——> other orders

Y
order a group of apparently Order: Primates

related families
—> other families

Y
Family: Hominidae

family a group of apparently

related genera Normally several species occur

in one genus, many genera make
a family, several families make an
order, and so on. However, this

M family contains only one genus.

genus a group of similar and Genus: Homo
closely related species |

TN

species a group of organisms Species: sapiens erectus habilis
capable of interbreeding to produce ’moderln ‘upright human’  ‘handy human’
fertile offspring human . ,

extinct species — we learn about
them from fossil evidence only
(a mnemonic to remember the hierarchy of taxa:
King Peter Called Out For Genuine Scientists)

Classification of the plant kingdom

The green plants are terrestrial organisms, adapted to life on land, although some do occur in
aquatic habitats. They are eukaryotic organisms, with a wall containing cellulose around each
cell. In their nutrition, green plants are autotrophic organisms, manufacturing sugar by
photosynthesis in their chloroplasts. The sugar is then stored or used immediately to sustain the
whole of their metabolism.

A distinctive feature of green plants is their rather complex life cycle: there are two stages or
generations, a gametophyte generation that produces gametes, and a sporophyte generation that
forms spores. The details of this feature do not concern us here, but it does account for some otherwise
puzzling aspects of green plant structures and life cycles.

The phyla that make up the green plants

Green plants range from simple, tiny mosses to huge trees — incidentally, trees include some of
the largest and oldest living things. The four main phyla of green plants are the mosses (Phylum
Bryophyta); ferns (Phylum Filicinophyta); conifers (Phylum Coniferophyta) and flowering plants
(Phylum Angiospermophyta). Figures 6.28-31 present the simple recognition features of the
four phyla, in turn.
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Figure 6.29 The ferns —
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Classification

Introducing the Bryophyta

® All are land plants, yet poorly adapted to terrestrial
conditions — typically restricted to damp environments.

® Plant constructed of a tiny stem and radially arranged
leaves. Roots absent, but stem anchored by hair-like
rhizoids.

® | eaves not protected from water loss by a waxy
cuticle, and stem contains no water-conducting cells
or supporting ‘fibres’.

® Spore-containing capsule grows on the main (haploid)
plant on a long stalk with its ‘foot’ in the moss stem.

® Spore capsule may have an elaborate spore-dispersing
valve mechanism.

® Alternatively, some Bryophyta exist as flat leaf-like
structures on the soil surface, and are known as
liverworts.

Introducing the Filicinophyta

® Ferns are green plants with stems, leaves and roots,
and are well-adapted to terrestrial conditions. (Stems
growing just below ground are called rhizomes.)

® \Within stem, leaves and roots is vascular tissue for
conducting water and nutrients around the plant.

® The leaves are elaborate structures that form tightly
coiled up, and uncoil in early growth.

® | eaves are covered by a waxy cuticle that protects
against water loss by evaporation.

® Spore-producing structures (sporangia) occur in
clusters on the under-surface of the leaves, protected
below a flap of tissue.

® Spores are released explosively, thrown some distance
and then germinate to produce a tiny, independent
leaf-like plant.

® This tiny gamete-forming plant (haploid) is where the
zygote is formed that then grows into a new fern
plant.

® Present day ferns are relatively small survivors of an
ancient group, dominant within the Carboniferous
period (about 355 million years ago). Huge forests
grew across a swampy land, with tree-like ferns — now
present as today'’s fossil fuels.
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Figure 6.30 The conifers
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Figure 6.31 The  the monocotyledon grass Poa
flowering plants — Phylum
Angiospermophyta
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Introducing the Coniferophyta

® Cone-bearing trees, usually large with strong
stem (trunk). They grow well, even on poor
soils, and are the dominant plants in northern
(boreal) forests, for example.

® The main trunk continues to grow straight,
and side branches are typically formed in
whorls, below, giving the trees a simple cone-
shaped outline, at least as young trees.

® | eaves are usually waxy and needle-shaped.
They are mostly evergreen, the leaves able to
resist damage in low temperatures and heavy
snow fall, when water supplies are locked
away as ice.

® Seed-bearing plants, the seeds formed in
female cones. Male and female cones often
occur on the same tree. Typically, the seed
takes 2-3 years to form from arrival of pollen
(from male cone) to release and dispersal of
seeds.

® Survival on poor soils is aided by their
mutually advantageous relationship with soil
fungi in modified roots (mycorrhiza) in which
fungal threads (hyphae) ‘trade’ ions from the
soil for excess sugar that forms in the tree.

® Since confers mostly grow fast and straight,
they form economically important crops of
timbers known as ‘soft woods'.

Introducing the Angiospermophyta

® The Angiospermophyta are the dominant
group of land plants. Many are herbaceous
(non-woody) plants, others are trees (hard
woods) or shrubs.

® The stem, leaves and roots contain vascular
tissue (xylem and phloem) that delivers water
and nutrients all around the plant.

® | eaves are elaborate structures with a waxy,
waterproof covering and pores (stomata) in
the surface.

® Flowers are unique to the Angiospermophyta,
and from them seeds are formed. Seeds are
enclosed in an ovary, and after fertilisation,
the ovary develops into a fruit.

® With development of the flower have come
complex mechanisms of pollen transfer and
seed dispersal, often involving insects, birds,
mammals or wind and water.

® The Angiospermophyta are divided into the
monocotyledons and dicotyledons.

® The monocotyledons (e.g. the grasses) mostly
have parallel veins in their leaves, and have a
single seed-leaf in the embryo in the seed.

The dicotyledons (the broad-leaved plants)
have net veins in their leaves and two seed
leaves in the embryo.
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Classification of the animal kingdom

Animals are multicellular, eukaryotic organisms with heterotrophic nutrition. Typically, the
body of an animal has cells highly specialised by their structure and physiology to perform
particular functions, such as muscle cells for movement. Specialised tissues often occur together
to form organs, which perform a particular function in the body as a whole. Most animals have
some form of nervous system to coordinate their body actions and responses. These features of
animal structure and function are mostly explored in relation to the human mammal, in
Chapter 7.

A point of contrast with plants is the simplicity of the life cycle of animals (although some
parasitic animals are an exception to this). Their life cycle is diploid, with the adult producing
haploid gametes (sperms and ova) by meiosis. After fertilisation, the zygote divides to produce an
embryo, which early in development becomes a characteristic hollow ball of cells, called a
blastula (page 384).

An animal’s life style may be reflected in its body plan — many animals are in more or less
constant movement, often in search of food, for example. The symmetry of the body of a motile
organism is typically bilateral, meaning that there is only one plane that cuts the body into two
equal halves. Also, with motility comes a compact body, elongated in the direction of
movement, so shaped to offer least resistance to the surrounding medium, air or water. Since the
anterior (front) end experiences the changing environment first, sense organs become located
there. The result is the evolution of a head distinct from the rest of the body, a developmental
process called cephalisation.

However, the body of an animal with a non-motile or sessile life style may show radial
symmetry. The body is approximately cylindrically organised, with body parts arranged around a
central axis. There are many planes by which the body can be cut into equal halves. No head is
formed.

Some non-vertebrate phyla of the animal kingdom
The phyla of animals introduced here are a selection of non-vertebrate groups only, namely the
sponges (Phylum Porifera); jellyfishes and sea anemones (Phylum Cnidaria); flatworms (Phylum
Platyhelminthes), roundworms (Phylum Nematoda), the molluscs (Phylum Mollusca), and the
jointed-limbed animals (Phylum Arthropoda).

Figures 6.32-6.37 present the simple recognition features of these six phyla, in turn.

Figure 6.32 The sponges  the sponge Leucosolenia Introducing the Porifera
— Phylum Porifera
® The Porifera are the simplest multicellular

animals, structurally little more than colonies
of cells. They are aquatic and mostly marine
animals (once thought to be plants).

water movement
(feeding current)

® Sponges are formed into simple sac-like
structures of cells in two layers, arranged
around a central (gastric) cavity.

® (ells of the walls of the sponge specialise for
feeding, structural support or reproduction.
They form the only multicellular animals to
entirely lack any nervous system.

® Feeding is on tiny suspended particles —
plankton — which are drawn in through pores
in the walls, and are taken up by individual
cells and digested.

® Sponges may reproduce asexually by
budding, and also sexually — forming a free-
swimming larva which is the dispersal stage
for this sedentary animal.

Leucosolenia (1-2 cm wide)
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Figure 6.33 The  Hydra
jellyfishes and sea  a fresh water hydroid cnidarian
anemones — Phylum
Cnidaria
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Figure 6.34 The Planaria
flatworms — Phylum a free-living flatworm
Platyhelminthes
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Introducing the Cnidaria

® The Cnidaria or coelenterates (meaning
‘hollow gut’) are aquatic animals, mostly
marine, with radially symmetrical body plans.

The body cavity is a gut with a single opening
for ingestion of food and egestion of waste
matter.

® The body wall is of two layers of cells — an
outer ectoderm and an inner endoderm —
separated by a layer of jelly, the mesoglea.

® The ectoderm includes stinging cells which
may be triggered by passing prey. With these
cells, prey is poisoned, paralysed and held
until it is pushed into the gut for digestion.

® The stinging cells are found especially on the
tentacles.

® Behaviour of the body is coordinated by a
nerve net in the mesoglea, in contact with
the bases of all wall cells.

® There are alternative body forms in the
Cnidaria — either a sessile hydroid form
(illustrated by Hydra) or a floating medusa
form (illustrated by the jellyfish). These body
forms typically alternate in the life cycle.

® The Cnidaria also include the sea anemones
and corals.

Introducing the Platyhelminthes

® The Platyhelminthes are flat, unsegmented
animals with a body built from three cell
layers (triploblastic organisation).

® There is no cavity in the middle layer. They
have a mouth and a gut with numerous
branches, but there is no anus. Feeding is by
scavenging or predating on other small
animals.

® There is no circulatory system in the
platyhelminth body, but the generally small,
thin, often flat body means that oxygen can
diffuse easily to most cells.

® There are ‘flame cells’ present for excretion
and regulation of water and ions in the body.

Platyhelminthes often have both male and
female reproductive organs in one individual
(hermaphrodite organisation), but the
chances of self-fertilisation are minimal.

® Some are free-living flatworms, but others
are parasitic flukes or tapeworms. The
phylum contains many important parasites.
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Figure 6.35 The
segmented worms —
Phylum Annelida
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Introducing the Annelida

® \Worm-like animals with a soft body (without

a rigid skeleton), built of a fixed number of
similar segments (visible externally as rings).
Each segment contains the same pattern of
nerves, blood vessels and excretory organs.
This arrangement is known as metameric
segmentation.

Internally, the segments are separated by
septa that divide the body cavity (coelom)
into compartments, each surrounded by the
muscular body wall. The coelum is fluid-filled
and muscles of the body wall bring about
movements by working against the pressure
of the fluid in the coelum compartments. This
forms a flexible, hydrostatic skelton.

Gaseous exchange occurs through the whole
body surface, which is kept moist. The blood
contains an oxygen-transporting pigment.

The collection of sense organs and the
feeding structures at the anterior end, known
as cephalisation, modifies the segmentation
pattern somewhat. A solid (non tubular)
ventral nerve cord runs the length of the
body.

Introducing the Mollusca

The molluscs are the slugs, snails, limpets,
mussels and octopuses. They are a huge and
diverse group of organisms, the second
largest phylum in terms of numbers of
species. Most are aquatic and found in fresh
water or marine habitats, but a few are
terrestrial.

They are animals with generally soft, flexible
bodies which show little or no evidence of
segmentation. The body is divided into a
head, a flattened muscular foot and a hump
or visceral mass often covered by a shell,
secreted by a layer of tissue called the
mantle.

The compact body shape of molluscs means
that diffusion is not effective for the transport
of nutrients, and molluscs have gills or
occasionally lungs for gaseous exchange, as
well as a well-developed blood circulation.

Most molluscs have a rasping, tongue-like
radula used for feeding.
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Figure 6.37 The jointed-  the locust
limbed animals — Phylum
Arthropoda

Introducing the Arthropoda

® The Arthropoda are the most numerically successful of
all animals, and are divided into five distinct groups:
the crustaceans, the arachnids, the centipedes, the
millipedes, and the insects.

grows ® These animals have segmented bodies, covered by a
through hard external skeleton made of chitin, with jointed
several limbs (after which they are named). Typically, there is
moults one pair of legs per segment, but this pattern has

been lost from some arthropods.

® The exoskeleton cannot grow with the animal, so it
has to be shed periodically (moulting), and replaced
larval stage with a larger one into which the enlarging animal
grows.

® The blood circulation is open; the blood is in a
haemocoel cavity surrounding all the organs of the
body. A tubular heart pumps blood into the
haemocoel.

the butterfly ® The functioning of the body is co-ordinated by a

ventral nerve cord with nerves running to each
segment. There is a concentration of nerves at the
front of the body.

® The insects are by far the most numerous and have:

— a body divided into head, thorax and abdomen

— three pairs of legs and two pairs of wings attached
to the thorax

— a pair of compound eyes and a pair of antennae on
the head

— head with mouthparts that are modified paired
limbs

— air piped to the tissues by a system of tubes, called

larva (caterpillar) adult (butterfly) tracheae.

The construction of dichotomous keys

The process of naming unknown organisms we come across — for example, in ecological field
work — is important but time-consuming. We often attempt this by comparisons, using
identification books that are illustrated with drawings and photographs, and that provide
information on habitat and habits to give us clues to the identity of organisms.

Alternatively, the use of keys may assist us in the identification of unknown organisms. The
advantage of using keys is that it requires careful observation. We learn a great deal about the
structural features of organisms and get some understanding of how different organisms may be
related.

The steps in the construction of a dichotomous key are illustrated first.

Follow the steps, then put them into practice yourself.

Steps in key construction

The steps in key construction are illustrated using eight different tree leaves as shown in
Figure 6.38. In selecting the leaves, care must be taken to ensure that each is entirely
representative of the majority of leaves the tree has.
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First, each leaf is carefully examined and the most significant features of structure are listed
in a matrix where their presence (or absence) is recorded against each specimen, as shown in
Figure 6.39.

Then, from the matrix, a characteristic shown by half (or thereabouts) of the leaves is
selected. This divides the specimens into two groups. A dichotomous flow diagram is
constructed, progressively dividing the specimens into smaller groups. Each division point is
labelled with the critical diagnostic feature(s), as shown in Figure 6.40.

Finally, a dichotomous key is constructed, reducing the dichotomy points in the flow diagram
to alternative statements to which the answer is either ‘yes’ or ‘no’. To each alternative is given
a number to which the reader must refer to carry on the identification, until all eight leaves have

been identified (Figure 6.41).
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G Southern Catalpa (N. America) H Indian Horse Chestnut (Himalaya)
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Figure 6.39 Matrix of
characteristics shown by
one or more of the
sample

Figure 6.40
Dichotomous flow
diagram of leaf
characteristics

Tree leaves, identified by number
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leaf consists of leaflets = v v = v = v
leaf blade narrow, with almost parallel sides v - - - - v - -
leaf blade broad = = = v = = v =
leaflets radiate from one point (palmate) - - v - - - - v
leaflets arranged in two rows along stalk - v - - v - - -
leaf / leaflet margin smooth = = = = v v v v
leaf / leaflet margin toothed, like a saw v 4 v v - - - -
leaf blade heart-shaped = = = = = = v =
leaf blade boat-shaped (widest in middle) - - - v - - v -
leaflet paddle-shaped, widest near one end = = v = = = = =
leaflets 5 in number or less - - - - v - - -
leaflets between 6 and 10 in number = = v = = = = v
leaflets more than 10 in number - v - - - - - -
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Figure 6.41
Dichotomous key to the
sample of eight tree
leaves

Figure 6.42 A selection
of Camin’s ‘caminacules’

1 Leaves entire, not divided into leaflets
Leaf blade divided into leaflets

2 Leaf blade narrow, with almost parallel sides
Leaf blade broad rather than narrow

3 Blade margin toothed like a saw
Blade margin smooth

4 Blade boat-shaped
Blade heart-shaped

5 Leaflets radiate from one point
Leaflets arranged in two rows

6 Leaflets paddle-shaped — widest at one end
Leaflets boat-shaped — widest in the middle

7 Leaflets 5 (or less) in number
Leaflets more than 10 in number

Practising key construction

Joseph Camin, a biology teacher at Kansas University, designed a family of ‘animals’ in order to
introduce the principles of classification in a practical way. Some of his ‘caminacules’ are shown
in Figure 6.42. Use a copy of these to construct a key, following the steps detailed above.
Alternatively, use a suitable selection of eight living biological specimens.

Classification

Go to ...

2
5

3
4

Macedonian Oak
Osier

Sweet Chestnut
Southern Catalpa

6
7

Horse Chestnut
Indian Horse Chestnut

Pignut Hickory
Picrasma
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Extension: The five kingdoms

At one time the living world seemed to divide naturally into two kingdom:s:

Plants Animals
photosynthetic (autotrophic nutrition) ingestion of complex food (heterotrophic nutrition)
mostly rooted (therefore, stationary) organisms typically mobile organisms

These two kingdoms grew from the original disciplines of biology, namely botany, the study of
plants, and zoology, the study of animals. Fungi and microorganisms were ‘added’ to botany.

Initially there was only one problem: fungi possessed the typically ‘animal’ heterotrophic
nutrition but were ‘plant-like’ in structure. Later, with the use of the electron microscope, came
the discovery of the two types of cell structure, namely prokaryotic and eukaryotic (page 14).
As a result, the bacteria with their prokaryotic cells could no longer be ‘plants’ since plants have
eukaryotic cells. The divisions of living things into kingdoms needed overhauling.

Figure 6.43 Possible
evolutionary relationship

of the five kingdoms A new grouping within
the prokaryotes is now -
recognised — bacteria y
that survive under {

extreme conditions s
(page 553). A

? = origin of life

prokaryotes
bacteria + cyanobacteria

\ brown

algae
protoctistans

eukaryotes

The cells of these
organisms contain
mitochondria.

The cells of these
organisms contain
chloroplasts also.

sponges b

cnidarians

flatworms fungi

maosses

chordates
(= fishes, amphibians
reptiles, birds

and mammals)

molluscs

annelids

flowering plants
arthropods i

animals plants

Today, the agreed division of living things is into five kingdoms (Figure 6.43):

Prokaryotae — the prokaryote kingdom, the bacteria and cyanobacteria (photosynthetic
bacteria), predominantly unicellular organisms;

Protoctista — the protoctistan kingdom (eukaryotes), predominantly unicellular, and seen as
resembling the ancestors of the fungi, plants and animals;

Fungi — the fungal kingdom (eukaryotes), predominantly multicellular organisms, non-motile,
and with heterotrophic nutrition;

Plantae — the plant kingdom (eukaryotes), multicellular organisms, non-motile, with
autotrophic nutrition;

Animalia — the animal kingdom (eukaryotes), multicellular organisms, motile, with
heterotrophic nutrition.



Questions 1-5 are taken from past IB Diploma
Biology papers:

Q1 Which characteristics apply to all evolving populations?
I overproduction of offspring
Il there are differing genotypes in the population
Il different chances of survival

A land Il only C lland lll only
B | and lil only D I, lland lll
Standard Level Paper 1, May 02, Q21

Q2 Which of the following represents a kingdom?
A eukaryotes C protoctista
B viruses D mammals
Higher Level Paper 1, May 06, Q18

Q3 Which of the following correctly identifies the
role(s) of bacteria in an ecosystem?
A autotroph
B autotroph and detritivore
C detritivore and heterotroph
D autotroph, detritivore and heterotroph
Standard Level Paper 1, May 05, Q21

The following diagram refers to questions 4 and 5. It
shows part of the food web of the community that

inhabits Antarctica.
leopard seal baleen whales

Y y t I:I \
Weddell seal <~

Y crab eater
seal

pelagic fish :

emperor penguins

Adelie penguins

phytoplankton

Q4 What trophic level do squid belong to?
A tertiary consumers
B secondary consumers
C primary consumers
D producers
Standard Level Paper 1, May 04, Q18

Q5 Which human activity would have the greatest
impact on the food web?
A overfishing the krill
B killing the crab eater seals for their skins
C a continued ban on hunting whales
D building an airstrip through the emperor
penguin nesting colony
Standard Level Paper 1, May 04, Q19

Examination questions — a selection

Questions 6-10 cover other syllabus issues in this
chapter.

Q6 By means of concise definition and examples,
distinguish between the following terms:

a ecosystem and habitat (4)
b population and community 4)
¢ species and genus. (4)
Q7 a Carbon is present in all organic compounds and

in carbon dioxide gas in the atmosphere.
Suggest where else inorganic carbon is
commonly found in the biosphere, and in what
forms it occurs. (4)
b Describe by what processes the carbon of
organic compounds will be converted to carbon
of carbon dioxide. (2)
¢ State where conversion of carbon dioxide to
organic compounds occurs and what source of
energy is involved. (2)
d Explain the fact that the average concentration
of atmospheric carbon dioxide is almost stable

on a daily basis. (2)
e |dentify the part played by the oceans, and
organisms in them, in the carbon cycle. (3)

Q8 The individuals in a species are not identical, but
show variations in their characteristics. Explain how
variations may arise, and what part variations may
play in the evolution of species by natural
selection. (6)

Q9 a Draw a graph of the growth of an animal
population after introduction to a new, highly
favourable environment. Annotate the stages of
the curve to establish the factors influencing
change in population size at each stage. (6)

b In a natural environment the numbers of a
population in the community of organisms
present normally fluctuate unpredictably.
Identify the natural influences that change
population numbers in these circumstances. (6)

Q10 Use a table as shown to state one external feature
characteristic of each group. (7)

Group Characteristic external feature
cnidarians

chordates

mosses

arthropods

ferns

annelids

flowering plants



Human physiology, health and
reproduction

STARTING POINTS The bulk of the carbon compounds that make up the cytoplasm of cells consist of
carbohydrates, lipids and proteins.
In cells, energy is transferred by the breakdown of nutrients, principally carbohydrates
such as glucose, by the process of cell respiration.
Animals obtain nutrients by digestion of food substances, followed by absorption of the
products of digestion — described as heterotrophic nutrition.
Enzymes are biological catalysts made of protein, produced by cells to bring about
chemical changes inside cells, such as cell respiration, or outside cells, such as
digestion.
Entry into cells occurs by diffusion or active transport. Water enters by osmosis, a
special case of diffusion.
Microorganisms are a diverse group, some prokaryotes, some eukaryotes, and some
protoctista. Viruses are not living organisms.
Reproduction is a characteristic of living things. In sexual reproduction two sex cells
(gametes) fuse (fertilisation) to form a zygote.
As the chromosome number is doubled at fertilisation, the process of gamete formation
involves meiosis (reductive nuclear division).

Physiology is about how and why the parts of the body function the way they do. Linked with
physiology is anatomy — the study of structure. Structure gives vital clues to function, as when
the structures of our arteries and veins are compared, for example.

Physiology is also an experimental science. For example, physiological experiments have
established that cells of organisms function best in an internal environment that stays fairly
constant, held and maintained within quite narrow limits. We talk about a constant internal
environment — which is certainly the case in mammals such as the human, on which we focus here.

In this chapter, we first examine how the body obtains nutrients, breathes and exchanges
gases with the air, and maintains an efficient internal transport system.

Pathogens, many of them microorganisms, may bring disease to healthy organisms.
Accordingly, cells of our blood circulation also have roles in defence against communicable
diseases. Finally, the roles of nerves and hormones, the processes of homeostasis, and aspects of
sexual reproduction are discussed.

Nutrition 6.1.1-6.1.7

An animal takes in food, which is complex organic matter, and digests it in the alimentary canal
or gut, producing molecules suitable for absorption into the body cells via the blood circulation
system. This is known as holozoic nutrition (meaning ‘feeding like an animal’). Holozoic
nutrition is just one of the forms of heterotrophic nutrition (meaning ‘feeding on complex,
ready-made foods’) to obtain the required nutrients. The important ecological point to remember
1 State two forms of about all heterotrophs is their dependence, directly or indirectly, on organisms that manufacture
heterotrophic their own elaborated foods. These organisms are the photosynthetic green plants, known as

Egltgitsz' other than autotrophs. This dependence is demonstrated in food chains (page 139).
zoic.

Digestion, where and why

The food an animal requires has to be searched for or possibly hunted. Some mammals eat only
plant material (herbivores), some eat only other animals (carnivores), and others eat both
animal and plant material (omnivores). Whatever is eaten, a balance of the essential nutrients is
required by the body. The sum total of the nutrients eaten is the diet.
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The mammalian gut is a long, hollow muscular tube connecting mouth to anus. Along the gut
are several glands, and the whole structure is specialised for the movement and digestion of food
and for the absorption of the useful products of digestion. The regions of the human gut are

shown in Figure 7.1, and the steps of nutrition in Table 7.1.
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Figure 7.1 The layout of
the human gut
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Table 7.1 The five steps

Step
ingestion

digestion

absorption

assimilation

egestion

of holozoic nutrition

Figure 7.2 Chemical
digestion — the steps
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2 a Explain why

digestion is an
essential stage in
nutrition.

State two essential
foods that do not
require digestion.
Identify a
polysaccharide the

Digestion is an essential step because the bulk of the food taken in consists of insoluble
molecules that are far too large to cross the gut wall and enter the blood stream. The bulk of our
diet consists of carbohydrates, lipids and proteins. These must be hydrolysed to monosaccharides,
fatty acids and glycerol, and free amino acids, before they can be absorbed and, later, built up
into the carbohydrates, lipids and proteins required by our bodies. The chemical structure of
carbohydrates, lipids and proteins is discussed in Chapter 2. The chemical changes that occur to
large, insoluble carbohydrates, lipids and proteins during digestion are summarised in Figure 7.2.
Food cannot be said to have truly entered the body until it has been digested and the products
absorbed across the gut wall.

The first stage in the breakdown of large, insoluble food molecules, then, is mechanical
digestion. This occurs by the action of the jaws and teeth in the mouth, and then later, through
the churning action of the muscular walls as the food is moved along the gut, particularly in the
stomach. Throughout the gut, waves of contraction and relaxation of the circular and
longitudinal muscles of the wall propel food along. This process is known as peristalsis. (Gut
muscles are described as involuntary muscles because they are not under conscious control.)

The chemical digestion that follows is brought about by enzymes. Digestive enzymes are
protein catalysts produced in specialised cells in glands associated with the gut. Several different
enzymes are secreted onto the food as it passes along the gut. The action of these enzymes very
greatly speeds up the breakdown of insoluble food substances. They work efficiently at the
relatively low temperature the body is maintained at. To complete the digestion processes,

human gut cannot enzymes secreted onto the food work together with those held in the plasma membranes of cells

digest. . . . . .
S of the gut lining. Examples of digestive enzymes are listed in Table 7.2
Enzyme Source Substrate Product Optimum pH
amylase salivary glands starch maltose 6.5-7.5
pepsin gastric glands protein polypeptides 2.0
Table 7.2 Examples of lipase pancreas triglyceride fatty acids and glycerol 7.0

digestive enzymes

Digestion in the stomach

The human stomach is a J-shaped muscular bag located high in the abdominal cavity, below the
diaphragm and liver. The function of this organ is to retain a meal while enzymic digestion of
protein begins.

Figure 7.3 Gastric
glands, structure and
function
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3 Predict why it is
essential that the
protease enzymes of
digestion are secreted
in inactive forms.

Figure 7.4 Chyme meets
bile and pancreatic juice

Present in the wall of the stomach are millions of tiny pits called gastric glands which secrete
the components of gastric juice (Figure 7.3). This juice includes hydrochloric acid — sufficiently
acidic to create an environment of pH 1.5-2.0, which is the optimum pH for protein digestion
by the protease enzymes of the gastric juice. These proteases, of which pepsin is one (Table 7.2),
are formed in cells of the gastric glands and secreted in an inactive state. The hydrochloric acid
then activates them, and it also kills many bacteria present in the incoming food.

The whole stomach lining is supplied with goblet cells that secrete mucus. Mucus bathes the
interior lining of the stomach, forming an effective barrier to both the hydrochloric acid and the
proteases of the gastric juices, preventing autolysis (self-digestion) of the stomach wall.

As the food is mixed with gastric juice and churned by muscle action it becomes a semi-liquid
called chyme. The churning action of the stomach is an important part of the mechanical
digestion process. A typical meal may spend up to four hours in the stomach.

The roles of the small intestine

It is in the small intestine that completion of digestion of carbohydrates, lipids and proteins
occurs, and the useful products of digestion are absorbed. In humans, the small intestine is about
five metres long. Throughout its length, the innermost layer of the wall is formed into vast
numbers of finger-like or leaf-like projections called villi.

Digestion in the small intestine

Food enters the first part of the small intestine (known as the duodenum) a little at a time. Here
the chyme meets bile from the bile duct, and the pancreatic juice from the pancreas. Bile is
strongly alkaline and neutralises the acidity of the chyme. It also lowers the surface tension of
large fat globules, causing them to break into tiny droplets, a process called emulsification. This
speeds digestion by the enzyme lipase later on. Bile itself contains no enzymes.

Pancreatic juice contains several enzymes, including an amylase that catalyses the hydrolysis
of starch to maltose, a lipase that catalyses the hydrolysis of fats to fatty acids and glycerol, and
proteases that hydrolyse proteins to polypeptides, and shorter-length peptides to free amino acids
(Table 7.3).

All these enzymes act as the chyme, bile and pancreatic juice are mixed together by a
churning action (a form of peristalsis) called segmentation (Figure 7.4).
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Table 7.3 The groups of
hydrolytic enzymes
operating in the small
intestine

Figure 7.5 The small
intestine — the absorption
surface

Enzyme Substrate Products

amylases starch maltose

lipases lipids fatty acids and glycerol
proteases proteins + polypeptides polypeptides + amino acids

Absorption in the small intestine

The products of digestion, mostly monosaccharide sugars, amino acids, fatty acids and glycerol,
together with various vitamins and mineral ions, are absorbed as they make contact with the
epithelial cells of the villi of the small intestine (Table 7.4). The process is efficient because the
small intestine has a huge surface area, due to the vast number of villi (Figure 7.5). Epithelial
cells expend energy in the active transport process by which most of the products of digestion
are taken into the cells. Transport involves protein pump molecules in the plasma membrane,
activated by reaction with ATP.
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Feature Description/function
villi provide a huge surface area for absorption
epithelium cells single layer of small cells, packed with mitochondria — the source of ATP (metabolic

energy) for active uptake across the plasma membrane

pump proteins in the actively transport nutrients across the plasma membrane into the villi
plasma membrane of
epithelial cells

network of capillaries large surface area for uptake of amino acids, monosaccharides, and fatty acids and
glycerol into blood circulation
lacteal branch of the lymphatic system into which triglycerides (combined with protein) pass
for transport to body cells
Table 7'4. Functions of mucus from goblet cells lubricates movement of digested food among the villi and protects plasma
the absorption surface of . o o
in epithelium membrane of epithelial cells

the small intestine

Assimilation follows absorption

The fate of absorbed nutrients is termed assimilation. In the first stage of assimilation, absorbed
nutrients are transported from the intestine. In the villi, sugars are passed into the capillary
network, and from here they are transported to the liver. The liver maintains a constant level of
blood sugar (page 222). The amino acids are also passed into the capillary network and
transported to the liver. Here they contribute to the pool or reserves of amino acids from which
new proteins are made in cells and tissues all over the body.

4 Distinguish between Finally, lipids are absorbed as fatty acids and glycerol and are largely absorbed into the lacteal
:?;Sr:ﬁ:t?gnand vessels. From there they are carried by the lymphatic system to the blood circulation outside the
' heart.

Role of the large intestine

The large intestine wall has no villi, but the surface area for absorption is increased somewhat by
numerous folds of the inner lining. At this point in the gut, most of the useful products of
digestion have been absorbed. What remains is the undigested matter (such as plant fibre),
mucus, dead intestinal cells, bacteria, some mineral ions and water. Water is an important
component of our diet, and many litres of water are also secreted onto the chyme in the form of
digestive juices.

In the colon, water and mineral salts (such as Na* and Cl- ions) are absorbed. What remains
of the meal is now referred to as faeces. Bacteria compose about 50% of the faeces, and some of
these microorganisms produce gases and odoriferous substances. Bile pigments (excretory
products formed from the routine breakdown of red cells), which were added in the duodenum,
uniformly colour the faeces.

The rectum is a short muscular tube which terminates at the anus. Discharge of faeces from
the body at the anus is controlled by sphincter muscles.

The transport system 621627

Living cells require a supply of water and nutrients such as glucose and amino acids, and most
need oxygen. The waste products of cellular metabolism have to be removed. In single-celled
organisms and very small organisms, internal distances are small, so movements of nutrients can
occur efficiently by diffusion, although some substances require to be transported across
membranes by active transport. In larger organisms, these mechanisms alone are insufficient —
an internal transport system is required to service the needs of the cells.
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Internal transport systems at work are examples of mass flow. The more active an organism is,
the more nutrients are likely to be required by cells, and so the greater is the need for an efficient
system for internal transport. Larger animals have a blood circulatory system that links the parts
of the body and makes resources available where they are required.

Transport in mammals

Mammals have a closed circulation in which blood is pumped by a powerful, muscular heart and
circulated in a continuous system of tubes — the arteries, veins and capillaries — under pressure.
The heart has four chambers, and is divided into right and left sides. Blood flows from the right
side of the heart to the lungs, then back to the left side of the heart. From here it is pumped
around the rest of the body and back to the right side of the heart. As the blood passes twice
through the heart in every single circulation of the body, the system is called a double
circulation.

The circulatory system of mammals is shown in Figure 7.6, alongside alternative systems.
Looking at these other systems helps us to understand the features of the mammalian circulation.
It becomes clear that the major advantages of the mammalian circulation are:

m simultaneous high-pressure delivery of oxygenated blood to all regions of the body;
m oxygenated blood reaches the respiring tissues, undiluted by deoxygenated blood.

Figure 7.6 Open and
closed circulations

open circulation of insects closed circulation systems —> double circulation of mammals
blood is pumped forwards in the tubular heart, and then l blood passes twice through the
passes in the sinuses (open spaces) between the organs heart in each complete circulation

wings dorsal blood vessel
is a tubular heart

valves allow blood to pulmonary circulation
enter, and to be pumped  Single circulation of fish (to lungs)

blood passes once through
the heart in each complete

forwards

four-chambered ——

circulation
heart
blood pumped then on to the
to the gills first rest of the body systemic circulation T l
(to body tissues)

perforated membranes
aid circulation in the
sinuses

limbs

two-chambered heart

5 In an open circulation there is ‘little control over circulation’. Suggest what this means.

The transport medium - the blood

Blood is a special tissue consisting of a liquid medium called plasma in which are suspended red
cells or erythrocytes, white cells or leucocytes, and the platelets (Figures 7.7 and 7.8). The
plasma is the medium for exchange of substances between cells and tissues, the erythrocytes are
involved in transport of respiratory gases, and the leucocytes are adapted to combat infection.
The roles of the components of blood are summarised in Table 7.5.
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Figure 7.7 The
composition of the blood
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Component Role

plasma transport of:

® nutrients from gut or liver to all the cells

m excretory products such as urea from the liver
to the kidneys

m hormones from the endocrine glands to all
tissues and organs

m dissolved proteins which have roles including
regulating the osmotic concentration (water potential)
of the blood

m dissolved proteins which are antibodies

m heat distribution to all tissues

erythrocytes transport of:
m oxygen from lungs to respiring cells
m carbon dioxide from respiring cells to lungs
(also carried in plasma)

Table 7.5 The
components of the blood
and their roles

lymphocytes important in the immune system because they
form antibodies

phagocytes ingest bacteria or cell fragments

platelets play a part in the blood clotting mechanism

6 Outline where in the body phagocytic leucocytes function.

The plumbing of the circulation system - arteries, veins and
capillaries
There are three types of vessel in the circulation system:

m arteries, which carry blood away from the heart;
m veins, which carry blood back to the heart;
m capillaries, which are fine networks of tiny tubes linking arteries and veins.

Both arteries and veins have strong, elastic walls, but the walls of the arteries are very much
thicker and stronger than those of the veins. The strength of the walls comes from the collagen
fibres present, and the elasticity is due to the elastic and involuntary (smooth) muscle fibres. The
walls of the capillaries, on the other hand, consist of endothelium only (endothelium is the
innermost lining layer of arteries and veins). Capillaries branch profusely and bring the blood
circulation close to cells — no cell is far from a capillary.

Blood leaving the heart is under high pressure, and travels in waves or pulses, following each
heart beat. By the time the blood has reached the capillaries it is under very much lower
pressure, without a pulse. This difference in blood pressure accounts for the differences in the
walls of arteries and veins (Table 7.6). Figure 7.9 shows an artery, vein and capillary vessel in
section, and details the wall structure of these three vessels. Because of the low pressure in

veins there is a possibility of backflow here. Veins have valves at intervals that prevent this
(Figure 7.10).
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Figure 7.9 The structure TS artery and vein, LP (x20)
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The arrangement of arteries and veins

We have already noted that mammals have a double circulation. It is the role of the right side of
the heart to pump deoxygenated blood to the lungs, and the arteries, veins and capillaries
serving the lungs are known as the pulmonary circulation. The left side of the heart pumps
oxygenated blood to the rest of the body, and the arteries, veins and capillaries serving the body
are known as the systemic circulation.

In the systemic circulation, organs are supplied with blood by an artery branching from the
main aorta. Within the organ, the artery branches into numerous arterioles (smaller arteries),
and the smallest arterioles supply the capillary networks. Capillaries drain into venules (smaller
veins), and venules join to form veins. The veins join the vena cava carrying blood back to the
heart. The branching sequence in the circulation is, therefore:

aorta — artery — arteriole — capillary — venule — vein — vena cava

Arteries and veins are often named after the organs they serve (Figure 7.11). The blood supply
to the liver is via the hepatic artery, but the liver also receives blood directly from the small
intestine, via a vein called the hepatic portal vein. This brings much of the products of
digestion, after they have been absorbed into the capillaries of the villi.

Figure 7.11 The layout head
of the human circulation
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The circulatory system as shown here is simplified, e.g. limbs,
lungs, kidneys and gonads are paired structures in the body.
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The heart as a pump

The human heart is the size of a clenched fist. It is found in the thorax between the lungs and
beneath the breast bone (sternum). The heart is a hollow organ with a muscular wall, and is
contained in a tightly fitting membrane, the pericardium — a strong, non-elastic sac that anchors
the heart within the thorax.

The cavity of the heart is divided into four chambers, with those on the right side of the heart
completely separate from those on the left. The two upper chambers are thin-walled atria
(singular, atrium). These receive blood into the heart. The two lower chambers are thick-walled

Figure 7.12 The

heart viewed from the front of the body with pericardium removed
structure of the heart
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ventricles, with the muscular wall of the left ventricle much thicker than that of the right
ventricle. However, the volumes of the right and left sides (the quantities of blood they contain)
are identical. The ventricles pump blood out of the heart.

Note that the walls of the heart (the heart muscle) are supplied with oxygenated blood via
coronary arteries (Figure 7.12). These arteries, and the capillaries they serve, deliver to the
muscle fibres of the heart the oxygen and nutrients essential for the pumping action.

The valves of the heart prevent backflow of the blood, thereby maintaining the direction of
flow through the heart. You can see these valves in action, in the lower drawing in Figure 7.12.
The atrio-ventricular valves are large valves, positioned to prevent backflow from ventricles to
atria. The edges of these valves are supported by tendons anchored to the muscle walls of the
ventricles below, and which prevent the valves from folding back due to the (huge) pressure that
develops here with each heart beat. Actually, these atrio-ventricular valves are individually
named: on the right side is the tricuspid valve, on the left is the bicuspid or mitral valve.

A different type of valve separates the ventricles from pulmonary artery (right side) and aorta
(left side). These are pocket-like structures called semilunar valves, rather similar to the valves
seen in veins. These cut out backflow from aorta and pulmonary artery into the ventricles as the
ventricles relax between heart beats.

The action of the heart

The heart normally beats about 75 times per minute — approximately 0.8 seconds per beat. In
each beat, the heart muscle contracts strongly, followed by a period of relaxation. As the
muscular walls of a chamber of the heart contract, the volume of that chamber decreases. This
increases the pressure on the blood contained there, forcing the blood to a region where pressure
is lower. Since the valves prevent blood flowing backwards, blood consistently flows on through
the heart.

Look at the steps of contraction and relaxation in Figure 7.13, illustrated in the left side of the heart.
(Both sides function together, in exactly the same way, of course.)

We start at the point where the atrium contracts. Blood is pushed into the ventricles (where
the contents are under low pressure) by contraction of the walls of the atrium. This contraction
also prevents backflow by blocking off the veins which brought the blood to the heart.

The atrium now relaxes.

Figure 7.13 The cardiac
cycle
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Figure 7.14 The
pacemaker and control of
heart rate

stimulation of heart
beat originates in
the heart muscle

Next the ventricle contracts, and contraction of the ventricle is very forceful indeed. The
high pressure this generates slams shut the atrio-ventricular valve and opens the semilunar
valves, forcing blood into the aorta. A pulse, detectable in arteries all over the body, is
generated.

This is followed by relaxation of the ventricles. Each contraction of cardiac muscle is
followed by relaxation and elastic recoil.

7 The edges of the atrio-ventricular valves have non-elastic strands attached, which are anchored to the ventricle
walls (Figure 7.12). Suggest the role of these strands.

Origin of the heart beat

The heart beats rhythmically throughout life, without rest, apart from the momentary relaxation
between beats. Even more remarkably, the origin of each beat is within the heart itself — we say
the heart beat is myogenic in origin.

Beats originate in a structure in the muscle of the wall of the right atrium, called the
pacemaker (Figure 7.14). Special muscle fibres radiate out from the pacemaker, conducting the
impulse to the muscles of both atria, triggering contraction there. Then a second structure picks
up the excitation and passes it to the ventricles. Now ventricular contraction is triggered. Then,
after every contraction, cardiac muscle has a period of insensitivity to stimulation (in effect, a
period of enforced non-contraction), when the heart refills with blood. This period is a relatively
long one in heart muscle, and is undoubtedly important in enabling the heart to beat throughout
life.

The heart’s natural rhythm, set by the pacemaker, is about 50 beats per minute, but we are
well aware that conditions in our body override this basic rate and increase heart performance.

How is the pacemaker regulated?

Nervous control of the heart is by reflex action — it is an involuntary response, not under our
conscious control. The heart receives impulses from a control centre in the hindbrain (medulla),
via two nerves. One nerve, when stimulated, triggers speeding up of the heart rate, and the other
nerve triggers a slowing down of the heart (Figure 7.14). Since these nerves have opposite effects
we say they are antagonistic.
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Nerves supplying the control centre in the hindbrain bring impulses from strategically placed
stretch receptors located in the walls of the aorta and various arteries, and indeed from the heart
wall itself. As a result, when blood pressure is high in the arteries, the rate of heart beat is
lowered by impulses from the control centre. When blood pressure is low, the rate of heart beat

8 Suggest likely is increased. The rate of heart beat is also influenced by impulses from the higher centres of the
conditions or brain — for example, emotion, stress and anticipation of events can all cause impulses that speed
situations in which up heart rate.

the body is likely to

: In addition, the hormone adrenaline, which is secreted by the adrenal glands and carried in
secrete adrenaline.

the blood, causes the pacemaker to increase the heart rate.

The roles of the blood circulation system

The blood circulation has roles in the body’s defence against diseases (see below) as well as being
the all-important transport system of the body (Table 7.7). Nutrients from digestion, oxygen and
carbon dioxide, urea, hormones and antibodies are all transported. In the tissues of the body,
exchange between the blood and cells of the tissues occurs from the capillaries, the walls of
which are permeable and highly ‘leaky’.

