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Get the most from this book 

Prior knowledge 
This i.s a short list of topics that 
you s·hould be familiar ,vith before 
starting a chapter. The questions 
will help to test your understanding. 

Tips 
These highlight impo,rtant facts, 
common misconceptions and 
signpost you towards other relevant 
t,opics. 

K t r a d form la 
These are highlighted in the text and 
definitions are given in the margin 
to help you pick out and lean1 these 
important concepts. 

vVelcome to the AQA A-level Biology Year 2 Student's Book. This book 
covers Year 2 of the: AQA A-level Biology specification. 

The following featur,es have been included to help you get the tnost from 
this book. 

...,..--~-: ..... 
;..u••--' 

-··i.-· 

Ex .. 
en s1on 

Throughout the book you wiH 
also find Extension boxes~ which 
contain extra material to deepen 
your understanding of a topic. 

l 
1 



Exam es 
Examples of questions and 
calculations feature full workings 
and sample answers. 

Test yours 1elf questions 
These shon questions, found 
throughout ·each chapter, are useful 
for checking your understanding as 
you progress throu gb a toptc. 

Activities and Required 
practicals 
These pr-actica.l-brase d activities 
will help consolidate your lea1-ning 

and lest your practical skills. AQ/is 
required practicals a re clearly 
higl1lighted. 
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Pr ctice uest·o s 
You ,vill find Practice questions at the end of every chapter. These 
follow the style ,of the different types of questions yo,u n1ight see in your 
examination, including multiple-choice questions, and are colour cod d to 
highlight the level o.f difficuh>7. Tes't your understanding ,even further, with 
Maths questions and Stretch and chaUenge questions. 

Green - Basic questions that everyone should be able to answer v.rithout 
difficulty. 
Orange - Que-Stions that are a regular feature of exams and that all 
co,mpetent c-and.idates should be abl to handle. 

II Purpl - More d manding qu,esdons which the best candidates 
should be able to do. 

II St1·etch and chillenge - Questions for the tnost able candidates to test 
their full understanding and sometimes their ability to use ideas in 
a novel situation. 

¥11ll1iii'····-·····-······-·····-1 
i!IM~ - · r ~ , ..... - .. : 

I ·----·--- : I 
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o ,edicated chapters for developing your Maths and Practical skills and 
Preparing for your exam can be found at the back of this book. 
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Energy transfer 

···········································~·~·················~··········~···················~···········~····· • • i PRIOR KNOWLEDGE i 
• • • • 
: • Radiation from the Sun is the source of e nergy for most com,munities : 
• • 
: of ltvrn9 org.anjsms. : 
J • 
: • Green plants and algae absorb a small amount of the li ght that : 
• • 
: reaches the,m . The t ransfer from Ught energy to chemica l energy : 
• • 
: occurs duri·ngi photosynthesis. Thi1s energy is stored 1in the substances : 
• • 
: that ·make up the cells of the plants and alg.a·e. : 
f • 

j • Respiration suppUes the energy needs for livi'ng processes, including f 
; movement Mu ch of this energy is eventually transferred to the 
II 

: surroundings. 
i • In aH ce lls~ ca rbohydra,te or Upid motecules are broken down duT,ing 
i re s piira·ti on to re lea s-e the energy re qu ir-ed to resy nthes1se ATP. .. i In some cells! ATP can also be made 1using light energy duri:ng 
: photosynthesis. I • The amounts of materia'l and energy conta ined in the biomass of 
: organ:isms are reduced at -each success ive sta·g,e iin a food cha1iin .. 
; becauise so'me materials and energy are always lost i1n organisms· 
! waste m·aiteria,ls. 

• • • • • • ~ 
; 
"' • : • • • • • Ii 
it 

I 
i • • • • • fi. .. 
t .. .. 

=···•-•••t••••••+•••••••+•••••••••t•••·················•••t••••••••···•••••t•••····· ........................ .... 

~ ........................................................................................... . 
i TEST YOURSELF ON PRIOR KNOWLEDGE j 
i 1 IName two substances that ma·ke up the cetls of a plant. i 

2 A mouse is comptetely at rest 1in a comfortable e11vironmenta,l i 
temperature. IName two processes during which ~t uses ATP. i 

• 

• • i • 

3 Name the enzyme invo lved in resynthes1isi ng ATP. ! 
4 In what for:m 1is energy reileased by respirati·on eve.ntua lly transferred j 

to the surroundjngs? ! 
i 
· ·· ·················••t•••••••••••·••tt••··········· · ·· ·····················•tt••••••tlll_ ........................ .. 