Function Transport of
tissue respiration 0, from lungs to all tissues
CO, back to the lungs
hydration water to all the tissues
nutrition nutrients (sugars, amino acids, lipids, vitamins) and inorganic ions to all cells
excretion waste product urea to kidneys
development and co-ordination hormones from endocrine glands to target organs
temperature regulation distribution of heat
Table 7.7 Transport roles defence against disease antibodies are circulated in the blood stream

of the blood circulation

Defence against infectious disease 631638

Infectious disease is caused when another organism or virus invades the body and lives there
parasitically. The invader is known as a pathogen and the infected organism — a human in this
case — is the host.

A pathogen is an organism or virus that causes a disease. Most, but not all, are
microorganisms.

Pathogens may pass from diseased host to healthy organisms, so these diseases are known as
infectious or communicable diseases. Disease in general is defined as an ‘unhealthy condition of
the body’, and this rather broad definition includes some distinctly different forms of ill-health.
For example, ill-health may be caused by unfavourable environmental conditions. Diseases of
this type are non-infectious or non-communicable diseases, and they include conditions such as
cardiovascular disease, malnutrition and cancer.

Good health is more than the absence of harmful effects of a disease. This point is emphasised
by the World Health Organization (WHQO) which identifies health as ‘a state of complete
physical, mental and social well-being, and not merely the absence of disease or infirmity’.

Pathogens and disease

The range of disease-causing organisms that may infect humans includes not only
microorganisms such as certain bacteria and fungi, but also viruses, some protozoa (single-celled
animals) and certain non-vertebrate animals in the phyla of flatworms and of roundworms

(pages 170-1).
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Not all bacteria or fungi are parasitic and pathogenic — only relatively few species are. On the
other hand, no virus can function outside a host organism, so we can say that all viruses are

9 State the differences  parasitic. Remember, a virus consists of a nucleic acid core surrounded by a protein coat (page 19).
in structure between Viruses, once introduced into a host cell, take over the machinery of protein and nucleic acid
a bacterial cell and a

, synthesis, and coerce their host cells to manufacture more virus components and assemble them.
virus.

Antibiotics against infection

Many bacterial diseases of humans and other animals can be successfully treated with antibiotics.
Antibiotics are naturally occurring substances that slow down or kill microorganisms. They are
obtained mainly from fungi or bacteria, and are substances which such organisms manufacture in
their natural habitats. An antibiotic, when present in low concentrations, may inhibit the
growth of other microorganisms.

Since their original discovery, over 4000 different antibiotics have been isolated, but only
about 50 have proved to be safe to use as drugs. The antibiotics which are effective over a wide
range of pathogenic organisms are called broad spectrum antibiotics. Others are effective with
just a few pathogens. Many antibiotics in use today have been synthesised.

How do antibiotics work?

Most antibiotics are so extremely effective at disrupting bacterial metabolism that whole
populations are quickly suppressed. Figure 7.15 shows an actively dividing bacterial cell. A key
process here is the formation and laying down of the new dividing wall. Bacterial cells have a
rigid wall containing giant, complex molecules of amino-sugars and peptide units (polymers)
rather than the polysaccharides of plant cell walls. Some bacteria have additional wall layers.

Figure 7.15 How bacterial cell in growth by cell division
antibiotics work
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In division and growth, bacteria are vulnerable to antibiotic action because the antibiotic
molecules enter the bacterial cells and disrupt the metabolic reactions of wall formation and

growth.
10 Explain why Other bacteria have dormant spores whose growth is stopped by antibiotics, by similar
antibiotics are mechanisms.
effective against Viruses, on the other hand, are not living cells and have no metabolism of their own to be

bacteria but not

: interfered with. Viruses reproduce using metabolic pathways in their host cell that are not
viruses.

affected by antibiotics. Antibiotics cannot be used to prevent viral diseases.

The body’s defence against infectious disease

The first line of defence is the skin. Both our skin and the internal linings of lungs, trachea and
gut are potential ports for entry to the body’s tissues and organs by pathogens. Not surprisingly,
protective measures have evolved at these surfaces.

The external skin is covered by keratinised protein of the dead cells of the epidermis
(Figure 7.43, page 221). This is a tough and impervious layer, and an effective barrier to most
organisms unless the surface is broken, cut or deeply scratched. However, folds or creases in the

Figure 7.16 The life cycle  water snail larva of Schistosoma
of Schistosoma and the  (secondary host) (at this stage in the life cycle the parasite is equipped for
spread of schistosomiasis entry into the human host by burrowing through the skin)

x700 glands produce an

enzyme to assist in )

penetrating skin tail, used to propel the .
larva away from the snail,
breaks off here when the
larva penetrates a new host

actual size

sucker used in
burrowing through
human skin

cycle of infection and re-infection

1 Fertilised eggs discharged

by infected people (in faeces

and urine) into waterways

that function as sewage 5 Larvae grow into adult blood flukes

system and water supply. in hepatic portal vein (separate male
and female flukes occurring together).
Fertilised eggs are produced; these
reach the bladder and large intestine

and are discharged. 4 Motile larvae in contact with

action and taking about
7 minutes).

human skin below water,
burrow through into blood
vessel (by muscle and enzyme
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skin that are permanently moist can harbour microorganisms that degrade the barrier and cause
infection, as in athlete’s foot. Also, the aquatic larvae of the pathogenic flatworm Schistosoma,
known as a blood worm, may burrow through, when people bathe in infected water (Figure
7.16). Clearly, the body requires additional lines of defence.

11 Explain how the skin acts as a barrier against many pathogens, yet is often traversed by Schistosoma.
The internal surfaces of our breathing apparatus (the trachea, bronchi and the bronchioles)

and of the gut are all lined by moist epithelial cells. These vulnerable internal barriers are
protected by the secretion of copious quantities of mucus, and by the actions of cilia removing

the mucus.
Cilia are organelles that project from the surface of certain cells. Cilia occur in large numbers
12 Suggest how on the lining (epithelium) of the air tubes (bronchi) serving the lungs where they sweep the
mucus secreted by fluid mucus across the epithelial surface, away from the delicate air sacs of the lungs.

the lungs may

: In the gut, digestive enzymes provide some protection, as does the strong acid secreted in the
protect lung tissue.

stomach on arrival of food (page 181).

However, all these internal barriers may be crossed by certain pathogens — and often are. It is
fortunate there are internal lines of defence too.

First, the body responds to localised damage by inflammation. Inflammation is the
initial, rapid, localised response the tissues make to damage (cuts, scratches, bruising, or
deep wounds). The site becomes swollen, warm and painful. The volume of blood is
increased at the damaged site. Leucocytes (white cells) escape from the enlarged
capillaries with plasma, and function in the tissue fluid, especially at the sites of
inflammation. These cells originate in the bone marrow and are initially distributed by the
blood circulation all over the body.

The leucocytes of the body and blood circulation play a complex part in the resistance to
infection — their roles are detailed below.

Meanwhile, if a blood vessel is ruptured when the skin is damaged, then the blood clotting
mechanism is activated, so that the vessel is quickly sealed off.

Phagocytic leucocytes

Some of the leucocytes have the role of engulfing foreign material including invading bacterial
cells. Certain of these leucocytes are short-lived cells of the plasma. Others are the long-lived,
rubbish-collecting cells found throughout the body tissues. Both types of cell take up material
into their cytoplasm, much as the protozoan Amoeba is observed to feed, by a mechanism known
as phagocytosis (Figure 7.17). Once inside the cell, the material taken up is destroyed in a
controlled way by the activity of lysosomes.

Immunity: lymphocytes and the antigen-antibody reaction

Other leucocytes are responsible for the body’s antibody reaction to infection or invasion of
foreign matter — this is the basis of our immune system.

Immunity is based on the body’s ability to recognise ‘self’ (body cells and specific proteins, for
example) and to distinguish ‘self’ from ‘non-self substances (produced by an invading organism,
for example). Any ‘non-self substance is called an antigen. This ability to recognise antigens and
to take steps to overcome them is the property of special white cells called lymphocytes. Each
type of lymphocyte recognises one specific antigen. In the presence of an antigen, these cells
divide rapidly, producing many cells — known as a clone. These cloned lymphocytes then secrete
the antibody specific to that antigen.

An antibody is a special kind of protein constructed in the shape of a Y, whose top contains
an antigen-binding site (Figure 7.18). Millions of different types of antibodies are produced — as
many as there are types of foreign matter (antigens) invading the body. The amino acid sequence
of the antigen-binding site differs according to the chemistry of the antibody it binds with. It is
the antigen-binding site that gives each antibody its specificity.
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Figure 7.17 Phagocytosis
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So a huge range of different antibody-secreting lymphocytes exists, each type recognising one
specific antigen. The more antigens we encounter, the more antibodies we are able to form,
should they be required. In the presence of an invasion by an antigen, the immune system
responds: the appropriate antibody-secreting lymphocytes rapidly divide, and sufficient
antibodies necessary to overcome the antigen are secreted. However, this type of lymphocyte
also has a short life span. Once the harmful effects of the invading antigen are neutralised, the
respective lymphocytes disappear from the blood circulation. But ‘knowledge’ of the antigen is
not lost, because lymphocytes we call memory cells remain behind, stored in the lymph nodes.
With the aid of our memory cells, our body can respond rapidly, if the same antigen re-invades.
We say we have immunity to that antigen.

Antibodies destroy antigens in different ways. Antigens that are toxins may be inactivated by
reaction with the antibody, and bacterial cells may be clumped together so they ‘precipitate’ and
can be engulfed by phagocytic cells. Antibodies may attach to foreign matter, ensuring its
recognition by phagocytic cells. Antibodies may also act by destroying bacterial cell walls,
causing lysis of the bacterium.

13 Deduce which synthetic machinery of the lymphocytes is active in the production of the components of their
antibodies.
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Figure 7.18 Formation
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antibody
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Human immunodeficiency virus (HIV) and AIDS

Human immunodeficiency virus (HIV) was first identified in 1983 as the cause of a disease of

the human immune system known as acquired immune deficiency syndrome (AIDS).

HIV is a tiny virus, less than 0.1 um in diameter (Figure 7.19). It consists of two single strands

of RNA which, together with enzymes, are enclosed by a protein coat. A membrane derived
from the human host cell in which the virus was formed encapsulates each new virus particle

leaving the host cell.
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Figure 7.19 The human
immunodeficiency virus
(HIV)
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HIV was first detected in central Africa in the 1950s, perhaps as a mutation of a similar virus
present in African green monkeys (but other theories about the origin of HIV exist). From
Africa, HIV was spread to the Caribbean and later to the USA and Europe. Now, HIV and
AIDS occur worldwide. AIDS is probably already the greatest current threat to public health
because it kills people in the most productive stage of their lives.

HIV is a retrovirus

The word ‘retrovirus’ is not self-explanatory; the term needs explaining. A retrovirus reverses
the normal flow of genetic information, which is from the DNA of genes to messenger RNA in
the cytoplasm (page 69). The idea that information always flows in this direction in cells is
called the central dogma of cell biology. However, in retroviruses the information in RNA in
the cytoplasm is translated into DNA within a host cell, and then becomes attached to the
DNA of a chromosome in the host’s nucleus.

How does a retrovirus work?

Taking HIV as an example, the virus binds to a host cell (lymphocyte) membrane (Figure 7.20),
and the core of the virus passes inside. Inside the host cell, the RNA and virus enzymes are
released. One enzyme from the virus is called reverse transcriptase. This enzyme catalyses the
copying of the genetic code of each of the virus’s RNA strands into a DNA double helix. This
DNA then enters the host nucleus and is ‘spliced’ into the host’s DNA of a chromosome (Figure
7.21). Here it may be replicated with the host’s genes every time the host cell divides. The viral
genes remain latent, giving no sign of their presence in the host cells at this stage.
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Figure 7.20 HIV infection
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The onset of AIDS

At a later stage, some event in the patient’s body activates the HIV genes and the outcome is
AIDS. The average interval between HIV infection and the onset of AIDS is about 8-10 years.
The result of activation is the synthesis of viral messenger RNA. This then passes out into the
cytoplasm, and there codes for viral proteins (enzymes and protein coat) at the ribosomes. Viral
RNA (single-stranded), enzymes and coat protein are formed into viral cores. These move
against the cell membrane and ‘bud-off’ new viruses (Figure 7.22). These infect more
lymphocytes and the cycle is rapidly repeated. Without treatment, this process causes the body’s
reserve of lymphocytes (T-cells) to decrease very quickly. Eventually, no infection, however
trivial, can be resisted; death follows (Figure 7.23).



Defence against infectious disease 201

viral proteins and RNA being
synthesised and new HIV cores
assembled, then budding off
with part of the host plasma
membrane as each capsule

Figure 7.22 Activation

of the HIV genome and

production of new HIV
RNA core

formed

plasma
membrane viral
proteins
formed

becomes the

virus capsule
messenger

RNA copy
to ribosomes

genes of HIV

on host
chromosome

copy of
viral RNA

opportunist infection
(e.g. pneumonia)

Figure 7.23 Profile of an latent
period
(8-10yrs) takes over — patient’s
immune system now
hopelessly compromised

AIDS infection
initial rj early
symptoms
|

infection
f_)%
| Lo Lo
x 1200
death
key l
T-cells per mm3 of blood
1000 —==="HIV RNA copies per mm3
normal of blood
range for -1500
T-cells
800
Vahs
4
/
4
I
A4 I
'y 600 H —1000
/
!
significantly \ ]
I
depressed 4004 1\ !
T-cells A !
1 \\ 1
[ ] =500
1 \ '
1 \ ]
I \ !
2007 4 \ I
severe ! \ ,‘\\ !
T-cell ! \ ~ /N )
depletion | \ / \\ ;N
I \ / /
0 T T ——t+—T T T T T T 0
0 3 6 9 12 3 45 6 7 8 910
years



202 HUMAN PHYSIOLOGY, HEALTH AND REPRODUCTION

Treatment, prevention and the social consequences of AIDS

Infection with HIV is possible through contact with blood or body fluids of infected people, such
as may occur during sexual intercourse, sharing of hypodermic needles by intravenous drug users,
and breast feeding of a newborn baby. Also, blood transfusions and organ transplants will
transmit HIV, but donors are now screened for HIV infection in most countries. HIV is not
transferred by contact with saliva on a drinking glass, or by sharing a towel, for example. Nor
does the female mosquito transmit HIV when feeding on human blood (page 595).

Figure 7.24 Worldwide The spread of HIV and the eventual onset of AIDS in patients are outpacing the current

incidence of HIV infection  efforts of scientists and doctors to prevent them. The WHO charts the spread of this pandemic
(WHO, 2000)  (Figure 7.24).
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HIV infection and AIDS are difficult to treat. We have already noted that viruses are not
controlled by antibiotics. Once the presence of HIV has been confirmed, patients may be offered
drugs that slow down the progress of the infection — a combination of drugs that reduces the
number of HIV-infected cells, at least temporarily. The three most popular drugs (AZT and two
protease inhibitors) interrupt the steps of nucleic acid reverse transcription. A combination of
drugs is used to prevent HIV from rapidly developing resistance to any one drug, and to avoid
dangerous or unpleasant side-effects that some patients experience.

Ideally, a vaccine against HIV would be the best solution — one designed to wipe out infected
lymphocytes and HIV particles in the patient’s blood stream. The work of several laboratories is
dedicated to this solution. The problem is that in the latent state of the infection, the infected
(T4) lymphocyte cells frequently change their membrane marker proteins because of the
presence of the HIV genome within the cell. Effectively, HIV can hide from the body’s immune
response by changing its identity.
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B Extension

Table 7.8 The social
consequences of AIDS

14 Describe why AIDS
patients typically die
from common
infectious diseases
that are not
normally fatal.

15 Distinguish
between the
following pairs:

a antigens and
antibodies;

b antibiotics and
vaccines;

¢ vector and host.

Current strategies for preventing the spread of HIV are:

m practising ‘safe sex’ by using condoms to prevent transmission of the virus through infected
blood or semen (condoms need to be freely available to the sexually active population);

m use of sterile needles by intravenous drug users (sterile needles need to be freely available);

m effective education programmes so that the vulnerable understand the cause and effects of
HIV infection, and the best steps to remain healthy, whether or not they are literate.

Sexually transmitted diseases are rampant among teenagers in developed countries. Worldwide, there is a
relentless rise in cases of AIDS. What are the ideal practical responses to the risk of infection by:

m vulnerable individual citizens?
m national governments?

Why may current responses be proving ineffective?

Recent studies have shown that the prevalence of AIDS is significantly higher in uncircumcised
males. Circumcised males were seven times less likely to transmit HIV to, or receive HIV from,
their partner. The reason for this is the mucous membrane of the inner surface of the foreskin
has cells with receptors that HIV can exploit. Consequently, it is possible that HIV infection of
future generations might be reduced if male circumcision were practised more widely. But health
workers point out that if this were to encourage males to participate in unsafe sex with
numerous partners, it would defeat the object.

In fact, AIDS is just one of several sexually transmitted diseases (STDs) currently on the
increase in various parts of the world. But the social implications of the AIDS pandemic are
devastating the economies and social life of communities in many less-developed countries
and threatening to do the same in many others. The social consequences are summarised in

Table 7.8.

Social consequence

Psychological Patient, family and friends suffer grief, loneliness and guilt.

Economic Where the producer or wage-earner is incapacitated, poverty results or is increased.
Infected people may be stigmatised, and deprived of housing or employment.

Child development and  Children may become orphans at early age, older ones having to rear siblings with

education little support, and unable to proceed with education or training.

Child health Offspring may be infected at birth or during breast feeding, leading to early ill-health
and death.

Medical services Meagre resources are diverted to treat long-term symptoms, without hope of cure.

provision

Other diseases not treated properly.

National factors Reduction in numbers of the economically productive members of the community
and incapacity of many of the more sexually active members cramp aspirations and
achievements for a nation.

Effects of HIV on the immune system

We have seen that HIV specifically attaches to antibody-secreting lymphocytes and takes over
their nucleic acid and protein synthesis machinery. As the virus becomes active after a dormant
period, the number of these lymphocytes drops profoundly, leaving the patient vulnerable to
attack by opportunistic infections such as pneumonia and meningitis (Figure 7.23, page 201).
This is because, with the reduction in the number of active lymphocytes, there is a dramatic loss
in the ability to produce antibodies to a wide range of common infections.
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Figure 7.25 Gaseous
exchange in an
animal cell

Gaseous exchange 6.4.1-645
All living things respire.

Cellular respiration is the controlled release of energy in the form of ATP from organic
compounds in cells. It is a continuous process in all cells.

To support aerobic cellular respiration, cells take in oxygen from their environment and give
out carbon dioxide, by a process called gaseous exchange (Figure 7.25).

Gaseous exchange is the exchange of gases between an organism and its surroundings,
including the uptake of oxygen and the release of carbon dioxide in animals and plants.

The exchange of gases between the individual cell and its environment takes place by
diffusion. For example, in cells respiring aerobically there is a higher concentration of oxygen
outside the cells than inside, and so there will be a continuous net inward diffusion of oxygen.
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What speeds up diffusion? In living things there are three factors which effectively determine
the rate of diffusion in practice.

m The size of the surface area available for gaseous exchange (the respiratory surface). The
greater this surface area, the greater the rate of diffusion. Of course, in a single cell, the
respiratory surface is the whole plasma membrane.

m The difference in concentration. A rapidly respiring organism will have a very much lower
concentration of oxygen in the cells and a higher than normal concentration of carbon
dioxide. The greater the gradient in concentration across the respiratory surface, the greater
the rate of diffusion.

m The length of the diffusion path. The shorter the diffusion path, the greater the rate of
diffusion, so the respiratory surface must be as thin as possible.

Gaseous exchange in animals

We can see that the surface area of singled-celled animal is large in relation to the amount of
cytoplasm it contains — here the surface of the cell is sufficient for efficient gaseous exchange.
On the other hand, large, multicellular animals have very many of their cells too far from the
body surface to receive enough oxygen by diffusion alone.

In addition, animals often develop an external surface of tough or hardened skin that provides
protection to the body, but which is not suitable for gaseous exchange. These organisms require
an alternative respiratory surface.
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16 List three
characteristics of an
efficient respiratory
surface and explain
how each influences
diffusion.

Figure 7.26 The
structure of the
human thorax

Active organisms have an increased metabolic rate, and the demand for oxygen in their cells
is higher than in sluggish and inactive organisms. So for many reasons, large active animals such
as mammals have specialised organs for gaseous exchange. In mammals, the respiratory surface
consists of lungs. Lungs provide a large, thin surface area, suitable for gaseous exchange.
However, the lungs are in a protected position inside the thorax (chest), so air has to be brought
to the respiratory surface there. The lungs must be ventilated.

A ventilation system is a pumping mechanism that moves air into and out of the lungs
efficiently, thereby maintaining the concentration gradient for diffusion.

In addition, in mammals the conditions for diffusion at the respiratory surface are improved by:

m a blood circulation system, which rapidly moves oxygen to the body cells as soon as it has
crossed the respiratory surface, thereby maintaining the concentration gradient;

m a respiratory pigment, which increases the oxygen-carrying ability of the blood. This is the
haemoglobin of the red cells which are by far the most numerous of the cells in our blood
circulation.

The working lungs of mammals

The structure of the human thorax is shown in Figure 7.26. Lungs are housed in the thorax, an
airtight chamber formed by the rib-cage and its muscles (intercostal muscles), with a domed
floor, the diaphragm. The diaphragm is a sheet of muscle attached to the body wall at the base of
the rib-cage, separating thorax from abdomen. The internal surfaces of the thorax are lined by
the pleural membrane, which secretes and maintains pleural fluid. Pleural fluid is a lubricating
liquid derived from blood plasma that protects the lungs from friction during breathing
movements.

Lungs connect with the pharynx at the rear of the mouth by the trachea. Air reaches the
trachea from the mouth and nostrils, passing through the larynx (voice box). Entry into the
larynx is via a slit-like opening, the glottis. Above is a cartilaginous flap, the epiglottis. Glottis
and epiglottis work to prevent the entry of food into the trachea. The trachea initially runs
beside the oesophagus. Incomplete rings of cartilage in the trachea wall prevent collapse under
pressure from a large bolus of food passing down the oesophagus.
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Figure 7.27 Water loss
in gaseous exchange in
humans
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The trachea then divides into two bronchi, one to each lung. Within the lungs the bronchi
divide into smaller bronchioles. The finest bronchioles end in air sacs (alveoli). The walls of
bronchi and larger bronchioles contain smooth muscle, and are also supported by rings or tiny
plates of cartilage, preventing collapse that might be triggered by a sudden reduction in pressure
that occurs with powerful inspirations of air.

Lungs are extremely efficient, but of course they cannot prevent some water loss during
breathing — an issue for most terrestrial organisms (Figure 7.27).

Ventilation of the lungs

Air is drawn into the alveoli when the air pressure in the lungs is lower than atmospheric
pressure, and it is forced out when pressure is higher than atmospheric pressure. Since the thorax
is an airtight chamber, pressure changes in the lungs occur when the volume of the thorax
changes (Table 7.9 and Figure 7.28).

The volume of the thorax is increased when the ribs are moved upwards and outwards, and
the diaphragm dome is lowered. These movements are brought about by contraction of the
diaphragm and external intercostal muscles.

The volume of the thorax is decreased by the diaphragm muscles relaxing and the diaphragm
becoming more dome-shaped by pressure from below (natural elasticity of the stomach and liver,
displaced and stretched at inspiration). Also, the internal intercostal muscles contract. The ribs
now move down and inwards.

17 Compare roles of the internal and external intercostal muscles during ventilation of the lungs (Figure 7.28
and Table 7.9).
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Table 7.9 The
mechanism of lung

Inspiration (inhalation)

Structure/outcome  Expiration (exhalation)

ventilation — a summary

muscles contract, flattening the

diaphragm and pushing down on

muscles relax, pressure from abdominal
contents pushes diaphragm into a dome

diaphragm

contents of abdomen shape
contract, moving rib-cage up and out  external intercostal  relax
muscles
relax  internal intercostal  contract, moving rib-cage down and in
muscles
increases  volume of thorax decreases
cavity
falls below atmospheric pressure air pressure of thorax rises above atmospheric pressure
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volume of the thorax (and therefore of the lungs) decreases;
pressure is increased above atmospheric pressure and air flows out



208 HUMAN PHYSIOLOGY, HEALTH AND REPRODUCTION

Alveolar structure and gaseous exchange

The lung tissue consists of the alveoli, arranged in clusters, each served by a tiny bronchiole.
Alveoli have elastic connective tissue as an integral part of their walls. A capillary system wraps
around the clusters of alveoli (Figure 7.29). Each capillary is connected to a branch of the
pulmonary artery and is drained by a branch of the pulmonary vein. The pulmonary circulation
Figure 7.29 Gaseous is supplied with deoxygenated blood from the right side of the heart, and returns oxygenated
exchange in the alveoli  blood to the left side of the heart to be pumped to the rest of the body.
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There are some 700 million alveoli in our lungs, providing a surface area of about 70 m? in
total. This is an area 30—40 times greater than that of the body’s external skin. The wall of an
alveolus is one cell thick, and is formed by pavement epithelium. Lying very close is a capillary,
its wall also composed of a single layer of flattened (endothelium) cells. The combined thickness
of walls separating air and blood is typically 5 um. The capillaries are extremely narrow, just wide
enough for red cells to squeeze through, so red cells are close to or in contact with the capillary
walls.

Blood arriving in the lungs is low in oxygen but high in carbon dioxide. As blood flows past
the alveoli, gaseous exchange occurs by diffusion. Oxygen dissolves in the surface film of water,
diffuses across into the blood plasma and into the red cells where it combines with haemoglobin
to form oxyhaemoglobin. At the same time, carbon dioxide diffuses from the blood into the

alveoli (Table 7.10).

Component Inspired air/% Alveolar air/% Expired air/%
oxygen 20 14 16
carbon dioxide 0.04 5.5 4.0

Table 7.10 The nitrogen 79 81 79
composition of air in

water vapour variable saturated saturated
the lungs

18 Explain why, if the concentration of carbon dioxide was to build up in the blood of a mammal, this would
be harmful.

Efficiency of lungs as organs of gaseous exchange

The lungs of mammals are just one evolutionary response to the need for efficient organs of
gaseous exchange in compact multicellular animals. Alternative arrangements include the system
of tubes that pipe air directly to respiring cells of insects, the internal gills of fish, and the lungs
of birds in which air travels completely through, to and from the air sacs beyond.

How effective are mammalian lungs?

Air flow in the lungs of mammals is tidal, in that air enters and leaves by the same route.
Consequently there is a residual volume of air that cannot be expelled. Incoming air mixes with
and dilutes the residual air, rather than replaces it. The effect of this is that air in the alveoli
contains significantly less oxygen than the atmosphere outside (Table 7.10).

Nevertheless, the lungs are efficient organs. Their success is due to numerous features of the
alveoli that adapt them to gaseous exchange. These are listed in Table 7.11.

Feature Effects and consequences

surface area of alveoli a huge surface area for gaseous exchange
(50 m? = area of doubles tennis court)

wall of alveoli very thin, flattened (squamous) epithelium (5 um) — diffusion pathway is short

capillary supply to alveoli network of capillaries around each alveolus supplied with deoxygenated blood from
Table 7.11 Features of pulmonary artery and draining into pulmonary veins — maintains the concentration
alveoli that adapt them to gradient of O, and CO,
efficient gaseous

surface film of moisture 0, dissolves in water lining the alveoli; O, diffuses into the blood in solution
exchange

19 Explain the difference between gaseous exchange and cellular respiration.

20 Explain why a significant amount of our total daily water loss occurs from the lungs (Figure 7.27).
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Figure 7.30 The
organisation of the
mammalian nervous
system

Nerves, hormones and homeostasis 6.5.1-6.5.12

Control and communication within the body involves both the nervous system and hormones
from the endocrine glands. We now look at these systems, in turn.

Introducing the nervous system

The nervous system is built from nerve cells called neurones. A neurone has a cell body
containing the nucleus and the bulk of the cytoplasm. From the cell body run fine cytoplasmic
fibres. Most fibres are very long indeed.

Neurones are specialised for the transmission of information in the form of impulses.

An impulse is a momentary reversal in the electrical potential difference in the membrane
of a neurone. The transmission of an impulse along a fibre occurs at speeds between 30 and
120 metres per second in mammals, so nervous coordination is extremely fast, and responses
are virtually immediate. Impulses travel to particular points in the body, served by the fibres.
Consequently, the effects of impulses are localised rather than diffuse.

Neurones are grouped together to form the central nervous system, which consists of the
brain and spinal cord. To and from the central nervous system run nerves of the peripheral
nervous system. Communication between the central nervous system and all parts of the body
occurs via these nerves (Figure 7.30).

brain
central nervous system

spinal cord

nerves — peripheral
nervous system

Specialised nerve cells (neurones) are organised into central
nervous system and peripheral nerves linking sense organs,
muscles and glands with the brain or spinal cord.

Looking at neurone structure

Three types of neurone make up the nervous system (sensory neurones, relay neurones and motor
neurones). The structure of a motor neurone is shown in Figure 7.31.

The motor neurones have many fine dendrites which bring impulses towards the cell body, and a
single long axon which carries impulses away from the cell body. The function of the motor neurone
is to carry impulses from the central nervous system to a muscle or gland (known as an effector).
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Figure 7.31 Motor motor neurone

neurone structure ) )
myelin sheath  node of Ranvier

——
— N A/
motor
end
dendrites cell body nucleus axon plates

junction between two sheath
cells = node of Ranvier

myelin sheath of nerve fibre
formed by Schwann cell (l(C

wrapping itself around the
fibre /\

axon

A neurone is surrounded by many supporting cells, one type of which, Schwann cells, become
wrapped around the axons of motor neurones, forming a structure called a myelin sheath. Myelin
consists largely of lipid, and has high electrical resistance. Frequent junctions occur along a
myelin sheath, between the individual Schwann cells. The junctions are called nodes of Ranvier.

Neurones and the transmission of an impulse

Neurones transmit information in the form of impulses. An impulse is transmitted along nerve
fibres, but it is not an electrical current that flows along the ‘wires’ of the nerves. As stated
above, an impulse is a momentary reversal in electrical potential difference in the membrane — a
change in the position of charged ions between the inside and outside of the membrane of the
nerve fibres. This reversal flows from one end of the neurone to the other in a fraction of a
second.

Between conduction of one impulse and the next the neurone is sometimes said to be resting,
but this not the case. The ‘resting’ neurone membrane actively sets up and maintains the
electrical potential difference between the inside and the outside of the fibre.

How is this done?

The resting potential

The resting potential is the potential difference across a nerve cell membrane when it is
not being stimulated. It is normally about —70 millivolts (mV).

The resting potential difference is re-established across the neurone membrane after a nerve
impulse has been transmitted. We say the nerve fibre has been repolarised.
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The resting potential is the product of two processes:

1 The active transport of potassium ions (K*) in across the membrane, and sodium ions (Na*)
out across the membrane. This occurs by a K*/Na* pump, using energy from ATP (Figure 1.30,
page 29). The concentration of potassium and sodium ions on opposite sides of the membrane
is built up, but this in itself makes no change to the potential difference across the membrane.
2 Facilitated diffusion of K* ions out, and Na* ions back in. The important point here is that
the membrane is far more permeable to K* ions flowing out than to Na* ions returning. This
causes the tissue fluid outside the neurone to contain many more positive ions than are
Figure 7.32 The present in the tiny amount of cytoplasm inside. As a result, a negative charge is developed
establishment of the inside compared to outside and the resting neurone is said to be polarised. The difference in
resting potential charge or potential difference (about =70 mV), is known as the resting potential (Figure 7.32).
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The next event, sooner or later, is the passage of an impulse, known as an action potential.

The action potential

The action potential is the potential difference produced across the plasma membrane of
the nerve cell when stimulated, reversing the resting potential from about —70 mV to about
+40 mV.

An action potential is triggered by a stimulus received at a receptor cell or sensitive nerve
ending. The energy of the stimulus causes a temporary and local reversal of the resting potential.
The result is that the membrane is briefly depolarised.

This change in potential across the membrane occurs because of pores in the membrane called
ion channels. These special channels are globular proteins that span the membrane. They have a
central pore with a gate that can open and close. One type of channel is permeable to sodium
ions, and another to potassium ions. During a resting potential these channels are all closed.
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21 Deduce the source
of energy used to:

a establish the
resting potential

b power an action
potential.

Figure 7.33 The action

The transfer of energy of the stimulus first opens the gates of the sodium channels in the
plasma membrane and sodium ions diffuse in, down their electrochemical gradient.

What causes an electrochemical gradient?

The electrochemical gradient of an ion is due to its electrical and chemical properties.

m Electrical properties are due to the charge on the ion (an ion is attracted to an opposite charge).
m Chemical properties are due to concentration in solution (an ion tends to move from a high
to a low concentration).

With sodium channels opened, the cytoplasm of the neurone fibre (the interior) quickly
becomes progressively more positive with respect to the outside. When the charge has been
reversed from =70 mV to +40 mV (due to the electrochemical gradient), an action potential has
been created in the neurone fibre (Figure 7.33).

The action potential then runs the length of the neurone fibre. At any one point it exists for
only two thousandths of a second (2 milliseconds), before the resting potential starts to be re-
established. So action potential transmission is exceedingly quick.

Almost immediately an action potential has passed, the sodium channels close and the
potassium channels open. Now, potassium ions can exit the cell, again down an electrochemical
gradient, into the tissue fluid outside. The interior of the neurone fibre starts to become less
positive again. Then the potassium channels also close. Finally, the resting potential is re-
established by the action of the sodium/potassium pump and the process of facilitated diffusion.
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The refractory period

For a brief period, following the passage of an action potential, the neurone fibre is no longer
excitable. This is the refractory period, and it lasts only 5-10 milliseconds in total. The neurone
fibre is not excitable during the refractory period because there is a large excess of sodium ions
inside the fibre and further influx is impossible. Subsequently, as the resting potential is
progressively restored, it becomes increasingly possible for an action potential to be generated
again. Because of the refractory period, the maximum frequency of impulses is between 500 and

1000 per second.

The all-or-nothing principle

Obviously stimuli are of widely different strengths: for example, a light touch and the pain of a
finger hit by a hammer. A stimulus must be at or above a minimum intensity, known as the
threshold of stimulation, in order to initiate an action potential. Either the depolarisation is
sufficient to fully reverse the potential difference in the cytoplasm (from -70 mV to +40 mV), or
it is not. If not, no action potential arises. With all subthreshold stimuli, the influx of sodium
ions is quickly reversed, and the full resting potential is re-established.

However, as the intensity of the stimulus increases, the frequency at which the action
potentials pass along the fibre increases (the individual action potentials are all of standard
strength). For example, with a very persistent stimulus, action potentials pass along a fibre at an
accelerated rate, up to the maximum possible permitted by the refractory period. This means the
effector (or the brain) is able to recognise the intensity of a stimulus from the frequency of action
potentials (Figure 7.34).

Figure 7.34 Weak and  stimuli below the brief stimulus just above stronger, more persistent  much stronger stimulus:
strong stimuli and the  threshold value: not threshold value: needed stimulus has stimulated almost the
threshold value  sufficient to reverse polarity  to cause depolarisation of maximum frequency of
of the membrane to the membrane of the impulses
+40 mV sensory cell, and thus

trigger an impulse

no action potential Z‘ “ “ “ “ “ ” M “ M “ “ M ls “

stimulus stimulus stimulus  stimulus stimulus
starts stops starts stops

Junctions between neurones

The synapse is the link point between neurones. A synapse consists of the swollen tip (synaptic
knob) of the axon of one neurone (pre-synaptic neurone) and the dendrite or cell body of
another neurone (post-synaptic neurone). At the synapse, the neurones are extremely close but
they have no direct contact. Instead there is a tiny gap, called a synaptic cleft, about 20 nm
wide (Figure 7.35).

The practical effect of the synaptic cleft is that an action potential can only cross it via
specific chemicals, known as transmitter substances. Transmitter substances are all relatively
small, diffusible molecules. They are produced in the Golgi apparatus in the synaptic knob, and
held in tiny vesicles before use.

Acetylcholine (ACh) is a commonly occurring transmitter substance (the neurones that
release acetylcholine are known as cholinergic neurones). Another common transmitter
substance is noradrenalin (from adrenergic neurones). In the brain, the commonly occurring
transmitters are glutamic acid and dopamine.

Steps of synapse transmission
You may find it helpful to follow each step in Figure 7.36, the diagram of this event.
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Figure 7.35 A synapse in
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1 The arrival of an action potential at the synaptic knob opens calcium ion channels in the
pre-synaptic membrane, and calcium ions flow in from the synaptic cleft.

2 The calcium ions cause vesicles of transmitter substance to fuse with the pre-synaptic
membrane and release transmitter substance into the synaptic cleft.

3 The transmitter substance diffuses across the synaptic cleft and binds with a receptor protein.

In the post-synaptic membrane there are specific receptor sites for each transmitter
substance. Each of these receptors also acts as a channel in the membrane which allows a
specific ion (e.g. Na*, or Cl~ or some other ion) to pass. The attachment of a transmitter
molecule to its receptor instantly opens the ion channel.

When a molecule of ACh attaches to its receptor site, a Na* channel opens. As the sodium
ions rush into the cytoplasm of the post-synaptic neurone, depolarisation of the post-synaptic
membrane occurs. As more and more molecules of ACh bind, it becomes increasingly likely
that depolarisation will reach the threshold level. When it does, an action potential is
generated in the post-synaptic neurone. This process of build-up to an action potential in
post-synaptic membranes is called facilitation.

4 The transmitter substance on the receptors is immediately inactivated by enzyme action. For
example, the enzyme cholinesterase hydrolyses ACh to choline and ethanoic acid, which are
inactive as transmitters. This causes the ion channel of the receptor protein to close, and so
allows the resting potential in the post-synaptic neurone to be re-established.

5 The inactivated products from the transmitter re-enter the pre-synaptic knob, are
resynthesised into transmitter substance, and packaged for re-use.
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Figure 7.36 Chemical
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Introducing the endocrine system

Hormones are chemical substances produced and secreted from the cells of the ductless or
endocrine glands. In effect, hormones carry messages about the body — but in a totally different
way from the nervous system.

Hormones are transported indiscriminately in the blood stream, but they act only at specific
sites, called target organs. Although present in small quantities, hormones are extremely effective
messengers, helping to control and co-ordinate body activities. Once released, hormones typically
cause changes to specific metabolic reactions of their target organs, but a hormone circulates in
the blood stream only briefly. In the liver, they are broken down and the breakdown products are
excreted in the kidneys. So, long-acting hormones must be secreted continuously to be effective.

An example of a hormone to be discussed is insulin, released from endocrine cells in the
pancreas. Insulin regulates blood glucose (page 222). The positions of endocrine glands of the
body are shown in Figure 7.37.
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Figure 7.37 The human
endocrine system
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Maintaining a constant internal environment -
homeostasis

Living things face changing and sometimes hostile environments; some external conditions
change slowly, others dramatically. For example, temperature changes quickly on land exposed to
direct sunlight, but the temperature of water exposed to sunlight changes very slowly (page 39).

How do organisms respond to environmental changes?

An animal that is able to maintain a constant internal environment, enabling it to continue
normal activities, more or less whatever the external conditions, is known as a regulator. For
example, mammals and birds maintain a high and almost constant body temperature over a very
wide range of external temperatures. Their bodies are at or about the optimum temperature for
the majority of the enzymes that drive their metabolism. Their muscles contract efficiently, and
the nervous system co-ordinates responses precisely, even when external conditions are
unfavourable. They are often able to avoid danger, and perhaps they may also benefit from the
vulnerability of prey organisms which happen to be non-regulators. So regulators may have
greater freedom in choosing where to live. They can exploit more habitats with differing
conditions than non-regulators.

Homeostasis is the name for this ability to maintain a constant internal environment.
Homeostasis means ‘staying the same’. The internal environment consists of the blood
circulating in the body and the fluid circulating among cells (tissue fluid) that forms from it,
delivering nutrients and removing waste products while bathing the cells. Mammals are
excellent examples of animals that hold internal conditions remarkably constant. They
successfully regulate and maintain their blood pH, oxygen and carbon dioxide concentrations,
blood glucose, body temperature and water balance at constant levels or within narrow limits
(Figure 7.38).

How is homeostasis achieved?
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Figure 7.38 Homeostasis Mammals are a comparatively recent group in terms of their evolutionary history, yet they have successfully settled in

in mammals significant numbers in virtually every type of habitat on Earth. This success is directly linked to their ability to control their
internal environment by homeostasis.
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Negative feedback — the mechanism of homeostasis

Negative feedback is the type of control in which conditions being regulated are brought back to
a set value as soon as it is detected that they have deviated from it. We see this type of
mechanism at work in a system to maintain the temperature of a laboratory water bath. Analysis
of this familiar example will show us the components of a negative feedback system (Figure 7.39).

A negative feedback system requires a detector device that measures the value of the variable
(the water temperature in the water bath) and transmits this information to a control unit. The
control unit compares data from the detector with a pre-set value (the desired water temperature
of the water bath). When the value from the detector is below the required value, the control
unit activates an effector device (a water heater in the water bath) so that the temperature starts
to be raised. Once data from the detector register in the control box that the water has reached
the set temperature, the control box switches off the response (the water heater). How precisely
the variable is maintained depends on the sensitivity of the detector, but negative feedback
control typically involves some degree of ‘overshoot’.

In mammals, regulation of body temperature, blood sugar level, and the amounts of water and
ions in blood and tissue fluid (osmoregulation) are regulated by negative feedback. The detectors
are specialised cells in either the brain or other organs, such as the pancreas. The effectors are
organs such as the skin, liver and kidneys. Information passes between them via the nerves of the
nervous system or via hormones (the endocrine system), or both. The outcome is an incredibly
precisely regulated internal environment.

Homeostasis in action
Control of body temperature

The regulation of body temperature, known as thermoregulation, involves controlling the
amount of heat lost and heat gained across the body surface. Heat may be transferred between an
animal and the environment by convection, radiation and conduction, and the body loses heat
by evaporation (Figure 7.40).
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Figure 7.39 Negative
feedback, the mechanism
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Mammals maintain a high and relatively constant body temperature, using the heat energy
generated by metabolism within their bodies (or by generating additional heat in the muscles
when cold) and carefully controlling the loss of heat through the skin. An animal with this form
of thermoregulation is called an endotherm, meaning ‘inside heat’. Birds too have perfected this
mechanism. Humans hold their inner body temperature (core temperature) just below 37 °C. In
fact, human core temperature only varies between about 35.5 and 37.0 °C within a 24-hour period,
when we are in good health. Under low external temperature, however, only the temperature of
the trunk is held constant; there is a progressive fall in temperature along the limbs (Figure 7.41).
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Figure 7.41 Body
temperature of a human
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23 Deduce the times
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temperature typically
varies from the
normal in a 24-hour
period (Figure 7.41).
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Heat production in the human body
The major sources of heat are the biochemical reactions of metabolism that generate heat as a
waste product. Heat is then distributed by the blood circulation — we might say that heat is
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transferred by the blood circulation. The
organs of the body vary greatly in the amount
of heat they yield. For example, the liver is
extremely active metabolically, but most of its
metabolic reactions require an input of energy
(they are endergonic reactions) and little
energy is lost as heat. Mostly, the liver is
thermally neutral.

The bulk of our body heat (over 70%)
comes from other organs, mainly from the
heart and kidneys, but also from the lungs and
brain (which, like a computer central
processing unit, needs to be kept cool). While
the body is at rest, the skeleton, muscles and
skin, which make up over 90% of the body
mass, produce less than 30% of the body heat
(Figure 7.42). Of course, in times of intense
physical activity, the skeletal muscles generate
a great deal of heat as a waste product of
respiration and contraction.
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The roles of the skin in thermoregulation
Heat exchanges occur at the skin. The structure of the skin is shown in Figure 7.43. Heat loss at

the skin may be varied by:

m arterioles supplying capillary networks being dilated (vasodilation) when the body needs to
lose heat, but constricted (vasoconstriction) when the body needs to retain heat;
m hair erector muscles, which contract when heat must be lost but relax when heat loss must be

increased;

m sweat glands, which produce sweat when the body needs to lose heat, but do not when the

Figure 7.43 The skin body needs to retain heat.
and temperature

regulaton  The operation of these mechanisms is shown in Figure 7.43.
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In skin that is especially exposed (e.g. outer ear, nose, extremities of the
limbs) the capillary network is extensive, and the arterioles supplying it

can be dilated or constricted.
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Other mechanisms in thermoregulation

If the body experiences persistent cold then heat production is increased. Under chilly conditions,
heat output from the body muscles is raised by contraction of skeletal muscles that is not co-ordinated
and is known as shivering. This raises muscle heat production about five times above basal rate.

Regulation of blood glucose

Transport of glucose to all cells is a key function of the blood circulation. In humans, the normal
level of blood glucose is about 90 mg of glucose in every 100 cm? of blood, but it can vary. For
example, during an extended period without food, or after prolonged and heavy physical activity,
blood glucose may fall to as low as 70 mg. After a meal rich in carbohydrate has been digested,
blood glucose may rise to 150 mg.

The maintenance of a constant level of this monosaccharide in the blood plasma is important
for two reasons.

1 Respiration is a continuous process in all living cells. To maintain their metabolism, cells need
a regular supply of glucose, which can be quickly absorbed across the cell membrane. Glucose
is the principal respiratory substrate for many tissues. Most cells (including muscle cells) hold
reserves in the form of glycogen which is quickly converted to glucose during prolonged
physical activity. However, glycogen reserves may be used up quickly. In the brain, glucose is
the only substrate the cells can use and there is no glycogen store held in reserve.

If our blood glucose falls below 60 mg per 100 cm?, we have a condition called
hypoglycaemia. If this is not quickly reversed, we may faint. If the body and brain continue to
be deprived of adequate glucose levels, convulsions and coma follow.

2 An abnormally high concentration of blood glucose, known as hyperglycaemia, is also a
problem. Since high concentration of any soluble metabolite lowers the water potential of the
blood plasma, water is drawn from the cells and tissue fluid by osmosis, back into the blood.
As the volume of blood increases, water is excreted by the kidney to maintain the correct
concentration of blood. As a result, the body tends to become dehydrated, and the circulatory
system is deprived of fluid. Ultimately, blood pressure cannot be maintained.

For these reasons, it is critically important the blood glucose is held within set limits.

Mechanism for regulation of blood glucose

After the digestion of carbohydrates in the gut, glucose is absorbed across the epithelial cells of
the villi (Figure 7.5, page 183) into the hepatic portal vein (Figure 7.11, page 189). The blood
carrying the glucose reaches the liver first. If the glucose level is too high, glucose is withdrawn
from the blood and stored as glycogen. But even so, blood circulating in the body immediately
after a meal has a raised level of glucose. At the pancreas, the presence of an excess of blood
glucose is detected in patches of cells known as the islets of Langerhans (Figure 7.44). These
islets are hormone-secreting glands (endocrine glands); they have a rich capillary network, but
no ducts that would carry secretions away. Instead, their hormones are transported all over the
body by the blood. The islets of Langerhans contain two types of cell, a cells and p cells.

Figure 7.44 Islet of TS of pancreatic gland showing an islet of Langerhans  drawing of part of pancreatic gland
Langerhans in the
pancreas

cells of pancreatic
gland surrounding islet
of Langerhans secrete
pancreatic juice

duct carries pancreatic

islet of
Langerhans
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25 Explain what liver
cells receive from
blood from the
hepatic artery that is
not present in blood
from the hepatic
portal vein.

26 Predict what type
of organelle you
would expect to see
most frequently
when a liver cell is
examined by EM.

Figure 7.45 The sites of
blood glucose regulation

In the presence of a raised blood glucose level, the B cells are stimulated. They secrete the
hormone insulin into the capillary network. Insulin stimulates the uptake of glucose into cells all
over the body, but especially by the liver and the skeletal muscle fibres. It also increases the rate
at which glucose is used in respiration, in preference to alternative substrates (such as fat).
Another effect of insulin is to trigger conversion of glucose to glycogen in cells (glycogenesis),
and of glucose to fatty acids and fats, and finally the deposition of fat around the body.

As the blood glucose level reverts to normal this is detected in the islets of Langerhans, and
the f cells respond by stopping insulin secretion. Meanwhile the hormone is excreted by the
kidney tubules and the blood insulin level falls.

When the blood glucose level falls below normal, the a cells of the pancreas are stimulated.
These secrete a hormone called glucagon. This hormone activates the enzymes that convert
glycogen and amino acids to glucose (gluconeogenesis). Glucagon also reduces the rate of
respiration (Figures 7.45 and 7.46)

As the blood glucose level reverts to normal, glucagon production ceases, and this hormone in
turn is removed from the blood in the kidney tubules.
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The disease diabetes

Diabetes is the name for a group of diseases in which the body fails to regulate blood glucose
levels. Type I diabetes results from a failure of insulin production by the f cells. Type 11
diabetes (diabetes mellitus) is a failure of the insulin receptor proteins on the cell membranes of
target cells (Figure 7.47). As a consequence, blood glucose is more erratic and generally,
permanently raised. Glucose is also regularly excreted in the urine. If this condition is not
diagnosed and treated, it carries an increased risk of circulatory disorders, renal failure, blindness,
strokes or heart attacks.

Figure 7.47 Diabetes,
cause and treatment

patient injecting with insulin,

type | diabetes, obtained by genetic engineering type Il diabetes,

‘early onset diabetes’ ‘late onset diabetes’
affects young people, below the age : the common form (90% of all cases
of 20 years of diabetes are of this type)

due to the destruction of the f cells
of the islets of Langerhans by the
body’s own immune system

common in people over 40 years,
especially if overweight, but this
form of diabetes is having an
increasing effect on human societies
around the world, including young
people and even children in
developed countries, seemingly
because of poor diet

symptoms:

® constant thirst

® undiminished hunger
® excessive urination

treatment:
e N symptoms:
® injection of insulin into the blood rr‘(ildg sufferers usually have
. stream daily sufficient blood insulin, but insulin
regular measurement of blood receptors on cells have become
glucose level defective
treatment:

largely by diet alone

W Reproduction 6.6.1-6.6.6

Reproduction is the production of new individuals by an existing member or members of the
same species. It is a fundamental characteristic of living things; the ability to self-replicate in this
way sets the living world apart from the non-living. In reproduction, a parent generation
effectively passes on a copy of itself in the form of the genetic material, to another generation,
the offspring. The genetic material of an organism consists of its chromosomes, made of nucleic
acid (page 63).

Organisms reproduce either asexually or sexually and many reproduce by both these methods.
However, mammals reproduce by sexual reproduction only.

In sexual reproduction, two gametes (specialised sex cells) fuse to form a zygote which then
grows into a new individual. Fusion of gametes
is called fertilisation. In the process of gamete
formation, a nuclear division by meiosis
meiosis (page 94) halves the normal chromosome

number. That is, gametes are haploid, and

] \V fertilisation restores the diploid number of
chromosomes (Figure 7.48). Without the
reductive nuclear division in the process of
sexual reproduction, the chromosome number
would double in each generation. Remember,

\__zygote the offspring produced by sexual reproduction
et o Y, are unique, in complete contrast with offspring

formed by asexual reproduction.

Figure 7.48 Meiosis and Ve N\
the diploid life cycle adult
( 2n

diploid sperm  egg haploid
phase n n phase

fertilisation
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Figure 7.49 The male seen from the front
urinogenital system

in section
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Sexual reproduction in mammals

In mammals, like most vertebrates, the sexes are separate (unisexual individuals). In the body,
the reproductive and urinary (excretory) systems are closely bound together, especially in the
male, so biologists refer to these as the urinogenital system. Here, just the reproductive systems
are considered (Figures 7.49 and 7.50).

Male and female gametes are produced in paired glands called gonads, the testes and ovaries.

The male reproductive system

m Two testes (singular, testis) are situated in the scrotal sac, hanging outside the main body
cavity; this allows the testes to be at the optimum temperature for sperm production, a
temperature 2—3 °C lower than the normal body temperature. As well as producing the male
gametes, spermatozoa (singular, spermatozoon) or sperms, the testes also produce the male sex
hormone, testosterone; the testes are, therefore, also endocrine glands (page 216).

m Ducts which store the sperms and carry them in a fluid, called seminal fluid, to the outside of
the body during a process called an ejaculation.

m Ducted or exocrine glands which secrete the nutritive seminal fluid in which the sperms are
transported; these include the seminal vesicles and prostate gland.

m The penis, through which the urethra runs. This duct carries semen during an ejaculation
(and urine during urination) to the outside. The penis also contains spongy erectile tissue that
can fill with blood when the male is sexually stimulated. This causes the penis to enlarge,
lengthen and become rigid, in a condition known as an erection. The erect penis penetrates
the vagina in sexual intercourse.
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ureter  tests
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The female reproductive system

m The ovaries are held near the base of the abdominal cavity. As well as producing the female
gametes, ova or egg cells, the ovaries are also endocrine glands, secreting the female sex
hormones oestrogen and progesterone.

m A pair of oviducts extend from the uterus and open as funnels close to the ovaries. The
oviducts transport egg cells, and are the site of fertilisation.

m The uterus, which is about the size and shape of an inverted pear, has a thick muscular wall
and an inner lining of mucous membrane richly supplied with arterioles. This lining, called
the endometrium, undergoes regular change in a 28-day cycle. The lining is built up each
month in preparation for implantation and early nutrition of a developing embryo, should
fertilisation occur. If it does not occur, the endometrium disintegrates and menstruation starts.

m The vagina, a muscular tube that can enlarge to allow entry of the penis, and exit of a baby at
birth. The vagina is connected to the uterus at the cervix, and it opens to the exterior at the
vulva.

Figure 7.50 The female  seen from the front
urinogenital system
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Primary and secondary sexual characteristics

The primary sexual characteristics of a male or a female are possession of their respective
reproductive organs. We have seen that in humans, gender is primarily determined by the sex
chromosomes, XX or XY (Figure 4.22, page 112).

The secondary sexual characteristics are those that develop in males and females at puberty,
the time in growth and development at the beginning of sexual maturation. At this time there is
a significant increase in the production of the sex hormones by the gonads, testosterone in cells
of the testes, and oestrogen and progesterone in cells of the ovaries. These hormones are
chemically very similar molecules; they are manufactured from the steroid cholesterol that has
been synthesised in the liver and absorbed as part of the diet. (Steroids are a form of lipid.)

Perhaps the most noticeable effect of the increased secretion of the sex hormones is the
stimulation they cause in muscle protein formation and bone growth. Because of this effect,
testosterone, oestrogen and progesterone are known as anabolic steroids (anabolic means ‘build
up’). The effects of the female sex hormones are less marked, in this respect, than those of
testosterone in the male, and the onset of puberty occurs, on average, about two years earlier in

girls (Figure 7.51).

Figure 7.51 The onset of 13-year-old female
the secondary sexual )

characteristics  10-year-old female

Secondary sexual characteristics
of a human female:

e maturation of the ovaries, and enlargement of the
vagina and uterus

e development of the breasts

e widening of the pelvis

e deposition of fat under the skin of the buttocks and thighs
e growth of pubic hair and hair under the arm pits

e monthly ovulation and menstruation

e changes in behaviour associated with a sex drive.

16-year-old male

10-year-old male Secondary sexual characteristics

of a human male:

e development and enlargement of the testes, scrotum,
penis and glands of the reproductive tract

e increased skeletal muscle development

e enlargement of the larynx, deepening the voice

e growth of pubic hair, underarm hair, and body hair

e continuous production of sperms, and in the absence
of sexual intercourse, occasional erections and the

discharge of seminal fluid

e changes in behaviour associated with a sex drive.
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Roles of hormones in the control of reproduction

The onset of puberty is triggered by a part of the brain called the hypothalamus. Here,
production and secretion of a releasing hormone causes the nearby pituitary gland (the ‘master’
endocrine gland) to produce and release into the blood circulation two hormones, follicle-
stimulating hormone (FSH) and luteinising hormone (LH). They are so named because their
roles in sexual development were discovered in the female, although they do operate in both
sexes. Their first effects are to enhance secretions of the sex hormones. Then, in the presence of
FSH, LH and the respective sex hormone, there follows the development of the secondary sexual
characteristics, and the preparation of the body for its role in sexual reproduction.

In females

In the female reproductive system, the secretion of oestrogen and progesterone is cyclical, rather
than at a steady rate. Together with FSH and LH, the changing concentrations of all four
hormones bring about a repeating cycle of changes that we call the menstrual cycle.

The menstrual cycle consists of two cycles, one in the ovaries and one in the uterus lining.
The ovarian cycle is concerned with the monthly preparation and shedding of an egg cell from
an ovary, and the uterus cycle, with the build-up of the lining of the uterus. ‘Menstrual’ means
‘monthly’; the combined cycles take 28 days (Figure 7.52).
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Figure 7.53 Changing
levels of hormones in the
menstrual cycle

By convention the start of the cycle is taken as the first day of menstruation (bleeding),
which is the shedding of the endometrium lining of the uterus. The steps, also summarised in
Figure 7.53, are as follows.

1 FSH is secreted by the pituitary gland, and stimulates development of several immature egg
cells (in primary follicles) in the ovary. Only one will complete development into a mature
egg cell (now in the ovarian follicle).

2 The developing follicle then secretes oestrogen. Oestrogen has two targets:

a in the uterus, it stimulates the build-up of the endometrium, the lining for a possible
implantation of an embryo, should fertilisation take place;
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27 Identify the critical
hormone changes
that respectively
trigger ovulation,
and cause
degeneration of the
corpus luteum.

b in the pituitary gland, oestrogen inhibits the further secretion of FSH, which prevents the
possibility of further follicles being stimulated to develop, and is an example of negative
feedback control (Figure 7.53).

3 The concentration of oestrogen continues to increase to a peak value just before the mid-
point of the cycle. This high and rising level of oestrogen suddenly stimulates the secretion of
LH and, to a slightly lesser extent, FSH, by the pituitary gland. LH stimulates ovulation (the
shedding of the mature egg cell from the ovarian follicle and its escape from the ovary).

As soon as the ovarian follicle has discharged its egg, LH also stimulates the conversion of
the vacant follicle into an additional, temporary gland, called a corpus luteum.

4 The corpus luteum secretes progesterone and, to a lesser extent, oestrogen.

Progesterone has two targets:

a in the uterus, it continues the build-up of the endometrium, further preparing for a possible
implantation of an embryo, should fertilisation take place;

b in the pituitary gland, it inhibits further secretion of LH, and also of FSH; this is a second
example of negative feedback control.

5 The levels of FSH and LH in the blood stream now rapidly decrease. Low levels of FSH and
LH allow the corpus luteum to degenerate. As a consequence, the level of progesterone and
oestrogen also fall. Soon the level of these hormones is so low that the extra lining of the
uterus is no longer maintained. The endometrium breaks down and is lost through the vagina
in the first five days or so of the new cycle. Falling levels of progesterone again cause the
secretion of FSH by the pituitary.

A new cycle is under way.

6 If the egg is fertilised (the start of a pregnancy), then the developing embryo itself
immediately becomes an endocrine gland, secreting a hormone that circulates in the blood
and maintains the corpus luteum as an endocrine gland for at least 16 weeks of pregnancy.
When eventually the corpus luteum does break down, the placenta takes over as an endocrine
gland, secreting oestrogen and progesterone. These hormones continue to prevent ovulation,
and maintain the endometrium.

In males

In the male, the secretion of sex hormone commences in pre-natal development, and is a
continuous process, rather than cyclic. Testosterone secretion has the following roles:

m it initiates the pre-natal development of male genitalia;
m it triggers and regulates the development of secondary sexual characteristics;
m it maintains the sex drive (libido) in the adult.

Infertility, and in vitro fertilisation

In mammals, fertilisation — the fusion of male and female gametes to form a zygote — is internal.
[t occurs in the upper part of the oviduct. As the zygote is transported down the oviduct, mitosis
and cell division commence. By the time the embryo has reached the uterus, it is a solid ball of
tiny cells. Division continues and the cells organise themselves into a fluid-filled ball, the
blastocyst, which becomes embedded in the endometrium of the uterus, a process known as
implantation. In humans, implantation takes from day 7 to day 14 approximately (Figure 12.35,
page 384).

Not all partners are fertile in this way. Either the male or female or both may be infertile, due
to a number of different causes (Table 7.13).

In some cases, a couple’s infertility may be overcome by the process of fertilisation of eggs
outside the body (in vitro fertilisation, IVF ). The key step in IVF is the successful removal of
sufficient eggs from the ovaries. To achieve this, normal menstrual activity is temporarily
suspended with hormone-based drugs.

Then the ovaries are induced to produce a large number of eggs simultaneously, at a time
controlled by the doctors. In this way, the correct moment to collect the eggs can be known
accurately.
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B Extension: Contraception

People who make a study of human population growth (demographers) have predicted that by
2050 the Earth may have 10 billion human inhabitants — that is, very many more than we
currently have. The projections suggest that the world population will stabilise at this level. Can
such a total human population be sustained by the Earth’s resources?

If we think not, an immediate task would be to reduce the birth rate. The mechanisms for
birth control exist. Contraception is any procedure which prevents conception. There are many
different methods, some easier and more reliable than others. It is a convention to divide them
into mechanical, chemical and behavioural (Table 7.12).

Mechanical barrier between sperm and egg m condom - sheath fitted to erect penis
femidom** — sheath fitted to the vagina
m diaphragm or cap** — ‘cup’ fitted over

the cervix
prevention of implantation m loop or coil** — fitted inside the uterus
Chemical - prevention combined pill m oestrogen and progesterone** — daily for
of ovulation by use of 21 days
hormones
mini-pill m progesterone** — daily at the same time
each day
Behavioural rhythm method - calculating a time ~ m if ovulation occurs at days 13-15, egg
when fertile eggs are not present may survive till day 18 and sperms
and sperms cannot survive until introduced on or after day 8 may survive
ovulation to ovulation; so intercourse not practised

Table 7.12 Alternative
methods of
contraception

on days 8-18; ovulation detected by
body temperature changes

** methods that can be used without involvement of the male partner, thereby giving the female partner control of contraception

B Extension: Sexually transmitted diseases (STDs) and contraception

STDs cause enormous suffering worldwide. However, apart from AIDS, they are seldom
mentioned or discussed.

Earlier in the last century, the common STDs were the bacterial infections gonorrhoea and
syphilis, both becoming particularly prevalent in communities after both the First and Second
World Wars.

Today, STDs due to Chlamydia (a bacterium), to herpes simplex virus, and to human
papilloma viruses (genital warts) are adding to patient numbers. AIDS and the special factors in
HIV transmission have already been discussed (page 198).

STDs are mostly transmitted between infected people who are sexually active. The more
sexual partners a person has, the greater their risk of infection. In many cases, ‘safe sex’ using
barrier contraception (such as the condom) reduces the risks, but now that oral contraception
may be preferred, risks have increased enormously. Another source of infection comes at birth
for newborn babies of infected mothers.

In males In females
failure to achieve or maintain an erect penis conditions in cervix cause death of sperms
structurally abnormal sperms conditions in uterus prevent implantation of blastocyst

sperms with poor mobility
short-lived sperms
too few sperms

blocked sperm duct preventing semen from containing oviducts blocked or damaged, preventing egg from
sperms reaching sperms
Table 7.13 Causes of

infertility eggs fail to mature or be released
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Figure 7.54 In vitro
fertilisation — the process

1 Normal menstrual cycle steps are
blocked, temporarily. (Pituitary
gland activity is suppressed by
injection of a drug.)

2 Synthetic FSH is injected — ovaries

are stimulated to develop many

egg cells (superovulation) 3 Male (partner or donor)
provides semen sample.
Sample is processed to
concentrate the
healthiest sperms.

4 Several egg cells are
removed from the ovaries
using a laparoscope
positioned with the aid
of ultrasound.

5 Eggs are mixed with sperms
in a shallow dish. Checked

by microscopic examination
to ensure fertilisation.

8 Up to three embryos are transferred
into the uterus in the expectation
that one will implant successfully.

Alternatively, embryos can be
frozen for future use.

6 Zygotes then incubated at body
temperature for 2-3 days.

7 Microscopic examination to
confirm that embryos have
reached the 4- to 8-cell stage.

Egg cells are then isolated from surrounding follicle cells, and mixed with sperms. If
fertilisation occurs, the fertilised egg cells are incubated so that embryos at the eight-cell stage
may be placed in the uterus. If one (or more) imbed there, then a normal pregnancy may follow.

The first ‘test-tube baby’ was born in 1978. The steps of IVF are illustrated in Figure 7.54.
Today, the procedure is regarded as a routine one.

Ethical issues raised by IVF

IVF raises many issues for society. Infertility is a personal problem that generates stress and
unhappiness in those affected. Many of these couples may seek assistance. Medical treatments
involved are expensive, and their deployment inevitably deflects finite resources away from other
needs. Success rates are very low.

In the face of the world’s booming human population and the large numbers of parentless
children seeking adoption, some argue against these sorts of development in reproduction
technology.

Another controversial issue is that current fertility treatments tend to create several embryos,
all with the potential to become new people. However, the embryos that are not selected for
implantation ultimately must be destroyed — a stressful task in itself.
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Ethical issues are listed in Table 7.14.

Favourable arguments

For some otherwise childless couples, desired
parenthood may be achieved.

Allows men and women surviving cancer treatments
the possibility of having children later, using gametes
harvested prior to radiation treatment or chemotherapy.

Permits screening and selection of embryos before
implantation stage to avoid an inherited disease.

If IVF treatment were to be banned, the state may be
interfering in the lives of individuals with medical
problems that otherwise could be cured.

Offspring produced by IVF are much longed-for children
who will more certainly be loved and cared for.

Table 7.14 Ethical issues
raised by IVF

Critical arguments

Allows infertility due to inherited defects to be passed
on (unwittingly) to the offspring who may then
experience the same problem in adulthood.

Excess embryos are produced to ensure success, and so
an embryologist has to select some new embryo(s) to
live, and to allow the later destruction of other
potential human lives.

Multiple pregnancies have been a common outcome,
sometimes producing triplets, quads or sextuplets. This
can lead to increased risk to the mother’s health, risks
of premature birth, and put the babies at risk of
conditions such as cerebral palsy.

Infertility is not always strictly a health problem; it may
have arisen in older parents who chose to delay having
a family (a life-style issue).

There is an excess of unwanted children, cared for in
orphanages or in foster homes. These children may
have benefited from adoption by couples, childless or
otherwise, keen to be caring parents.

28 Outline key points that might be put by a genetic counsellor who felt that some alternative way to establish
a family was more appropriate for a particular childless couple seeking IVF treatment.

B Examination questions — a selection

Questions 1-8 are taken from past IB Diploma Q3 Which of the following correctly explains the
biology papers. functions of parts of the digestive system?
Q1 a Draw a diagram of the heart showing the Stomach Small Large
chambers, valves and associated blood vessels. intestine intestine
, (4) A digests proteins absorbs absorbs water
b Outline the control of the heart beat. (6) vitamin K
¢ Discuss the structure and function of the blood . . ,
. B absorbs water  digests digests proteins
vessels that are found in a human. (8)
carbohydrates

Standard Level Paper 2, May 06, QB5

C digests lipids digests proteins absorbs water
Q2 Which of the following is correct for a pathogen? D digests proteins absorbs glucose absorbs water
Can be a Can cause Is an Standard Level Paper 1, May 05, Q25
virus antibody antigen
response Q4 a Explain how the skin and mucous membranes
A vV X X prevent entry of pathogens into the body.  (3)
B v v X b Explain why antibiotics are used to treat
bacterial but not viral diseases. (2)
cx v v Standard Level Paper 2, May 03, Q5
D v v v

Higher Level Paper 1, May 05, Q18
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Q5 Which hormone affects the heart beat?
A glucagon
B insulin
C adrenaline
D oxytocin
Higher Level Paper 1, May 04, Q19
Q6 a Draw a labelled diagram of an adult male
reproductive system. 4)
b Outline the process of in vitro fertilisation (IVF).
(6)
¢ Discuss the advantages and disadvantages of
genetic engineering. (8)
Standard Level Paper 2, May 04, QB5

Q7 a Draw a diagram of the human digestive system.
4)
b Describe the role of enzymes in the process of
digestion of proteins, carbohydrates and lipids

in humans. (6)
¢ Explain how blood glucose concentration is
controlled in humans. (8)

Standard Level Paper 2, May 03, QB8

Q8 Where are the chemoreceptors that detect the
changes in blood pH and levels of glucose found?

Changes in Changes in blood
blood pH glucose

A brain stem small intestine

B carotid vein liver

C carotid artery pancreas

D venae cavae liver

Higher Level Paper 1, May 02, Q17

Questions 9-12 cover other syllabus issues in this
chapter.

Q9 a

In the absorption of digested food molecules in
the small intestine, explain where each of the
following structures occurs and how each
contributes to the absorption process:

i villi (2)
ii capillary networks (2)
iii microvilli (2)
iv protein pumps. (2)
Explain the term assimilation, and state where

it occurs in the body. 3)

Q10 Blood has roles in transport and in the body’s
defences against disease. By means of a table,
identify the specific roles of each component of
the blood (plasma, red cells, white cells,
platelets) in these functions. (8)

Q11 a

Q12 a

The human immune deficiency virus (HIV) is a
retrovirus that is responsible for the disease
called AIDS. Explain what retrovirus means. (3)
With the onset of AIDS, the immune system is
said to become "hopelessly compromised’.
Explain this, and outline how HIV brings this
about. (3)

In gaseous exchange, oxygen from the air
reaches mitochondria in respiring cells of the
body. Identify the precise pathway that oxygen
takes and the processes by which it is moved at
each step in this journey into the innermost
human body cells. (6)
The regulation of the concentrations of oxygen
and carbon dioxide in the blood is by negative
feedback. Explain the principle and outline the
mechanism of negative feedback in
homeostasis. 4)



Nucleic acids and proteins

STARTING POINTS The chromosomes of eukaryotes are found in the nucleus and consist of DNA and
protein.
DNA exists as a double helix, the strands held by complementary base pairing and
hydrogen bonds.
Replication of DNA occurs during interphase of mitosis by unwinding of the double
helix and formation of new complementary strands.
In protein synthesis, the genetic code of the chromosome is transcribed into a single
strand of messenger RNA (mRNA) which passes out to ribosomes in the cytoplasm.
In a ribosome the sequence of triplets of bases in MRNA is translated into the
sequence of amino acids that condense together to form proteins.
This chapter extends the study of nucleic acids, proteins and enzymes begun in
Chapter 2, pages 37-75.

We have seen that nucleic acids are very long, thread-like macromolecules of alternating sugar
and phosphate molecules (forming a ‘backbone’) with a nitrogenous base — either cytosine (C),
guanine (G), adenine (A), thymine (T), or uracil (U) — attached to each sugar molecule along
the strand. Furthermore, nucleic acids are described as the information molecules of cells, and
they fulfil this role throughout the living world — the genetic code is a universal one.

The structures of the two types of nucleic acid, deoxyribonucleic acid (DNA), and
ribonucleic acid (RNA), are compared in Table 2.7, page 69. We have also noted that in
eukaryotes, while DNA occurs only in the nucleus, RNA is found in both the cytoplasm and the

1 Distinguish between nucleus.
an organic base, In this chapter, the way DNA is structured and packaged in chromosomes is discussed, prior
a nucleoside, to looking again at the replication of DNA, the transcription of the genetic code, and its
: guc:ephde_aand translation into the sequence of amino acids selected to build specific polypeptides. Finally, the
udeicaad. structure and roles of cell proteins, particularly those that function as enzymes, are examined.

Chromosome structure and the packaging
of DNA 7.7.1-7.1.5

DNA occurs in the chromosomes in the nucleus, along with protein. Actually, more than 50%
of a chromosome is built of protein. While some of the proteins of the chromosome are enzymes
involved in copying and repair reactions of DNA, the bulk of chromosome protein has a support
and packaging role for DNA.

Why is packaging necessary?

Well, take the case of human DNA. In the nucleus, the total length of the DNA of the
chromosomes is over 2 metres. We know this is shared out between 46 chromosomes, and that
each chromosome contains one, very long DNA molecule. Chromosomes are different lengths
(Figure 4.1, page 92), but we can estimate that within a typical chromosome of 5 um length,
there is a DNA molecule approximately 5 cm long. This means that about 50 000 um of DNA is
packed into 5 um of chromosome.

This phenomenal packaging is achieved by the much-coiled DNA double helix being looped
around protein beads called nucleosomes, as illustrated in Figure 8.1.

The packaging protein of the nucleosome, called histone, is a basic (positively charged)
protein containing a high concentration of amino acid residues with additional base groups
(-NH,), such as lysine and arginine (Figure 8.17, page 254). In nucleosomes, eight histone
molecules combine to make a single bead. Around each bead, the DNA double helix is wrapped
in a double loop.
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Figure 8.1 The structure core of nucleosome
of a nucleosome of eight histone
molecules — forming
a ‘bead’ structure
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to next
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packaging of DNA in the
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The whole beaded thread is itself coiled up, forming the chromatin fibre. The chromatin fibre
is again coiled, and the coils are looped around a ‘scaffold’ protein fibre, made of a non-histone

2 Suggest a main protein. This whole structure is folded (supercoiled) into the much-condensed metaphase

advantage of chromosome, as shown in Figure 8.2. Clearly, the nucleosomes are the key structures that
chromosomes being facilitate supercoiling of these phenomenal lengths of DNA that are packed in the nuclei.
supercoiled” in Furthermore, they facilitate access to selected lengths of the DNA (particular genes) during

metaphase of mitosis. L. 11
transcription — a process we will discuss shortly.

Discovery of the role of DNA as information molecule

Since about 50% of a chromosome consists of protein, it is no wonder that people once speculated
that protein of the chromosomes might be the information substance of the cell. For example,
there is more chemical ‘variety’ within protein’s structure than in nucleic acid. However, this idea
proved incorrect. We now know that the DNA of the chromosomes holds the information that
codes for the sequence of amino acids from which the proteins of the cell cytoplasm are built.

How was this established?

The unique importance of DNA was shown by an experiment with a bacteriophage virus. A
bacteriophage (or phage, as it is known) is a virus that parasitises a bacterium. We know that
viruses consist of a protein coat surrounding a nucleic acid core (page 19). Once a virus has
gained entry to a host cell it may take over the cell’s metabolism, switching it to the production
of new viruses. Eventually, the remains of the host cell break down (lysis) and the virus particle

Figure 8.3 The life cycle  escapes, usually to repeat the infection with new host cells. The life cycle of a bacteriophage, a
of a bacteriophage  virus with a complex ‘head’ and ‘tail’ structure, is shown in Figure 8.3.

TEM of bacteriophage structure of the phage steps to replication of the phage
infecting a bacterium

. G4
_~—a "

-

1 The phage attaches to the
bacterial wall and then injects the virus DNA.

nucleic acid

'head’ of
protein

o g

‘tail’ of
protein

2 Virus DNA takes over the host's synthesis
machinery.

3 New viruses are assembled and then escape
to repeat the infection cycle.

[

Two experimental scientists, Martha Chase and Alfred Hershey, used a bacteriophage that
parasitises the bacterium Escherichia coli (page 16) to answer the question of whether genetic
information lies in the protein (coat) or the DNA (core) (Figure 8.4).

Two batches of the bacteriophage were produced, one with radioactive phosphorus (32P) built
into the DNA core (hence the DNA was labelled) and one with radioactive sulphur (**S) built
into the protein coat (hence the protein was labelled). Sulphur occurs in protein, but there is no
sulphur in DNA. Likewise, phosphorus occurs in DNA, but there is no phosphorus in protein.
Thus the radioactive labels were specific.

Two identical cultures of E. coli were infected, one with the 32P-labelled virus and one with
the ¥S-labelled virus. Subsequently, radioactively labelled viruses were obtained only from the
bacteria infected with virus labelled with 32P. In fact, the *°S label did not enter the host cell at
all. Their experiment clearly demonstrated that it is the DNA part of the virus which enters the
host cell and carries the genetic information for the production of new viruses.
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Figure 8.4 The Is it the protein coat or the DNA of a bacteriophage that enters the host cell and takes
Hershey—chase over the cell’s machinery, so causing new viruses to be produced?
experiment

35S remained outside the cells

The question was answered
using:
1 phage labelled with ‘ )

radioactive sulphur (3°S) NEA ANEA

- sulphur is a component bacteriophage

reproduction
_—
S 3%

of protein but not
of DNA

lysis

2 phage labelled with
radioactive phosphorus
(32P) — phosphorus is a
component of DNA but
not of protein

bacteriophage
reproduction

32P in cells 32P present in
viruses formed éé

Only the DNA part of the virus got into the host cell (and radioactively labelled DNA was present in the new viruses formed).
It was the virus DNA that controlled the formation of new viruses in the host, so Hershey and Chase concluded that DNA

carries the genetic message.

3 Deduce what would have been the outcome of the Hershey—Chase experiment if protein had been the carrier
of genetic information.

Base pairing and ‘direction’ in the DNA molecule

The structure of the DNA molecule as a double helix, proposed by Watson and Crick in 1953, is
illustrated in Figure 2.27 (page 65). In terms of its function, the key feature of DNA is base
pairing.

Discovery of the principle of base pairing by Watson and Crick was achieved by interpretation
of the work of Edwin Chargaff. In 1935, Chargaff had analysed the composition of DNA from a
range of organisms, and found rather remarkable patterns. The significance of these patterns was
not immediately obvious, though. His discoveries were:

m the numbers of purine bases (adenine and guanine) always equalled the number of pyrimidine

bases (cytosine and thymine);
m the number of adenine bases equalled the number of thymine bases, and the number of
guanine bases equalled the number of cytosine bases.

What does this mean?
The organic bases found in DNA are of two distinct types with contrasting shapes:

m cytosine and thymine are pyrimidines or single-ring bases;
m adenine and guanine are purines or double-ring bases.

Only a purine will fit with a pyrimidine between the sugar—phosphate backbones, when base
pairing occurs (Figure 8.5).
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From the model of DNA in Figure 8.5 we can also see that when A pairs with T, they are held
together by two hydrogen bonds; when C pairs with G, they are held by three hydrogen bonds.
Only these pairs can form hydrogen bonds.

Because of base pairing and the formation of specific hydrogen bonds, the sequence of
bases in one strand of the helix determines the sequence of bases in the other — a principle

4 In base pairing, we know as complementary base pairing.
organic bases are
held together (AT, Note that we can identify direction in the DNA double helix. The phosphate groups along
C-G) by hydrogen each strand are bridges between carbon-3 of one sugar molecule and carbon-5 of the next, and
bonds. Describe one chain runs from 5' to 3' while the other runs from 3' to 5'. That is, the two chains of DNA

what a hydrogen

s are antiparallel, as illustrated in Figure 8.5. The existence of direction in DNA strands becomes

important in replication and when the genetic code is transcribed into mRNA.

Chromosomes, genes and ‘nonsense’ DNA sequences

We know more about the structure of the human genome than about any other vertebrate
genome. The Human Genome Project, the initiative to map the entire human genome, has
established that the three million bases of our chromosomes represent far fewer genes than was
expected (page 131). In fact, only a relatively small part of the total DNA in the nucleus occurs
in genes. It is a fact that the bulk of our DNA does not code for proteins at all.

So, what are the different types of DNA present?

Well, about 30% of the human genome is made up of genes and base sequences relating
to genes. The latter category includes the exons and introns of genes, of which more shortly
(page 245). Also included are regions that contain promoters and regulatory sequences, of which
there will again be further discussion shortly (page 244).

That leaves 70% of our DNA in the category of non-coding or ‘nonsense’ DNA. Of this:

m about 80% of sequences are unique or low-copy-number sequences of bases;
m about 20% are moderately and highly repetitive DNA, and are divided as follows:
— sequences in which base sequences are repeated from a few times up to 10° times per genome
(moderately repetitive);
— sequences in which between 5 and 300 base pairs per repeat occur, duplicated more than 10°
times per genome (highly repetitive); it is these sequences that make up the satellite DNA,
which is successfully exploited in DNA profiling (page 129).

We will return to the issue of nonsense DNA briefly, when we discuss the maturation of mRNA
prior to it leaving the nucleus for the ribosomes.

Replication — DNA copying itself 721723

The way that DNA of the chromosome is replicated was introduced in Chapter 2 (page 66). The
key features are:

m replication must be an extremely accurate process since DNA carries the genetic message;

m replication is quite separate from cell division; replication of DNA takes place in the
interphase nucleus, well before the events of nuclear division;

m strands of the DNA double helix are built up individually from free nucleotides (the structure
of a nucleotide is shown in Figure 2.25, page 63);

m before nucleotides can be condensed together, the DNA double helix has to unwind, and the
hydrogen bonds holding the strands together must be broken, allowing the two strands of the
helix to separate;

m the enzyme helicase brings about the unwinding process and holds the strands apart for
replication to occur;

m both strands act as templates; nucleotides with the appropriate complementary bases line up
opposite the bases of the exposed strands (A with T, C with G);
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5 Predict the
experimental results
you would expect to
see if the Meselson—
Stahl experiment
(Figure 8.6) were
carried on for three
generations.

B Extension:

Figure 8.6 DNA
replication is semi-
conservative

-

m hydrogen bonds form between complementary bases, holding the nucleotides in place;

m finally, the sugar and phosphate groups of adjacent nucleotides of the new strand condense
together, catalysed by the enzyme DNA polymerase;

m the two strands of each DNA molecule wind up into a double helix;

m one strand of each new double helix came from the parent chromosome and one is a newly
synthesised strand, an arrangement known as semi-conservative replication because half the
original molecule is conserved;

m DNA polymerase also has a role in ‘proof-reading’ the new strands; any mistakes that start to
happen (such as the wrong bases attempting to pair up) are immediately corrected and each
new DNA double helix is exactly like the original.

The evidence for DNA replication

Experimental evidence that DNA is replicated semi-conservatively, and not by some other
mechanism, came from growing a culture of the bacterium E. coli (page 16) in a medium (food
source) where the available nitrogen contained only the heavy nitrogen isotope, "’N.
Consequently, the DNA of the bacterium became entirely ‘heavy’.

These bacteria were then transferred to a medium of the normal (light) isotope, *N. New DNA
manufactured by the cells was now made of *N. The change in concentration of ’N and N in
the DNA of succeeding generations was measured. Interestingly, the bacterial cell divisions in a
culture of E. coli are naturally synchronised; every 60 minutes, they all divided again.

The DNA was extracted from samples of the bacteria from each succeeding generation and
the DNA in each sample was separated. This was done by placing the sample on top of a salt
solution of increasing density, in a centrifuge tube. On being centrifuged, the different DNA
molecules were carried down to the level where the salt solution was of the same density. Thus,
DNA with ‘heavy’ nitrogen ended up nearer the base of the tubes, whereas DNA with ‘light’
nitrogen stayed near the top of the tubes. Figure 8.6 shows the results that were obtained.

Meselson and Stahl ‘labelled’ nucleic acid

(i.e. DNA) of the bacterium Escherichia coli with
'heavy’ nitrogen ('°N), by culturing in a medium
where the only nitrogen available was as ">NH,4*
ions, for several generations of bacteria.

2 When DNA from labelled cells was
extracted and centrifuged in a density
gradient (of different salt solutions) all
the DNA was found to be ‘heavy’.

3 In contrast, the DNA extracted from
cells of the original culture (before
treatment with "°N) was ‘light’.

4 Then a labelled culture of E.coli was switched
back to a medium providing unlabelled nitrogen
only, i.e. "NH,*. Division in the cells was
synchronised, and:

- after one generation all the DNA was of
intermediate density (each of the daughter
cells contained (i.e. conserved) one of the
parental DNA strands containing '°N alongside
a newly synthesised strand containing DNA
made from "*N)

- after two generations 50% of the DNA was
intermediate and 50% was ‘light’. This too
agreed with semi-conservative DNA replication,
given that in only half the cells was labelled
DNA present (one strand per cell).

position of heavy ('°N) DNA

: SN DNA
position of light ("*N) DNA ]
14N DNA —%"
I o
s
-’

after one generation

after two generations

.
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Events at the replication fork

In eukaryotic chromosomes, replication is initiated at many points along the DNA double helix.
At each advancing replication fork, DNA replication always occurs in the 5' — 3' direction.
This is because the DNA polymerase that catalyses the condensation reaction (known as DNA
polymerase III) can only work in this direction. So, it is the 5' end of a free DNA nucleotide
which is added to 3' end of a chain of nucleotides.

The consequence of 5' = 3' replication is that, since both strands of DNA are replicated
simultaneously, the details of the mechanism must vary in the strand that runs 3' — 5'

(Figure 8.7). Here, after helicase has catalysed the uncoiling of the DNA double helix, causing
exposure of the base sequence of the two template strands, the enzyme RNA primase adds a
short RNA primer to the exposed 3' — 5' strand. To this, DNA polymerase III then adds
succeeding free nucleotides by complementary base pairing, working in the 5' — 3' direction,
away from the direction of the advancing replication fork.

Relatively short lengths of replicated DNA are formed by this process, known as Okazaki
fragments after the biochemist who discovered this phenomenon. Later, the RNA primer
between fragments is removed and replaced with DNA by DNA polymerase I, and then
fragments are annealed into one continuous strand by ligase.

Figure 8.7 The steps to

DNA replication replication is initiated at many here the DNA double helix is shown uncoiled
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Meanwhile, on the exposed 5' — 3' strand, DNA polymerase III adds nucleotides by
complementary base pairing to the free 3' end of the new strand, in the same direction as the
replication fork. This process proceeds continuously, immediately behind the advancing helicase,
as fresh template is exposed.

A note on 'nucleosides’ and ‘nucleotides’

The combination of a pentose sugar with a base forms a compound known as a nucleoside.
Then, the combination of nucleoside with phosphate group forms a nucleotide. Table 8.1 lists
the five nucleotides which are components of nucleic acids.

Base + pentose sugar = Nucleoside + H,PO, = Nucleotide
adenine adenosine adenosine phosphate
thymine thymidine thymidine phosphate
uracil uridine uridine phosphate
Table 8.1 The common  cytosine cytidine cytidine phosphate
nucleosides and . . .
guanine guanosine guanosine phosphate

nucleotides found in cells

Nucleotides combined by the action of DNA polymerase are not in their monophosphate form,
but are as nucleoside triphosphates: adenosine triphosphate (ATP), thymidine triphosphate,
cytidine triphosphate, and guanosine triphosphate, as base pairing dictates. In each condensation
reaction, two of the three phosphate groups are excluded.

So, it is chemically correct to refer to the nucleotides involved in DNA replication as
nucleoside triphosphates.