I ntrod uctio n 
Sugar cane is grovtn as a crop in more than 70 countries and provides 
around 80 °,6 of the wTorld1s sugar. It is 011e of the. most efficient crop plants 
in cultivation. Originally fron1 south Asia; su gar cane is a tropical grass . 
• Along ,vith son1e other tropical grasses such .as elepl1ant grass, it has 
evolved a way of photosy11thesisi.ng that allo1,vs it to make the most. of the 
tropilcal sun. 

Most plants use a form of photosynthesis called C3, photosynthesis. In these 
plants) the fust stable product of photosynthesis is a d1ree-carbon molecule. 
The reaction is catalysed by an en.;_ryrne called ribuJose bisphosphate 
ca:rboxy]ase (ru.bisco for short). But rubisco has a surprising flaw. Although 
it catalyses the reaction ··with carbon dioxide) it wiU also ca1a]ys,e a react.ion 
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Yo u are not req u I red to kn ow 
about C4 photosy nthesis~ but 
it is a n exa m1p'le of the kind of 
ma teria l yo u 1might be ex pecte d 
to ainatyse or interpret. 
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h hi rrr ni m organisms 
that sy n thes11se the iir own b ro,logfc al 
molecules using light energy. 

with oxygen instead ) resulting in a different outcome and inhibiting the 
enzymes cont ribution to photosynthesis. 

When plants close their sto1nata in hot, dry conditions, the carbon dioxide 
concentration in their leaves faUs and oxygen competes more successfuUy 
'Wi.tl1 carbon dioxide for rubisco. The efficiency of photosynthesis is then 
reduced. Plants in tropical conditions, esp ecially grasses, face hot, dry 
conditions more oft.en than d1ose in other areas. Some, like sugar cane, 
evolved a form of photosynthesis) called C4 photosynthesis, that reduces 

tl1is problem. 

Sugar cane does not gro"\\7 as effectively in th e UK. But you may have seen 
fields of elephant grass being gro~n in the UK as a biofuel for electricity 
generation. Elephant grass is also a 1C4 plant and its rapid growth and high 
annual bion1ass yield makes it use(ul as a renewable energy source. Unlike 
sugar cane and elephant grass, n1ost plant species in the UK carry out the 
fonn of photosynthesis you ·1wiH team about in this chapter. 

Ufe on Earth depends on the continuous ttansfei of energy lhrough 
photosynthesis, feeding and r,espiration. Plants and other chlorophyH­
con'taining organisms photosynthesise , absorbing light. In this process, 
sotne of the ,energy of light is conserved in the production -of ATP and 
ultimate]y in carbohydrates and other biological nllolecules. 

These biologica] molecules can be used directly by the plants, m,ostly in 
respiration and to make the other bi-ological molecules they require~ or they 
can be transfen·,ed 'to other organisms by the animals that feed on the1n and 
by saprobionts that decompose th m . 

Durtng respiration, various respirato1y substrates a.re. oxidised and some of 
their eh mical energy is conserved in the pro,duction of ATP. ATP can then 
be used in various forms of biological work, such as movement 1 synthesis of 
large biological molecules and active transporL 

These energy transfers are fundamental to life. Respiration is ,common 
to all organisms a.nd photosynthesis is common to all p liu l oauh I ro p hit: 

r nni . 111 • Tht' fact that these processes are so, widespread suggests that 
the-Se organisms all evolved from common ancestors. This is indirect 
evidence for evoluti.on. 

o~-------------E n erg y and efficiency ........ ···!'"·-· ... , .......................................................................... 1 .......... , ..... ,, ................ .. 

s i t ry u strn Biol,ogical 
molecules used as fuel in resp,iraitio,n . 

10,n s The mass of carbon in biologkal 
molecules or dry mass of t~ssue per grven 
area per g,ven t•me. 