DNA in protein synthesis — the genetic code

7.3.1-7.3.4,7.4.1-7.4.7

The roles of nucleic acid in protein synthesis are introduced in Chapter 2, page 71. The key
features are as follows.

m The DNA molecule in a single chromosome codes for a very large number of proteins. Within
this extremely long molecule, the relatively short length of DNA that codes for a single
protein is called a gene.

m Proteins are very variable in size and, therefore, so are genes. A few genes are as short as
75-100 nucleotides. Most are at least 1000 nucleotides long, and some are longer.

m Only 20 amino acids are used in protein synthesis; all cell proteins are built from them. The
unique properties of each protein lie in:

— which amino acids are involved in its construction;
— the sequence in which these amino acids are joined.

m It is the sequence of the four bases (C, G, A and T) in a gene that dictates the order in which
specific amino acids are assembled and combined.

m The code’s sequence lies in one of the two strands of DNA — the coding strand. The other
strand is complementary to it. As we shall shortly discover, the correct name of the coding
strand is the antisense strand (see Table 8.2).

m The code is a three-letter or triplet code — a sequence of three of the four bases stands for one
of the 20 amino acids, and is called a ‘codon’. The genetic code has more codons than there
are amino acids, and most amino acids have two or three similar codons that code for them (a
degenerate code). Some codons represent ‘punctuations’ — that is, they are ‘start’ and ‘stop’
triplets.
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There are three major steps in the process by which the information of the gene is used to
determine how the protein molecule is constructed:

m Stage 1, transcription occurs in the nucleus.
A copy of the code is made by building a molecule of messenger RNA (mRNA). This is
catalysed by RNA polymerase, and involves complementary base pairing, with the antisense
strand used as the template. The mRNA strand then leaves the nucleus through pores in the
nuclear membrane. It passes to ribosomes in the cytoplasm where the information can be
‘read’ and is used.

m Stage 2 occurs in the cytoplasm.
Amino acids are activated for protein synthesis by combining with short lengths of a different
sort of RNA, called transfer RNA (tRNA). There is a different tRNA for each of the 20
amino acids involved in protein synthesis. One end of each tRNA molecule is a site where a
particular amino acid can attach. At the other end, is a sequence of three bases called an
anticodon. This anticodon is complementary to the codon of mRNA that codes for the
specific amino acid.

m Stage 3, translation occurs in ribosomes in the cytoplasm.
A protein is assembled, one amino acid residue at a time, as a ribosome moves along the
messenger RNA ‘reading’ the codons. Complementary anticodons of the amino acid—tRNA
slot into place and are temporarily held in position by hydrogen bonds. While held there, the
amino acids of neighbour amino acid—tRNAs are joined by peptide linkages.

Regulation of gene expression

The cell nucleus contains many more genes than are required to be active at any one moment.
For example, in a multicellular organism, every nucleus contains the coded information relating
to the development and maintenance of all mature tissues and organs. Both during development
and later, this genetic information is used selectively. Genes function (are expressed) only in
cells they relate to, when they are needed. For example, a gene for the enzyme pepsin is present
in all cells of our body but it is active only in cells of the gastric glands in the stomach. Similarly,
the gene for insulin production is active only in cells of the islets of Langerhans in the pancreas.

How is gene expression regulated?

A mechanism for control of gene expression was first discovered in prokaryotes. However, it
is now appreciated that this mechanism does not operate in eukaryotes, so the details do not
concern us here.

In eukaryotes, genes are only transcribed if an RNA polymerase enzyme binds to a region of
DNA situated close to the gene, known as a promoter. The special features of promoters in
eukaryotic chromosomes are:

m some permit repeated, unrestricted binding of RNA polymerase, resulting in continuous
expression of the gene;

m some require a regulatory protein to be present and bound, prior to binding of RNA
polymerase and gene expression (regulatory proteins are the products of other genes, often on
different chromosomes);

m some regulatory proteins must first be activated by reaction with a steroid hormone or some
other metabolite, before binding of RNA polymerase and gene expression.

Other aspects of eukaryotic gene regulation concern:

m the change that may occur to the messenger RNA immediately after it has been formed by
transcription and in which introns are removed (see ‘Some eukaryotic genes are
discontinuous’, below);

m the changes that may occur to proteins formed by translation of the mRNA code, out in the
cytoplasm (see ‘Post-translational modification of protein’, page 251).

Both of these processes are under the control of specific genes, although these are often found on
other chromosomes; they too are part of the story of how gene action is brought about.
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The sequence of events in transcription in eukaryote
chromosomes

The steps to the expression of a gene begin when the genetic information in DNA is transcribed
into a molecule of mRNA by complementary base pairing. mRNA is an intermediary molecule
between the information in the gene and the formation of the protein it codes for, out in the
cytoplasm. Remember, mRNA is single-stranded nucleic acid in which the base uracil pairs with
adenine in place of thymine found in DNA. The events of transcription in eukaryote
chromosomes are illustrated in Figure 8.8.

Look at the sequence of events described there, now.

The enzyme RNA polymerase binds to a promoter region, the ‘start’ signal for transcription,
located immediately before the gene, and the new nucleic acid strand is formed in the 5' — 3'
direction.

During transcription, only one strand of the DNA double helix serves as a template for
synthesis of mMRNA. This is called the antisense strand. The partner strand is called the sense
strand. Sense and antisense strands are compared in Table 8.2 below.

Sense strand Antisense strand

carries the promoter sequence of bases to which is the template sequence for transcription by

RNA polymerase binds and begins transcription complementary base pairing by RNA polymerase

has the same base sequence as the mRNA (the mRNA has the same base sequence as the tRNA (the tRNA

has U in place of T) has base U in place of T)

carries the terminator sequence of bases at the is ‘read’ in the 3' — 5' direction, and mRNA synthesis

termination of each gene that cause RNA polymerase occurs in the 5' — 3" direction (by addition of 5' end of
Table 8.2 Sense and to stop transcription a nucleptlde to the 3' end of the RNA molecule already

synthesised)

antisense strands of DNA

RNA polymerase draws on the pool of free nucleotides. As with DNA replication, these
nucleotides are present in the form of nucleoside triphosphates (although in RNA synthesis
uridine triphosphate replaces thymidine triphosphate). As the RNA is formed, it falls away from
the antisense strand that has acted as template, and hydrogen bonds re-form between the two

DNA strands.
6 Explain what is The process continues until a base sequence known as the terminator is reached. At this
ggann(;sby antiparallel signal, both RNA polymerase and the completed, new strand of mRNA are freed from the site of
' the gene.

Some eukaryotic genes are discontinuous

Where the exact sequence of bases in a particular gene has been determined, it is sometimes
discovered that non-coding sequences are present. In other words, some eukaryotic genes have
units of non-gene DNA within their boundaries.

The sections that carry meaningful information are called exons, whereas the intervening
lengths of DNA (interruptions, in effect) are called introns. Genes split in this way are common
in higher plants and animals, although others contain no introns at all.

When a split gene is transcribed into mRNA, the newly formed mRNA contains the sequence
of introns and exons exactly as they occur in the DNA. The persistence of nonsense sequences
would undoubtedly present problems in the subsequent protein-synthesis steps.

In fact, an enzyme-catalysed reaction known as post-transcriptional modification, removes the
introns at this stage. The production of this enzyme is also under the control of a gene. The short
lengths of nonsense transcribed into the RNA sequence of bases are disposed of. The resulting
(shortened) length of mRNA is described as mature. It passes out into the cytoplasm, to
ribosomes, where it is involved in protein synthesis (Figure 8.9).
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Figure 8.8 Gene
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Figure 8.9 Post- IAVAVA
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coded information of a gene

many genes contain short lengths of
‘nonsense’ (sequences of bases additional to
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mature mRNA passes out of the nucleus
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//

to ribosomes in the cytoplasm

pore in nuclear membrane

Translation — protein synthesis in ribosomes

The first step to protein synthesis in the cytoplasm involves the activation of amino acids by
combining them with short lengths of a different sort of RNA, called transfer RNA (tRNA).
This activation process occurs in the cytoplasm and requires ATP. It is this tRNA, once
attached to its amino acid, which facilitates the translation of the three-base sequences of each
codon of mRNA into a sequence of amino acids in a protein.

All tRNAs have a cloverleaf shape, but there is a different tRNA for each of the 20 amino
acids involved in protein synthesis (Figure 8.10). At one end of the tRNA molecule is a site
where one particular amino acid can be joined (and no other type). At the other end, there is a
sequence of three bases called an anticodon. This anticodon is complementary to the codon of
mRNA that codes for that specific amino acid. Of course, the amino acid is attached to its
tRNA by enzyme action and these enzymes are specific to the particular amino acids (and types
of tRNA) to be used in protein synthesis. Thus, the structure of the tRNA allows recognition by
a specific tRNA-activating enzyme which attaches a specific amino acid to the tRNA. The
specificity of the enzymes is a way of ensuring the correct amino acids are used in the right
sequence. Some amino acids have more than one type of tRNA specific to them.

The next step, the translation process, occurs in the ribosomes. These tiny organelles consist
of a large and a small subunit, both composed of RNA (known as rRNA) and protein, as
illustrated in Figure 8.11. During translation, the mRNAs bind with the small subunit. Here
occur the three sites where the tRNAs interact:

m at the first site, codons of the incoming tRNA bind to specific tRNA-amino acids through
their anticodons (complementary base pairing);

m the second site is where the amino acid attached to its tRNA is condensed with the growing
polypeptide chain by formation of a peptide linkage;

m the third site is where the tRNA leaves the ribosome following transfer of its amino acid to
the growing protein chain.
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Figure 8.10 Transfer ,
RNA (tRNA) and amino tRNA structure 3
acid activation —a 'clover leaf’ shape ] »point of attachment of an
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Each amino acid is linked to a specific tRNA before it can be used in protein synthesis by the action of a tRNA
activating enzyme (there are 20 different tRNA activating enzymes, one for each of the 20 amino acids).
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In the ribosome a protein chain is assembled, one amino acid residue at a time. This occurs as
the ribosome moves along the messenger RNA ‘reading’ the codons from the ‘start’ codon.

Translation occurs in the 5' — 3' direction, the organelle moving along the mRNA from the
‘start’ codon towards the 3' end and the ‘stop’ codon. As the ribosome moves along,
complementary anticodons of the specific amino acid-tRNA complex slot into place. They are
temporarily held in position by hydrogen bonds.

7 Draw and label the While held there, the amino acids of neighbour amino acid~tRNAs are joined by peptide
structure of a peptide  linkages (Figure 2.15, page 52). This frees the first tRNA which moves back into the cytoplasm
linkage between two for re-use. Once this is done, the ribosome moves on to the next mRNA codon. The process
amino acids. continues until a ‘stop’ codon occurs (Figure 8.12).

Many ribosomes occur freely in the cytoplasm, and these are the site of synthesis of proteins
that remain in the cell and fulfil particular roles there. It is common for several ribosomes to
move along the mRNA at one time; the structure (mRNA, ribosomes and their growing protein
chains) is called a polysome (Figure 8.13).

8 State the sequence Other ribosomes are bound to the membranes of the rough endoplasmic reticulum (rER,
of changes catalysed

page 15), and these are the site of synthesis of proteins that are subsequently secreted from cells
by RNA polymerase.

or packaged in lysosomes there.

Figure 8.13 A polysome ribosomes moving mRNA in
along mRNA cytoplasm

ribosome
+
M o

growing polypeptide
chains

Deciphering of the genetic code

The sequence of bases (A, C, G, and T) in DNA carries the genetic code, specifying the 20
amino acids from which cell proteins are built. It was clear to Watson and Crick from the outset
that combinations of three bases would be most likely to code for the amino acids. This was
because:

m a doublet code (AA, AG, AC, AT, GA, etc.) could specify only 16 amino acids (4% = 16);
m a four-base code could specify 256 amino acids (4* = 256), far more possibilities than are needed.

In a triplet code, there are still more possibilities than are required, and it was later found that
the spare capacity is used rather than left unused (this is why the genetic code is described as a
degenerate code).

The code was first ‘cracked’ by the preparation of lengths of nucleic acid (synthetic mRNA, in
effect) in which one ‘word’ was repeated (UUU-UUU-UUU, CCC-CCC-CCC etc).

Subsequently, synthetic mRNAs with known, variable sequences of nucleotides were
produced. These mRNAs were added in turn to cell-free protein-synthesising systems containing
all 20 amino acids. Each polypeptide formed was analysed. In this way, the complete code was
deciphered.

Two amino acids were found to be coded for by a single triplet, and a few other amino acids
were each coded for by two codons. However, most amino acids were coded for by several
triplets, up to a maximum of six. The genetic code (for mRNA) is given in Figure 8.14. Note
that certain ‘words’ code for a ‘full stop’, rather than an amino acid. The codon for methionine is
the ‘start’ codon.
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Figure 8.14 The genetic  The 20 amino acids used in protein synthesis The genetic code in circular form
code ~a universal code - Amino acids Abbreviations The codons are those of messenger RNA (where uracil, U,
alanine Ala replaces thymine, T).
arginine Arg Read the code from the centre of the circle outwards along a
asparagine Asn radius. For example, serine is coded by UCU, UCC, UCA or
UCG, or by AGU or AGC.
aspartic acid Asp In addition, some codons stand for ‘stop’, signalling the end
cysteine Cys of a peptide or protein chain.
glutamine GIn
glutamic acid Glu
glycine Gly
histidine His
isoleucine lle
leucine Leu
lysine Lys
methionine Met
phenylalanine Phe
proline Pro
serine Ser
threonine Thr
tryptophan Trp
tyrosine Tyr
valine Val

9 The sequence of bases in a sample of MRNA was found to be:
GGU-AAU-CCU-UUU-GUU-ACU-CAU-UGU.

Predict:
a the sequence of amino acids coded for by this sequence of bases
b the sequence of bases in the antisense strand of DNA from which this mMRNA was transcribed.

Post-translational modification of protein

When a protein exits from translation at a ribosome, it may take up its active, three-dimensional
shape and be functional immediately. For example, it may be active as an enzyme in the
cytoplasm in some essential, continuous biochemical pathway. On the other hand, many
proteins are in the form of inactive precursors requiring processing steps. These steps occur after
translation and so are known as post-translational modifications (Figure 8.15). In fact, it is often
important for proteins to become active only at particular sites. For example, the protein-
digesting enzyme trypsin is produced in the pancreas but in an inactive form (trypsinogen,

page 649) which will not digest the proteins of the pancreas cells in which it is formed.
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Figure 8.15 Protein
synthesis and post- l l |
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l transcription l
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s ANAAAAAS

gene X DNA of a chromosome gene Y
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and is immediately active modification by enzymes
e.g. as an enzyme l

5

protein active, e.g. as an enzyme

10 Distinguish between the different forms of protein in the nucleus.

The central dogma

We have seen that the information of genes is copied by transcription into mRNA, and that
these single strands of nucleic acid pass to the ribosomes in the cytoplasm during protein
synthesis. This is a one-way flow of coded information from nucleus to cytoplasm and has been
named the central dogma of molecular biology.

The term ‘one-way flow’ draws attention to the direction in which information travels — from
the nucleus to the cytoplasm, and never the other way round (Figure 8.16).

Figure 8.16 Stepsto  replication
protein synthesis and the  DNA is self-replicating
central dogma

DNA

transcription
the base sequence of DNA is copied
into a messenger = messenger RNA

mMRNA

(messenger RNA moves from the
nucleus to the cytoplasm, and is
‘read’ in ribosomes)

translation
information in mRNA is coded
into an amino acid sequence

protein



DNA in protein synthesis — the genetic code 253

Table 8.3 The genetic
engineer’s tool-kit of
enzymes

Incidentally, if this principle did not apply, events in cells due to environmental changes
might lead to changes in the characteristics that particular genes code for.

Since this principle of molecular biology was asserted by Crick and Watson, it has been
discovered that occasional reversing of the flow of information does occur.

You will remember that human immunodeficiency virus (HIV) is an RNA virus (page 198).
Once HIV nucleic acid is inside a host cell, an enzyme called reverse transcriptase catalyses the
copying of the RNA strand to form a DNA double helix. Reverse transcriptase is an enzyme the
virus introduces into the host cell. The DNA this enzyme synthesises then enters the host
nucleus and becomes attached to a host chromosome. There it functions as other genes do,
eventually being transcribed, leading to HIV replication and the death of the host cell.

What limitations are placed on advancement of knowledge if we hold dogmas dogmatically?

The genetic engineer’s tool-kit

The enzyme reverse transcriptase may be extracted from retroviruses (of which there are many
besides HIV) and it is used in genetic modification. In fact, reverse transcriptase is an important
enzyme in the genetic engineer’s tool-kit (Table 8.3). The steps to the reverse transcription
reaction are illustrated in Figure 7.21 (page 200). Genetic engineers make use of purified
enzymes extracted mainly from microorganisms or viruses to manipulate nucleic acids in very
precise ways.

Enzyme Natural source Application in genetic modification

restriction enzymes (restriction cytoplasm of bacteria (combats breaks DNA molecules into shorter

endonuclease) viral infection by breaking up lengths, at specific nucleotide sequences
viral DNA)

DNA ligase with nucleic acid in the nucleus joins together DNA molecules during
of all organisms replication of DNA

polymerase with nucleic acid in the nucleus synthesises nucleic acid strands, guided by
of all organisms template strand of nucleic acid

reverse transcriptase in retroviruses only synthesis of a DNA strand complementary

to an existing RNA strand

The special value of reverse transcriptase to the genetic engineer lies in the fact that mRNA is
often present in large quantities in cells, compared to the original DNA (the gene) from which it
has been synthesised. Moreover, mRNA is easily extracted from cells.

For example, the gene for insulin is present in human pancreatic tissue, but it is difficult to
extract and contains introns as well as exons (thus providing additional problems for the genetic
engineer). But the mRNA complementary to the gene for insulin is relatively easy to extract and
can be used to synthesise a version of the gene that contains only exons.

There are many cases of the successful application of reverse transcriptase in the production of
modified microorganisms leading to the commercial production of important biochemicals.
Continuing from the insulin example above, reverse transcription is exploited in the production
of human insulin in strains of the genetically modified bacterium E. coli, for the treatment of
type I diabetes. The steps of this process are illustrated in Figure 18.21 (page 573).

11 Explain the value of the discovery of reverse transcriptase to molecular biologists.
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Proteins

We know that proteins are built up by condensation reactions between amino acids. We have
seen that amino acids are molecules that have a basic amino group (-NH,) and an acidic
carboxyl group (-COOH), attached to the same carbon atom (page 51). These are the reactive
or functional groups of the molecule; they are the groups that participate in the condensation
reactions that form peptide linkages.

The remainder of the amino acid molecule, the side chain or =R part as it is known, may be
very variable. Something of the variety of amino acids is shown in Figure 8.17. We can see that,
while amino acids have the same basic structure, they are all rather different in character,
because of the different R groups they carry. Categories into which many of the amino acids
found in cell proteins fit are:

7.5.1-7.5.4

acidic amino acids, having additional carboxyl groups (e.g. aspartic acid);

basic amino acids, having additional amino groups (e.g. lysine);

amino acids with hydrophilic properties (water soluble) have polar R groups (e.g. serine);
amino acids with hydrophobic properties (insoluble) have non-polar R groups (e.g. alanine).

The bringing together of differing amino acids in contrasting combinations produces proteins
with very different properties. The amino acid residues of proteins affect their shape, where they
occur in cells, and the functions they carry out. We will see examples of this when the functions
of cell membranes and enzymes are discussed.

Figure 8.17 Therange  acidic amino acids basic amino acids
of amino acids used in  (additional carboxyl group): (additional amino group):
protein synthesis  e.g. aspartic acid e.g. lysine

H,C—— 3(CH,) — CH— COOH

NH; {ONHp NH,

acidic amino acids with hydrophilic properties
(water soluble, polar R group):
e.g. serine

H,C——CH—— COOH

The structure of proteins

amino acids with hydrophobic properties
(insoluble, non-polar R group):
e.g. alanine

NH,

There are four levels of protein structure, each of significance in biology.

The primary structure of a protein is the sequence of amino acid residues attached by peptide
linkages. Proteins differ in the variety, number and order of their constituent amino acids. We
have seen how, in the living cell, the sequence of amino acids in the polypeptide chain is
controlled by the coded instructions stored in the DNA of the chromosomes in the nucleus,
mediated via mRNA. Changing just one amino acid in the sequence of a protein alters its
properties, often quite drastically. This sort of mistake or mutation does happen (page 100).

The secondary structure of a protein develops when parts of the polypeptide chain take up a
particular shape, immediately after formation at the ribosome. Parts of the chain become folded

or twisted, or both, in various ways.

The most common shapes are formed either by coiling to produce an o helix or folding into
{3 sheets (Figure 8.18). These shapes are permanent, held in place by hydrogen bonds (page 38).
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Figure 8.18 The
secondary structure of
protein
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Figure 8.20 Lysozyme —
primary, secondary and
tertiary structure
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12 Describe three
types of bond that
contribute to a
protein’s secondary
structure.

Figure 8.22 Collagen —
example of a fibrous
protein

The tertiary structure of a protein is the precise, compact structure, unique to that protein,
which arises when the molecule is further folded and held in a particular complex shape. This
shape is made permanent by four different types of bonding, established between adjacent parts
of the chain (Figure 8.19). The primary, secondary and tertiary structure of the protein lysozyme
is shown in Figure 8.20.

The quaternary structure of protein arises when two or more proteins become held together,
forming a complex, biologically active molecule. An example is haemoglobin, consisting of four
polypeptide chains held around a non-protein haem group, in which an atom of iron occurs

(Figure 8.21).

Fibrous and globular proteins — contrasting tertiary structures

Some proteins take up a tertiary structure that is a long, much-coiled chain, and are called
fibrous proteins. They have long, narrow shapes. Examples of fibrous proteins are collagen, a
component of bone and tendons (Figure 8.22), and keratin, found in hair, horn and nails.
Fibrous proteins are often insoluble.

Collagen:

e is the most abundant structural protein in animals —
skin is largely composed of collagen, forming a mat in the deeper layers;
it is also a major component of bones, teeth and tendons

o chemically consists of three polypeptide chains, each about 1000 amino acid residues long, wound together
as a triple helix — a unique arrangement in proteins — with an appearance of a twisted rope

e has a primary structure of glycine (the smallest amino acid) at every third point in the chain in which the
repeating sequence is glycine—proline-hydroxyproline. The R groups of these amino acids are ring structures

that prevent collagen from folding or forming pleated sheeets; collagen is forced to take up the triple helix shape

e is an insoluble protein that is assembled by cells as procollagen, a soluble molecule built to make collagen
outside the cell, with cross-links formed between the polypeptide chains as they are assembled

e when assembled, binds with other components such as calcium phosphate in bone.

Patients with brittle bone disease (see below)
may suffer multiple fractures of their bones.

three long polypeptide
molecules, coiled
together to form
a triple helix

The disease arises because the patient’s
collagen does not form links to the mineral
component of bone.

every third amino acid
is glycine (the smallest
amino acid) and the
other two amino acids
are mostly proline and
hydroxyproline

covalent bonds form =
between the polypeptide “‘
chains — together with A‘\‘

many hydrogen bonds — ‘
"
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Other proteins take up a tertiary structure that is more spherical, and are called globular
proteins (Figure 8.23). They are mostly highly soluble in water. Enzymes, such as catalase, are
typical globular proteins. Some of our hormones are globular proteins, too, including insulin

(page 222).

Figure 8.23 Insulin -
example of a globular
protein

Insulin is a hormone produced in the ] cells of the islets of Langerhans in
the pancreas by ribosomes of the rough endoplasmic reticulum (rER) as a
polypeptide of 102 amino acid residues (preproinsulin).

NH3* signal peptide part of post-translational modifications by
molecule (directs peptide enzymes in ER and Golgi apparatus
into lumen of ER)

in lumen of ER
— transported from ER to Golgi apparatus
converted to in vesicles (see Figure 1.13, page 15)
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removal of C chain

|

preproinsulin proinsulin insulin
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computer-generated image of 3D shape of insulin
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Figure 8.24 Polar and
non-polar amino acids in
membrane proteins

Figure 8.25 Polar and
non-polar amino acids in
superoxide dismutase

Polar and non-polar amino acids in proteins

Amino acids with polar R groups have hydrophilic properties. When these amino acids are
built into protein in prominent positions they may influence the properties and functioning of
the proteins in cells. Similarly, amino acids with non-polar R groups have hydrophobic
properties.

Examples of these outcomes are illustrated in Figures 8.24 (for cell membrane proteins) and
8.25 (for an enzyme that occurs in the cytoplasm).

plasma membrane (fluid mosaic model)
(diagrammatic cross-sectional view)

protein that traverses protein on one side channel protein

membrane of the membrane with pore
lipid
bilayer EE EE Eé”?i FE

inside of cell

position of non-polar amino acid residues position of polar amino acid residues
(make bulk of protein hydrophobic — (make surface of protein hydrophilic —
compatible with hydrocarbon tail of this part of protein molecule protrudes
phospholipid molecules of bilayer) or is exposed to cytosol)

Superoxide dismutase
is an enzyme common to
all cells — breaking down
superoxide ions as soon
as they form as by-
products of the reactions
of metabolism.

The molecule is
approximately saucer-
shaped, with active site
centrally placed.

computer simulation of tertiary structure of
superoxide dismutase

position of amino acid
residues with negatively
charged R groups
(repel negatively charged
superoxide ions)

non-polar amino C\ position of amino acid

acid residues - residues with positively
charged R groups (attract

negatively charged superoxide

ions to enzyme active site)

non-polar amino
acid residues

active site of enzyme (forms complex
with superoxide ions as it disables them)
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Roles of proteins

Some proteins have a structural role in cells and organisms, others have biochemical or
physiological roles. The roles of proteins are reviewed in Table 8.4.
Whatever their roles are in metabolism, cell proteins are in a continuous state of flux. They
are continuously built up, used, and broken down again into their constituent amino acids, to be
Figure 8.26 The dynamic  rebuilt or replaced by fresh proteins, according to the needs of the cells. This dynamic state of
state of cell proteins  cell proteins is shown in Figure 8.26.

-

) . . ) . Types and roles
in animals amino acids nucleus controls and directs

obtained by digestion and protein synthesis via mRNA

absorption (holozoic nutrition) structural proteins

(fibrous proteins), e.g. collagen
of skin, bone, keratin of hair

enzymes (biological catalysts)

synthesis of organelles and cytosol

continual breakdown and
rebuilding of proteins means
the nucleus is able to
frequently update its
command of cell metabolism
and cell structure

muscles/movement proteins e.g.

amino acid myosin and actin of muscle myofibrils

- » ‘pool’ in
cytoplasm

y
N

proteins

transport proteins e.g.
haemoglobin of red cells
breakdown
defence against disease proteins
—antibodies (immunoglobulins)
secreted by B lymphocytes

in plants amino acids obtained
by synthesis from NH, and organic
acids (autotrophic nutrition)

\
7

protein of membranes - part
structural, also as enzymes,
pumps and receptors

L

Function Role / examples

Biological catalysts — Alter the speed of chemical reactions, making possible biochemical changes of

enzymes organisms under the normal conditions of life (e.g. digestive enzyme pepsin and
carbonic anhydrase of red cells).

Defence against Antibodies secreted by B-lymphocytes (a type of white cell) in response to non-self

disease substances (antigens) that may invade the body. Antibody proteins are known as
immunoglobulins.

Transport of Haemoglobin in red cells — a conjugated protein (non-protein haem part attached to

respiratory gases globin protein) which combines with oxygen in the lungs and frees the oxygen

(dissociates) in respiring tissues.

Muscle movement Myosin and actin proteins of voluntary muscle myofibrils bring about muscle
contraction by reaction with ATP, triggered by calcium ions (page 368).

Chemical messengers Hormones are chemical messengers produced and secreted by cells of endocrine
glands. Some are polypeptides or proteins (e.g. ADH, page 374, and insulin). Other
hormones are steroids (lipids).

Table 8.4 The functions

of cellular proteins Structure and support Fibrous proteins (e.g. collagen of bone, and keratin of hair).

Proteins also occur in membranes where they fulfil some of the above roles.

13 Outline three ways membrane proteins are important to the functioning of a cell.
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Figure 8.27 Metabolism,
an overview

synthesis of complex
molecules used in growth
and development and in

metabolic processes,

e.g. proteins,
polysaccharides,

lipids, hormones, growth

factors, haemoglobin,

chlorophyll

anabolism:
energy-requiring
reactions, i.e.
endergonic
reactions

sugars,
amino acids,
fatty acids,
i.e. smaller
organic
molecules

nutrients >

catabolism
energy-releasing
reactions,
i.e. exergonic
reactions

release of simple
substances,
e.g. small inorganic
molecules, CO,, H,0,
mineral ions

Figure 8.28 Exergonic
and endergonic reactions

In an exergonic reaction the products have less stored

energy than the reactants.

A+B AB

7.6.1-7.6.5

Enzymes

There are literally many thousands of chemical reactions taking place within cells and organisms.
Metabolism is the name we give to the totality of these enzyme-catalysed chemical reactions of
life, and the molecules involved are collectively called metabolites. Many metabolites are made
in organisms, but others are imported from the environment — for example, nutrients from food
substances taken in, water, and the gases carbon dioxide or oxygen.

Metabolism actually consists of chains (linear sequences) and cycles of enzyme-catalysed
reactions, such as we see in respiration (page 270), photosynthesis (page 284), protein synthesis
(page 247), and very many other pathways. All these reactions may be classified as one of just
two types, according to whether they involve the build-up or breakdown of organic molecules.

m In anabolic reactions, larger molecules are built up from smaller molecules (Figure 8.27).
Examples of anabolism are the synthesis of proteins from amino acids and the synthesis of
polysaccharides from simple sugars.

m In catabolic reactions, larger molecules are broken down (Figure 8.27). Examples of
catabolism are the digestion of complex foods and the breakdown of sugar in respiration.

Overall:

metabolism = anabolism + catabolism

Metabolism and energy

Chemical energy exists in the structure of molecules. Every molecule contains a quantity of
stored energy equal to the quantity of energy needed to synthesise it originally. Chemical energy
does not exist in the chemical bonds of molecules, but rather in the structural arrangement of
the molecule.

When glucose is oxidised to carbon dioxide and water in aerobic cell respiration, energy is
transferred. This energy is no longer in store but is on the move; it is active energy. Actually,
only part of the stored energy in a molecule is available, known as free energy, and can be used
to do work. Reactions that release free energy are known as exergonic reactions (Figure 8.28).
The oxidation of glucose is an example of an exergonic reaction.

On the other hand, reactions that require energy are called endergonic reactions (Figure 8.28).
The synthesis of a protein from amino acids is an example of an endergonic reaction.

In an endergonic reaction energy has to be put in,
because the products have more stored energy than the
reactants.

C+D CcD

+ free energy given out,
as work done,

or heat, or both

a downhill

Qﬁon

+ free energy input
an uphill
reaction

energy given off

energy put in
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Figure 8.29 Activation

energy

The many endergonic reactions that occur in metabolism are made possible by being coupled
to exergonic reactions. Coupling occurs through ATP, which is referred to as the energy
currency molecule in biology (Figure 3.4, page 78). Molecules of ATP work in metabolism by
acting as common intermediates, linking energy-requiring and energy-yielding reactions.
Metabolic processes mostly involve ATP, directly or indirectly.

Enzymes work by lowering the energy of activation

As molecules react they become unstable, high-energy intermediates, but only momentarily. We
say they are in a transition state because the products are formed immediately. The products
have a lower energy level than the substrate molecules. The minimum amount of energy needed
to raise substrate molecules to their transition state is a called the activation energy. This is the
energy barrier that has to be overcome before the reaction can happen.

Enzymes work by lowering the amount of energy required to activate the reacting
molecule.

Another model of what is going on is the boulder (substrate) perched on a slope, prevented from
rolling down by a small hump (activation energy) in front of it. The boulder can be pushed over
the hump, or the hump can be dug away (= lowering the activation energy), allowing the
boulder to roll, and shatter at a lower level (products) (Figure 8.29).

‘boulder on hillside’ model of activation energy without a catalyst, this

triggering the fall,
either by pushing

amount of energy needs
to be put in to start the
reaction

effect of catalyst

or by removing activation energy

the hump (the

enzyme way) 3
>
()]
9]
c
[}
free energy change
J
products
(at lower
energy level)
reactant products

Example:
sucrase

sucrose + water ——— glucose + fructose

Enzyme specificity and ‘induced fit’

We have seen that enzymes are highly specific in their action, which makes them different from
most inorganic catalysts. They are specific because of the way enzymes bind with their substrate

at the active site, which is a pocket or crevice in the protein. To emphasise this, the binding of

enzyme and substrate is sometimes referred to as the lock and key hypothesis of enzyme action

(page 53). The necessity of binding the substrate at the active site of the enzyme before catalysis
explained why changes in temperature and pH affected enzyme action since these changes often
caused the shape of the enzyme molecules to change (Figures 2.18 and 2.19, pages 55-6).
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However, the lock and key model does not fully account for the combined events of binding
and simultaneous chemical change observed in most enzyme-catalysed reactions. At the active
site, the arrangement of certain amino acid residues in the enzyme exactly matches certain
groupings on the substrate molecule, enabling the enzyme—substrate complex to form. As the
complex is formed, it seems an essential, critical change of shape is induced in the enzyme
molecule. It is this shape change that is important in momentarily raising the substrate molecule
to the transitional state in which it is able to react.

With a transitional state achieved, other amino acid residues of the active site bring about the
breaking of particular bonds in the substrate molecule, at the point where it is temporarily held
by the enzyme. Because different enzymes have different arrangements of amino acids in their
active sites, each enzyme catalyses either a single chemical reaction or a group of closely related
reactions (Figures 8.30 and 8.31). In other words, induced fit also accounts for the broad
specificity of some enzymes (that is, the ability of some enzymes to bind to several substrates).

Figure 8.30 The induced polypeptide of 49 amino acid residues,
fit model of enzyme making up a simple enzyme
action

active site (pocket/crevice
in the protein molecule)

The amino acids in a
protein have different
roles.

The substrate molecule
combines (temporarily)
with the enzyme by
inducing a change in
shape of the enzyme

the ‘induced fit" process plays a molecule.

part in bringing about the chemical
changes, which are the enzyme-

catalysed reaction ) . .
some amino acid residues

match certain groupings on the
substrate molecule, enabling the
enzyme-substrate complex to form,
e.g. residues 3—-4-5 and 24-25-26

other amino acid residues are ‘reactive’,
i.e. catalytic residues that induce the
breaking of bonds, and the formation
of product(s), e.g. 20 and 41

other amino acid residues interact to form the
three-dimensional structure of the enzyme

Specificity:

® some amino acid residues allow a particular
substrate molecule to ‘fit’

e some amino acid residues bring about
particular chemical changes.
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Figure 8.31 Computer-
generated image of
induced fit in action

+ ATP

CE
Vi® lr",‘;‘ (2
A
m.f?‘.‘,("
AR

two polypeptide
chains make up
the enzyme

U e e8
2R X ‘.‘?

hexokinase
(computer-generated
molecular model)

slight change in
shape of active
site as substrate
molecule fits,
and reaction
takes place

14 Explain the differences between the ‘lock and key’ and ‘induced fit" hypotheses of enzyme action.

Inhibitors of enzymes

Certain substances present in cells (and some which enter from the environment) may react
with an enzyme, altering the rate of reaction. These substances are known as inhibitors, since
their effects are generally to lower the rate of reaction. Studies of the effects of inhibitors have
helped our understanding of:

m the chemistry of the active site of enzymes;

m the natural regulation of metabolism and which pathways operate;

m the ways certain commercial pesticides and some drugs work, namely by inhibiting specific
enzymes and preventing particular reactions.

For example, molecules that sufficiently resemble the substrate in shape may compete to occupy
the active site. They are known as competitive inhibitors. The enzyme that catalyses the
reaction between carbon dioxide and the acceptor molecule in photosynthesis is known as
ribulose bisphosphate carboxylase (Rubisco, page 285) and is competitively inhibited by oxygen
in the chloroplasts.

Because these inhibitors are not acted on by the enzyme and turned into products, as normal
substrate molecules are, they tend to remain attached. However, if the concentration of the
substrate molecule is raised to a sufficiently high level, the inhibitor molecules are progressively
displaced from the active sites.

Alternatively, an inhibitor may be unlike the substrate molecule, yet still combine with the
enzyme. In these cases, the attachment occurs at some other part of the enzyme, probably quite
close to the active site. Here the inhibitor either partly blocks access to the active site by
substrate molecules, or it causes the active site to change shape and thus be unable to accept the
substrate. These are called non-competitive inhibitors, since they do not compete for the active
site. Adding excess substrate does not overcome their inhibiting effects (Figure 8.32). Cyanide
ions combine with cytochrome oxidase but not at the active site. Cytochrome oxidase is a
respiratory enzyme present in all cells, and is a component in a sequence of enzymes and carriers
that oxidise the hydrogen removed from a respiratory substrate such as glucose, forming water.

Features and examples of competitive and non-competitive inhibition of enzymes are set out

in Table 8.5.
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Figure 8.32 Competitive
and non-competitive
inhibitors, the principles

When the initial rates of reaction of an enzyme are plotted against
substrate concentration, the effects of competitive and non-competitive
inhibitors are seen to be different.

substrate )
maximum rate
of enzyme-catalysed reaction
o - —— without any inhibitor
active site
enzyme
—— effect of a competitive
inhibitor:
substrate and inhibitor
e e s change s compete for active sites, so
competitive inhibitor ) hg £ excess substrate overcomes
in place: substrate prevented In shape s inhibition
from binding of active :J:’
. site )
two types of reversible ) .
inhibition Q o effect of a non-competitive
© inhibitor:

E inhibitor does not compete for
active sites, so excess substrate
will not overcome inhibition

non-competitive inhibitor
in place: catalytic activity of n
active site prevented low high

Table 8.5 Competitive
and non-competitive
inhibition of enzymes

compared

Competitive inhibition

inhibitor chemically resembles the substrate molecule
and occupies (blocks) the active site

with a low concentration of inhibitor, increasing
concentration of substrate eventually overcomes
inhibition as substrate molecules displace inhibitor

Examples:

m O, competing with CO, for active site of Rubisco
m malonate competing with succinate for active site
of succinate dehydrogenase

substrate concentration

Non-competitive inhibition

inhibitor chemically unlike the substrate molecule, but
reacts with bulk of enzyme, reducing accessibility of
active site

with low concentration of inhibitor, increasing
concentration of substrate cannot prevent binding —
some inhibition remains at high substrate concentration

Examples:

m cyanide ions blocking cytochrome oxidase in
terminal oxidation in cell aerobic respiration

m nerve gas Sarin blocking acetyl cholinesterase in
synapse transmission

The role of allostery in the control of metabolic pathways

Many metabolic pathways are switched off by a process known as allosteric inhibition. Allosteric
enzymes have two sites. One is the active site of the enzyme and the other is an additional site
on the molecule where another substance can lock in. Once such a substance is locked in, the
whole enzyme is altered, resulting in inactivation of the active site.

Individual pathways in metabolism may be regulated and adjusted by means of allosteric
inhibition. A case in point is end-product inhibition (Figure 8.34). Here, the final product
inhibits the enzyme that catalyses the first step in the pathway.

So, in end-product inhibition, as the product molecules accumulate, the steps in their
production are switched off. But these product molecules may now become the substrates in
subsequent metabolic reactions. If so, the accumulated product molecules will be removed, and
production of new product molecules will recommence.
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B Extension:

Figure 8.33 Some
metabolic pathways and
the roles of enzymes

Enzymes and the control of metabolism

The metabolic pathways of cells and tissues are numerous, and many interconnect. We have
seen that the reactions of metabolism are made possible by the presence of specific enzymes. In
addition, the enzyme machinery of cells plays a part in the control of the pathways of
metabolism (Figure 8.33). How do enzymes achieve this?

m The specificity of enzymes means that a reaction occurs only in the presence of a specific
enzyme. If the enzyme is not present, the reaction cannot occur.

m Because enzymes are effective in very small amounts, the production of a specific enzyme
leads to immediate reactions and the formation of products.

m Where enzymes compete for the same substrate molecule, the amount of each enzyme present
and how readily each forms its enzyme—substrate complex decides the extent to which
pathways operate.

m Many enzymes are always present in cells, but some are enzymes produced only in the
presence of the substrate. This is a case of the substrate molecule triggering the synthesis
machinery by which the enzymes are produced.

metabolite A
(substrate of
enzyme a)
a
straight
metabolic
pathway
b
enzymes ¢; and ¢,
compete for
( metabolite C
C
G
branched X o
metabolic How much of metabolite C is converted to

pathway X or to D depends on the relative amounts
of enzymes c, and ¢,, and how readily
each forms its enzyme—substrate complex.

circular
metabolic
pathway
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Figure 8.34 End-product substrate molecule
inhibition of metabolism allosteric inhibition of an enzyme no longer fits

<9

enzyme—substrate
complex

cCo---->

allosteric inhibitor allosteric inhibitor
in place: changes active site

regulation of a metabolic pathway by end-product inhibition

allosteric inhibition (an example of allosteric inhibition)

of enzyme a by
the end-product
molecule

enzyme a x /

ay b c d e
A

@
_m

substrate _ \/
molecule intermediate products
of the metabolic pathway

end-product
This is an example of the regulation of a metabolic pathway by negative feedback.
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B Examination questions — a selection

Questions 1-4 are taken from past IB Diploma
biology papers.

Q1 How do enzymes speed up biochemical reactions?
A By being used up in the reaction.
B By increasing activation energy.
C By changing the pH of the reaction.
D By lowering activation energy.
Higher Level Paper 1, May 05, Q24

Q2 Which molecule is involved in the process of
transcription?
A DNA polymerase
B Helicase
C DNA ligase
D mRNA
Higher Level Paper 1, May 03, Q12
Q3 Which process involves the removal of introns?
A the reaction catalysed by RNA polymerase
B the formation of mature eukaryotic mMRNA
C the activation of reverse transcriptase
D the binding of ribosomes to mRNA
Higher Level Paper 2, May 02, Q21
Q4 The diagram below illustrates a simple metabolic
pathway.

metabolite metabolite metabolite metabolite

enzyme 1 enzyme 2 enzyme 3

> Q > >

Which response shows allosteric feedback

inhibition?
Metabolite  Site of binding of metabolite
AP allosteric site of enzyme 1
B S allosteric site of enzyme 1
cP active site of enzyme 1
DS active site of enzyme 1

Higher Level Paper 2, May 02, Q23

Questions 5-8 cover other syllabus issues in this
chapter.

Q5 a

Q7 a

Q8 a

State the two types of organic molecule that
form the bulk of chromosomes of eukaryotes,
and their approximate proportions. (3)
Suggest why the complex structural packaging
of these molecules in chromosomes may be
essential in the nucleus. (2)
By means of an annotated diagram, explain the
composition and structure of a nucleosome.

(4)

DNA replication is semi-conservative and occurs
in the 5' — 3" direction. Explain the meaning of
this statement. (6)
By means of a fully annotated diagram, outline
the steps to replication at a replication fork,
making explicit the role of each of the essential
enzymes. (6)

Construct a concise flow diagram of the
sequence of key events in transcription in the
eukaryotic nucleus up to the point when mRNA

is about to pass into the cytoplasm. (8)
Identify to what extent translation in
prokaryotes differs from this. (3)
List the differences in composition between
mRNA and the DNA of chromosomes. (3)

Proteins are essential components of organisms.
Describe the key property of the proteins
specifically involved in:
i biological catalysis
il movement driven by muscle fibres
iii structural support
iv the movement of molecules across
membranes. (8)
Outline the differences between the primary
and tertiary structures of proteins. 4)
Identify the types of bonds that maintain the
secondary structure of protein. (5)
Membrane proteins typically arrange themselves
with component amino acids that are non-polar
and others that are polar in contrasting
positions. With the aid of an annotated
diagram, explain the property of the molecules
of the lipid bilayer of membranes that causes
this. (8)
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STARTING POINTS Respiration occurs in every living cell, making energy available to maintain cells and to
carry out activities and functions.
Cellular respiration requiring oxygen, aerobic respiration, involves the oxidation of
sugar to carbon dioxide and water.
Green plants manufacture glucose by photosynthesis, using the raw materials carbon
dioxide and water and energy from sunlight. Oxygen is produced as a waste product.
Chloroplasts are the photosynthetic organelles. Chloroplasts contain chlorophyll needed
for the transfer of light energy into chemicals like glucose during photosynthesis.
This chapter extends discussion of cell respiration and photosynthesis begun in Chapter 3,
pages 76-90.