Nehher photosy11.thesis n or respiration is totally efficient. During 
respiration., for example, not all the chemical energy from a molecule of 
n.'spirat .. ,ry .· 11b_ trat · is transferred into molecules of ATP. Sarne of the 
energy \VlU inevitably be lost as heat. This is obviously important when we 
come to look at the transfer o[ hi, m·ls~ and its chemical energy from one 
organism to another along a food chain or through a foodl web. 

Figure 1. 1 sum·marises the three ways in which energy is transferr,ed 'wi.tl1in 
and betv,reen different organisms. 



energy transferred from energy Jost 
l1ight during photosyn,thesis as heat 

ATPfor 
biol og i cail work 

C J energy I~ 
plants • as heat 

energy resp i rati:o n 

transferred ATPfor 
as food biological' work 

herbivores C y • energy lost 
as heat 

energy 
respiration 

transferred ATPfor 
as food b iol,og i1ca1I \VO rk 

energy lost 
as heat 

respiration 

Figure 1.1 A su1mmary of the ways iin w :hich energy is transferred with i,n and, between 
organ,isms. N,ote that, each time a transfer occurs; som1e energy is lost a,s hea:t. 

o--~~~~~~-
P h otosynthesis 
Organis1ns n1ust have a continuous supply of biological molecules foT 
respiration and with which to build ne\~l cells and tissues. For animals, 
these biologic.al molecules come from food: this is sometimes f-rom other 
animals but ultimately from plants. lt is ,only by photosynthesis that light 
energy can be transfen·ed to chemical energy. 

Photosynthesis is a complex process involving a numb r of separate 
reactions. his useful to get an idea of the ov,erall process before we look at 
the detaiL Figure 1.2 shows the t"ro basic steps. 

• light-dependent reaction; light energy is absorbed by chlorophyU and some 
of this energy is transferred t,o chemica] energy in ATP. A second substance 
is also produced. This is reduced NADP (see page 15 for a definition. of 
reduction and oJri.idation). In order t·O produce these substances, a tnolecule 
of water is split and OX}"gen is given off as a ,w.ste product. 

• Light-independent reaction: ATP and reduced NADP are inv,olved in the 
use of carbon di.o,Aicle to make e-arb,ohydrate. 

11 ig,nt energy 

I ig ht--d epe nd e nt reaction 

~ 
NAD P ired uced NADiP 

~ 
I ig ht-i nd epe nd ent reaction 

G31rbon dioxtde GJ rb ohyd rate 

. • Iii g ht energy 
c.a rbon d 1ox1d e + water ea.rho hydrate + o:xyge n 

Figure 1.2 The mai1n steps in photosynthes~s. The substa nces entering and ,Leaving 
the Leaf ea n be arranged to g,ive the basic equation for p,hotosynth esi,s. 

~ ::r-
0 
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Disc-shaped, membrane-bound 
structures found instde chlorop,lasts. 

ran· Groups ,of thy lako ids a nanged in 
stacks. 

Figure 1.3 A transmission electron 
micrograph of a chloroplast. Th is 
chloropla,st is approximately 5 ~m ~n 
d,ia mete,r. 
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n I I ,.. The pro c:ess by whkh a 
chlo irophyU molecule becomes posmtwely 
charged as a result of [os.ing t:'!No ,electrons 
when rt abs,orbs l 1g)ht. 

Structure of chloroplasts 
You should ren1eniber from the first year of the course that chloroplasts 
are the site of photosynthesis (see AQA A-tevd Biology 1 Students Book.~ 
Chapter 3 page 42) . Ea.eh chloroplast (Figure 1.3 below) is surrounded by 
t1,vo n1embranes. Both the outer and inner membranes of a chloroplast are 
sn1ooth. Inside the chloroplast there are a se1ies of disc-shaped, membrane.­
hound structures called lhylakoid . In some places the thylakoids an~ 

arranged in stacks caUed grana. The membranes that fonn the grana 
provide a v,ery large surface area [or chlorophyH 1nolecules and other light­
absorbing pigments. 

The light-dependent reacti,on 
If you crush up some nettle. leaves in an organic solvent such as ethanol 
you can make a cl1lor,ophyU solution. If you shine a bright light on this 
solution it fluoresces (emits light), but ; instead of appearing green, it looks 
red. Light falling on the solution causes ,electrons to ]eave some of the 
chlorophyU molecules. This is because of photo ion is· I ion . 