Respiration and photosynthesis have traditionally been summarised in single equations:
Cellular respiration

glucose + oxygen — carbon dioxide + water + ENERGY

CH,O.+ 60, =  6CO,  +6H,0 +ENERGY

Photosynthesis

carbon dioxide + water + ENERGY — glucose + oxygen

6CO,  +6H,0 + ENERGY — C,H,,0, + 60,

At first sight it seems that the one process is simply the reverse of the other. In fact these
equations are merely ‘balance sheets’ of the inputs and outputs. Photosynthesis and respiration
occur by different pathways with many enzymes unique to one or the other.

In this chapter, the biochemical events in respiration and photosynthesis are considered in
detail, beginning with aerobic respiration.

The steps of aerobic cellular respiration 11515

In cellular respiration, the chemical energy of organic molecules such as glucose is made
available for use in the living cell. Much of the energy transferred is lost in the form of heat
energy, but cells are able to retain significant amounts of chemical energy in adenosine
triphosphate (ATP, page 78). ATP, found in all cells, is the universal energy currency in living
systems. ATP is a relatively small, soluble molecule. It is able to move, by facilitated diffusion,
from the mitochondria where it is synthesised to all the very many sites where energy is required,
such as in muscles for contraction movements (page 368), in membranes for active transport
(page 23) and in ribosomes for protein synthesis (page 248).

How is energy transferred from respiratory substrates like glucose?

In summary, glucose is a relatively large molecule containing six carbon atoms all in a reduced
state. During aerobic cellular respiration, glucose undergoes a series of enzyme-catalysed
oxidation reactions (Figure 9.1). These reactions are grouped into three major phases:

» glycolysis, in which glucose is converted to pyruvate;

m the Krebs cycle, in which pyruvate is converted to carbon dioxide;

= the electron-transport system, in which hydrogen removed in oxidation reactions of glycolysis
and the Krebs cycle is converted to water, and the bulk of the ATP is synthesised.
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Figure 9.1 The three
phases of aerobic cellular
respiration

Figure 9.2 Respiration as
a redox reaction

glucose oxygen

stages in tissue '
respiration ' , \
AD ADP

' P
+ PI + PI
>, H
glycolysis Krebs ‘
cycle hydrogen

atoms
electron-
transport
system

products some ATP carbon dioxide much ATP  water

Respiration as a series of redox reactions

The terms ‘reduction’ and ‘oxidation’ recur frequently in respiration.

What do these terms mean?

In cellular respiration, glucose is oxidised to carbon dioxide, but at the same time, oxygen is
reduced to water (Figure 9.2). In fact, tissue respiration is a series of oxidation—reduction
reactions, so described because when one substance in a reaction is oxidised another is
automatically reduced. The short-hand name for reduction—oxidation reactions is redox
reactions.

In biological oxidation, oxygen atoms may be added to a compound, but alternatively,
hydrogen atoms may be removed. In respiration, all the hydrogen atoms are gradually removed
from glucose. They are added to hydrogen acceptors, which are themselves reduced.

Since a hydrogen atom consists of an electron and a proton, gaining hydrogen atom(s) (a case
of reduction) involves gaining one or more electrons. In fact, the best definition of oxidation is
the loss of electrons, and reduction is the gain of electrons. Remembering this definition has
given countless people problems, so a mnemonic has been devised:

OIL RIG = Oxidation Is Loss of electrons; Reduction Is Gain of electrons.

Redox reactions take place in biological systems because of the presence of a compound with a
strong tendency to take electrons from another compound (an oxidising agent) or the presence
of a compound with a strong tendency to donate electrons to another compound (a reducing
agent).

Another feature of oxidation and reduction is energy change. When reduction occurs, energy
is absorbed (an endergonic reaction, Figure 8.28, page 261). When oxidation occurs, energy is
released (an exergonic reaction).

oxidation
CeHi0 H+0680) ) — === — === === = > 6CO, +( 6H,0  +ENERGY
reduction
oxidation involves: reduction involves:
e addition of oxygen e removal of oxygen
* removal of hydrogen ¢ addition of hydrogen
o |oss of electrons e gain of electrons

o release of energy e uptake of energy




Figure 9.3 Glycolysis: a
summary

1 phosphorylation
(uses ATP)

2 lysis
(splitting of the
6-carbon backbone)

3 oxidation
+ addition of
inorganic phosphate

4 ATP synthesis

The steps of aerobic cellular respiration

An example of energy release in oxidation is the burning of a fuel in air. Here, energy is given
out as heat. In fact, the amount of energy in a molecule depends on its degree of oxidation. An
oxidised substance has less stored energy than a reduced substance, illustrated by the fuel
molecule methane (CH 4) which has more stored chemical energy than carbon dioxide (CO,).

Cellular respiration
Glycolysis

Glycolysis is a linear series of reactions in which a 6-carbon sugar molecule is broken down to
two molecules of the 3-carbon pyruvate ion (Figure 9.3). The enzymes of glycolysis are located in
the cytoplasm outside organelles (known as the cytosol), rather than in the mitochondria.
Glycolysis occurs by four stages:

Phosphorylation by reaction with ATP is the way glucose is first activated, forming glucose
phosphate. Conversion to fructose phosphate follows, and a further phosphate group is then
added at the expense of another molecule of ATP. So, two molecules of ATP are consumed
per molecule of glucose respired, at this stage of glycolysis.

Lysis (splitting) of the fructose bisphosphate now takes place, forming two molecules of
3-carbon sugar, called triose phosphate.

Oxidation of the triose phosphate molecules occurs by removal of hydrogen. The enzyme for
this reaction (a dehydrogenase) works with a coenzyme, nicotinamide adenine dinucleotide
(NAD). NAD is a molecule that can accept hydrogen ions (H*) and electrons (e~). In this
reaction, the NAD is reduced to NADH and H* (reduced NAD):

NAD* + 2H* + 2¢ — NADH + H* (sometimes represented as NADH,)

(Reduced NAD can pass hydrogen ions and electrons on to other acceptor molecules (see
below), and when it does, it becomes oxidised back to NAD.)

Changes to the carbon skeleton in glycolysis

2x ATP glucose
ATP

glucose

glucose is a relatively unreactive molecule l(A
ADP

—reaction with ATP activates glucose
\ 4 :
phosphorylated 6-carbon sugar

(fructose bisphosphate) ¢
CATP

phosphorylated 6-carbon sugar is split l
into two 3-carbon sugar phosphates

2x 3-carbon sugar phosphate
2x triose phosphat +
(2x triose phosphate) ® inorganic @
P L > NADY phosphate

|
P
NN
> 2x NADH + H* 0P
hydrogens are removed and transferred ATP
to the hydrogen acceptor — the energy

ngsed is used to form ATPs
4x ATP

#

—
For each molecule of glucose: 3-carbon sugar phosphate molecules ADP) (ADP
2 molecules of ATP are used v \ are converted to pyruvate ATP ATP

4 molecules of ATP are formed.

There is a net gain of 2 ATPs.

2x pyruvate

pyruvate pyruvate
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u ATP formation, which occurs twice in the reactions by which each triose phosphate molecule
is converted to pyruvate. This form of ATP synthesis is described as at substrate level in order
to differentiate it from the bulk of ATP synthesis that occurs later in cell respiration, during
operation of the electron-transport chain (see below). As two molecules of triose phosphate
are converted to pyruvate, four molecules of ATP are synthesised at this stage of glycolysis. So in
total, there is a net gain of two ATPs in glycolysis.

1 State which of the following are produced during glycolysis:

carbon dioxide NADH ATP pyruvate
lactate glycogen NAD* glucose

> Using the scale bar in~ 1h€ mitochondria and the steps of the Krebs cycle

Figure 9.4, calculate From this point on, the steps of aerobic cell respiration occur within organelles known as
T:inl?cr:g:; z?(:hvewdth mitochondria (singular, mitochondrion). This is where the enzymes concerned with the Krebs
mitochondrion shown cycle. and elecFron transport are all located. ' .
in section in the TEM. Mitochondria are found in the cytoplasm of all eukaryotic cells, usually in very large numbers.
The structure of a mitochondrion is best investigated by transmission electron microscopy. The
g Y 9%

Figure 9.4 TEM of a clarity of the resulting TEMs often makes possible a line drawing to show the mitochondrion’s

mitochondrion, with an ~ double membrane around the matrix, and the way the inner membrane intucks to form cristae

interpretive drawing  (Figure 9.4). Of course, the mitochondrion is a three-dimensional structure.

TEM of a mitochondrion. Mitochondria are the site interpretive drawing
of the aerobic stage of respiration.

R

double
membrane

space between
inner and outer
membranes

outer membrane
—a smooth
boundary

inner membrane
—infolded,
to form cristae

scale
bar

matrix
— contains
metabolites
and enzymes



Figure 9.5 The Krebs
cycle: a summary

The steps of aerobic cellular respiration

Link reaction
Pyruvate diffuses into the matrix of the mitochondrion as it forms, and is metabolised there.
First, the 3-carbon pyruvate is decarboxylated by removal of carbon dioxide and, at the same
time, oxidised by removal of hydrogen. Reduced NAD is formed. The product of this oxidative
decarboxylation reaction is an acetyl group — a 2-carbon fragment. This acetyl group is then
combined with a coenzyme called coenzyme A (CoA), forming acetyl coenzyme A (acetyl
CoA). The production of acetyl coenzyme A from pyruvate is known as the link reaction
because it connects glycolysis to reactions of the Krebs cycle, which now follow.

NAD* NADH + H*
pyruvate —= < acetyl CoA
CoA CO

2

Krebs cycle
The Krebs cycle is named after Hans Krebs who discovered it, but it is also sometimes referred to
as the citric acid cycle, after the first intermediate acid formed.

The acetyl coenzyme A enters the Krebs cycle by reacting with a 4-carbon organic acid
(oxaloacetate, OAA). The products of this reaction are a 6-carbon acid (citrate) and coenzyme
A which is released and re-used in the link reaction.

The citrate is then converted back to the 4-carbon acid (an acceptor molecule, in effect) by
the reactions of the Krebs cycle. These involve the following changes:

two molecules of carbon dioxide are given off, in separate decarboxylation reactions;

a molecule of ATP is formed, as part one of the reactions of the cycle; as in glycolysis, this
ATP synthesis is at substrate level;

three molecules of reduced NAD are formed;

one molecule of another hydrogen accepter, the coenzyme flavin adenine dinucleotide
(FAD) is reduced (NAD is the chief hydrogen-carrying coenzyme of respiration but FAD has
this role in the Krebs cycle).

diffusion from the cytosol
into the mitochondrion

v

pyruvate
(3-carbon)
NAD*
the link reaction 4 T~ coenzyme A
CO, NADH + H* \\

1

acetyl coenzyme A ,

(2-carbon) P
7
coenzyme A

4-carbon
acid citrate
(oxaloacetate) (6-carbon)
.
NADH + H Krebs
cycle

NAD*
(also known as the citric acid cycle)

FADH + H*
co,
FAD*
NADH + H*
5-carbon
NAD* acid .
ATP (O ketoglutarate) NAD
Co, NADH + H*

There are several other organic acid intermediates in the cycle not shown here.
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Because glucose is converted to two molecules of pyruvate in glycolysis, the whole Krebs cycle
sequence of reactions ‘turns’ twice for every molecule of glucose that is metabolised by aerobic
cellular respiration (Figure 9.5).

Now we are in a position to summarise the changes to the molecule of glucose that occurred
in the reactions of glycolysis and the Krebs cycle. A ‘budget’ of the products of glycolysis and two
turns of the Krebs cycle is shown in Table 9.1.

Product
Step co, ATP reduced NAD reduced FAD
glycolysis 0 2 2 0
link reaction
Table 9.1 Net products (pyruvate — acetyl CoA) 2 0 2 0
of aerobic respiration of  Krebs cycle 4 2 6 2
glucose at the end of the Totals 6CO 4 ATP 10 reduced NAD 2 reduced FAD
Krebs cycle 2

Outline the types of reaction catalysed by:

dehydrogenases
decarboxylases.

Extension: Fats can be respired

In addition to glucose, fats (lipids) are also commonly used as respiratory substrates — they are
first broken down to fatty acids (and glycerol). Fatty acid is ‘cut up’ into 2-carbon fragments
and fed into the Krebs cycle via coenzyme A. Vertebrate muscle is well adapted to the
respiration of fatty acids in this way (as is our heart muscle), and they are just as likely as
glucose to be the respiratory substrate.

Terminal oxidation and oxidative phosphorylation

The removal of pairs of hydrogen atoms from various intermediates of the respiratory pathway is
a feature of several of the steps in glycolysis and the Krebs cycle. On most occasions, oxidised
NAD is converted to reduced NAD, but once in the Krebs cycle an alternative hydrogen-
acceptor coenzyme, FAD, is reduced.

In the final stage of aerobic respiration, the hydrogen atoms (or their electrons) are
transported along a series of carriers, from the reduced NAD (or FAD), to be combined with
oxygen to form water.

Figure 9.6 Terminal high energy electrons 1,0,
oxidation and the and H* ions released
formation of ATPs

NAD* D T TR > 2H* H,0

oxygen atom
combines with
2e” 2e” electrons and
hydrogen ions
to form water

NADH + H*

water formed
in respiration,
e.g. from the
respiration of

L food molecules,
when reduced FAD is oxidised, 3ADP + 3P, 3ATP is called

only two molecules of ATP are formed metabolic water

electrons passed from energy released, and
carrier to carrier used to make ATP
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. As electrons are passed between the carriers in the series, energy is released. Release of energy
absence of oxygen in 0 this manner is controlled and can be used by the cell. The energy is transferred to ADP and
respiring tissue might P, to form ATP. Normally, for every molecule of reduced NAD which is oxidised (that is, for
‘switch off’ both the every pair of hydrogens) approximately three molecules of ATP are produced.

Krebs cycle and The process is summarised in Figure 9.6. The total yield from aerobic respiration is 38 ATPs
terminal oxidation. .
per molecule of glucose respired.

Phosphorylation by chemiosmosis?

How could a mitochondrion use the energy made available in the flow of electrons between carrier
molecules to drive the synthesis of ATP?

It was a biochemist, Peter Mitchell, who first suggested the chemiosmotic theory when he was
at an independently funded research institute in Cornwall, UK. This was in 1961; at the time he
was studying the metabolism of bacteria. His hypothesis was not generally accepted for many
years, but about two decades later he was awarded a Nobel Prize for his discovery.

Chemiosmosis is a process by which the synthesis of ATP is coupled to electron transport via
the movement of protons (Figure 9.7). The electron-carrier proteins are arranged in the inner
mitochondrial wall in a highly ordered way. These carrier proteins oxidise the reduced coenzymes,
and energy from the oxidation process is used to pump hydrogen ions (protons) from the matrix

5 When ATP is of the mitochondrion into the space between inner and outer mitochondrial membranes.
synthesised in Here they accumulate — incidentally, causing the pH to drop. Because the inner membrane is

mitochondria, 1 Ivi bl . ionifi dient in hvd . tration build
explain where the argely impermeable to ions, a significant gradient in hydrogen ion concentration builds up

reredhemie] across the inner membrane, generating a potential difference across the membrane. This
gradient is set up, represents a store of potential energy. Eventually, the protons do flow back into the matrix, but
and in which this occurs via the channels in ATP synthetase enzymes (ATPase), also found in the inner

direction protons

mitochondrial membrane. As the protons flow down their concentration gradient through the
move.

enzyme, the energy is transferred as ATP synthesis occurs.

stereogram of a mitochondrion, cut open

Figure 9.7 Mitchell's to show the inner membrane and cristae

chemiosmotic theory

outer membrane

inner membrane
matrix

proteins of the proteins are
electron-transport pumps that
chain transport H*

outer
mitochondrial
membrane

+H+

H* H* H*+ H
He o OHTHE R T HE

inter-membrane
space ——MM H* H*

hydrogen ions
(protons) accumulate
here creating a

inner . potential difference
mitochondrial across the membrane
membrane

matrix of proton channel

mitochondrion

ATPase

H,0

ATP

ADP + P,

dehydrogenase g
enzyme ATP synthesis coupled with proton  +
flow down concentration gradient
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Table 9.2 Mitochondrial
structure in relation to
function

Figure 9.8 The site of
respiration in the
eukaryotic cell

cytoplasm

Site of cellular respiration — structure in relation to function

The location of the stages of cellular respiration are summarised in Figure 9.8. Once pyruvate has
been formed from glucose in the cytosol, the remainder of the pathway of aerobic cell respiration
is located in the mitochondria. The relationship between structure and function in this organelle
is summarised in Table 9.2.

Structure Function/role

external double membrane permeable to pyruvate, CO,, O, and NAD/NADH + H*

matrix site of enzymes of link reaction and Krebs cycle

inner membrane surface area greatly increased by intucking to form cristae — since the electron-

transport chain and ATP synthetase enzymes are housed here, opportunities for
ATP synthesis are enhanced

impermeable to hydrogen ions (protons) — permitting the establishment of a
potential difference between the inter-membrane space and the matrix

inter-membrane space relatively tiny space — allowing the accumulation of hydrogen ions (protons) to
generate a large concentration difference with matrix, facilitating phosphorylation

enzymes of pyruvate break down ATP movement by
in matrix of mitochondrion facilitated diffusion
enzymes of glycolysis co ADP
in the cytosol 2% +P;
glycolysis
glucose ~ D pyruvate - - -
reduced ATP
hydrogen sites of oxidation of
acceptor hyrogen acceptor
mitochondrion (water formation)
outer membrane and ATP synthesis
inner membrane
cristae v 0,
o,
Extension: Respiration as a source of intermediates

We have seen that the main role of respiration is to provide a pool of ATP, and that this is
used to drive the endergonic reactions of synthesis. But the compounds of the glycolysis
pathway and the Krebs cycle (respiratory intermediates) may also serve as the starting points
of synthesis of other metabolites needed in the cells and tissues of the organism. These
include polysaccharides like starch and cellulose, glycerol and fatty acids, amino acids, and
many others.

Distinguish between the following pairs:

substrate and intermediate
glycolysis and the Krebs cycle
oxidation and reduction
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The steps of photosynthesis 821826

Just as the mitochondria are the site of reactions of the Krebs cycle and respiratory ATP
formation, so the chloroplasts are the organelles where the reactions of photosynthesis occur.

Chloroplasts are found in green plants. They contain the photosynthetic pigments along with
the enzymes and electron-transport proteins for the reduction of carbon dioxide to sugars and for
ATP formation, using light energy. The detailed structure of chloroplasts is investigated with the
transmission electron microscope. TEMs of thin sections of a chloroplast show the arrangement
of the membranes within this large organelle (Figure 9.9).

You can see there is a double membrane around the chloroplast, and that the inner of these
membranes intucks at various points to form a system of branching membranes. Here, these
membranes are called thylakoids. Thylakoid membranes are organised into flat, compact,
circular piles called grana (singular, granum), almost like stacks of coins. Between the grana are
loosely arranged tubular membranes suspended in a watery matrix, called the stroma.

Chlorophyll, the photosynthetic pigment that absorbs light energy, occurs in the grana. Also
suspended in the matrix are starch grains, lipid droplets and ribosomes. We shall see that the

Figure 9.9 TEM of a  STTUCTUTE, composition and arrangements of membranes are central to the biochemistry of
chloroplast, with an ~ photosynthesis, just as the mitochondrial membranes are the sites of many of the reactions of
interpretive drawing  aerobic cell respiration.

interpretive drawing

double
membrane

granum
containing
chlorophyll

\\

grain

stroma

matrix

TEM of a thin section of a chloroplast (x15 000)
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Figure 9.10 The two
sets of reactions of
photosynthesis, inputs
and outputs

The reactions of photosynthesis

Photosynthesis is a complex set of many reactions that take place in illuminated chloroplasts.
However, biochemical studies of photosynthesis by several teams of scientists have established
that the many reactions by which light energy brings about the production of sugars, using the raw
materials water and carbon dioxide, fall naturally into two inter-connected stages (Figure 9.10).

The light-dependent reactions, in which light energy is used directly to split water (known as
photolysis for obvious reasons). Hydrogen is then removed and retained by the
photosynthesis-specific hydrogen acceptor, known as NADP*. (NADP* is very similar to the
coenzyme NAD" of respiration, but it carries an additional phosphate group, hence NADP.)
At the same time, ATP is generated from ADP and phosphate, also using energy from light.
This is known as photophosphorylation. Oxygen is given off as a waste product of the light-
dependent reactions. This stage occurs in the grana of the chloroplasts.

The light-independent reactions, in which sugars are built up using carbon dioxide. Of course, the
products of the light-dependent reactions (ATP and reduced hydrogen acceptor NADPH + H*)
are used in sugar production. This stage occurs in the stroma of the chloroplast. It requires a
continuous supply of the products of the light-dependent reactions, but does not directly involve
light energy (hence the name). Names can be misleading, however, because this stage is an
integral part of photosynthesis, and photosynthesis is a process that is powered by light energy.

We shall now consider both sets of reactions, in order to understand more about how these
complex changes are brought about.

v

photosynthesis

I » H,0
out €f-------- 1/2024>

light -f==-=--s-mmmmmamc-

light-dependent reactions

light-independent reactions

T nanp, NADPH + HY ——> CO, «----- Lo—- in
NADE ATP > stroma
<«— ADP + P, e
aterspit CO; reduced carbohydrate

Figure 9.11 The
structure of photosystems

The light-dependent reactions

In the light-dependent stage, light energy is trapped by photosynthetic pigment, chlorophyll.
Chlorophyll molecules do not occur haphazardly in the grana. Rather, they are grouped together
in structures called photosystems, held in the thylakoid membranes of the grana (Figure 9.11).

LIGHT absorbed many pigment molecules
(chlorophyll and accessory
pigments)

energy funnelled
to reaction centre

thylakoid
membrane

excited electrons

reaction centre of released from here

chlorophyll a, , and replaced by
absorbing energy /—— low energy
at 700 nm (photosystem 1) (= ground-state)

or at 680 nm (photosystem II) electrons
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In each photosystem, several hundred chlorophyll molecules plus accessory pigments (carotene
and xanthophylls) are arranged. All these pigment molecules harvest light energy, and they
funnel the energy to a single chlorophyll molecule of the photosystem, known as the reaction
centre. The different pigments around the reaction centres absorb light energy of slightly
different wavelengths.

There are two types of photosystem present in the thylakoid membranes of the grana,
identified by the wavelength of light that the chlorophyll of the reaction centre absorbs:

photosystem I has a reaction centre activated by light of wavelength 700 nm. This reaction
centre is referred to as P700;

photosystem II has a reaction centre activated by light of wavelength 680 nm. This reaction
centre is referred to as P680.

Photosystems I and II have specific and differing roles, as we shall see shortly. However, they
occur grouped together in the thylakoid membranes of the grana, along with specific proteins
that function quite specifically. These consist of:

enzymes catalysing

— splitting of water into hydrogen ions, electrons and oxygen atoms;

— formation of ATP from ADP and phosphate (P,);

— conversion of oxidised H-carrier (NADP*) to reduced carrier (NADPH + H*);

electron carrier molecules.

Construct a table of When light energy reaches the reaction centre, ground-state electrons of the key chlorophyll
the components of molecule are raised to an ‘excited state’ by the light energy received. As a result, high-energy
photosystems that electrons are released from this chlorophyll molecule, and these electrons bring about the

identifies the role of

b biochemical changes of the light-dependent reactions. The spaces vacated by the high-energy

(excited) electrons are continuously refilled by non-excited or ground-state electrons.

We will examine this sequence of reactions in the two photosystems next.

First, the excited electrons from photosystem II are picked up and passed along a chain of
electron carriers. As these excited electrons pass, some of the energy causes the pumping of
hydrogen ions (protons) from the chloroplast’s matrix into the thylakoid spaces. Here they
accumulate, causing the pH to drop. The result is a proton gradient that is created across the
thylakoid membrane, and which sustains the synthesis of ATP. This is another example of
chemiosmosis (see below).

As a result of these energy transfers, the excitation level of the electrons falls back to ground
state and they come to fill the vacancies in the reaction centre of photosystem I. Thus, electrons
have been transferred from photosystem II to photosystem I.

Meanwhile the ‘holes’ in the reaction centres of photosystem II are filled by electrons (in their
ground state) from water molecules. In fact, the positively charged ‘vacancies’ in photosystem II
are powerful enough to cause the splitting of water (photolysis), in the presence of a specific
enzyme. The reaction this enzyme catalyses then triggers release of hydrogen ions and oxygen
atoms, as well as ground-state electrons.

The oxygen atoms combine to form molecular oxygen, the waste product of photosynthesis.
The hydrogen ions are used in the reduction of NADP* (see below).

Photophosphorylation

In the grana of the chloroplasts, the synthesis of ATP is coupled to electron transport via the
movement of protons by chemiosmosis, as it was in mitochondria (Table 9.3). Here it is the
hydrogen ions trapped within the thylakoid space which flow out via ATP synthetase enzymes,
down their electrochemical gradient. At the same time, ATP is synthesised from ADP and P..

We have seen that the excited electrons which provided the energy for ATP synthesis
originated from water, and move on to fill the vacancies in the reaction centre of photosystem
I1. They are subsequently moved on to the reaction centre in photosystem I, and finally are used
to reduce NADP*. Because the pathway of the electrons is linear, the photophosphorylation
reaction in which they are involved is described as non-cyclic photophosphorylation.
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part of a chloroplast

photosystems | and Il work in tandem — receiving light energy, releasing excited
electrons and replacing each lost electron by one in the ground state (photosystem I
electrons come from split water; photosystem | electrons from photosystem II)
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Figure 9.12 The light-
dependent reaction

The excited electrons from photosystem I are then picked up by a different electron acceptor.
Two at a time, they are passed to NADP*, which, with the addition of hydrogen ions from
photolysis, is reduced to form NADPH + H*.

8 In non-cyclic . . . .
v By this sequence of reactions, repeated again and again at very great speed throughout every

photophosphorylation,

deduce the ultimate
fate of electrons
displaced from the
reaction centre of
photosystem II.

Table 9.3 Chemiosmosis
in mitochondria and
chloroplasts compared

second of daylight, the products of the light-dependent reactions (ATP + NADPH + H¥) are
formed (Figure 9.12).

ATP and reduced NADP do not normally accumulate, however, as they are immediately used in
the fixation of carbon dioxide in the surrounding stroma (light-independent reactions, page 283).
Then the ADP and NADP* diffuse back into the grana for re-use in the light-dependent reactions.

Photosynthesis in chloroplasts Cell respiration in mitochondria

space between inner and outer
membranes of mitochondria

site of proton (H*)
accumulation

thylakoid space in grana

from reduced hydrogen acceptors (e.g.
NADH + H¥)

glucose and respiratory intermediates

from water molecules after photolysis origin of protons

has occurred

sunlight energy source

fate of ATP formed diffuses into matrix of mitochondria and

to cytosol and mainly involved in anabolic
reactions of metabolism

diffuses to stroma and used to sustain
reduction of carbon dioxide in light-
independent reactions
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In the experiment

The steps of photosynthesis

Studying the light-dependent reactions with isolated chloroplasts

Chloroplasts can be isolated from green plant leaves, and suspended in buffer solution of the
same concentration as the cytosol (using an isotonic buffer). Suspended in such a buffer, it has
been found that the chloroplasts are undamaged, and function much as they do in the intact
leaf. So, these isolated chloroplasts can be used to investigate the reactions of photosynthesis —
for example, to show they evolve oxygen when illuminated. This occurs provided the natural
electron acceptor enzymes and carrier molecules are present.

shown in Figure 9.13, In the research laboratory, a sensitive piece of apparatus called an oxygen electrode is used to

isolated chloroplasts

are retained in
isotonic buffer,
standing in an ice
bath. Explain the
significance of this
step.

Figure 9.13

reducing activity of

detect the oxygen given off by isolated chloroplasts.

Alternatively, a hydrogen-acceptor dye that changes colour when it is reduced can be used.
The dye known as DCPIP is an example. DCPIP does no harm when added to chloroplasts in a
suitable buffer solution, but changes from blue to colourless when reduced. The splitting of water
by light energy (photolysis) is the source of hydrogen that turns DCPIP colourless. The
photolysis of water and the reduction of the dye is represented by the equation:

2DCPIP + 2H,0 — 2DCPIPH, + O,

The
In Figure 9.13 the steps of isolation of chloroplasts and the investigation of their reducing

isolated chloroplasts ~ activity are shown.

green leaves are ground up, and the slurry filtered to remove leaf debris 2 the filtered extract is centrifuged at low speed to remove heavier
debris (e.g. cell wall fragments) and the heaviest organelles
(e.g. nuclei)
)
muslin g centrifuge tubes with
filtered leaf extract
. R centrifuge
isotonic / head \ decanted
buffer

filtered leaf —€ /
blender extract @) { i N
motor
(variable debris
the chloroplast suspension is centrifuged at high speed speed) (discarded) chioroplast

to precipitate the chloroplasts suspension
, . - ~ liquid is now
F e g // discarded

| N
N

N 4 isolated chloroplasts treated with DCPIP (blue dye)

DCPIP + DCPIP +
chloroplasts chloroplasts
in the light in the dark
|
v
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pellet of (green chloroplasts LIGHT — lightproof
chloroplasts \ + blue dye) wrapper

chloroplasts resuspended l l
in isotonic buffer and stored
in ice (low temperature
prevents autolysis)

turns green (blue remains
dye turned colourless) blue—green
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Extension: The light-dependent reactions and the source of oxygen

The explanation of the light-dependent reactions tells us that the oxygen given off in
photosynthesis is derived exclusively from water (rather than carbon dioxide).

An experiment using water containing the isotope oxygen-18 confirmed this was correct.
[lluminated suspensions of photosynthetic cells were provided with either carbon dioxide
enriched with C'®0, or water enriched with H,'®O. From both, the oxygen evolved was
analysed to determine the oxygen-18 concentration, as shown in Figure 9.14.

Figure 9.14 Photolysis
of water two identical cultures, one supplied with C'®0, and the other with H,'¢0

ngoz —> —> 02 COZ —> —>“802
LIGHT LIGHT
N [ N — MM ——o
O O

O O

(0] (0]

suspension of

o —— single-celled algge ——— o
\\— ) (Chlorella sp.) \\— )

HO | — Hy'%0— | -

> T I R

stirrer

Pathway of photolysis of water

4 H,O —> 4(H* +e7) + 4°OH

2H20+OzT

the oxygen evolved
comes from water

hydrogen

acceptor
reduced
hydrogen
acceptor

Incidentally, this experiment established that the traditional balanced equation for
photosynthesis

6CO, + 6H,0 + LIGHT ENERGY — C,H,,0, + 60,

is incorrect because it implies that some or all of the oxygen evolved comes from carbon
dioxide. This is because it shows 12 oxygen atoms are produced, but the six water molecules on
the left-hand side of the equation contain only six.

The summary equation for photosynthesis is less misleading when written as:

6CO, + 12H,0 + LIGHT ENERGY — C.H,,0, + 60, + 6H,0
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The light-independent reactions

In the light-independent reactions, carbon dioxide is converted to carbohydrate. These reactions
occur in the stroma of the chloroplasts, surrounding the grana.
How is this brought about?
. o The pathway by which carbon dioxide is reduced to glucose was investigated by a method we
Figure 9.15 Investigation . . . . . .
of the light-independent ~ POW call feeding experiments. In these particular experiments, radioactively labelled carbon
reactions of  dioxide was fed to cells. *CO, is taken up by the cells in exactly the same way as non-labelled
photosynthesis  carbon dioxide is, and is then fixed into the same products of photosynthesis.

+— air bubbled th{fugh, Chlorella vulgaris cell (x1500) — rather than
with pulse of 14CO, separate chloroplasts, this (aquatic) green cell
contains a single, large chloroplast

water to
absorb heat

cytoplasm
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|:> in nutrient solution cellulose cell—,
wall
samples of cultures |
s ) arge, cu
are withdrawn at intervals shgped P nucleus
from a few seconds to chloroplast
several minutes (S
__ each sample is concentrated site of

boiling ethanol by evaporation starch plasma
(kills cells and storage membrane
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analysis of extracts —

metabolites in extracts

are separated by two-

dimensional chromatography

first run — solvent A separates the mixture of < some of the extract is loaded onto
many metabolites into smaller groups a two-way chromatogram and dried

l

then the chromatogram is stopped, second run - solvent B
dried, rotated through 90°, then run in separates the mixtures into
a different solvent individual metabolites

17 chromatogram taken out and dried <—,

the chromatogram is examined by autoradiography — photographic film is placed against
the chromatogram in the dark: radiation from 14C-labelled metabolites ‘fogs’ the film, so the
positions of the labelled metabolites are disclosed when the autoradiograph is developed

!

v
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Figure 9.16 The path of
carbon in photosynthesis

So, a brief pulse of labelled *CO, was introduced into the otherwise continuous supply of
12CO, to photosynthesising cells in the light, and its progress monitored. Samples of the photo-
synthesising cells, taken at frequent intervals after the *CO, had been fed, contained a sequence
of radioactively labelled intermediates, and (later) products, of the photosynthetic pathway. These
compounds were isolated by chromatography from the sampled cells and identified (Figure 9.15).

The experimenters chose for their photosynthesising cells a culture of Chlorella, a unicellular
alga. They used these in place of mesophyll cells (page 296), since they have identical
photosynthesis, but allowed much easier sampling.

The whole technique was pioneered by a team at the University of California, led by Melvin
Calvin in the middle of the last century. He was awarded a Nobel Prize in 1961. The
chromatography technique that the team exploited was then a relatively recent invention, and
radioactive isotopes were only just becoming available for biochemical investigations.

10 Calvin used a suspension of aquatic, unicellular algal cells in his ‘lollipop flask’ (Figure 9.15) to investigate the
fixation of carbon dioxide in photosynthesis. Suggest what advantages were obtained by this choice,
compared to the use of cells of intact green leaves.
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Figure 9.17 Summary of
the light-independent

The steps of photosynthesis

The steps of the light-independent reactions

The experiments of Calvin’s team established the details of the path of carbon from carbon
dioxide to glucose and other products (Figures 9.16 to 9.19). They showed that:

The first product of the fixation of carbon dioxide is glycerate 3-phosphate (GP). This is
known as the fixation step.

This initial product is immediately reduced to the 3-carbon sugar phosphate, triose phosphate,
using NADPH + H* and ATP. This is the reduction step.

Then the triose phosphate is further metabolised to produce carbohydrates such as sugars,
sugar phosphates and starch, and later lipids, amino acids such as alanine, and organic acids
such as malate. This is the product synthesis step.

Some of the triose phosphate is metabolised to produce the molecule that first reacts with
carbon dioxide (the acceptor molecule). This is the regeneration of acceptor step. The
reactions of this regeneration process are today known as the Calvin cycle (Figure 9.18).

This done, a big problem remained.
Which intermediate is the actual acceptor molecule?

At first, a 2-carbon acceptor molecule for carbon dioxide was sought, simply because the
first product of carbon dioxide fixation was known to be a 3-carbon compound. None was

found.

Eventually the acceptor molecule proved to be a 5-carbon acceptor (ribulose bisphosphate).
When carbon dioxide has combined, the 6-carbon product immediately split into two 3-carbon
GP molecules — hence the initial confusion.

The enzyme involved is called ribulose bisphosphate carboxylase (commonly shortened to
Rubisco). Rubisco is by far the most common protein of green plant leaves, as you would

reactions  expect.
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Figure 9.18
Regeneration of ribulose
bisphosphate — Calvin
cycle
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Light and photosynthesis

Chloroplast, grana and stroma - the venue for
photosynthesis

We have seen that the grana are the site of the light-dependent reactions and the stroma the site
of the light-independent reactions of photosynthesis. Table 9.4 identifies how the structure of
the chloroplast facilitates function.

Structure of chloroplast Function / role

double membrane bounding the chloroplast contains the grana and stroma, and is permeable to
CO0,, O,, ATP, sugars and other products of
photosynthesis

photosystems with chlorophyll pigments arranged on provide huge surface area for maximum light

thylakoid membranes of grana absorption

thylakoid spaces within grana restricted regions for accumulation of protons and
establishment of the gradient

fluid stroma with loosely arranged thylakoid site of all the enzymes of fixation, reduction and

membranes regeneration of acceptor steps of light-independent

Table 9.4 Structure and ;f:;’;lons, and many enzymes of the product synthesis

function in chloroplasts

Distinguish between the following:

light-dependent reactions and light-independent reactions
photolysis and photophosphorylation.

Deduce the significant difference between the starting materials and the end-products of photosynthesis.

Light and photosynthesis

Visible light represents a small part of the spectrum of electromagnetic radiation reaching the
Earth from the Sun (Figure 3.8, page 83). We have seen that the photosynthetic pigments that
constitute chlorophyll absorb the various wavelengths of visible light to varying extents. The
technique of chromatography has shown that chlorophyll present in green plants is a mixture of
four pigments: chlorophyll o and 8, and two carotenoids, carotene and xanthophylls. A
colorimeter is the apparatus we use to find out the absorption spectrum of chlorophyll once this
has been extracted from leaves (Figure 3.10, page 85).

The action spectrum for photosynthesis

Clearly, chlorophyll absorbs most strongly in the blue and red parts of the spectrum. But which
wavelengths present in white light are most effective in bringing about the light-dependent
reactions of photosynthesis?

The action spectrum for photosynthesis may be obtained most simply by using a
photosynthometer, as illustrated in Figure 3.14, page 89. This apparatus allows estimation of the
efficiency of photosynthesis in an aquatic plant such as Elodea. Here, the volume of oxygen
produced in unit time is measured under particular conditions — for example, at different
wavelengths. A light source that projects different wavelengths in turn is required. The amount
of oxygen produced consistently at each wavelength is measured, and the table of results
indicates the more effective wavelengths.

Discuss the likely
limitations of using a
simple

photosynthometer More accurate data may be obtained when oxygen evolution from a suspension of algal cells or
(Figure 3.14, page from isolated chloroplasts is measured, using an oxygen electrode. The oxygen electrode is an
89) to obtain an especially accurate instrument for measuring the concentration (partial pressure) of oxygen

action spectrum of

hotosvnthesi present in solution. The suspension is constantly stirred, and so changes in oxygen production —
photosynthesis.

for example, as light intensity or carbon dioxide concentration is varied — are detected.
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Figure 9.20 Absorption
and action spectra
compared

Distinguish
between the
following:

chlorophyll and
chloroplast
stroma and grana
absorption
spectrum and
action spectrum.

The absorption spectrum for chlorophyll pigments and the action spectrum for photosynthesis
show that the wavelengths of light absorbed by chlorophyll pigments, namely the red and blue
light, are very similar to the wavelengths that cause photosynthesis. The absorption and action
spectra match quite well. So the wavelengths optimally absorbed are the ones that provide most
energy for photosynthesis; both blue and red light are used by green plants as the energy source
for photosynthesis (Figure 9.20).
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Incidentally there is one part of the two curves where they diverge somewhat — in the upper
wavelengths of blue light. Light absorption at this point is largely by particular photosynthetic
pigments (carotenes) and is not fully used in photosynthesis. Carotenes are ancillary pigments —
meaning they are pigments that do not directly contribute light energy to a reaction centre, but
rather pass the energy to the other photosynthetic pigments first. This energy transfer between
pigments is clearly not 100% efficient.

Light as a limiting factor in photosynthesis

By definition, light is an essential for photosynthesis. Green plant cells in the dark are unable to
photosynthesise at all; under this condition, cells of the plant take in oxygen from the
atmosphere for aerobic cell respiration.

As light starts to reach green cells, at dawn for example, photosynthesis starts, and some
oxygen is produced. Oxygen consumption in respiration continues, of course. Eventually the
light intensity increases to the point where photosynthetic oxygen production is equal to oxygen
consumption in respiration. Now the leaf is neither an oxygen importer nor exporter.

This point is known as the compensation point (Figure 9.21). Then, as the Sun rises higher in
the sky and the light intensity increases further, the rate of photosynthesis also increases; the leaf
becomes a net exporter of oxygen.

We have already noted the general effect of increasing light intensity on the rate of
photosynthesis (Figure 3.16, page 90).

At low light intensities the rate of photosynthesis increases linearly with increasing light. Here
the low light intensity (lack of sufficient light) is limiting the rate of photosynthesis. Light is a
factor limiting the rate of photosynthesis under these conditions.

However, as light intensity is raised further, a point is reached where increasing light intensity
produces no further effect on the rate of photosynthesis. Here, some factor other than light is
limiting photosynthesis. What may now be rate-limiting?

The limiting factor at this point is disclosed when the investigation is repeated at higher
carbon dioxide concentration (Figure 9.22). Look at this graph now; follow the annotations.
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Figure 9.21 Light
intensity and the
compensation point

net photosynthesis
i.e. increasing
O, production

compensation point

/> respiration

0,

photosynthesis

no O, production o}

(O, consumption)

What is happening in the leaf
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and then the light intensity

photosynthesis faster than respiration;
0, concentration rises

increases? dark

in darkness, a green plant
cannot photosynthesise but
respiration continues

0,

respiration

no photosynthesis; CO, concentration rises

as light intensity increases
in the daylight, so does the
rate of photosynthesis

] o ) light
increasing light intensity ——

eventually, the compensation point
is reached when all the CO, produced
in respiration by the plant is re-used in
photosynthesis, and there is no net
loss or gain in O,

/> respiration

photosynthesis

rate of respiration and photosynthesis
equal; no exchange of gases with air

Figure 9.22 The effect
of light intensity on the
rate of photosynthesis

net photosynthesis
(e.g. volume of O, produced by a

given leaf area in unit time)

Understanding this graph
Read the axis labels (x + y axes) and look at the shapes of the curves.
Then follow the points numbered 1 to 4.

3 Suddenly there is no further increase in photosynthesis
as light intensity is increased (light is no longer the limiting factor)
— perhaps because the CO, concentration is now insufficient?

experiment repeated at a
higher CO, concentration

4 Yes! Because when the experiment is repeated at a
higher CO, concentration, the rate of photosynthesis
rises until a higher light intensity is reached.

low CO, concentration

2 Photosynthesis rate increases with
increasing light intensity (light is limiting).

1 Without light there
is no photosynthesis.

low high

light intensity
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Figure 9.23 The effect
of carbon dioxide
concentration on

photosynthesis

Figure 9.24 Cyclic
photophosphorylation

Cyclic
photophosphorylation
occurs when the CO,
concentration is the
limiting factor (and with
relatively high light
intensity), so that the
light-independent
reactions are slowed
relative to the light-
dependent reactions.
NADPH accumulates in
the stroma.

The results of these earlier, physiological investigations fit well with our current
understanding. Photosynthesis is a biochemical process involving a series of interconnected
reactions. All these reactions contribute to
the overall rate; photosynthesis depends on
several essential conditions being
favourable. At any one time, the rate of

carbon dioxide concentration as a Iimiting factor

2 /; CO;, is not rate-limiting photosynthesis will be limited by the

] 7 .

£ //,/ slowest of these reactions — the overall rate
> / : P P

g /7 low light intensity will be limited by tbe factor tha\'t is in

° / shortest supply. This factor, which ever one
5 / what is now limiting the rate? it is, is known as the limiting factor.

% Clearly, a limited supply of either light

(Figure 9.22) or carbon dioxide (Figure
9.23) could limit the rate of photosynthesis,
since both of these are essential. Clearly,
both light intensity and carbon dioxide
concentration can be limiting factors in
photosynthesis.