In a sol1nion of chlorophyll the electrons have no1vhere to go. This is why,. 
when we shine light on the solu tion, it fluoresces red. The electrons lose 
most of their energy as light of .a differe11t wav,elength as d1ey fall back into 

their places in the chlorophyll molecules. 

In a cl1.lo1~oplast, however, 1hese electrons do n ot return to the chlorophyll 
molecule from which they came. They p ass down a series of electron 
carriers) losing energy as they go. 1n chloroplasts, this energy is conserved 
in the production of ATP and reduced. NADP. 
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REQUIRED PRACTICAL 
Use of chromatography to investigate the pigments isolated 
from leaves of different plants 
This is just one, example of how you might 
tackle this requ,ired practical.. 

[ A chlorophyll so luti1on contains a m·ixture of . 
; chlorophyll cH1d other pfg·ments. The different 
· plg·ments can be sepfir-ated us]ng chro,ma,tography. ~ . . i Figure 1.4 shows the result of usi1n 9 thin layer 
; chromatogTaphy [TLC), to separate the plgm ents 
: 

extracted from nett Le leaves. 

:. 1 What js a· solvent? 
: ! 2 Sugigest why the ortg in line was placed a Littte 
~ way above the base of the plate. 

How could the orig in spot have been made 
su f fl c ient ly concentrated? 

The di:fferent pig,m,ents in the mixture can be 
identified by finding their Rf val,ues. The Rt 1is an 
exa 'mple of a ratio and 1s ea lcu ~ated as : 

R • distance moved by the component spot 
1 distance moved by the so lvent fro·m the origin 

The standard Rt va l,ues for these pigm ents using 
this solvent a re: 

.---~ .............................. ~ ----1 solvent front 

ch to rop hytl a 
carotene 

0. 31 c h lo ro p hy l t b 
0.96 xanthophyll 

0.15 
0.63 

Figure 1 .. 4 lal Nettles. fb) Thfn Layer chromatog.ra phy plate 
foUo,wtng separation of nettle Le·af ex tra,ct. 

~ • 

You do not need to know about Rf values, but us1ing them is a 
g.ood way to practise your m,aths skills. 

4 Id entify tlhe different ,plgments on the thin tayer chromatography 
plate fn Ffgure L4b by m easuring th e distainces with a ruler and 
calculating their R,values. 
Give one ,poss ible source of error i·n finding· the R,values. 

Look at Chapter 15 in AQA A-level 
Biology 1 Student 's Book for 
i·nform,ation on how to carry out 
thin layer/paper eh romatog ra phy. 

e • 
•• •• • • • 1. • l!•i.r•'l •A 11•" •,i 1111! !1 .. ,i.••••• !I;,. ., , •1 ••••• ••111 r• .. I!• ·~· ••••'I••" • ••••••••,.••••"••••• ••'I•• ••_.••• 1•rlli i1 II••••••• •" "il'I ~· •• :11.• ••" ... .. • ia 11 •• •il l~• r• •J• ••• ,ia ••,•• ••• ... ,. ••II••••••• r• ••'I••" •1 ••••• ... .. I•••• •t• •• r•I r• ••• ••••••••••••••ii ,., ,. •,••• r•• 1.• . . ..... .. •.1••• •!I,., r• • ., • .., . , .. 

Figure 1 .. 5 A summ;ry of the· L~ght ­
depQ nd~nt reactton of photosynth,Qsis. 

The light-dependent reaction is described on the next page and is 
su.1nm.arised in Figure 1.5 below: 

electron c:a rriers 

electrons 

chl,orophyU 
mdecule 

oxygen - -----

e.lectrons 

Hght 

NlADP 

chlorophyl'I fight 
molecule 

reduced 
NADP 

H+ · 
1 ions 
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le tron t nsfer r hain A sen,es of ,electJ·,o,n 
,c arrie irs arra ng.ed within a membrane that 
can accept and then pass on ,electr-ons. 

• Ligh t strikes a chlorophyll n1olecule, causing photoionisation. Two 
electrons leave the chlorophyll molecule and pass to an electron carrier. 

• The electrons are transfen'ed along a series o[ electron carriers) whicl1 
fonns an electron t rans ic r eh · i 1 \Vithin the thylakoid membrane. The 
electrons lose energy as they a.re passed &otn one e]ectron carrier to the 
next. This energy is used to produce ATP. 