CO, is rate-limiting

0 low high

concentration of CO,/arbitrary units

Carbon dioxide-limiting conditions and cyclic
photophosphorylation

When the carbon dioxide concentration becomes the limiting factor, we know that the light-
independent reactions may be slowed relative to the light-dependent reactions.

An outcome is that NADPH accumulates in the stroma and the concentration of NADP*
reduces. Then, without an adequate supply of oxidised H-acceptor (NADP*), photosystems 11
and I are unable to operate together, as they do in non-cyclic photophosphorylation (Figure 9.12,
page 280). Now it has been found that another type of ATP formation occurs under these
conditions, called cyclic photophosphorylation (Figure 9.24).

excited electrons
captured by electron
acceptor — but further
passage is blocked

normal flow of electrons

(from water)

— Photosystem Il + electron carriers
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continue as H* flow out via ATPase — space, then electron falls
hence the process is called cyclic back to ground-state
photophosphorylation conditions in Photosystem |

H* accumulate
in thylakoid space
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In cyclic photophosphorylation, excited electrons from the reaction centre in photosystem I
fall back to their point of origin. They do this via electron carriers that transfer energy from
those electrons and pump H* into the thylakoid space. ATP synthesis by chemiosmosis follows.
The Z-diagram illustrates this (Figure 9.25).

This type of photophosphorylation is called cyclic because the electrons have returned to the
photosystem from which they originated (a cyclic path, rather than a linear one).

Figure 9.25 A

NADP* + 2H*
comparison of cyclic- B
and non-cyclic 6 QUL 26—
. )+ .
photophosphorylation § NADP o::)how\at\o“ y

. NADPH + H*
(the so-called Z diagram) *

non-cyclic
photophosphorylation

LIGHT
700nm
LIGHT
2H,0 @ &=
} 680nm
2e” Key
PS = photosystem
photolysis — =non-cyclic
photophosphorylation
20H —_—  =cyclic
2H* photophosphorylation

In cyclic photophosphorylation, predict which of the following occur:

photoactivation of photosystem |
reduction of NADP*
production of ATP.

The effect of changing temperature on the rate of
photosynthesis

The effect of temperature on the rate of photosynthesis, under controlled laboratory conditions,
is shown in Figure 9.26. It can be seen that the effect of increasing temperature, say from about
15°C to 25 °C, actually depends on the light intensity.

Under low light intensities, a rise in temperature has less effect than it does under higher
intensities. Of course, at very much higher temperatures, the rate of all metabolic reactions falls
away since all cell enzymes are denatured by excess heat energy (page 55).

The graph in Figure 9.26 has been interpreted as showing that photosynthesis is made up of
the two sequential sets of reactions we have been studying: light-dependent reactions (which,
like all photochemical events, are largely temperature indifferent) and light-independent
reactions (which, like all biochemical steps catalysed by enzymes, are temperature sensitive).

Can you see why?
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The arguments are as follows:

If photosynthesis includes photochemical reactions — temperature-insensitive changes brought
about by light energy — then under conditions of low light intensity (when these
photochemical reactions are rate limiting), a rise in temperature should have little effect. This
is what happens (Figure 9.26, curve B).

If photosynthesis also includes enzymic reactions — temperature-sensitive changes involving
enzymes — then under conditions of high light intensity (when enzymic reactions are rate
limiting), a rise in temperature should have a significant effect. It should increase the rate of
photosynthesis. This, too, is what happens (Figure 9.26, curve A).

Figure 9.26 The effect Temperature
of temperature on the affects rate at
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intensity (light-independent
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This reasoning provided the first evidence that photosynthesis is made up of two sequential sets
of reactions:

light-dependent reactions — photochemical steps largely unaffected by temperature;
light-independent reactions — biochemical reactions catalysed by enzymes and therefore
temperature sensitive. Here a 10 °C rise in temperature has the effect of doubling the rate of
reaction.

In fact, this understanding of the nature of photosynthesis was deduced from the above
experimental evidence before it was confirmed by biochemical techniques, using chloroplasts
isolated from the leaf.



Questions 1-5 are taken from past IB Diploma
biology papers.

Q1

Q2

Q3

Q4

enzyme activity

What is acetyl (ethanoyl) CoA?

I an intermediate in carbohydrate metabolism
under aerobic conditions

Il a product of the oxidation of fatty acids in lipid
metabolism

lll an intermediate in carbohydrate metabolism
under anaerobic conditions

A land Il only
B 1and lll only

C Il and Il only
D I, lland il
Higher Level Paper 1, May 03, Q15

Which of the following is produced during

glycolysis?
A NADH C glucose
B CO, D glycogen

Higher Level Paper 1, May 05, Q26

Isocitrate dehydrogenase is an enzyme of the Krebs
cycle. Its activity in the presence and absence of
ADP is shown below.

with ADP

ADP absent

concentration of isocitrate

What effect will a high level of energy
consumption have on the activity of this enzyme?
A The activity will increase.
B The activity will decrease.
C The enzyme will maintain a constant activity.
D The activity will fluctuate up and down.

Higher Level Paper 1, May 04, Q27

At which stage of photosynthesis is light involved
most directly?
A reduction of NADP*+ to NADPH,
B chemiosmosis
C the synthesis of chlorophyll
D the photoactivation of chlorophyll
Higher Level Paper 1, May 06, Q29

Q5

Examination questions — a selection

Which of the following statements about pyruvate

is true?

A [t contains less energy than glucose per
molecule.

B Every molecule of glucose is converted to one
molecule of pyruvate.

C Pyruvate is produced in the mitochondria.

D Under aerobic conditions, pyruvate is converted
to lactate.

Higher Level Paper 1, May 06, Q28

Questions 6-10 cover other syllabus issues in this
chapter.

Q6

Q7

Q8

Q9

Q10 a

Although oxidation may be illustrated by reference
to the addition of oxygen to a substance, oxidation
is defined precisely as ‘loss of electrons’. Explain
this definition fully. (4)
Chemiosmosis is a process by which the synthesis
of ATP is coupled to electron transport via the
movement of protons. Draw and annotate a
diagram to show how the structure of the
membranes of a mitochondrion (given the position
of electron carriers and specific enzymes within it)
allows a large proton gradient to be formed, and
ATP synthesis to follow. (8)

Draw a diagram of a chloroplast to show its
structure as disclosed by electron micrography.
Annotate this drawing to link function to
structures where possible. (6)
a Explain as concisely as you are able the
distinctive nature of non-cyclic and cyclic
photophosphorylation. (6)
b Describe the specific circumstances which cause
cyclic photophosphorylation to occur. (2)

Explain the concept of limiting factors in
photosynthesis, with reference to light intensity
and the concentration of carbon dioxide. (4)
b Draw a fully annotated graph of net
photosynthesis rate (y axis) against light
intensity (x axis) at low and high concentrations
of carbon dioxide. 4)



Plant science

STARTING POINTS

Green plants (Plantae) are autotrophic (self-feeding) organisms, manufacturing their
own nutrients from simple, inorganic molecules.

Green plants show wide diversity, including the mosses (bryophytes), the ferns
(filicinophytes), the conifers (coniferophytes), and the flowering plants
(angiospermophytes).

Photosynthesis is the process by which green plants manufacture carbohydrates from
carbon dioxide and water, using energy from sunlight; oxygen is the waste product.
Photosynthesis occurs in specialised organelles called chloroplasts.

Photosynthesis can be divided into two linked steps — the light-dependent reactions in
the grana produce NADPH + H* and ATP, and the light-independent reactions in the
stroma fix carbon dioxide to carbohydrate.

Energy is transferred in cells by aerobic cellular respiration. ATP is the universal
energy currency of cells. ATP is a reactant in energy-requiring reactions (e.g. protein
synthesis) and processes (e.g. active transport mechanisms).

Cells of organisms are surrounded by an aqueous solution, and exchange of molecules
between cells and their environment occurs in solution across the plasma membrane (of
fluid mosaic construction), either by diffusion (osmosis is a special case), or active
transport (by protein pumps in the membrane), or by bulk transport (via the
movements of vesicles, for example).

In sexual reproduction, two sex cells (gametes) fuse (fertilisation) to form a zygote.
The zygote develops into a new organism, similar but not identical to its parents.
Gamete formation involves meiosis (a reduction nuclear division).

The green plants (Plantae) make up one of the five kingdoms of living things (Figure 6.43,
page 176). The features that make the green plants distinctly different from other organisms are
as follows.

m There is a wall around each cell, the chief component of which is cellulose. Cellulose is a
polysaccharide, and is an extremely tough, protective material.

m Cell organelles called chloroplasts are the site of photosynthesis. By photosynthesis, the plant
generates energy-rich nutrients from simple, inorganic substances (carbon dioxide, water and
inorganic ions, such as nitrates and phosphates).

In the long history of life, green plants evolved about 500 million years ago, from aquatic, single-
celled organisms called green algae (possibly very similar to Chlorella, Figure 9.15, page 283).
The present-day diversity of green plants was introduced in Chapter 6, pages 137-77. Today,
it is the angiospermophytes (flowering plants) that are the dominant terrestrial plants. The
fossil record indicates they achieved this dominance early in their evolutionary history — about
100 million years ago.

In this chapter, flowering plant structure and growth, internal transport mechanisms, and
reproduction are discussed.
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Plant structure and growth 011017

The flowering plants or angiospermophytes dominate plant life in almost every habitat across the
world. Some are trees and shrubs with woody stems, but many are non-woody (herbaceous)
plants. Whether woody or herbaceous, the plant consists of stem, leaves and root.

The stem supports the leaves in the sunlight, and transports organic materials (such as sugar
and amino acids), ions and water between the roots and leaves. At the top of the stem is a
terminal bud or terminal growing point, and in the axil of each leaf is an axillary bud. New cells
are produced at these growing points.

A leaf consists of a leaf blade connected to the stem by a leaf stalk. The leaf is an organ
specialised for photosynthesis.

The root anchors the plant and is the site of absorption of water and ions from the soil.

The structure of the sunflower, Helianthus annus, a herbaceous plant, illustrates these features

(Figure 10.1).

Figure 10.1 The terminal bud at the
structure of the sunflower tip of the stem
plant, Helianthus annus

most recently
formed leaf

axillary bud
in the axil

of leaf leaf

soil level

lateral roots

root tip

The distribution of tissues in the stem of the sunflower

A tissue map (sometimes called a low-power diagram) is a drawing that records the relative
positions of structures within an organ or organism, as seen in section; it does not show
individual cells.

From the tissue map in Figure 10.2, it can be seen that the stem is an organ surrounded or
contained by a layer called the epidermis, and that it contains vascular tissue (xylem for water
transport and phloem for transport of organic solutes) in a discrete system of veins or vascular
bundles. In the stem, the vascular bundles are arranged in a ring, positioned towards the outside
of the stem, rather like the steel girders of a ferro-concrete building.
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young sunflower plant showing positions of
the sections shown below and in Figure 10.3

position of the leaf section

in Figure 10.3 tissue map of stem in transverse section (TS)

vascular epidermis
bundles

cortex
phloem

leaf blade .
position of }
cambium pith

leaf stalk xylem

stem with ring of
vascular bundles G D

=—— soil level G 6 Q

root with central
vascular tissue

tap root
cortex

pith
epidermis

vascular bundle

leaf trace (i.e. small vascular
bundle - branch serving a leaf)

Figure 10.2 The

distribution of tissues in photomicrograph of TS through part of the stem of a sunflower plant
the stem (Helianthus) (x20)

The distribution of tissues in the leaf

A tissue map showing the distribution of tissues in a leaf is shown in Figure 10.3. Like the stem,
the leaf is contained by a single layer of cells, the epidermis, and also contains vascular tissue in
a system of vascular bundles. The vascular bundles in leaves are often referred to as veins. The
bulk of the leaf is taken up by a tissue called mesophyll, and the cells here are supported by veins
arranged in a branching network.

Dicotyledonous and monocotyledonous plants

The flowering plants are divided into two groups with distinguishing structural features, and known
as the monocotyledons and dicotyledons. The sunflower is a typical dicotyledonous plant
(Figure 10.1) and the grasses are a major family of monocotyledonous plants (Figure 10.4). The
defining difference between members of the two groups is the number of seed leaves (cotyledons)
present in the embryo. (Cotyledons are structurally simpler leaves than the normal leaves of
these plants that develop later.) The important common differences are identified in Table 10.1.
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Figure 10.3 The  tissue map of leaf in cross-section

distribution of tissues o vascular
. leaf epidermis bundles
in alea of leaf

mesophyll {

photomicrograph of part
of a leaf in cross-section
(x180)

upper epidermis

palisade mesophyll

part of a vascular bundle in
section — running parallel to
the plane of section

spongy mesophyll

lower epidermis (contains
tiny pores)

Figure 10.4 A plant of
annual meadow grass
(Poa sp.) showing
monocotyledonous
features

1 Draw and label a
dicotyledonous plant
and a
monocotyledonous
plant growing near
your school or home,
identifying their
diagnostic features
that can be observed
with a simple
microscope (hand
lens).
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Dicotyledons (e.g. sunflower) Monocotyledons (e.g. meadow grass)
embryo in seed has two cotyledons cotyledons embryo in seed has one cotyledon
broad leaves with veins forming a veins in leaves bayonet or strap-shaped leaves with
network parallel veins

vascular bundles of stem in a ring vascular bundles in stem vascular bundles of stem numerous and

scattered
Table 10.1 branched roots root growth unbranched roots
Modqggsﬁ)gsggss—iﬂz parts of the flowers (sepals, petals, flower parts parts of the flowers (sepals, petals, etc.)
y etc.) in fours or fives (floral organs) in threes.

differences

Leaf structure and function

Leaves are the organs specialised for photosynthesis, in which light energy is used to build sugar
from carbon dioxide obtained from the air, and water obtained from the soil.

The leaf is a thin structure with a large surface area in which mesophyll cells are spread out
over a wide area, so maximising the amount of light absorbed. The mesophyll cells in the upper
layer are called palisade cells. They are packed with chloroplasts — the organelles in which
photosynthesis occurs.

The epidermis is a tough, transparent layer with an external waxy cuticle. The cuticle is
impervious and effectively reduces water vapour loss from the leaf surface. (As a leaf warms in
the light it is inevitably vulnerable to loss of water vapour by evaporation.) The epidermis has
many stomata (singular, stoma), mainly in the lower surface. These are tiny pores that occur
between specialised epidermal cells called guard cells. They are the sites of inward diffusion of
carbon dioxide. Within the leaf’s mesophyll tissue are continuous air spaces that enhance
diffusion of carbon dioxide to the cells.

Between the mesophyll cells lies a complete network of vascular bundles which is so
extensive that no mesophyll cell is more than a few cells away from a bundle. This is important
because it is xylem in the vascular bundles that delivers water from the root system, and phloem
that transports sugars, formed in the light, to sites of use and storage in the rest of the plant.

Another role of this network is mechanical support. Mesophyll tissue (rarely more than 10-15
cells thick) is supported by the turgidity of all its cells, contained within the non-elastic
epidermis, and reinforced by the network of bundles. Leaves are relatively delicate structures, yet
have to withstand destructive forces such as wind and rain, at times.

These features are illustrated in Figure 10.5, and summarised in Table 10.2.

2 Outline the properties of cellulose that make it an ideal material for plant cell walls.

Feature / structure Role/function

thin structure of large surface area maximises light absorption by chloroplasts in the
(upper) palisade mesophyll cells

tough, transparent epidermis with waxy cuticle contains and protects delicate mesophyll cells,
particularly from excessive water loss

stomata site of inward diffusion of carbon dioxide

continuous air spaces between mesophyll cells pathway of diffusion between external air and surface
of mesophyll cells

network of vascular bundles supports leaf tissue and enables xylem and phloem to
service mesophyll cells closely

Table 10.2 Functional  xylem of vascular bundles delivers water to leaf cells
adaptations of lge;evee: phloem of vascular bundles transports products of photosynthesis to rest of plant
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Figure 10.5 The tissues
of the functioning
green leaf
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Figure 10.6 Plant organs
modified for food storage

Plant structures can be modified for different functions

We have seen that flowering plant organs (stem, leaf and root) have clearly defined roles in the
functioning of a plant such as the sunflower. These same organs have evolved other (or
additional), specialised functions in some plants, in particular circumstances.

For example, leaves, stems and roots have become modified for storage of food reserves by
plants surviving an unfavourable season for growth (Figure 10.6). In bulbs such as the onion
plant, it is leaves (or leaf bases, actually) that are the site of food reserves on which subsequent
growth is initially supported. Similarly, underground stems can be the site of storage of food
reserves (e.g. the potato), as indeed may be the main root (e.g. the carrot).

Not all flowering plants support themselves upright, as free-standing organisms. The habit of
creeping growth (on walls and fences), or climbing (particularly over other, taller plants), is
often observed. With this growth habit, materials normally invested in supporting the plant body
can be used alternatively — for example, in extensive leaf growth — to obvious advantage.
Climbing plants frequently form tendrils by which they secure their positions. Tendrils are
typically forms of modified stems or leaves (Figure 10.7).

Plant organ | Example

stem e.g. stem tuber of potato
| f eventually:
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with food reserves
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Figure 10.7 Tendrils of

S Stem tissue modified as a tendril Leaf tissue modified as a tendril
climbing plants ” .
e.g. grape vine (Vitis sp.) e.g. sweet pea (Lathyrus sp.)
tendril — a modified stem tendril — a modified part of a compound leaf

(= divided into leaflets, some of which have
become modified)

Tendrils grow around other plant stems and any other available support, and flexibly support the relatively weak stem
and leaves of the climbing plant in a favourable position.

Plant growth - the role of meristems in
dicotyledonous plants

Cells of a plant that are capable of dividing repeatedly are described as meristematic cells. A
meristem is a group of cells that retain the ability to divide by mitosis. Once a plant has grown
past the early embryo stage (an embryonic plant is present in the seed), subsequent growth of the
plant occurs by cell division at the meristems (Table 10.3). In Figure 10.8, two types of meristem
are identified, namely apical meristems and lateral meristems, and the growth they are
responsible for is illustrated.

Apical meristems occur at the tips of the stem and root and are responsible for primary growth.
This leads to an increase in the length of stem and root. First, the new cells formed by division
rapidly increase in size. Then, this cell enlargement phase is followed by cell differentiation
as the new, enlarging cells become specialised. For example, new cells of the ground tissue
(Figure 10.16), contained within the external layer of cells known as the epidermis, form. So
do cells of the vascular tissue. These contain water-carrying cells (xylem) and elaborated-food-
carrying cells (phloem), and these are assembled as extensions to the existing vascular bundles.
These are the primary tissues that make up stems (and roots), and so apical meristems are also
called primary meristems. Between phloem and xylem of the bundles, a few meristematic cells
remain after primary growth, and these form a meristematic tissue called cambium.

Lateral meristems form from the cambium cells in the centre of vascular bundles, between the
outer phloem tissue and the inner xylem tissue. When the lateral meristem forms and grows, it
causes the secondary growth of the plant. Secondary growth involves additions of vascular tissue
(secondary phloem and secondary xylem), and results in an increase in the girth of the stem.
The first stage in secondary growth occurs when the cambium in the vascular bundles grows into
a complete cylinder around the stem. Growth of the lateral meristem increases the circumference
of the stem, and also increases the strength of the stem.
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Figure 10.8 The roles of ~ stem in LS, showing vascular
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Among the internal factors that play a part in control of plant growth and sensitivity are
substances known as plant growth hormones or, better, as plant growth substances. In learning

about these substances, bear the following points in mind:

m there are five major types of compound, naturally occurring in plants, that we classify as plant

growth substances, one of which is known as auxin;

m these substances tend to interact with each other in the control of growth, rather than

working in isolation;

= plant growth substances occur in low concentrations in plant tissues, making their extraction

and investigation quite challenging.
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Figure 10.9 Distribution
of auxin (IAA) in a young,
growing plant

concentration of IAA/
arbitrary units per mm

N
T

N
T

regions of coleoptile and radicle (root) analysed at mm intervals

Auxin is manufactured by cells undergoing repeated cell division, such as those found at the
stem and root tips. Consequently, the concentration of auxin is highest there (Figure 10.9).
Auxin is then transported to the region of growth behind the tip where it causes cells to
elongate. In the process, the auxin is used up and inactivated.

Plant stems and light

The response of green plants to light is complex and very interesting.

In the dark, plant stems grow thin and weak, and they bear tiny, undeveloped leaves, yellow
in colour. The shoots of plants in the dark are said to be etiolated. You can demonstrate this by
covering growing plants to exclude the light from them completely for a while. By contrast,
shoots grown in full light are short, with sturdy stems. The leaves are fully expanded and dark
green in colour.

We already know that sunlight is essential for photosynthesis, to sustain plant nutrition. But
we cannot also say that light is essential for plant growth in length. Quite the contrary in fact —
light inhibits plant stem growth — but light is essential for chlorophyll formation and leaf
expansion.

The shoots grown in unilateral light confirm this. (Unilateral light is a beam of light coming
from one direction.) Here, the stems grow towards the light.

We explain this on the basis that growth on the illuminated side of the stem is inhibited by
light, but stem growth is unchecked on the dark side, so a growth curvature results. This
confirms that light does inhibit plant stem growth in length.

To investigate this response, we can mark a growing stem at regular intervals, using a felt-tip
marker pen. Some of the marked stems are then exposed to unilateral light and others to normal
illumination. This reveals that the region where elongation of the stem occurs is also the region
of growth curvature in unilateral light. So we conclude that the response of the plant stem to
unilateral light is a growth response.

Growth movements of plant organs in response to an external stimulus in which the direction
of the stimulus determines the direction of the response are called tropic movements or tropisms.
For example, when the stem tip responds by growing towards the light, it is said to be positively
phototropic.

3 Construct a list of the various effects of light on plant growth and development.
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Using coleoptiles to investigate phototropism

The coleoptile is a sheath of tissue, unique to the grass family, which encloses the shoot of a
germinating grass seedling, but only as long as it grows up through the soil (Figure 10.10). The
coleoptile grows rather like a stem does, but it is uncluttered by leaves or buds, so its growth is
easily observed.

Experiments to investigate phototropism by examining the responses of oat coleoptiles (oat is
a cultivated grass species) to unilateral light led to the discovery of auxin. Much later, auxin was
isolated, analysed, and identified as indoleacetic acid (IAA).

If the tip of the stem or coleoptile is cut off, stood on a small gelatine (or agar) block for a
short while, and the block then placed on a cut stump of stem or coleoptile, growth in length is
continued. The explanation is that the plant growth substance auxin has passed from the
coleoptile into the gelatine block, and when the gelatine took the place of a stem tip, the auxin
then passed down into the tissue and stimulated elongation of the cells. This technique has been
used to investigate auxin actions.

The effect of light on auxin distribution was discovered in experiments with coleoptiles
exposed to unilateral light. Here it is the auxin passing down the coleoptile that is redistributed
to the darkened side, causing differential growth and the curvature of the stem (Figure 10.11).
(The degree of curvature is proportional to the amount of auxin, up to a certain concentration.
Above this, additional auxin inhibits growth.)

Transport in angiosperms 02.1-92.11

Transport within flowering plants is of nutrients (carbon dioxide, water, and essential ions),
oxygen for respiration, and elaborated foods (mainly sugar and amino acids). Plant growth
substances are also transported, as illustrated by the movements of auxin, discussed above.
Transport of water, ions and elaborated food substances involve the functioning vascular
bundles, and it is this transport that is discussed now.

Root system, absorption and uptake

The root system provides a huge surface area in contact with soil, for plants have a system of
branching roots that continually grow at each root tip, through the soil. This is important
because it is the dilute solution that occurs around soil particles that the plant draws on for
essential ions and the huge volume of water it requires.

4 List the features of Contact with the soil is vastly increased by the region of root hairs that occur just behind the
root hairs that growing tip of each root (Figure 10.12). Root hairs are extensions of individual epidermal cells,
facilitate absorption

and are relatively short-lived. As root growth continues, fresh resources of soil solution are

f the soil. .
rom the sol exploited.

Water uptake

Water uptake occurs from the soil solution in contact with the root hairs. Uptake is largely by
mass-flow through the interconnecting ‘free’ spaces in the cellulose cell walls, but there are three
possible routes of water movement through plant cells and tissues, in total, as illustrated in

Figure 10.13.

m Mass flow through the interconnecting free spaces between the cellulose fibres of the plant
cell walls. This free space in cellulose makes up about 50% of the wall volume. This route is a
highly significant one in water movement about the plant. This pathway, entirely avoiding
the living contents of cells, is called the apoplast. The apoplast also includes the water-filled
spaces of dead cells (and the hollow xylem vessels — as we shall shortly see).

m Diffusion through the cytoplasm of cells, and via the cytoplasmic connections between cells
(called plasmodesmata). This route is called the symplast. As the plant cells are packed with
many organelles, these offer resistance to the flow of water and so this pathway is not the
major one.
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= Osmosis from vacuole to vacuole of the cells, driven by a gradient in osmotic pressure. This is
not a significant pathway of water transport across the plant, but it is the means by which

5 Explain the 1.
P individual cells absorb water.

difference between
the symplast and the

o While all three routes are open, the bulk of water crosses the root tissue to the xylem via the
apoplast.

apoplast (Figures 10.13 and 10.18).

lon uptake

Ion uptake by the roots from the surrounding soil solution is by active transport.

In active transport, metabolic energy is used to drive the transport of molecules and ions
across cell membranes. Active transport has characteristic features distinctly different from those
of movement by diffusion, for example.

m Active transport may occur against a concentration gradient — that is, from a region of low
to a region of higher concentration. The cytosol of a cell normally holds some reserves of ions
essential to metabolism, like nitrate ions in plant cells. These reserves of useful ions do not
escape; the cell membranes retain them inside the cell. Indeed, when additional ions become
available to root hair cells, they are actively absorbed into the cells, too. In fact, plant cells
tend to hoard valuable ions like nitrates and calcium ions, even when they are already at
higher concentration inside the cytoplasm than outside the cell.

m Active uptake is a highly selective process. For example, in a situation where sodium nitrate
(Na* and NO, ions) is available to the root hairs, it is likely that more of the NO,™ ions are
absorbed than the Na*, since this reflects the needs of the whole plants.

m Active transport involves special molecules of the membrane, called pumps. The pump
molecule picks up particular ions and transports them to the other side of the membrane,
where they are then released. The pump molecules are globular proteins that traverse the
lipid bilayer. Movements by these pump molecules require reaction with ATP; by this
reaction, metabolic energy is supplied to the process. Most membrane pumps are specific to
particular molecules or ions and this is the way selective transport is brought about. If the
pump molecule for a particular substance is not present, the substance will not be
transported.

It is the presence of numerous specific protein pumps in the plasma membranes of all the root
hair cells that makes possible the efficient way that ions reaching the cell surface are absorbed
(Figure 10.14). Roots are metabolically very active, and they require a supply of oxygen for
aerobic cell respiration. By this process, the required supply of ATP for ion uptake is maintained.

Tons must reach the cell membranes
Soil solution contains ions at relatively low concentrations; so how are plasma membranes of the
root hair cell supplied with them, in adequate quantities? Well, there are three mechanisms that
maintain an adequate supply of ions.

1 The mass flow of water through the free spaces in the cellulose walls (the apoplast pathway
of water movement — Figure 10.13) delivers fresh soil solution alongside the root hair plasma
6 Explain the membranes, continuously.
significance of root 2 The active uptake of valuable ions from the soil solution of the apoplast maintains a
hair cells being able concentration gradient, so ions diffuse from higher concentrations outside the apoplast to the
to take up nitrate solution of lower concentration immediately adjacent to the protein pumps.
S el 3 Many species of plants live in a mutualistic relationship with species of soil-inhabiting

solution even though
their concentrationgin fungi. In this relationship, the fungal hyphae receive a supply of sugar from the plant root

the cell is already cells. Plants generally have an excess of sugar. In return, the fungal hyphae release to the root
higher than in the cells ions that have previously been taken up as and when they became available in the soil.
soil. The spread of fungal hyphae through the surrounding soil is very extensive. The periodic

7 Suggest why plants death and decay of other organisms on or in the soil, releases a supply of ions — very often
often fail in soil which some distance from the plant roots. Nevertheless, plant roots obtain many of these ions later,

is persistently

waterlogged. from the fungal hyphae, thereby establishing that the plant—fungus relationship is one of

mutual benefit.
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The stem, support and water transport

The stem supports leaves in the light, and transports water and ions between the roots and the
whole aerial system (leaves, flowers, and buds). It also transports organic nutrients (amino
acids, sugars, etc.), as we shall see shortly.

The ground tissues consist of living cells that make up the bulk of the stem (and root) of
herbaceous (non-woody) plants. These cells, known as parenchyma, show little structural
adaptation. However, they have an important role in support of the herbaceous stem. This they
achieve by means of turgidity, which exerts pressure on surrounding cells, and on the tough,
continuous epidermis (as we saw in the leaf). How effective this is in maintaining the aerial
system in an upright position is demonstrated when a herbaceous plant wilts (Figure 10.15).
Incidentally, these ground tissue cells are also sites of starch storage in many plants.

The outermost layers of ground tissue cells of the stem often have additional layers of cellulose
thickening laid down unevenly. These are known as collenchyma cells (Figure 10.16).
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Figure 10.17 SEM of
spiral xylem vessels

Additional support to the stem comes from the walls of the xylem tissue (water-carrying)
which are strengthened with cellulose thickenings that are hardened with a chemical substance,
lignin (Figure 10.17). In woody plants, it is lignified cells like the xylem that supply virtually all
the support to the stem. The great strength a piece of wood has is evidence of how strong lignin
makes a block of plant tissue, otherwise composed only of cellulose cell walls.

Transport of water through the plant

Transport of water through the plant occurs in the xylem tissue. In a root, the xylem is centrally
placed; in the stem, xylem occurs in the ring of vascular bundles, as we saw in Figure 10.2.
Nevertheless, xylem of root and stem are connected.

Xylem begins as elongated cells with
cellulose walls and living contents, connected
end to end. During development, the end walls
are dissolved away so that mature xylem
vessels are long, hollow tubes. The living
contents of a developing xylem vessel are used
up in the process of depositing cellulose
thickening to the inside of the lateral walls of
the vessel, and hardening this by the
deposition of lignin. Consequently, xylem is
extremely tough tissue and is strengthened
internally; it is able to resist negative pressure
(suction) without collapsing in on itself.
Figure 10.17 is a scanning electron micrograph
(SEM) of spirally thickened xylem vessels.
Note that other vessels may have differently
deposited thickening; many have rings of
thickening, for example.

We have already seen that water uptake
occurs from the soil solution, mainly at the
root hairs (Figure 10.12). This occurs largely
by mass flow through the interconnecting free
spaces in the cellulose cell walls (apoplast —
Figure 10.13).

A tissue map of a root tissue in transverse section shows that the centrally placed vascular
tissue is contained by the endodermis. The endodermis is a layer of cells unique to the root. At
the endodermis, a waxy strip in the radial walls blocks the passage of water by the apoplast route
momentarily. This waxy strip is called the Casparian strip. Water passes through the endodermis
by osmosis.

Meanwhile, in the leaves, evaporation of water occurs and water vapour diffuses out of the
stomata, a process called transpiration.

Transpiration is the evaporation of water vapour through stomata of green plant leaves
(and stems).

Water lost by leaf cells inevitably raises the osmotic pressure in these cells, causing water
uptake from surrounding cells, and so from the xylem vessels of the network of veins there.
Consequently, a stream of water is drawn up the xylem of the stem by a force generated by
transpiration in the leaves, sometimes called the transpiration stream, or the transpiration
pull.

The properties of water in relation to the chemistry of cell walls ensure the water column
coheres to the lateral walls of the xylem and the water column does not break under
tension (i.e. negative pressure or suction). This is known as the cohesive property of water
(page 40). So, a continuous column of water is maintained, moving from root cell walls to
leaf cell walls. Much of this water ultimately evaporates — it is lost from the plant as vapour

(Figure 10.18).
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8 Explain the consequence of the Casparian strip for the apoplast pathway of water movement.
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Stomata and transpiration

The tiny pores of the epidermis of leaves through which gas exchange can occur are known as
stomata (Figure 10.19). Most stomata occur in the epidermis of leaves, but some do occur in
stems. In the broad, flattened leaves typical of many dicotyledonous plants, stomata are
concentrated in the lower epidermis. Each stoma consists of two elongated guard cells. These
cells are attached to ordinary epidermal cells that surround them and are securely joined together
at each end. However, guard cells are detached and free to separate along the length of their
abutting sides. When they separate, a pore appears between them.

Stomata open and close due to change in turgor pressure of the guard cells. They open when
water is absorbed by the guard cells from the surrounding epidermal cells. The guard cells then
become fully turgid, and they each push into the epidermal cell beside them (because of the way
cellulose is laid down in the walls, Figure 10.19). A pore develops between the guard cells.
When water is lost and the guard cells become flaccid, the pore closes again. This has been

demonstrated experimentally (Figure 10.20).

Stomata tend to open in daylight and be closed in the dark (but there are exceptions to this).
9 Suggest why This diurnal pattern is overridden, however, if and when the plant becomes short of water and
changes in the turgor  starts to wilt. For example, in very dry conditions when there is an inadequate water supply,

of guard cells cause
opening of stomata.

stomata inevitably close relatively early in the day (turgor cannot be maintained). This curtails
water vapour loss by transpiration and halts further wilting. Adequate water reserves from the

Figure 10.19 The soil may be taken up subsequently, thereby allowing the opening of stomata again — for example,
distribution and structure  on the following day. The effect of this mechanism is that stomata regulate transpiration in that
of stomata  they prevent excessive water loss when this is threatened (Figure 10.21).
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Figure 10.20 It's turgor
pressure that does it!

In an experimental demonstration that turgor pressure of the guard cells causes the opening of the

stomatal pore, a microdissection needle was inserted into a guard cell.
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10 Examine Figure 10.21. Suggest why the stomatal apertures of the plant in very dry conditions differed in
both maximum size and duration of opening from those of the plant with adequate moisture.

Abscisic acid (ABA) and water stress conditions

Abscisic acid is another plant growth regulator found to occur in stems, leaves and fruits. Many
of the effects of ABA result from its interaction with other growth regulator substances,
including its effects on seed germination, but these do not concern us here. ABA is important in
leaves because its presence assists plant survival at times of physiological stress, such as prolonged
drought. In these conditions, the level of ABA present is raised, and it maintains stomatal
closure, reducing water loss.

The rate of transpiration may be investigated using a potometer (Figure 10.22) and is found
to be dramatically affected by environmental conditions around the plant.

Why is this so?
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Transpiration occurs because water molecules continuously evaporate from the cellulose walls
of cells in the leaf which are saturated with water. This makes the air in the air spaces between
mesophyll cells more or less saturated with water vapour. If the air outside the plant is less
saturated (less humid — as it very often is) and the stomata are open, water vapour will diffuse out
into the drier air outside.

In effect, transpiration is an unfortunate consequence of plant structure and nutrition that can
only be slowed or stopped by closure of the stomata. In the light, plants tend to dry out the soil
they grow in! Thus we can see how changes in environmental conditions will affect
transpiration, and why.

For example:

1 Light affects transpiration because the stomata tend to be open in the light, and open stomata
are essential for loss of water vapour from the leaf. There is also an indirect effect of light
because it comes from the Sun and contains infra-red rays which warm the leaf and raise its
temperature. Light is an essential factor for transpiration.

2 Temperature affects transpiration because it causes the evaporation of water molecules from
the surfaces of the cells of the leaf. A rise in the concentration of water vapour within the air
spaces increases the difference in concentration in water vapour between the leaf’s interior
and the air outside, and diffusion is enhanced. So an increase in temperature of the leaf raises
the transpiration rate.

3 Wind sweeps away the water vapour molecules accumulating outside the stomata of the
epidermis of the leaf surface, so enhancing the difference in concentration of water vapour
between the leaf interior and the outside. Movements of air around the plant enhance
transpiration.

4 Humid air, if it collects around a leaf, decreases the difference in concentration of water
vapour between the interior and exterior of the leaf, so slowing diffusion of water vapour from
the leaf. High humidity slows transpiration.

o Figure.10..22 The potometer may be set up under different environmental conditions
Investigating transpiration (e.g. light v. dark; low v. high temperature; moving v. still air), and
and the factors that leafy shoot (loses the rate of transpiration measured.
influence it water vapour to air)
water drawn up the water reservoir ﬂ
stem to replace the (the capillary tube is recharged R
water transpired with water from here) Readings are taken of the

movement of the meniscus

in a given time.
tap (closed)

rubber
connection

capillary tube _ _
(1 mm in diameter) as water is drawn into the plant
a meniscus appears here and

< moves along the capillary tube

Xerophytes - plants of permanently dry and arid conditions

Most native plants of temperate and tropical zones, and most of our crop plants, grow best in
habitats with adequate rainfall, well-drained soils, and with their aerial system (stem and leaves)
exposed to moderately dry air. Loss of water vapour from the leaves may be substantial in drier
periods, particularly in the early part of the day, but excessive loss from the leaves is prevented
by the responses of the stomata (Figure 10.21). Any deficit is normally made good by the water
uptake that continues, day and night. It is the structure of these sorts of plants (known as
mesophytes) that we have been considering in this chapter.
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part of leaf section (x50)

terminal mature grains
flowering  —p» ready for harvest thick waxy cuticle
inflorescence

hinge cells

lower epidermis
with stomata

leaf with adequate water supply

leaf blade spread out,
exposed to maximum
illumination

prop roots : ﬁi\\ _

7
)" N

position of  position of  vascular
hinge cells  stomata bundles
exceptionally extensive adventitious roots — tap soil to
a depth of about 1.8m, and spread laterally 1.5m wide
site of C; and C; fixation
vascular bundle
epidermis
mesophyll
cells

mesophyll cell

—_
B

upper epidermis
without stomata

vascular bundle with
mesophyll cells (site
of C, fixation*) +
bundle sheath cells
(site of C5 fixation*)

leaf during drought

leaf wilts as cells
become flaccid

underside of leaf
— slows water
vapour loss by
diffusion from
leaf via stomata

*Photosynthesis in C, plants

The fixation of CO, in the light-independent
reactions of photosynthesis in plants of
temperate climates is called the C5 pathway
because the first product is a 3-carbon
compound (page 285).

Many tropical plants (including Sorghum)
also produce a 4-carbon compound (an
organic acid, malate) as an extra product.
They are known as C, plants.

The steps of C, photosynthesis are
summarised below, but the effect of C,
photosynthesis is to increase the amount of
CO, taken in from the air while the stomata
are open. The product (malate) then breaks
down and releases the CO, for fixation in
C5 pathway photosynthesis when the
plant closes its stomata to reduce water loss.

o,
|

moist air trapped on

bundle sheath cell *

( pyruvate <€

o, diffusion

— 4-carbon

organic acid
(malate)

Figure 10.23 Sorghum,
a drought-resistant

tropical plant of economic
importance

co
t 2
pyruvate in by
diffusion
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C, pathway \
Calvin cycle
(C5 pathway)
- malate
\
glucose glucose
starch starch
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On the other hand, xerophytes are plants able to survive and often grow well in habitats
where water is scarce. These plants show features that directly or indirectly help to minimise
water loss, due to transpiration. Their adaptations are referred to as xeromorphic features, and

these are summarised in Table 10.4.

Table 10.4 Xeromorphic

Structural features
features

Effect

exceptionally thick cuticle to leaf (and stem) epidermis

prevents water loss through the external wall of the
epidermal cells

layer of hairs on the epidermis

traps moist air over the leaf and reduces the diffusion

reduction in the number of stomata

reduces outlets through which moist air can diffuse

stomata in pits or groves

moist air trapped outside the stomata, reducing
diffusion

leaf rolled or folded when short of water (cells flaccid)

reduces area from which transpiration can occur

superficial roots

exploit overnight condensation at soil surface

deep and extensive roots

exploit a deep water table in the soil

Biochemical features

Effect

C, photosynthesis pathway (Figure 10.23) operates in
addition to normal photosynthesis (Cs)

enhances photosynthetic CO, fixation in daylight while
stomata are open — allowing the stomata to be closed
in dry conditions

CAM metabolism (Figure 10.25)

Figure 10.24 Marram
grass (Ammophila), a
pioneer plant of sand

dunes

retains CO, from the air in organic acids in cells
overnight (in the dark) while stomata are open, and
then releases this CO, into leaf air space in the light
(stomata now closed) for fixation in photosynthesis

TS of leaf (x50)

leaf rolled retaining moist
air over stomata,
minimising

transpiration

marram grass has the ability to grow in the

extremely arid environment of sand dunes,
accelerating the build-up of sand

lower epidermis
of leaf

(no stomata,
very thick
cuticle)

lignified  hinge cells
ground  (when flaccid,
tissue cause leaf
cells to roll up)

upper
epidermis

=
Sl .
)

e
a hair — outgrowth of
& epidermis — trap moist air
i

mesophyll cells with chloroplasts
— stomata restricted to epidermis
above these cells

3 the more flaccid
/ the leaf the more
tightly rolled it becomes,
shutting off stomata from
outside atmosphere
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Xerophytic plants typically show some of the adaptations listed below.

= Sorghum (Sorghum), a grain plant that thrives in extremely arid conditions, shows marked
adaptations in its leaf structure and root system, and in its C, photosynthesis (Figure 10.23).

m Marram grass (Ammophila), a wild grass plant of sand dunes, has leaves that, at first glance,
look more like stems (Figure 10.24).

m Stonecrop (Sedum), a plant of dry stone walls and rocky slopes, shows pronounced structural
and biochemical adaptations (Figure 10.25).

Figure 10.25 Stonecrop
(Sedum) - a plant of dry
walls and rocky slopes

P

87" ry Y el
Sedum occurs in habitats where water is rarely available.

Sedum belongs to the angiospermophyte family Crassulaceae — succulent (fleshy) xerophytic plants. They show many
xeromorphic features (Table 10.4), but their special feature is crassulacean acid metabolism (CAM).

In CAM plants, stomata are open in the night only (transpiration is at a minimum), and they fix CO; into the organic
acid malate.

In the light, the stomata close, and the malate breaks down to release CO; into the air spaces of the plant. This CO;
is fixed by C3 photosynthesis (page 285), with minimal loss of water vapour from the plant.

Biochemical events in the photosynthetic cells of Sedum

Night Day
Stomata open: CO, assimilated into malic Stomata closed: malate from the vacuoles
acid and stored as malate in the vacuoles. converted to CO; and pyruvate, and these

11 Suggest why it is
that, of all the
environmental
factors which affect
plant growth, the

products are used to make starch.

! ruvate <
issue of water : 2 ] )
supply is so critical. ] C3 photosynthesis z'ltgsrzgt?n
. stomata ;
12 Explain why we can i it glucose the light;
8 open in the _ COy loss of
describe the external dark: CO >,

: . ark, L0z fixed water
epidermis of the leaf diffuses in vamour is
of marram grass as ! CO, starch minimal
botanically :
equivalent to the
lower epidermis of a malate » pyruvate J
mesophyte leaf.

The stem and organic solute transport

Translocation is the movement of manufactured food (sugars and amino acids, mainly) which
occurs in the phloem tissue of the vascular bundles. Sugars are made in the leaves (in the light)
by photosynthesis and transported as sucrose. The first-formed leaves, once established, transport
sugars to sites of new growth (new stem, new leaves and new roots). In older plants, sucrose is
increasingly transported to sites of storage, such as the cortex of roots or stems, and in seeds and
fruits (see below).
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Figure 10.26 The
structure of phloem and
the mass flow hypothesis
of phloem transport

Amino acids are mostly made in the root tips. Here, absorption of nitrates occurs which the
plant uses in the synthesis of amino acids. After their manufacture, amino acids are transported
to sites where protein synthesis is occurring. These are mostly in the buds, young leaves and
young roots, and in developing fruits.