• Photolysis takes pla,ce. This is the breakdovrn of a \Vater molecule lo 

release protons, electrons and oxygen. 

-, 2H+ + 2e- + l o 2 2 
protons electrons ok-ygen 

• The bNo electrons .fro1n photolysis r,eplace those lost from tl1e chlorophyll 
molecule during photoionisation. Oxygen is released as a waste product. 

• Light strikes a second chlorophyll molecule, causing photoionisation. 
Two electrons leave the se.cond chlorophyll 1nolecule and pass to an 
electron carrier. They pass along another ,electron transfer chain. They are 
used, together ~with the protons from the photolysis ,of v.rater, to pr,oduce 

reduced NADP (see page 15 for a definition of reduction and oxidation). 

NADP + 2H+ + le- ""4 reduced NADP 

Notice that the oxygen prod1uced in photosynthesis comes from photolysi's 
of water, rather than from the carbon diox,ide that plants take up from 
ther,r envi1 ronment. 

Electron transfer chains and ATP production 
As each pair of electrons passes along an el c tron transfer chain, a small 
amount of energy is released. This energy enables carrier proteins (see AQA 
A-level Biology 1 Student~ Book) Chapter 3 page 46) v.rithin the thylakoid 
membranes to acu,,..eJy transpon protons fro,m the stro,ma across the 
ihylakoid membrane and in'to the spaces between the 'thylakoids. This 
develops a higher concentration of protons inside the thylakoid spaces than 
in the stroma. As a res-ult; protons diffuse down their concentration gradient 
fron1 the thylakoidl sp~,ces to the· stroma. They diffuse through m.olecule-s 
,of ATP synthase embedded in the thylakoid membranes, and the resulting 
change h1 environment results in a change in the protein; causing the ATP 
~nthase molecules to spin. This spinning provides energy for the synthesis 
of ATP from ADP and inorganic phosphate. 



stroma 

Hght 

OhlorophyiU 

........ .... .. 
~ .... 

•• 

ATPsynhase 

thytak,otd 
membrane 

.......... -~ ······ . .... .... ,. ... •• •• •• ............. 

electrons (e-) 

thyla kol d space pro,tons (hydrogen i,ons) (H+J 

Figure 1~6 How the electron transfer system and ATP synthase molecules a,re em1bedded in th,e thylako,id 
m,em,brane. 

Chloroplasts isolated from plant leaves can be used t.o investigate the light­
dependent reaction. If isolated chloroplasts are placed into a dilute buffer, 
th y absorb water by osmo,sis and burst 1 releasing their thylakoids int,o the 
solutio,n. If a blue dye called dichlorophenoUndophenol (DCPlP) is added, 
electrons from active electron transfer chains are transferred to D1CPIP 
molecules, r,ed.ucing them rather than NADP molecules. When DCPIP is 
reduced. it changes colour from blue to colourless. 

II"'•• ~ti• 114 .. !"!I~'""' ioil ,, •• •• • <ij<ill "'I,. • f,lil ••• • • - ...... l,lilli ••••• .. "I.•• ..... ollilol •,lJ ii•,. l" I'" !frlll • ioil •1"• •-j• •• • f,J "'I~ "l!"il 'i"'IP "'jil •••• Iii •I-•••••• 11111' "'l"l "'1 1' • ...... i. lhf , "I,. I" !'"-. Ii• ••••• • 1iil "I,..••••• Ii•• "'" 91i;il ltll • •• • ilii "l"!ll Iii • ... ii • • "I•• li "'I" jiij- .-11111 io i! • f- • • -, • ii.ii 'II" "'f iil • !" ii •• fi, lllo liiol o • ii.-: ,- • II Oir ,. •• ilfl1' "!ill "'II"• 

REQUIRED P ACTI AL 
Investigation into the effect of a n,amed factor on the rate of dehydrogenase activity in 
extracts of chloroplasts 
This is just one exam1ple of how you might tackle this 
required practh:at. 

F~gure 1.7 s hows the results for isQlated chlorop lasts 
mixed with di:lute buffer a,,nd DC pip and placed i1nto 
different condi1ti1ons. 