Translocation is not restricted to organic compounds manufactured within the plant.
Chemicals that are applied to plants, for example by spraying, and are then absorbed by the
leaves, may be carried all over the organism. Consequently, pesticides of this type are called
systemic.

Phloem tissue consists of sieve tubes and companion cells. Sieve tubes are narrow, elongated
elements, connected end to end to form tubes. The end walls, known as sieve plates, are
perforated by pores. The cytoplasm of a mature sieve tube has no nucleus, nor many of the other
organelles of a cell. However, each sieve tube is connected to a companion cell by strands of
cytoplasm passing through gaps (called pits) in the walls. The companion cells are believed to
service and maintain the cytoplasm of the sieve tube, which has lost its nucleus.

Phloem is a living tissue, and has a relatively high rate of aerobic respiration during transport.
In fact, transport of manufactured food in the phloem is an active process, using energy from
metabolism.

Phloem transport may occur in either direction in stem, leaves and roots, and is believed to
occur by mass flow, as shown in Figure 10.26.

How does mass flow work?

phloem tissue mass flow hypothesis

companion
cell with
nucleus
and
organelles

source cell, e.g. mesophyll cell

sieve tube of leaf where sugar is formed

(high hydrostatic pressure
here, due to dissolved sugar)

water loss by
evaporation

sieve plate

sugar loaded
cytoplasm

: ) into sieve
with protein tube (active
strands process —

transpiration —H requires ATP)

stream
mass flow
along sieve
element
xylem from high

to low
hydrostatic
pressure
zone

water uptake

in root hair sink cell,

e.g. starch storage cell
(low hydrostatic pressure here because
sugar is converted to insoluble starch)
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Solutes are loaded into the phloem sieve tubes (a process requiring ATP), and then solutes
flow through the phloem from a region of high hydrostatic pressure to a region of low hydrostatic
pressure. Hydrostatic pressure is high in and around photosynthesising cells in the light
(mesophyll cells of the leaf), and in the phloem sieve tubes nearby, because of the presence of
sugar, which generates a high osmotic pressure. Consequently water flows in, raising the
hydrostatic pressure still further. This is called a source area.

Hydrostatic pressure is low in cells where sugar is converted to starch and stored (for example,
ground tissue cells of the stem and root) and in the phloem sieve tubes nearby. Here the removal
of sugar lowers the osmotic pressure, and water flows away. Starch storage cells like these are
called sink areas.

13 Describe the differences between transpiration and translocation.

Reproduction in flowering plants 931-936

Flowering plants contain their reproductive organs in the flower. Flowers are often
hermaphrodite structures, carrying both male and female parts.

The parts of flowers occur in rings or whorls, attached to the swollen tip of the flower stalk,
called the receptacle. The sepals (collectively, the calyx) enclose the flower in the bud, and are
usually small, green and leaf-like. The petals (collectively, the corolla) are often coloured and
conspicuous, and may attract insects or other small animals. The stamens are the male parts of
the flower, and consist of anthers (housing pollen grains) and the filament (stalk). The carpels
are the female part of the flower. There may be one or many, free-standing or fused together.
Each carpel consists of an ovary (containing ovules), a stigma (surface receiving pollen), and a

Figure 10.27 The connecting style.
buttercup (Ranunculus) The buttercup flower is shown in Figure 10.27, and other flowers common in different parts of
flower  the world are shown in Figure 10.28.

the inflorescence of buttercup (Ranunculus acris)

the buttercup flower in cross-section

anther
) stamen
filament

stigma

style receptacle
carpel | ovary flower stalk (expanded tip

containing of flower stalk)

ovule

In the buttercup the nectaries occur
one at the base of each petal.
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Figure 10.28 Other
animal-pollinated flowers
common in parts of the
world

Bougainvillea rosenka
Native of tropical and sub-
tropical South America. The
flowers are small but
surrounded by brightly
coloured leaves (bracts).

Hibiscus syriacus Native
of warm temperate,
tropical and sub-tropical
regions throughout the
world. The large, trumpet-
shaped flowers have five
petals.

Pollination and fertilisation

Pollination is the transfer of pollen from a mature anther to a receptive stigma.

The pollen may come from the anthers of the same flower or flowers of the same plant, in which
case, this is referred to as self-pollination. Alternatively, pollen may come from flowers on a
different plant of the same species, which is referred to as cross-pollination.

Transfer of the pollen is usually by insects or by the wind, although in the flowers of certain
species, running water or bird or bat visitors to the flowers may be the agent that carries out
pollination. Insect-pollinated flowers typically produce a sugar solution, called nectar, which
attracts insects to the flower.

Fertilisation in flowering plants can occur only after an appropriate pollen grain has landed on
the stigma, and germinated there.

Fertilisation is the fusion of male and female gametes to form a zygote.

The pollen grain produces a pollen tube which grows down between the cells of the style, and
into the ovule through the micropyle (Figure 10.29). Incidentally, the pollen tube delivers two
male nuclei. One of these male nuclei then fuses with the egg nucleus in the embryo sac,
forming a diploid zygote. The other fuses with another nucleus which triggers formation of the
food store for the developing embryo. This ‘double fertilisation’ is unique to flowering plants.
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Figure 10.29 Fertilisation

in a flowering plant pollen grain

has germinated stigma

male nuclei

style
pollen tube
pollen tube grows down into
the ovary, tip enters the ovule
via the micropyle (gap in the

wall)

a male nucleus
fuses here,
which triggers
formation of a
food store for
the embryo

ovule

egg cell - a male
nucleus fuses with the
egg cell = zygote
(fertilisation)

micropyle

14 Explain the differences between pollination and fertilisation in the flowering plant.

W Extension: Because many flowers are hermaphrodite there is the potential for self-fertilisation that cannot
arise in a unisexual organism. If self-fertilisation occurs, the offspring produced will show less
variation from their parents than if fertilisation occurs between gametes from different
individuals. So it is interesting to note that several mechanisms that prevent self-fertilisation are
common in hermaphrodite flowers, such as the stamens and stigmas maturing at different times.
This means that when the stigma is receptive the stamens are not releasing pollen grains, and
vice versa.

Seed formation and dispersal

The seed develops from the fertilised ovule and contains an embryo plant and a food store. After
fertilisation:

= The zygote grows by repeated mitotic division to produce cells that form an embryonic plant,
consisting of an embryo root, an embryo stem, and either a single cotyledon (seed leaf) or two
cotyledons. (Remember, the phylum Angiospermophyta is divided into two classes, according
to the number of cotyledons present. The monocotyledons have a single seed leaf, the
dicotyledons have two.)

m Formation of stored food reserves is triggered. In many seeds, the developing food store is
absorbed into the cotyledons, rather than remaining as a separate store, packed round the
embryonic plant. For example, this is the case in peas and beans (Figure 10.30). Note that
formation of food reserves can only occur if fertilisation occurs — in the absence of fertilisation,
food reserves are not moved into the unfertilised ovule.

As the seed matures, the outer layers of the ovule become the protective seed coat or testa and
the whole ovary develops into the fruit. Next, the water content of the seed decreases, and the
seed moves into a dormancy period. In a mature, fully dormant seed, water makes up only

10-15% of seed weight.
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Figure 10.30 The broad bean seed (Vicia faba) broad bean seed in section
structure of a

dicotyledonous seed

testa

seed coat (testa)

formed from

the ovule wall cotyledon
(one of two)

embryo stem
and embryo root
(attached to and

outline of the sandwiched
embryo root between the
cotyledons)

position of the
micropyle — you
need to use a

hand lens to
see this )
micropyle
scar of attachment (a gap)
to the ovary / fruit
15 State a fruit or
vegetable we eat The seed is a form in which the flowering plant may be dispersed. If offspring seeds eventually
that originates from:  germinate some distance apart, there is more likelihood they will not be competing for the same
a an ovary resources of space, water and light.
containing one . . . L
- Seed dispersal is the carrying of the seed away from the vicinity of the parent plant.
b an ovar .11 . o .
c ontainiyn & (Y The plant structures to aid dispersal that have evolved variously exploit air currents (wind),
— passing animals or flowing water to transport seeds. In a few plants, seeds are flung away from the
¢ several ovaries ripening fruit by an explosive mechanism. All seeds are compact, nutritious, and relatively
fused together, lightweight — in effect they are food packages to a hungry animal. In the process, many seeds

containing many

s taken in this way are dropped or lost in transit, and so these seeds, too, may have been

successfully dispersed.

The physiology of seed germination

Many seeds do not germinate as soon as they are formed and dispersed. Such seeds are said to
have a dormant period and germinate only when this has elapsed. Dormancy may be imposed
within the seed, due to:

= incomplete seed development that causes the embryo to be immature, and which is overcome
in time;

m the presence of a plant growth regulator — abscisic acid, for example — that inhibits
development, and which only disappears from the seed tissues with time;

® an impervious seed coat that is eventually made permeable — for example, by abrasion with
coarse soil or by the action of microorganisms;

= arequirement for pre-chilling under moist conditions, before the seed can germinate; some
seeds need to be held at or below 5 °C for up to 50 days (possibly the equivalent of winter in
temperate climates).

Once dormancy is overcome, germination occurs if the following essential external conditions

are met (Table 10.5).

m Water uptake has occurred so that the seed is fully hydrated and the embryo is enabled to be
physiologically active.

= Oxygen is present at a high enough partial pressure to sustain aerobic respiration. Growth
demands a continuous supply of metabolic energy in the form of ATP that is best generated by
aerobic cell respiration in all the cells.
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Figure 10.31 Metabolic
events of germination in
a starchy seed

= A suitable temperature exists, one that is close to the optimum temperature for the enzymes
involved in the mobilisation of stored food reserves, the translocation of organic solutes in the
phloem, and the synthesis of intermediates for cell growth and development. For example,
wheat seeds germinate in the range 1-35 °C, and maize in the range 5-45 °C.

The steps of germination are summarised in Figure 10.31. Note that a plant growth regulator,
gibberellic acid (GA), is produced by the cells of the embryo. GA passes to the food stored in
the cotyledons. Here protein reserves are converted to hydrolytic enzymes which hydrolyse the
stored food reserves. The main event is the production of the enzyme amylase which hydrolyses
starch to maltose. This disaccharide is then hydrolysed to glucose. The resulting soluble sugar
(and other compounds) sustain respiration and also provide the building blocks for synthesis of
the intermediates essential for new cells.

favourable
temperature

adequate
oxygen

<«¢—— 1 water absorption
(eventually causes
testa to split)

next, within the embryo:

2 embryo produces GA . 3 GA passes to

food storage cells m——pp-

4 hydrolytic enzymes are produced,
converting stored starchl]l][lglucose,.
and proteins [JJamino acids

5 glucose and amino acids
are translocated to growing
points of stem and root

6 growth and development 7 seedling emerges, and
occur in stem and root eventually becomes a

self-sufficient, autotrophic
plant
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External

water uptake — hydration of the cytoplasm of cells of
embryo

ambient temperature — within optimum range for
enzyme action

Internal

overcoming of dormancy

production of GA by embryo cells to initiate
biochemical changes of germination, leading to

production of hydrolytic enzymes for mobilisation of
stored food
Table 10.5 Conditions

o oxygen — to sustain aerobic cell respiration
for germination

The control of flowering

You will be well aware that plants flower at different times of the year; very many species have a
precise season when flowers are produced. At other times, no flowers are formed on these plants.
How is flowering switched on by environmental conditions?
The answer is that day length provides important signals, and that a different plant pigment
molecule is involved in the process.

Plant development and phytochrome

A blue—green pigment called phytochrome is present in green plants in very low concentrations.
The amount of phytochrome is not sufficient to mask chlorophyll, and it has been a substance
difficult to isolate and purify from plant tissue, although this has been done.

Phytochrome is a very large conjugated protein (protein molecule + pigment molecule,
combined), and it is a highly reactive molecule. It is not a plant growth substance, but it is a
photoreceptor pigment, able to absorb light of particular wavelength, and change its structure as
a consequence. It is likely to react with different molecules around it, according to its structure.

Two forms of phytochrome
We know that phytochrome exists in two interconvertible forms.

One form, referred to as Py, is a blue pigment which absorbs mainly red light of wavelength
660 nm (this is what the ; stands for).

The other form is Pgp, a blue—green pigment which mainly absorbs far-red light of wavelength
730 nm.

When Py is exposed to light (or red light on its own) it is converted to Ppg. However, in the
dark (or if exposed to far-red light alone) it is converted back to Pg.

light (or red light)
(slow) (fast)
Py Py
darkness (or far-red light)
(slow) (fast)

Where plant growth and development are influenced by light, this is known as
photomorphogenesis. Phytochrome is the pigment system involved in photomorphogenesis. We
know this because the red—far-red absorption spectrum of phytochrome corresponds to the action
spectrum of some specific effects of light on development (see pages 287-8 if you have forgotten
the terms ‘absorption spectrum’ and ‘action spectrum’).

[t appears that it is Pgy that is the active form of phytochrome, stimulating some effects in
plant development and inhibiting others. In particular, Pgy controls of the onset of flowering.

Photoperiodism is the response of an organism to changing length of day. Many plants flower
only at a particular time of the year, and plants where flowering is controlled by day length fall
into two categories (Figure 10.32).

m Short-day plants — these are plants which flower only if the period of darkness is longer than a
certain critical length. If darkness is interrupted by a brief flash of red light the plant will not
flower, but this is reversed by a flash of far-red light.



Reproduction in flowering plants 325

Interpretation
Phytochrome in Py form inhibits flowering in short-day plants. The very long nights required
by short-day plants allow the concentration of Py to fall to a low level, removing the
inhibition. A flash of light in the darkness reverses this, but a flash of far-red light reverses the
reversal, and flowering still takes place.

» Long-day plants — these are plants which flower only if the period of uninterrupted darkness is
less than a certain critical length each day.

Figure 10.32 Flowering Interpretation
related to day length Phytochrome in Py form promotes flowering in long-day plants. The long period of daylight
causes the accumulation of Ppy, because Py is converted to Prg.

Key 24 hours

night day
short-day plants, e.g. chrysanthemum, kalanchoe, strawberry, sugar cane long-day plants, e.g. barley, wheat, clover, spinach, rose mallow
[ [ | | DN | | N

short night long night long night, broken short night long night long night, broken
by light flash by light flash
no flowering flowering no flowering flowering no flowering flowering

Long-day plants really need sufficient exposure to light
(will flower most quickly if held in uninterrupted light).

Short-day plants are really long-night plants.

B Extension: The conversion of vegetative buds to flower buds

It is the leaves of plants that are sensitive to day length, yet the structural switch to flowering
occurs in a stem apex. It has been assumed that a growth regulator substance is formed in leaves
under the correct regime of light and dark, and is then transported to the stem apex where it
causes the switch in development. For example, a leaf that has been exposed to the correct
photoperiod, if immediately grafted onto another plant of the same type, will cause flowering
there.

A hormone is believed to exist, and has been named florigen, but it has not been isolated.
Since it is Py that is enzymically active, this substance might cause the formation of an enzyme
which promotes the formation of florigen in long-day plants but inhibits its formation in short-
day plants. Much remains to be discovered about the control of flowering (Figure 10.33).

Figure 10.33 ‘ ‘
Phytochrome and hormone light (and red |'9htt
flowering, a suggested translocated ~in an experiment)
hypothesis to buds,
triggering »”
production
of flowers P RSN

Per
dark /
’_../

in short-day plants in long-day plants

|nh|b{ts promotes
flowering \\ /
fwf(ljrmone: formation from
Rlgen metabolites
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B Examination questions — a selection

Questions 1-4 are taken from past IB Diploma
biology papers.

Q1

Q2

Q3

Q4

Which of the following would be an adaptation
made by a xerophyte plant?
A reduced root surface area
B increased air space
C increased number of stomata
D a thicker cuticle
Higher Level Paper 1, May 05, Q39

What are the differences between the transport of
minerals in the apoplast and the symplast of the root?
Apoplast

they travel through the
cytoplasm of the root cells

their movement is
blocked by the

Symplast
they travel through
the intercellular spaces

their movement
continues across the

endodermis endodermis
they enter by active they enter by passive
transport transport

they cross between cells
by the plasmodesmata

Higher Level Paper 1, May 04, Q40

they cannot travel via
the plasmodesmata

The diagrams show the distribution of tissues in
the root and in the leaf of a dicotyledonous plant.

Il [\

L
o

upper

lower

Which tissues are phloem?

A land Il only
B Iand IV only
C Iland Il only
D Il and IV only

Higher Level Paper 2, May 03, Q38

What conditions are needed for the germination of
all seeds?

I light Il sufficient water lll oxygen
A land Il only

B Iand lll only

C lland Il only

D |, lland lll

Higher Level Paper 1, May 02, Q40

Questions 5-10 cover other syllabus issues in this
chapter.

Q5

Q6

Q7

Q8

Q9

The leaf is the site of the bulk of photosynthesis in
the flowering plant. Outline, by means of concise
notes, five structural features of leaves that
specifically favour photosynthesis and the ways
they may enhance this process. (5+05)

“Transpiration is an unfortunate consequence of
plant structure and plant nutrition; it cannot be
described as a purposeful process!”

Suggest how you may support and justify this
statement to a sceptical biologist.

(6)

a Explain what meristems are. (1)

b Identify the key features of meristematic plant
cells. (3)

¢ Explain the difference between an apical and a
lateral meristem by reference to the growth

they make possible. 4)

Define translocation and transpiration. 4)

Identify the sources of energy for movement of

substances in:

i translocation

ii transpiration.

¢ By means of a fully annotated drawing,
describe the structure of phloem tissue. (6)

d List the structural features of phloem tissue that
are not shown by xylem tissue. (3)

e Outline the essential features of the mass flow

hypothesis of phloem transport. (6)

a Draw a fully labelled half-flower diagram of an
insect-pollinated flower you have studied.  (6)
b State what insects may visit this flower. (1)
¢ Identify the features of this flower that may
attract insects. (3
d Explain how pollination is brought about in this
flower. 4)

List the ways guard cells of stomata differ from
the ordinary epidermal cells around them.  (3)
b Explain why stomatal pores close as leaves wilt,
irrespective of whether the leaf is in the light or
dark. (2)
¢ Outline the ideal conditions for stomata to be
fully open.

oo

(4)

(4)



In diploid organisms chromosomes occur in pairs, called homologous chromosomes,
one coming originally from each parent. A gene occupies a position on a chromosome,
its locus. Genes at a locus exist in two or more forms, called alleles.

Meiosis, the nuclear division in which the new cells formed have half the
chromosome number of the parent cell, is associated with sexual reproduction and the
production of gametes.

Gregor Mendel’s monohybrid cross established that characteristics may be controlled
by a pair of alleles that segregate in equal numbers into different gametes. Segregation
OCCUrs in mMeiosis.

Genes on the same chromosome are linked and may be inherited together.
Characteristics controlled by genes on the sex chromosomes are sex-linked
characteristics.

Mutations (abrupt changes) may arise in genes or chromosomes.

This chapter extends aspects of the study of genetics begun in Chapter 4, pages 91-116.

The painstaking experimental work on inheritance by Gregor Mendel (Figure 4.13, page 103),
although overlooked in his life-time, supplied the foundations for modern genetics, once it was
rediscovered, read and understood.

Heredity is responsible for many of the similarities and differences (variations) between
parents and offspring. We know that many variations that are inherited may be discrete or
discontinuous variations, such as we saw in tall or dwarf pea plants (page 104). Alternatively,
other characteristics of organisms show continuous variation over a range (such as height in
humans). These are known as continuous variations.

In this chapter, chromosome behaviour in meiosis and the causes of genetic variation in
gametes are considered first. Mendel’s investigation of the dihybrid cross and the Law of
Independent Assortment are explained, and their relation to meiosis established. Then, gene
linkage, crossing over and the formation of recombinants are discussed. Finally, how continuous
variation may also be genetically controlled in polygenic inheritance is demonstrated.

Meiosis and genetic variety in gametes

Meiosis is an essential event in life cycles that include sexual reproduction, because at
fertilisation the chromosome number is doubled.

The events in meiosis have already been established in Chapter 4. Meiosis is a nuclear
division that is slower and more complex than mitosis, for it involves two successive divisions of
the nucleus (meiosis I and meiosis II), but both of these divisions superficially resemble mitosis.

We have already seen that in meiosis I the homologous chromosomes separate, and that in
meiosis Il the chromatids separate.

Take a look at these points, shown in Figure 4.5 on page 95, now.

Equally important is the fact that there is no interphase between meiosis I and II, so no
replication of the chromosomes occurs during meiosis. (Remember, chromosomes replicate to
form chromatids during interphase, well before nuclear divisions occur.)

Meiosis consists of two nuclear divisions but only one replication of the chromosomes.
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Figure 11.1 What
happens in meiosis

prophase | (early)

During interphase the chromosomes
replicate into chromatids held together
by a centromere (the chromatids are
not visible). Now the chromosomes
condense (shorten and thicken) and
become visible.

prophase I (late)

Homologous chromosomes repel each
other. Chromosomes can now be seen
to consist of chromatids. Sites where
chromatids have broken and rejoined,
causing crossing over, are visible as
chiasmata.

anaphase |

Homologous chromosomes separate.
Whole chromosomes are pulled
towards opposite poles of the spindle,
centromere first (dragging along the
chromatids).

prophase I
The chromosomes condense and the
centrioles duplicate.

anaphase Il

The chromatids separate at their
centromeres and are pulled to
opposite poles of the spindle.

O O
[¢] O
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MEIOSIS |
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there is no interphase between MEIOSIS | and MEIOSIS 1l
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MEIOSIS I
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prophase | (mid)

Homologous chromosomes pair up
(becoming bivalents) as they
continue to shorten and thicken.
Centrioles duplicate.

metaphase |

Nuclear membrane breaks down.
Spindle forms. Bivalents line up at the
equator, attached by centromeres.

telophase |

Nuclear membrane re-forms around
the daughter nuclei. The chromosome
number has been halved. The
chromosomes start to decondense.

metaphase Il

The nuclear membrane breaks down
and the spindle forms. The
chromosomes attach by their
centromere to spindle fibres at the
equator of the spindle.

telophase I

The chromatids (now called
chromosomes) decondense. The
nuclear membrane re-forms. The cells
divide.
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The process of meiosis

Once started, meiosis proceeds steadily as a continuous process of nuclear division. The steps of
meiosis are explained in four distinct phases (prophase, metaphase, anaphase and telophase), but
this is just for convenience of analysis and description — there are no breaks between the phases
in nuclear divisions.

The behaviour of the chromosomes in the phases of meiosis is shown in Figure 11.1. For
clarity, the drawings show a cell with a single pair of homologous chromosomes.

Meiosis | — prophase |

What happens to chromosomes during prophase I is especially complex. They appear in the
light microscope as single threads with many tiny bead-like thickenings along their lengths.
These thickenings represent an early stage in the process of shortening and thickening by coiling
that continues throughout prophase. This packaging of DNA in the chromosome is shown in
Figure 8.2, page 236. Of course, each chromosome is already replicated as two chromatids but
individual chromatids are not visible as yet.

Formation of bivalents
As the chromosomes continue to thicken, homologous chromosomes are seen to come together
in specific pairs, point by point, all along their length. The product of pairing is called a
bivalent. Remember, in a diploid cell each chromosome has a partner that is the same length
and shape and with the same linear sequence of alleles.

The homologous chromosomes of the bivalents continue to shorten and thicken. Later in
prophase, the individual chromosomes can be seen to be double-stranded, as the sister
chromatids of which each consists become visible.

Crossing over

Within the bivalent, during the coiling and shortening process, breakages of the chromatids occur
frequently. Breakages are common in non-sister chromatids at the same points along the length of
each. Broken ends rejoin more or less immediately, but where the rejoins are between non-sister
chromatids, swapping of pieces of the chromatids has occurred, hence the term ‘crossing over’.

The point of join between different chromatids is called a chiasma (plural, chiasmata).
Virtually every pair of homologous chromosomes forms at least one chiasma at this time, and to
have two or more chiasmata in the same bivalent is very common (Figures 11.2 and 11.3).

In the later stage of prophase I, the attraction and tight pairing of the homologous
chromosomes ends, but the attraction between sister chromatids remains for the moment. This
attraction of sister chromatids keeps the bivalents together. The chromatids are now at their
shortest and thickest.

Later still, the centrioles present in animal cells (page 7) duplicate, and start to move apart as
a prelude to spindle formation. Plant cells are without a centriole.

Finally, the disappearance of the nucleoli and nuclear membrane marks the end of prophase I.

Metaphase |

Next, the spindle forms and the bivalents become attached to individual microtubules of the
spindle by their centromeres. The bivalents are now arranged at the equatorial plate of the
spindle framework — we say that they line up at the centre of the cell. By the end of metaphase I,
the members of the bivalents start to repel each other and separate. However, at this point they
are held together by one or more chiasmata, and this gives temporary but unusual shapes to the
bivalents.

Anaphase |

The homologous chromosomes of each bivalent now move to opposite poles of the spindle, but
with the individual chromatids remaining attached by their centromeres. The attraction of sister
chromatids has lapsed, and they separate slightly — both are clearly visible. However, they do not
separate yet, but go to the same pole. Consequently, meiosis I has separated homologous pairs of
chromosomes but not the sister chromatids of which each is composed.
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Figure 11.2 Formation 1 Homologous chromosomes
of chiasmata commencing pairing to form a bivalent
as they continue to shorten and thicken
by coiling.

2 Breakages occur in parallel non-sister
chromatids at identical points.

p— ——
—w—

3 Rejoining of non-sister chromatids
forms chiasmata.
4 Positions of chiasmata become visible

later, as tight pairing of homologous
chromosomes ends.

5 When homologous chromosomes

move apart in anaphase I, crossing over
becomes fully apparent.

N -

Figure 11.3
Photomicrograph of
bivalents held together by
chiasmata

bivalent (paired

homologous chromosomes)

chiasma

chiasma




Meiosis and genetic variety in gametes

Telophase |

The arrival of homologous chromosomes at opposite poles signals the end of meiosis I. The
chromosomes tend to uncoil to some extent, and a nuclear membrane re-forms around both
nuclei. The spindle breaks down. However, these two cells do not go into interphase, but rather
continue into meiosis I, which takes place at right angles to meiosis I. Meiosis Il is remarkably
similar to mitosis.

Meiosis Il — prophase Il

The nuclear membranes break down again, and the chromosomes shorten and re-thicken by
coiling. Centrioles, if present, move to opposite poles of the cell. By the end of prophase II the
spindle apparatus has re-formed, but is present at right angles to the original spindle.

Metaphase Il

The chromosomes line up at the equator of the spindle, attached by their centromeres.

Anaphase I

The centromeres divide and the chromatids are pulled to opposite poles of the spindle,
centromeres first.

Telophase Il

Nuclear membranes form around the four groups of chromatids, so that four nuclei are formed.
Now there are four cells, each with half the chromosome number of the original parent cell.
Finally, the chromatids — now recognised as chromosomes — uncoil and become apparently
dispersed as chromatin. Nucleoli re-form.

The process of meiosis is now complete, and is followed by division of the cells (cytokinesis,
page 33).

Meiosis and genetic variation

The variation in the genetic information carried by different gametes that arises in meiosis is
highly significant for the organism, as we shall see. The four haploid cells produced by meiosis
differ genetically from each other because of:

Independent assortment of maternal and paternal homologous chromosomes

The way the bivalents line up at the equator of the spindle in meiosis I is entirely random.
Which chromosome of a given pair goes to which pole is unaffected by (independent of) the
behaviour of the chromosomes in other pairs. This was introduced in Figure 4.7, but it is
represented again here in terms of the critical steps in meiosis where it occurs (Figure 11.4).
These illustrations show a parent cell with only four chromosomes, for clarity. Of course, the
more bivalents there are in the nucleus, the more variation is possible. In humans, there are
23 pairs of chromosomes, so the number of possible combinations of chromosomes that can
be formed as a result of independent assortment is 22%. This is over 8 million.

Crossing over of segments of individual maternal and paternal homologous chromosomes
This results in new combinations of genes on the chromosomes of the haploid cells produced,
as illustrated in Figure 11.5. Crossing over generates the possibility of an almost unimaginable
degree of variation. For example, if we were to assume for sake of discussion that there are
30000 individual genes on the human chromosome complement, all with at least two
alternative alleles, and that crossing over was equally likely between all of these genes, then
there would be 2309 different combinations. Of course, all these assumptions would be
inaccurate to varying extents, but the point that virtually unlimited recombinations are
possible is established.
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Figure 11.4 Genetic
variation due to
independent assortment

Independent assortment is illustrated in
a cell with two pairs of chromosomes.

prophase I — homologous chromosomes
> pair up and form bivalents (no crossing
over shown), chromatids become visible

either

/
in metaphase | bivalents
line up at the equator of or
the spindle

at anaphase | homologous
chromosomes separate and
individual chromosomes move

t

to opposite poles; which goes
to which pole is entirely random
— hence ‘independent’ assortmen

at anaphase Il the
chromatids separate

there is a 50%

probability of
either combination

of chromatids in

the gametes

gametes 1/, AB 1/, ab gametes '/, Ab 1/, aB
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Figure 11.5 Genetic The effects of chiasmata on genetic variation are illustrated in one pair of homologous chromosomes.

variation due to crossing Typically, two or three chiasmata form between the chromatids of a bivalent in prophase I.
over
centromere
quolqgoug chromo;omes chromatids
paired in a bivalent with alleles

ABC and abc.

l chiasma

If the chromatids break at
corresponding points along their
length, their rejoining may cause
crossing over.

l

move to haploid nuclei in meiosis II, combination
producing new genetic combinations

Abc and abC.

combinations

A note on recombinants

Offspring with new combinations of characteristics different from those of their parents are
called recombinants.
Recombination in genetics is the re-assortment of alleles or characters into different
Distinguish the combinations from those of the parents. We have seen that recombination occurs for genes
essential differences located on separate chromosomes (unlinked genes) by chromosome assortment in meiosis
between mitosis and (Figure 11.4), and for genes on the same chromosomes (linked genes) by crossing over during
MEIOSIS- meiosis (Figure 11.5).

Dihybrid crosses and gene linkage

The contribution to our understanding of the mechanism of inheritance made by Gregor Mendel
was introduced on page 103, by discussion of his investigation of the inheritance of a single pair
of contrasting characteristics, namely of tall and dwarf pea plants. This was his so-called
monohybrid cross.

Mendel also investigated the simultaneous inheritance of two pairs of contrasting characters,
again using the garden pea plant. This he referred to as a dihybrid cross.

For example: Mendel crossed (P generation) pure-breeding pea plants from round seeds with
yellow cotyledons (seed leaves) with pure-breeding plants from wrinkled seeds with green
cotyledons. All the progeny (F, generation) were round, yellow peas.
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When plants grown from these seeds were allowed to self-fertilise the following season, the
resulting seeds (F, generation) — of which there were more than 500 to be classified and counted
— were of the following four phenotypes, and were present in the ratio shown below:

Phenotypes round seed with round seed with wrinkled seed with  wrinkled seed with
yellow cotyledons  green cotyledons yellow cotyledons green cotyledons
Ratio 9 3 3 1

Mendel noticed that two new combinations, not represented in the parents (i.e.
recombinations) appeared in the progeny: both round and wrinkled seeds can turn up with
either green or yellow cotyledons.

Thus, the two pairs of factors were inherited independently. He had noticed that either one of
a pair of contrasting characters could be passed to the next generation. This meant that a
heterozygous plant must produce four types of gametes in equal numbers (Figures 11.6 and 11.7).

Figure 11.6 Mendel's plants grown from
dihybrid cross
homozygous X homozygous
round, yellow wrinkled, green
peas peas
l o
all round,
yellow peas
X
(selfed)
round round wrinkled wrinkled
yellow green yellow green
peas peas peas peas
In Figure 11.6,
identify the progeny
that are: et et
heterozygous in the ratio of
recombinants. 9 3 3 1

Deduce the positions of the genes for round/wrinkled and for yellow/green cotyledons within the nucleus of
the pea plant. Explain the significance of their location (which was unknown to Mendel).

Mendel confirmed the results of his first dihybrid cross by carrying out experiments with peas
showing other pairs of contrasting characteristics (and also with other species of plant).

He published his results through his local natural history and agricultural research society, and
by regular correspondence with certain influential scientists of the time. However, we cannot be
confident that anyone apart from Mendel himself saw the significance of his discoveries in his
life-time.
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parental (P)

phenotypes:

genotypes:

gametes:

offspring (F,)
genotypes:

phenotypes:

F, selfed

gametes:

offspring (F,)

phenotypes:

phenotypes ratio:

genotypes:

@000

homozygous
wrinkled and green

homozygous
round and yellow

RRYY X rryy

(meiosis)

O

(meiosis)

RrYy

heterozygous
round and yellow

RrYy X RrYy

(meiosis)

00

(meiosis)

XN

1/16RrYY
round
yellow

1/16RrYy
round
yellow

1/15RrYy
round

1/16rrYY
wrinkled

/16Rryy
round
green

1/16rrYy
wrinkled
yellow

1/16rrYy
wrinkled
yellow

1/16rryy
wrinkled
green

round round wrinkled wrinkled
yellow green yellow green

9 : 3 : 3 : 1

1 RRYY 1 RRyy TrrYY 1rryy
2 RrYY 2 Rryy 2rrYy

2 RRYy

4 RrYy

Figure 11.7 Genetic
diagram showing the
behaviour of alleles in
Mendel's dihybrid cross

<«——— pea plants are diploid so they have two
copies of each allele

<«——— gametes produced by meiosis so only
have one copy of each allele

<«——— F, progeny are heterozygous for
both genes

<«——— the alleles for ‘round’ and ‘yellow" are
dominants; the F; progeny are all
round yellow peas

<«——— genes are on separate
chromosomes and random
assortment occurs i.e.
R may assort with Y ory
r may assort with Y or y

<«—— 5o four different types of gametes
(both " and 9) are formed, in equal
proportions (independent
assortment)

<«—— random fertilisation between all four
gametes produces 9 : 3 : 3 : 1 ratio of
offspring given many crosses occur
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Table 11.1 How the Law
of Independent
Assortment relates to
meiosis

Mendel did not express the outcome of the dihybrid cross as a succinct Second Law. However,
today we call Mendel’s Second Law the Law of Independent Assortment. It is stated as:

Two or more pairs of alleles segregate independently of each other as a result of meiosis,

provided the genes concerned are not linked by being on the same chromosome.

The relationship between Mendel’s Law of Independent Assortment and meiosis is detailed in

Table 11.1.

Mendel’s dihybrid cross

Within an organism there are breeding factors
controlling characteristics like round or wrinkled seeds,
and yellow or green cotyledons.

These factors remain intact from generation to
generation.

There are two factors for each characteristic in each
cell.

One factor comes from each parent. (A recessive factor
is not expressed in the presence of a dominant factor.)

Factors separate in reproduction; either can be passed
to an offspring. Only one of the factors can be in any
gamete.

The factors for seed shape and seed colour segregate
independently of each other as a result of meiosis.

The 9:3:3:1 ratio shows that all four types of gamete
are equally common. The inheritance of the two
characteristics is separate.

The dihybrid test cross

Feature of meiosis

Each chromosome holds a linear sequence of genes.

A particular gene always occurs on the same
chromosome in the same position after each nuclear
division.

The chromosomes of a cell occur in pairs, called
homologous pairs.

One of each pair came originally from one parent and
the other from the other parent.

At the end of meiosis, each cell (gamete) contains a
single member of each of the homologous pairs of
chromosomes present in the parent cell.

The genes for seed shape and seed colour are on
separate chromosomes.

The arrangement of bivalents at the equatorial plate of
the spindle is random; maternal and paternal
homologous chromosomes are independently assorted.
In a large number of matings, all possible combinations
of chromosomes will occur in equal numbers.

Look back to Chapter 4, page 106, to remind yourself of the issue that the monohybrid test

cross sorts out.
Why is a test cross sometimes necessary?

In the case of dihybrid inheritance, too, while homozygous recessive genotypes such as

wrinkled green peas (rryy) can be recognised in the phenotype, homozygous round yellow peas
(RRYY) and heterozygous round yellow peas (RrYy) look exactly the same (Figure 11.7). They
can only be distinguished by the progeny they produce, as illustrated in a dihybrid test cross

(Figure 11.8).

Unlike the monohybrid test cross, where the outcome is a ratio of 1:1, the dihybrid test cross
outcome is a ratio of 1:1:1:1. We will return to this point later.

Given the absence of understanding of chromosomes, genes and meiosis at the time, is it appropriate to describe
Mendel’s scientific contributions as ‘nothing but trained and organised common sense’?

Drosophila and the dihybrid cross

Mendel died in 1884 — in relative obscurity, at least as far as the scientific community was

concerned. Few seemed to know of his scientific work and those who were aware of it did not
appear to understand his results. But his papers were rediscovered in 1900, as a result of careful
literature searches by people keen to advance our understanding of inheritance. Mendel’s results
came to be confirmed and then extended by many others, using a range of species.
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Figure 11.8 Genetic

diagram of the dihybrid parental (P) plants grown
test cross , from
phenotypes: homozygous heterozygous
wrinkled peas with round peas with
green cotyledons yellow cotyledons
genotypes: rryy X RrYy
gametes: ry RY Ry rY ry

1/4RrYy
round
yellow

wrinkled
yellow

wrinkled
green

offspring

phenotypes: round round wrinkled wrinkled
yellow green yellow green

phenotypes ratio: 1 : 1 : 1 : 1

genotypes: RrYy Rryy reYy rryy

Drosophila melanogaster (the fruit fly) was first selected by an American geneticist called
Thomas Morgan in 1908 as an experimental organism for investigation of Mendelian genetics in
an animal. Morgan was awarded a Nobel Prize in 1933 because by his experiments he had:

shown that Mendel’s ‘factors’ are linear sequences of genes on chromosomes (what is now
called the Chromosome Theory of Inheritance);

discovered sex chromosomes and sex linkage;

demonstrated crossing over, and the exchange of alleles between chromosomes, resulting from
chiasmata formed during meiosis.

Drosophila commonly occurs around rotting vegetable material. This form is often called the
wild type, simply to differentiate it from the various naturally occurring mutant forms.

Why has this insect become such a useful experimental animal in the study of genetics?

Drosophila has four pairs of chromosomes (Figure 11.9). From mating to emergence of adult

Define what is flies (generation time) takes about 10 days at 25°C. One female produces hundreds of offspring.
IISEITE 95 i (e These flies are relatively easily handled, cultured on sterilised artificial medium in glass bottles,
mutant’ and they can be temporarily anaesthetised for setting up cultures and sorting progeny.

A dihybrid cross can be shown in Drosophila — for example, by crossing normal flies (wild type)
with flies homozygous for vestigial wing and ebony body (Figure 11.10). These characteristics are
controlled by genes not on the sex chromosomes. All chromosomes other than the sex
chromosomes are called autosomal chromosomes (see below).

The genes concerned in this Drosophila cross are on separate autosomal chromosomes, so they
are unlinked genes. SAQ 5 on page 338 sets the task of determining the genotypes of offspring of
the F, generation of this dihybrid cross in Drosophila, summarised in Figure 11.10.
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Figure 11.9 Wild-type il D il
Drosophila (photograph) | Wid-type Drosophila ebony body
mutant
and some common

. antennae head thorax abdomen wings
mutants (drawings)

vestigial wing
mutant

compound eye three pairs of legs

karyotypes of male
and female Q

white eye

He g

X

Figure 11.-10 A dihybrid P Drosophila with Drosophila with
cross in Drosophila — normal wing and normal body < vestigial wing and ebony body
a summary (wild type) (mutant form)

all normal wing
Fq normal body

X

F, (sibling crosses)
Construct a genetic |
diagram for the ¢ i ¢ v
dihybrid cross shown normal wing normal wing vestigial wing vestigial wing
in Figure 11.10, using normal body ebony body normal body ebony body

the layout as given in
Figure 11.7.
Determine the
genotypes of the
offspring of the F,
generation.

\ 00/

in the ratio of
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Extension: Probability and chance in genetic crosses

We can see that there is an expected ratio of offspring of 9:3:3:1 when the dihybrid cross is
carried out. Actually, the offspring produced in many dihybrid cross experiments do not exactly
agree with the expected ratio. This is illustrated by the results of an experiment with mutant

forms of Drosophila in Table 11.2.

Offspring in normal wing, normal wing, vestigial wing, vestigial wing,
F, generation grey body ebony body grey body ebony body total
=315 =108 =101 =32 =556
Predicted ratio 9 3 3 1
Table 11.2 Observed Expected. numbers 313 104 104 35
of offspring

and expected offspring

Clearly, these results are fairly close to the ratio 9:3:3:1, but they are not the predicted ratio,
precisely.

What, if anything, went wrong?

Well, we can expect this ratio among the progeny only if three conditions are met:

fertilisation is entirely random;
there are equal opportunities for survival among the offspring;
very large numbers of offspring are produced.

In the above experiment with Drosophila, the exact ratio may not be obtained because, for
example:

more male flies of one type may have succeeded in fertilising females than of the other type;
more females of one type may have died before reaching egg laying condition than of the
other type;

fewer eggs of one type may have completed their development than of the other type.

Similarly, in breeding experiments with plants such as the pea plant, exact ratios may not be
obtained because of parasite damage or by the action of browsing predators on the anthers or
ovaries in some flowers, or because some pollen types fail to be transported by pollinating insects
as successfully as others, perhaps.

Gene linkage

In humans, the nucleus contains 46 chromosomes, although we have seen that these are only
clearly visible as such during the nuclear divisions, mitosis or meiosis. In fact, it is particularly in
metaphases of these divisions, when the chromosomes are at their shortest, and are arranged at
the plate of the spindle, that it is particularly easy to see them. It is from photomicrographs of
this stage that karyotypes are constructed (Figure 4.1, page 92).

A human karyotype shows us that one pair of our chromosomes are the sex chromosomes.
These carry the critical gene that determines sex. The remainder of our set of chromosomes carry
genes that determine characteristics of the growth, development and functioning of all other
aspects of the body. These chromosomes are known as the autosomes (Figure 11.11).

Linkage groups
There are many thousands of genes per cell in an organism, whereas the number of chromosomes

is often less than 50 and very rarely exceeds 100. Each chromosome, then, consists of many
genes; it may be thought of as a linear series of genes that are all linked together.

The genes carried on a particular chromosome are called a linkage group.
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Figure 11.11
Chromosomes as
autosomes and sex
chromosomes

human karyotype Drosophila karyotype

autosomes homologous each chromosome has replicated
chromosomes (copied) and exists as two chromatids
( held together at their centromeres [}

maxsn«nnaaanaﬁ
ANOABE K% wa aa

2. 3 2.8 aa )ut
19 20

22

sex chromosomes
9 i §
X X

X X

Obviously, genes of a linkage group will tend to be inherited together. And, in the case of a
dihybrid cross involving linked genes, the Mendelian ratio we would expect from a cross with
two pairs of contrasting characteristics in the F, generation (9:3:3:1) would not be obtained.

In fact, we might expect the ratio to be the same as that from crosses of one pair of
contrasting characteristics in the F, generation, namely 3:1. This would certainly be the case if
no chiasmata formed between the linked genes during prophase of meiosis, between non-sister
chromatids.

The first example of this was discovered by experimental geneticists in 1906, very soon after
Mendel’s work was rediscovered. This experiment caused a mystery because linkage was not
understood at that time. In studies of the inheritance in the sweet pea plant, plants
homozygous for purple flowers and elongated pollen grains were crossed with plants homozygous
for red flowers and rounded pollen grains. The offspring (the F, generation) had purple flowers
and elongated pollen grains. Clearly, the alleles responsible for these characteristics were
dominant.

When the F, generation plants were selfed, it was anticipated that the two pairs of alleles
would segregate independently of each other, producing the four possible combinations (two
parental types and two recombinant types) of a dihybrid cross in the expected ratio of 9:3:3:1.

This did not happen!

Instead, the progeny included a higher proportion of the parental characteristics (purple
flowers and elongated pollen, and red flowers and round pollen) at the expense of the new
combinations (purple flowers with round pollen, and red flowers with elongated pollen).

From Figure 11.12 it can be seen that this outcome is due to:

gene linkage;
where the chiasmata occur along the length of the chromosome.

The relative positions of linked genes have been extensively studied in organisms such as Drosophila by
determining the proportions of recombinants in large samples of crosses. Recombination experiments have
allowed the construction of gene maps of individual chromosomes, but this is not the case with humans.
Explain why this is so, and outline how linkage is now investigated in human chromosomes.
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parents homozygous homozygous
purple flowers, X red flowers,
elongated pollen round pollen
genotypes: F E f e
b e -t T
FE fe
gametes: @
offspring (F,) heterozygous

purple flowers,
elongated pollen

x self

When the F, offspring are selfed, the F, offspring that result depend on whether
a chiasma forms between these alleles or elsewhere along the chromosome
during meiosis, in gamete formation.

After meiosis is completed
these are the gametes that

s
seee

N
the progeny produced from these gametes

parental types .
and recombinant type (shown opposite)

and
new recombinant types due to crossing over:

——— ——— (purple flowers, round pollen)
F e fe

and
f E f E

(red flowers, elongated pollen)
f E f e "

F— F f ff

Here the chiasma Here the chiasma

occurs between occurs elsewhere.

the linked alleles. E— E eg [e
E— e E —e

Figure 11.12 Crossing
over in the sweet pea
plant

flowers of sweet pea (Lathyrus odoratus)

wess

N
the progeny produced from these gametes

parental types
(purple flowers, elongated pollen)

—_ Most F, offspring
——— (red flowers, round pollen) are of this type.

and recombinant type due to reassortment:

F E

R [ T—
—_—
e

(purple flowers, elongated pollen)
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Figure 11.13 Linkages,
crossing over and the
test cross

One of the four pairs of chromosomes in Drosophila
carries the alleles for the genes for both:

body colour — normal (GG or Gg) or ebony body (gg)
wing form — straight (SS or Ss) or curled wing (ss)

test cross

a (male) homozygous recessive fly
with ebony body and curled wing

parental (P)

phenotypes:
X
g s
1
genotypes: —
g s
gametes:
g s
offspring (Fq)
G S g s
. . 1
genotypes: p— ——
g s g s
. normal body ebony body
phenotypes: curled wing

straight wing
U

J

Y
parental types

linked genes:

N — body colour
PRy wing form

a (female) heterozygous fly with
normal body and straight wing

G S
1
—
g s
if no chiasma if chiasma occurs
between genes between genes
G S g s G s g S
G s g S
. 1
T T
g s g s
normal body ebony body
curled wing straight wing
U J
Y

recombinants due
to crossing-over

Note: If these genes were on separate chromosomes we would expect these offspring in
the ratio 1:1:1:1 (dihybrid test cross), but these genes are linked, and if no crossing over
occurred we would expect parental types only, in the ratio 1:1 (monohybrid test cross).

The outcome of this experiment was:

Offspring Phenotypes Genotypes Numbers obtained
normal body 6 s
R
parental types straight wing — 536
g s
g s
ebony body 11 481
curled wing
g s
| bod bl
. normal body
recombinants curled wing p— 101
g s
g S
ebony body 11 152
straight wing
g s

The majority of the offspring were parental types, so more chiasmata in
this chromosome occur somewhere other than between these two genes.




Figure 11.14 Human
height as a case of
polygenic inheritance

Polygenes and continuous variation

Gene linkage and the test cross

The role of the test cross is to differentiate between the homozygous dominant and the
heterozygous dominant since their appearance (their phenotype) is identical (pages 106 and 336).
The possibility of crossing over complicates the outcome of a test cross involving two genes

that are linked, as Figure 11.13 shows.

This illustration comes from an investigation of inheritance in Drosophila, where a fly
homozygous for ebony body and curled wing was crossed with a fly heterozygous for normal body
and straight wing. Note that the characteristic ‘curled wing’ is different from the characteristic
‘vestigial wing’ shown in Figure 11.10 (a cross concerned with two contrasting characteristics
controlled by genes on separate chromosomes — a straightforward dihybrid cross).

Deduce what recombinants may be formed in a test cross involving the linked genes:

tb  TB

2 —
tb tb

Polygenes and continuous variation

We began the story of genetics in Chapter 4 with an investigation of the inheritance of height
in the garden pea (page 104), where one gene with two alleles gave tall or dwarf plants. This
clear-cut difference in an inherited characteristic is an example of discontinuous variation —
there is no intermediate form, and no overlap between the two phenotypes.

In fact, very few characteristics of organisms are controlled by a single gene. Mostly,
characteristics of organisms are controlled by a number of genes. Groups of genes which together
determine a characteristic are called polygenes.

Polygenic inheritance is the inheritance of phenotypes that are determined by the collective
effect of several genes.

The genes that make up a polygene are often (but not necessarily always) located on different
chromosomes. Any one of these genes has a very small or insignificant effect on the phenotype,
but the combined effect of all the genes of the polygene is to produce infinite variety among the
offspring.

Many features of humans are controlled by polygenes, including body weight and height. The
graph of the variation in the heights of a population of 400 people, in Figure 11.14, shows
continuous variation in height between the shortest at 160 cm and the tallest at 186 cm and a
mean height of 173 cm. Human height is controlled by several different genes.

Human height is determined genetically 50 o
. : , \
by interactions of the alleles of several ] A I
genes, probably located at loci on 1 \
different chromosomes. o 407 / \
o
o
[}
2 30
°
g
c 201
=}
c
Variation in the height of adult 104
humans
The results cluster around a mean value
and show a normal distribution. For the 0
purpose of the graph, the heights are bg/"’ @’va/(obbﬁ)%j\g/\gﬂ,\qfv/\v/b,\bﬁ)%fz’g A y@
collected into arbitrary groups, each of N NN N NN NN
a height range of 2 cm. height (in 2cm bands)
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Human skin colour

The colour of human skin is due to the amount of the pigment called melanin that is produced
in the skin. Melanin synthesis is genetically controlled. It seems that three, four or more
separately inherited genes control melanin production. The outcome is an almost continuous
distribution of skin colour from very pale (no alleles coding for melanin production) to very dark
brown (all alleles for skin colour code for melanin production).

In Figure 11.15, polygenic inheritance of human skin colour involving only two independent
genes is illustrated. This is because dealing with all four genes is unwieldy (Figure 11.16), and the
principle can be demonstrated clearly enough using just two genes.

It should be noted, too, that both human height and skin colour are characteristics that may
also be influenced by environmental factors.

Figure 11.15 Human

skin colour as a Parents
characteristic controlled phenotype: white X black
by two independent
genes — an illustration of genotype: aabb AABB
polygenic inheritance
F, generation AaBb
medium

x breeding with individual
of same skin colour genotype

F, generation

AaBb X AaBb X AaBb

",
AaBb

b

aaBB Aabb

aaBb aaBb

range of aabb Aabb AAbb AaBB AABB
genotypes: aaBb AaBb AABb

aaBB
range of white light medium dark black
phenotypes:

Derive the ratio

of phenotypes
produced in the F,
generation shown in
Figure 11.15.
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Figure 11.16 Inheritance
of seed coat colour in
Triticum vulgare, a case
of polygenic inheritance

Polygenic inheritance in a plant species

Many other examples of polygenic inheritance have been discovered. A good example, one in
which only three genes interact together to control the phenotype, is the colour of the grain (a
fruit) in certain varieties of wheat, Triticum vulgare.

In this case, for all three of these genes there are only two alleles. Despite this limitation, the
full range of colours obtained varies from dark red (genotype RIR'R?R?R?R?) to white
(genotype rlrlr?r?r’r?), with five intermediate shades of pink (Figure 11.16).

dark red white
Parents R'R'RZRZR3R3 X 2233
gametes: RRR rer
intermediate red
Fq RrRrRr
x self
F,

Note: the colour of the seed
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Extension:

Continuous variation

We can see that the number of genes controlling a characteristic does not have to be large before
the variation in a phenotype becomes more or less continuous, where a large group of offspring
are produced. The outcome is that the characteristics controlled by polygenes tend to show
continuous variation.

Nevertheless, the individual genes concerned are inherited in accordance with the principles
established above. However, there are so many intermediate combinations of alleles that the
discrete ratios are not observed. Even where only two genes constitute the polygene, significant
variation results where the effect of the alleles is additive.

Other forms of gene interaction

We have seen that polygenic inheritance adds to the range of phenotypes that may exist. In
fact, there are also other mechanisms by which genetic variety is controlled. It is helpful at this
stage to be aware of the existence of some of these mechanisms, although knowing about how
they operate is beyond the scope of this course.

Cases where characteristics are controlled by two or more genes, one or more of which masks
or modifies the expression of the other(s) to various degrees, include:

plumage pigmentation and comb form in the domestic fowl;
agoutie coat colour in some mice;
shell banding in the snail Cepaea nemoralis.

These and several other examples have similarly been much studied and widely reported on.
Another important factor that may affect the appearance of the phenotype is the effect of
environmental conditions (already mentioned above). For example, a tall plant may appear
almost dwarf if it has been consistently deprived of adequate essential mineral ions.
Similarly, the physique of humans may be greatly affected by the levels of nourishment
received, particularly as children.
We must remember then, that the phenotype of an organism is the product of both its
genotype and the influences of the environment.

Questions 1-6 are taken from past IB Diploma Q2 In garden peas, the pairs of alleles coding for seed
biology papers.

Q1

shape and seed colour are unlinked. The allele for
smooth seeds (S) is dominant over the allele for

Which response describes the behaviour of wrinkled seeds (s). The allele for yellow seeds (Y) is
chromosomes in metaphase | and anaphase Il of dominant over the allele for green seeds (y).
meiosis? If a plant of genotype Ssyy is crossed with a

Metaphase |

chromosomes line
up at the equator

tetrads (bivalents) line  separation of homologous

up at the equator

chromosomes line
up at the equator

plant of genotype ssYy, which offspring are

Anaphase Il .

. recombinants?
separation of homologous
chromosomes A SsYy and Ssyy

B SsYy and ssYy
C SsYy and ssyy

chromosomes

. : D Ssyy and ssYy
separation of sister Higher Level Paper 1, May 03, Q26
chromatids

tetrads (bivalents) line  separation of sister

up at the equator

chromatids

Higher Level Paper 1, May 03, Q24



Q3

Q4

Q5

Q6

A polygenic character is controlled by two genes
each with two alleles. How many different possible
genotypes are there for this character?

A 2
B 4
co9
D 16

Higher Level Paper 2, May 04, Q30

If red (RR) is crossed with white (rr) and produces a
pink flower (Rr), and tall (D) is dominant to dwarf
(d), what is the phenotypic ratio from a cross of
Rrdd and rrDd?

A 9:3:3:1
B 50% pink, 50% white and all tall
C 1:1:1:1, in which 50% are tall, 50% are dwarf,
50% are pink and 50% are white
D 3:1
Higher Level Paper 1, May 05, Q30

If the haploid number of an organism is 8, how
many gametes are possible, not considering the
effects of crossing over?

A 16
B 64
C 128
D 256
Higher Level Paper 1, May 06, Q40

a Define the term gene linkage and outline an
example of a cross between two linked genes.
(8)
b Describe the inheritance of ABO blood groups,
including an example of the possible outcomes
of a homozygous blood group A mother having
a child with a blood group O father. (5)
¢ Outline sex linkage. (5)
Higher Level Paper 2, November 05, QB8

Examination questions — a selection

Questions 7-10 cover other syllabus issues in this
chapter.

Q7

Q8

Q9

a Explain the essential differences between
prophase of mitosis and prophase | of meiosis.
)
b Identify the events in meiosis that result in
gametes having different chromosome content.
)
¢ Describe the steps in meiosis by which a
chiasma is formed. 4)
a Mendel conducted many experiments with
garden pea plants, but some later workers used
the fruit fly Drosophila in experimental genetics
investigations. Suggest three reasons why this
insect was found to be useful. (3)
b When dihybrid crosses are carried out the
progeny are rarely present in the exact
proportions predicted. Explain why small
deviations of this sort arise in dihybrid crosses
with:
i garden pea plants
ii Drosophila.

3)
(3)

In Drosophila, mutants with scarlet eyes and
vestigial wings are recessive to flies with red eyes
and normal wings. (These contrasting characters
are controlled by single genes on different
chromosomes, i.e. they are not linked on a single
chromosome.) Explain the phenotypic ratio to be
expected in the F, generation when normal flies
are crossed with scarlet eyes/vestigial wing mutants
and sibling crosses of the F, offspring are then
conducted. Show your reasoning by means of a
genetic cross diagram.

(8)

Q10 Distinguish between the following pairs:

a discontinuous variable and continuous variable

monohybrid cross and dihybrid cross
linkage and crossing over

autosomes and sex chromosomes

X chromosomes and Y chromosomes
multiple alleles and polygenes

-0 Qo NngT
EEEEEE



Human physiology, health and
reproduction Il

STARTING POINTS The blood circulation has a role in the body’s defence against disease.
The immune system responds to the presence of foreign matter (antigens), including
pathogens, by producing antibodies by special leucocytes (white cells).
Energy is transferred in cells by cell respiration. ATP, the universal energy currency, is a
reactant in energy-requiring reactions and processes.
Neurones are the basic units of the nervous system, which consists of receptors
(sense organs) linked to effectors (muscles or glands) by pathways of neurones called
reflex arcs.
Excretion is the removal of waste products of metabolism, including carbon dioxide,
expelled at the lungs.
Homeostasis involves maintaining the internal environment of the body between
narrow limits. This includes osmoregulation in which the balance of water and
solutes in body fluids is maintained at a constant level despite variations in intake.
Sex hormones (testosterone, oestrogen and progesterone) have roles in the onset of
sexual maturity, and the production of sperm and egg cells.
Cell divisions by mitosis lead to the production of identical new cells. By meiosis the
number of chromosomes per nucleus is halved — an essential step in gamete production.
This chapter extends study of aspects of the structure and functioning (physiology) of
the mammal begun in Chapter 7, pages 178-234.

We think of the blood circulation as the essential transport system for the body, but it also plays
an intricate part in our resistance to harmful invasions. It is particularly the white cells that
combat infection.

In the operation of the nervous system, changes that bring about responses, called stimuli, are
detected by receptors (sense organs), but it is an effector (including our muscles) that brings
about a response. Since in mammals, receptors and effectors are widely spaced, an efficient
system of internal communication is essential.

Mammals are regulators, able to keep their internal environment in a steady state under a
wide variety of external conditions. Negative feedback is the type of control mechanism that
operates in homeostasis.

In mammals the sexes are separate. The male reproductive system includes the testes, in
which sperms are produced. The female reproductive system includes the ovaries, in which
oocytes are formed, and the uterus, where early development of the offspring occurs.

In this chapter, we extend study of the body’s mechanisms of defence against disease. Then,
the roles of the skeletal, muscular and nervous systems in bringing about movement are
investigated, followed by discussion of the roles of the kidneys in excretion and osmoregulation
— an aspect of homeostasis. Human reproduction is revisited in an investigation of the structure
of the gonads and the process of gamete formation. Finally, the steps of fertilisation, the processes
of pregnancy and birth, and the roles of certain hormones of the systems are considered.

Defence against infectious disease TRRRIRE:

Our intact skin is no easy barrier for pathogens to cross — mostly they are prevented from entry to
the body. However, the defences of the skin are sometimes broken down, and so it is fortunate
there are also internal lines of defence. The body responds to localised damage (cuts and
abrasions, for example) by inflammation. Inflammation is the initial, rapid, localised response the
tissue makes to damage. As a result, the volume of blood in the damaged area is increased. If a
blood vessel has been ruptured, then the blood clotting mechanism is activated. In the blood and
tissue fluid, the immune system operates. We will examine the blood clotting mechanism, first.
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Figure 12.1 The blood
clotting mechanism

SEM of blood clot showing

meshwork of fibrin fibres and

trapped blood cells

NN

The blood clotting mechanism

In the event of a break in our closed blood circulation, the danger arises of a loss of blood and
possibly a fall in blood pressure. It is by the clotting of blood that escapes are prevented, either at
small haemorrhages, or at cuts and other wounds. In these circumstances, a clot both stops the
outflow of blood and reduces invasion opportunities for pathogens. Subsequently, repair of the
damaged tissues can get under way. Initial conditions at the wound trigger a cascade of events by
which a blood clot is formed.

What is meant by ‘a cascade of events’?

First, platelets collect at the site. These are components of the blood that are formed in the bone
marrow along with the erythrocytes (red cells) and leucocytes (white cells), and are circulated
throughout the body, suspended in the plasma, with the blood cells (Figure 7.7, page 186).

Platelets are actually cell fragments, disc-shaped and very small (only 2 um in diameter) — too
small to contain a nucleus. Each platelet consists of a sack of cytoplasm rich in vesicles
containing enzymes, and is surrounded by a plasma membrane. Platelets stick to the damaged
tissues and clump together there (at this point they change shape from sacks to flattened discs
with tiny projections that interlock). This action alone seals off the smallest breaks.

The collecting platelets release a clotting factor (a protein called thromboplastin) which is
also released by damaged tissues at the site. This clotting factor, along with vitamin K and
calcium ions, always present in the plasma, causes a soluble plasma protein called prothrombin
to be converted to the active, proteolytic enzyme thrombin. The action of this enzyme is to
convert another soluble blood protein, fibrinogen to insoluble fibrin fibres at the site of the cut.
Red cells are trapped within the mass of fibres, and the blood clot has formed (Figure 12.1).
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It is most fortunate that clot formation is not normally activated in the intact circulation;
clotting is triggered by the abnormal conditions at the break. These complex steps of clotting
may be seen as an essential fail-safe mechanism. This is necessary because casual formation of a
blood clot within the intact circulation system immediately generates the risk of a dangerous and
possibly fatal blockage in the lungs, heart muscle or brain.

1 Identify the correct sequence of the following events during blood clotting:

fibrin formation; clotting factor release; thrombin formation.

The immune system and the response to invasion

It is the leucocytes in the blood that provide our main defences once invasion of the body by
harmful microorganisms has occurred. Among the millions of erythrocytes (red cells) of our
blood circulation are the relatively few leucocytes (white cells).

Leucocytes are not restricted to the blood circulation. Not only do they continually circulate
in the arteries, capillaries and veins, they move through the walls of these vessels into tissues and
organs. Very many occur in lymph of the lymph nodes and vessels, and many are found in organs
like the lungs (page 196) and in the liver, and elsewhere in the body.

It is special leucocytes called lymphocytes that are responsible for the immune response.
Lymphocytes make up 20% of the leucocytes circulating in the blood plasma. Lymphocytes
detect matter entering from outside our bodies (including foreign macromolecules and
microorganisms) as different from ‘self’ (body cells and our own proteins). ‘Non-self’ invading
macromolecules and microorganisms are known as antigens.

What recognition of ‘self’ entails

Cells are identified by specific molecules — markers that are lodged in the outer surface of the
plasma membrane. These molecules, which identify a cell, are highly variable glycoproteins on
the cell surface.

You can see glycoproteins on the plasma membrane in Figure 1.19, page 21.

The glycoproteins that identify cells are known as the major histocompatability complex
antigens — but we can refer to them as MHC. There are genes on one of our chromosomes
(chromosome 6) that code for MHC, so each individual’s MHC is genetically determined and is
a feature we inherit. As with all inherited characteristics that are products of sexual
reproduction, variation occurs. Each of us has distinctive MHC antigens present on the plasma
membrane of most of our body cells. Unless you have an identical twin, your MHC antigens are
unique.

So, lymphocytes of our immune system have antigen receptors that recognise our own MHC
antigens, and differentiate these from foreign antigens detected in the body.

The principle of challenge and response

Our lymphocytes all appear the same, but we have two distinct types, based on the ways they
function:

m B-lymphocytes (B-cells) secrete antibodies (humoral immunity);
m T-cells assist B-cells and may attack infected cells (cell-mediated responses).

As B- and T-cells are formed (in the red bone marrow) and then mature, they develop
immunocompetence. This means they acquire an ability to recognise one specific antigen. An
immunocompetent cell has a specific receptor protein on its cell surface. Each cell has lots of
these receptor molecules that are capable of binding to only one type of antigen. The receptors
on B-cells are actually attached copies of the antibody that will be secreted later, if the antigen is
encountered.

Immunocompetent lymphocytes are stored in the lymph nodes. Here all the different
lymphocytes, each with multiple copies of their antigen receptor, are found.
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If antigens invade the body, they reach the tissue fluids and lymph, and encounter a
lymphocyte with the corresponding receptor, typically in a lymph node. The lymphocytes
challenged in this way immediately respond by growing and dividing repeatedly, leading to vast
numbers of cells producing antibodies. The antibodies eventually overcome and dispose of the
source of the foreign antigens.

Clonal selection and a polyclonal response

The product of vast numbers of identical plasma cells, as described above, is known as clonal
selection, for obvious reasons.

Invading microorganisms have a complex chemical exterior — their wall or plasma membrane.
Here are exposed very many different types of antigen. Consequently, a typical pathogen
activates many different types of B-cell, triggering the secretion of many different antibodies, all
of which attach and attack that pathogen. The activation of many different cloning events in
this way is called polyclonal selection.

‘Memory’ in the immune system

After each immune response event has overcome the source of antigens, the plasma cells that

secreted the antibodies are disposed of. Antibody-secreting cells are relatively short-lived.

However, some of the cells produced in the cloning episode become memory cell lymphocytes.

Memory cells survive in the body, mostly in the lymph nodes, typically for years after the event.
If the antigen returns, the body is able to respond quickly. We say that we have immunity.

Types of immunity

At the start of life, a mammal acquires passive immunity from the antibodies in its mother’s
blood circulation. Only later, after birth and direct stimulation by antigens, is active immunity
acquired.

Passive immunity is immunity due to the acquisition of antibodies from the mother (in
whom active immunity has arisen), via the placenta while in the uterus, and then via the
first-formed milk, received immediately after birth. This milk is known as colostrum.
Alternatively, antibodies can be received by injection, and so confer passive immunity.

Note that passive immunity fades away eventually because the offspring cannot also receive the
necessary memory cells, and so is unable to make the antibodies itself.

Active immunity is immunity due to the production of antibodies by the organism, after
2 Outline in tabulated the body’s defences have been exposed to antigens.

form the parts played . . . . . .
by the blood in the Note that the exposure to antigens which generates active immunity may occur due to infection

protection of the by a pathogen, as already described (natural acquired immunity), or following inoculation with
body. a vaccine (artificial acquired immunity).

Steps of antibody production

We have seen that lymphocytes are involved in repelling an invasion by the production of
antibodies, and that lymphocytes consist of two types, T-lymphocytes and B-lymphocytes. Both
types are formed by divisions of the stem cells in the bone marrow, and undergo a development
process in preparation for their distinctive roles (Figure 12.2).

T-lymphocytes (T-cells) leave the bone marrow during development, and differentiate in the
thymus gland before circulating and storage in lymph nodes. It is while they are present in the
thymus gland that the body apparently selects out the lymphocytes that would otherwise react to
the body’s own cells.

The role of T-cells is cell-mediated immunity — an immune response not directly involving
antibodies, although some have a role in the activation of B-cells, as we shall see shortly. Some
T-cells are effective against pathogens located within host cells.
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B-lymphocytes (B-cells) complete their maturation in the bone marrow, prior to circulating in
the body and being stored in lymph nodes. The role of the majority of B-cells, after recognition
and binding to a specific antigen, is to proliferate into cells (called plasma cells) that secrete
antibodies into the blood system. This is known as humoral immunity.

Figure 12.2 Both T-cells and B-cells have molecules on the outer surface of their plasma membrane that
T-lymphocytes and ~ enable them to recognise antigens, but each lymphocyte has only one type of surface receptor.
B-lymphocytes  Consequently, each lymphocyte can recognise only one type of antigen.

_-repeated~~_
- ~

stem cell of cell matures T-Cgll migration ————————————— R
bone marrow into lymphocyte /,/ during maturation ~< .
_________ T thymus gland where
_____________________ T-lymphocytes that
/,,/’ react to body’s own )
s cells are weeded out /
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encounter with an antigen ——\L.I_)/“ encounter with an antigen

3 Explain the significance of the role of the thymus gland in destroying T-cells that would otherwise react to
body proteins.

When an infection occurs the leucocyte population responds. Their numbers increase
enormously, and many collect at the site of the invasion. A complex response to infection is
begun. The special roles of T-cells and B-cells in this response are as follows, and are illustrated
in Figure 12.4 (page 354).

1 On the arrival of a specific antigen in the body, B-cells with surface receptors (antibodies)
that recognise that particular antigen, bind to it.

What exactly is an antibody?

An antibody is a special protein called an immunoglobulin, made of four polypeptide
chains held together by disulphide bridges (—S—S—), forming a molecule in the shape of a
Y. The arrangement of amino acid residues in the polypeptides that form the fork region in
this molecule is totally unique to that antibody. It is this region that forms the highly specific
binding site for the antigen (Figure 12.3). Antibodies initially occur attached to the plasma
membrane of B-cells, but later are also mass-produced and secreted by cells derived from the
B-cell by exocytosis, but only after that B-cell has undergone an activation step (step 5,
below).

2 On binding to the B-cell, the antigen is taken into the cytoplasm by phagocytosis, before
being expressed on the plasma membrane of the B-cell.
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Figure 12.3 The

structure of an antibody antigen
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3 Meanwhile, T-cells can only respond to antigens when presented on the surface of other cells.
Phagocytic cells of the body, including macrophages, engulf antigens they encounter. This
occurs in the plasma and lymph. Once these antigens are taken up, the macrophage presents
them externally by attaching the antigen to their surface membrane protein, MHC antigens.
This is called antigen presentation by a macrophage.

4 T-cells come in contact with these macrophages and briefly bind to them. The T-cell is
immediately activated. They are armed or activated helper T-cells.

5 Activated helper T-cells now bind to B-cells with the same antigen expressed on their
plasma membrane (step 2 above), and the activated T-cell sends a message to the B-cell,
activating it. This is the activation step mentioned in step 1 above. It is now an armed or
activated B-cell.

6 Activated B-cells immediately divide very rapidly by mitosis, forming a clone of cells called
plasma cells. A TEM of plasma cells shows them to be packed with rough endoplasmic
reticulum (rER). It is in these organelles that the antibody is mass-produced and exported
from the B-cell by exocytosis. The antibodies are normally produced in such numbers that the
antigen is overcome (Figure 12.4).

As noted above, the production of an activated B-cell, its rapid cell division to produce a
clone of plasma cells, and the resulting production of antibodies that react with the antigen is
called clonal selection. Sometimes several different antibodies react with the one antigen —
polyclonal selection.
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Figure 12.4 Stages in antigen enters body (the required
<> trigger to initiate specific antibody
- Vo production)

antibody production

T-cells

T-cells respond to antigens
on the surface of other cells

B-cells .

1 antigen binds to antibody
on B-cell plasma membrane

3 macrophages engulf antigens
by endocytosis, and then express
this antigen on their MHC proteins
on the plasma membrane
= antigen presentation

MHC protein

MHC = major histocompatibility

complex
All cells have MHC protein unique to

cells of the organism.

2 antigen taken up
by exocytosis and is
then expressed on
the plasma membrane
at the MHC protein

5 activated helper
T-cell now binds to
B-cell with same antigen
expressed — immediately
the B-cell is activated o
= activated B-cell ~activation ~

4 T-cell binds (briefly)

to macrophage that
presents an antigen

and is activated — it

is now called an
activated helper T-cell

6 activated B-cell
divides rapidly,
forming a clone
of plasma cells

1

]

1
N 1
i
1
1
I
I
I
I

- v
7 some activated B-cells and T-cells
survive in the body as memory cells,
and are able to initiate a more speedy
response in the event of re-infections

each plasma cell packed with
rER, now mass-produces antibody
molecules and secretes them by

exocytosis

antibodies overcome antigen

e.g. by neutralising it, by causing
clumping together of cells to aid
engulfing by other macrophages,

or by precipitation of soluble antigens



Defence against infectious disease 355

Figure 12.5 Profile of
antibody production in
infection and re-infection
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7 After these antibodies have tackled the foreign matter and the disease threat it introduced,
they disappear from the blood and tissue fluid, along with the bulk of the specific B-cells and
T-cells responsible for their formation. However, certain of these specifically activated B-cells
and T-cells are retained in the body as memory cells. These are long-lived cells, in contrast to
plasma cells and activated B-cells. Memory cells make possible an early and effective response
in the event of a re-infection of the body by the same antigen (Figure 12.5). This is the basis
of natural immunity (see below).

4 ldentify where antigens and antibodies may be found in the body.

Additional roles for T-cells

We have noted that T-cells of the immune system identify antigens when presented on the
surface of cells (as opposed to responding to free antigens in the plasma of the blood or in
tissue fluid, as B-cells do).

A virus causes a disease only when it has entered a host cell and then has converted the host
metabolic machinery to the mass-production of more viruses (page 237). However, a virus-
infected cell also automatically ‘advertises’ the presence of the virus within, early in the invasion,
by attaching antigens from the virus’s protein coat onto the exterior of the plasma membrane.

The immune system, in the form of special T-cells, recognises these antigens. The killer
T-cell attaches to the infected cell and then destroys it; the infection is overcome. Killer T-cells
are known as cytotoxic T-cells.

T-cells and cancer

A similar response occurs with body cells that have become cancerous. This is because cancer
cells develop tumour-associated antigens (TAA) on their surface. Chance encounters between
T-cells and cancer cells with exposed TAA sensitise the T-cells (we say the T-cells have
become armed). They then become active as cytotoxic cells. In this condition, the cancer cells
may be destroyed.

Unfortunately, the immune system is generally less efficient at dealing with cancerous
tumours than it is with infections. This may be because cancer cells are almost identical to
healthy body cells from which they formed. Consequently, they also carry MHC proteins on
their plasma membranes, marking them out as the body’s own cells. We saw that T-cells pass
through the thymus gland during formation, where T-cells that attack the body’s own cells are
removed. It is likely that the dual messages on cancer cells (TAA alongside MHC proteins) may
disable cytotoxic T-cells to some extent.
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It is now helpful to summarise the complex roles of B-cells and T-cells in the immune system

(Figure 12.6).

Figure 12.6 The roles of
B-cells and T-cells in the
immune system — a
summary
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5 Distinguish between a plasma cell and memory cells of the immune system.

Monoclonal antibody production and their uses

We have seen that antibodies are secreted by plasma B-cells and are effective in the destruction
of antigens within the body.

Antibodies also have great potential in modern medicine, where they can be made available.
The trouble has been that the plasma cells from which they are derived are short-lived.
Monoclonal antibodies are a recent invention by which antibodies are made available in the
long term, for applications in new circumstances. They are already used widely in medicine and
research.
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A monoclonal antibody is a single antibody that is stable and that can be used over a period of
time. Each specific antibody is made by one particular type of B-cell. The problem of the
normally brief existence of a plasma cell is overcome by fusing the specific lymphocyte with a
cancer cell which, unlike other body cells, goes on dividing indefinitely. The resulting cell
divides to form a clone of cells which persists, and which conveniently goes on secreting the

antibody in significant quantities (Figure 12.7).

Figure 12.7 Formation
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The use of monoclonal antibodies in medicine is already established, and is under further
development in these and other areas. For example, in diagnosis, monoclonal antibodies are used
in pregnancy testing.

A pregnant woman has a significant concentration of the hormone human chorionic
gonadotrophin (HCG) (page 387) in her urine, whereas a non-pregnant woman has a negligible
amount. Monoclonal antibodies to HCG have been engineered to also carry (become attached
to) coloured granules, so that in a simple test kit the appearance of a coloured strip in one
compartment provides immediate, visual confirmation of pregnancy. How this works is
illustrated in Figure 12.8.
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Figure 12.8 Detecting  pregnancy testing kit compartment with immobile antibodies to
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Monoclonal antibodies also have applications in the treatment of disease. For example, cancer
cells carry specific tumour-associated antigens (TAA) on their plasma membrane. Monoclonal
antibodies to TAA have been produced. Then, drugs to kill cells or inhibitors to block key
tumour proteins have been attached, so cancer cells can be specifically targeted and killed. The
advantage here is that many drugs and treatments effective against cancer are harmful to other,
healthy cells. The specificity of antibodies avoids this problem.

The original monoclonal antibodies were developed from mouse cells (Figure 12.7), but patients
have developed an adverse reaction to antibodies made this way, since they are foreign proteins
to the patient’s immune system. Genetically engineered antibodies that will be compatible with
the patient’s immune system are sought, to avoid triggering the immune response.
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Vaccination - the process of immunisation

It has long been known that people who recovered from plague or smallpox rarely contracted
those diseases again. The possibility of a patient acquiring immunity from smallpox was
apparently appreciated in the East in the seventeenth century, if not earlier. An English
ambassador’s wife tried to introduce the practice of vaccination in Britain at the start of the
eighteenth century. Vaccination was practised in Turkey at the time, and she had observed how
successful it was there. Sadly, she had little success.

The first attempt in the West at immunisation was made by Edward Jenner (1749-1823), a
country doctor from Gloucestershire, UK. At the time, many people who got smallpox died of it,
but not those who had earlier contracted cowpox (workers who handled cows typically did so at
some stage). Jenner saw the significance of this protection the patients had acquired. He
extracted fluid from a cowpox pustule on an infected milkmaid, and injected it into the arm of
an eight-year-old boy (Figure 12.9). The child got a mild infection, but when exposed to
smallpox, remained healthy. Jenner named this technique vaccination, after the cowpox wvaccinia
(a virus). Of course, he did not understand the cause of smallpox; the chemical nature of viruses
was not reported until 1935.

The French scientist Louis Pasteur (1822-95) discovered that cultures of chicken cholera
bacterium, allowed to age for 2-3 months, produced only a mild infection of cholera when
inoculated into chickens. The old cultures had become less pathogenic — today we say they had
attenuated. Fresh, virulent strains of the chicken cholera bacterium failed to infect chickens
previously exposed to the mild form of the disease.

Pasteur, one of the greatest experimentalists in microbiology, had notable successes in
immunisation (Figure 12.9). However, he recognised the original contribution of Jenner to the

Figure 12.9 Edward discovery of immunity by using the name vaccine for injections of the attenuated organisms that
Jenner and Louis Pasteur e developed to prevent chicken cholera disease, and (later) anthrax (due to a bacterium) and
atwork rabies (due to a virus).

Jenner inoculating James Phipps, from a drawing by William Thompson, ~ Pasteur made a major contribution to our understanding of diseases

c. 1880 (by courtesy of the Wellcome Trustees) of humans and other animals; working with dogs, he showed that an
injection of the attenuated rabies microorganism can produce immunity to
the disease
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Vaccines today

The deliberate administration of antigens that have been made harmless, after they are obtained
from disease-causing organisms, in order to confer immunity in future, is a very important
contribution to public health today.

Vaccines are administered either by injection or by mouth. They cause the body’s immune
system to briefly make antibodies against the disease (without becoming infected), and then to retain
the appropriate memory cells. Active artificial immunity is established in this way. The profile of
response in terms of antibody production caused by any later exposure to the antigen is exactly the
same as if the immunity was acquired after the body overcame an earlier infection (Figure 12.5).

Vaccines are manufactured from dead or attenuated bacteria, or from inactivated viruses,
purified polysaccharides from bacterial walls, toxoids, and even recombinant DNA produced by
genetic engineering.

So successful has vaccination been where vaccines are widely available and the take up is by about
85-90% of the relevant population that, in many human communities, some formerly common and

6 Identify the steps of dangerous diseases have become very uncommon occurrences. As a result, the public in such

plasma cell formation communities have sometimes become casual about the threat such diseases still pose (see below).
that the existence of

; The recommended schedule of vaccinations for children brought up in one developed country
memory cells avoids.

can be accessed via the website www.doh.gov.uk

Controversy about vaccination

The issues that vaccination can raise with the general public are shown by cases such as the
controversy that raged over the combined measles, mumps and rubella (MMR) vaccine.

MMR vaccine was first licensed for use in 1975. For MMR vaccine, attenuated viruses are
extracted from separate cell cultures and freeze-dried. The dried measles, mumps and rubella
strains are then mixed together. In this condition, they remain stable until added to distilled
water, for injection. The preparation must then be used within 6 hours. Children under a year
old are rarely vaccinated because they are protected by antibodies from their mother (passive
immunity). Infants in the UK, for example, receive their first MMR injection aged 15-24
months, and they receive a booster injection between three and five years of age.

Dr Andrew Wakefield, a gastroenterologist employed at the Royal Free Hospital in London at
the time (1998), studied 12 children who had all apparently developed autism within 14 days of
being given MMR. He published his suggestion (in the medical journal Lancet) that for some
children, inoculation with the MMR vaccine triggered an inflammatory bowel condition. In this
state, the gut might become leaky, allowing ‘rogue peptides’ into the blood circulation, quickly
leading to brain damage — in particular, to autism.

Autism is a life-long disorder in which children withdraw into themselves, reject human
contact, and may become impossible to handle. To the families in which it occurs, autism can be
most distressing. The film Rain Man, in which Dustin Hoffman starred, raised the profile of this
disease, so it is more widely recognised now.

Dr Wakefield noted ‘We did not prove an association’, meaning this was a suggestion that
needed following up (and it was). However, his ideas immediately received widespread publicity,
and have lead to public anxiety sufficient to cause a marked fall in the take-up of MMR vaccine.

Why do some parents confidently blame MMR for their child’s condition?

Autism, when it arises, does so at about 18 months. We have noted the MMR vaccine is first
given when children are around 15 months old. When autism does develop soon after inoculation,
it is inevitable that there will appear to be a connection, whether there is or not (page 683).

To date, no study has produced any evidence that MMR causes autism. Major investigations
and follow-up studies have been undertaken with large samples of children in Australia, in
Finland, and in Japan. In communities where the opinion is that cases of autism are on the
increase, it is noted that the increase began before MMR was introduced, and the incidence of
autism continued to rise even when the numbers of children receiving MMR reached a plateau.
There is no doubt in the minds of health authorities that vaccination is the safest option for
children and their parents. However, after the BSE (bovine spongiform encephalitis, page 596)
episode in the UK, governments in the developed world have a major problem in convincing
doubters.
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Table 12.1 Benefits and
dangers of vaccination,
today

Benefits and dangers arising from the general practice of vaccination are listed in Table 12.1.

The coincidence of autism onset and MMR administration may be described as circumstantial evidence. What

part, if any, can it play in scientific discovery?

Benefits

With the assistance of an effective vaccine, dangerous
disease may be eradicated, as was smallpox in 1977.
Poliomyelitis may also soon be eradicated; the Salk
vaccine was developed in 1955, and the (oral) Sabin
vaccine in 1962.

Vaccines prevent diseases that otherwise may result in
very unpleasant and sometimes life-threatening
conditions; for example, measles is a major cause of
infant death in many less-developed countries.

Long-term disability from disease can be prevented.

Disability for unborn children can be prevented since
rubella infections in pregnant women can infect the
unborn child, leading to deafness, blindness, brain
damage and heart disease.

7 State what we mean by immunity.

Muscles and movement

Dangers

In the worst cases, vaccines can actually cause the
disease they are designed to prevent. This is extremely
rare.

Vaccines can cause occasional adverse reactions; for
example, MMR may trigger tenderness, slight fever and
rashes in mild cases, and seizures, allergic reactions,
and anaphylactic shock in serious cases (but none has
been fatal). These reactions are rare.

Whooping cough vaccine may cause brain damage.

As the incidence of a disease begins to fall dramatically
due to an immunisation programme, rare side-effects
of the vaccine, appearing in very a small proportion of
those vaccinated, can become unacceptable to the
public, leading to serious loss of confidence in what
are, in fact, favourable treatments.

11.2.1-11.2.8

Movement is a characteristic of all living things. It occurs within cells (e.g. cytoplasmic
streaming), within organisms (e.g. pumping action of the heart), and as movements of whole
organisms, known as locomotion. It is the issue of muscular locomotion in humans that is

examined here.

Roles of the components of our locomotory system

Locomotion is the result of the interactions of nervous, muscular and skeletal systems. The
component parts and their roles in locomotion are as follows:

m Bones support and partially protect the body parts. Also, they articulate with other bones at
joints, and they provide anchorage for the muscles. In mammals, the skeleton consists of the
axial skeleton (skull and vertebral column) and the appendicular skeleton (limb girdles and
limbs). In our study of exercise physiology, we shall be more concerned with the latter.

m Ligaments hold bones together, and form protective capsules around the moveable joints.
Ligaments are made of fibres of strong but very slightly elastic connective tissue.

m Muscles cause movements by contraction. Skeletal muscle is one of three types of muscle in
the mammal’s body. Skeletal muscles occur in pairs, anchored to bones across joints. They are
arranged so that when one of the pair contracts the other is stretched, a system known as
antagonistic pairs (Figure 12.10). Contractions of skeletal muscle may either maintain the
posture and position of the body, or go on to bring about movement at joints.

m Tendons attach muscles to bones at their points of anchorage. They are cords of dense

connective tissue.
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Figure 12.10 Muscles
operate in antagonistic
pairs
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m Nerves are bundles of many nerve fibres of individual nerve cells (called neurones). They
connect the central nervous system (brain and spinal cord) with other parts of the body,
including the skeletal muscle. Nerve impulses are transmitted in a few milliseconds, travelling
along individual nerve fibres to particular points in the body. Nervous control is therefore
precise and specific as well as quick. Nerve impulses stimulate muscles to contract, and the
nervous system as a whole co-ordinates movement.

How do these components work together to bring about movements at joints?

Moveable joints in the body are of different types, but they all permit controlled movements,
and are all examples of synovial joints because a thick viscous fluid, the synovial fluid, is
secreted and retained in the joint, to help lubricate it. We will consider first a hinge joint, as
found in the human elbow.
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The human elbow joint

Moveable joints are contained in fibrous capsules attached to the immediately surrounding bone.
The capsule consists of tough connective tissue but is flexible enough to permit movement. Also
present at the joint, but outside the capsule, are ligaments that hold the bones together,
preventing dislocations.

At the elbow, the humerus of the upper arm articulates with the radius and ulna of the lower
arm at a hinge joint (Figure 12.11 and Table 12.2). At the joint a fluid-filled space separates the
articulating surfaces. This fluid, the synovial fluid, is secreted by the synovial membrane. The
fluid nourishes the living cartilage layers that cover the articulating surfaces of the bones as well
as serving as a lubricant.

Components Functions

humerus, radius the bones of the skeleton, together with the muscles attached across joints, function as a

and ulna system of levers to maintain body posture and bring about actions, typically movements

biceps muscle anchored to shoulder blade and attached to radius so contraction flexes the lower arm (and
stretches triceps)

triceps muscle anchored to shoulder blade and attached to ulna so contraction extends the lower arm
(and stretches biceps)

ligaments hold bones (humerus, radius and ulna) in correct positions at the joint (combats dislocation)

capsule contains and protects the joint without restricting movement

synovial membrane  secretes synovial fluid

Table 12.2 Components  synovial fluid lubricates the joint, nourishes the cartilage, and removes any (harmful) detritus from worn
of the elbow joint (a bone and cartilage surfaces
synovial joint) and t.helr cartilage firm, flexible material — a slippery covering that reduces friction
functions
Figure 12.11 The hinge humerus
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