The tubas were set up as follows~ 

Tube 1: chtoroplast extract buffer, DC PIP 
Tube 2: chloroplast extract. buffer. DC PIP. completely 

wrapped in foil 
Tube 3: boiled chloro plas t e.xtra ct. buffer. DCPIP 
Tube 4: bo1ileci chtoroplast extract~ buffer~ DCPtP~ 

coimptetety wrapped in foit 
Tube 5: chLorof)last extract, buffer 
Tube 6: chloro pla s t extract . buffer. co ,mptet ety 

wrapped fri foil 

All were th en placed under a bright Ught for seve ra l hours. 

Figure 1.7 Re,s ults of an ~nvestig·ation using sp I nach 
chloro;plast ex tract w ith DCPI P. 

; Using what you now know about the light- dependent reactron , exp tatin the oresuHs . . . . 
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i c J or ribulose bisphosphate 
,carboxylase. Th,e ,enzyme that catalyses 
the reaction betw,Gen ,carbon dr.o,xide and 
ribulose bisphosp,hate in the Calv~n cycle. 

The lig1ht-independent reaction 
The light-independent reaction of photosynthesis comprises a cycle of 
reactions called the Calvin cycle (see Figure 1.8). The main steps in the 
cycle are as follows: 

• Carbon dioxide reacts 'vvith ribulose bisphosphate (RuBP) to fom1 t,vo 
n1olecules of glycerate 3-phosphate (GP). This reaction is catalysed by 
an enzyme called ribulose bisphosphate carboxylase (rub isco). 

• GP is then reduced to triose phosphate. This is a reduction reaction and 
requires the two substances formed during the liglllt-dependent reaction: 
reduced NADP and ATP. TI1e reduced NADP is used to reduce GP. ATP 
provides additional energy for the reaction. 

• Triose phosphate is a simple sugar. S0n1e triose phosphate is converted 
to useful organic substances, such as sucrose for transport or cellulose for 
storage, or int,o amino acids and uiglycerides. 

• Most of the triose phosphate is oonverted into glucose and used by the 
plant as a respiratory substrate. 

• So,1ne ttio,se pho,sphate is used to regenerate more RuBP. 

carbon 
dtoxide 

I 

/ 

rfoulose 
bisphosphate 
(RuBP) 

glycerate 
3-p hosp hate red uced 
(GP} . AlA~P 1, . 

ATP - " NADP 

ADP + P1 • 
triose 
phosphate 

J 
ADn ___...., useful organk 

s,u bstan ces 

Al",P 

Figure 1~8 The m,ain steps i1n the Ca lvin 
cycle. 

flask 
cont a i,n i ng 
14(02 

Figure 1.9 Supplying ra d,ioa,ctive 
ea rbon d:ioxid e to a plant leaf. 

The Calvin cycle can be investigated by supplying a plant '\Vilh 
radiJ.oa.ctive.ly labelled carbon. di.oxide. A plant leaf can be enclosed in a 
flask containing radioactiv,e carbon dioxide (Figure 1 .9) . A serl.es of leaves 
can be left in radioactive carbon dio}..'i.de for different am.ounts of time. The 
leaves can then be removed from the plant and analysed for radi.oactive 
substances. 

The results of such an investigation are shown as a graph in Figure 1. 10. 
The first 1--adioactive substa11.ce detected in tl1'1e leaf is G-r Ru.BP is detected 
more slo\vly. This indicates that 1he radioactive carbon dioxide is used to 
form GP and that the GP is then used to form RuBP 
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Vi eld Th,e bi,am ass of the pa rt of the crop 
that is harvested. 

1 
Amount of 
rad ioactive 
S'U bstan c:e 

light 

~~-------------------- ~~ ~~ '"'\. 
I ' , ' , \ ,' .. 

dark 

g~ycerate 
3-phosphate (GP) 

I ', 

l ' .... , ri1b u lose 
' '\., bi·s phosp ha1e (Ru 8 P) .... ·--..-:.---~---~----- .. 

f TI me ~ 
rra:dfoactively la.beJiled 
carbon d,ioxide supplied 

Figure 1.10 Grap1h showing cha.nges in th,e amount of some ra,dioact iv.e 
substances 1in a leaf i1n tight and dark cond i,tions. afte r bei ng ,given 
radi oactively Labelled ea rbon d1ioxide. 

After a certain time in light 1 the amount of radioactive GP and RuBP both 
become constant . This is because GP and. RuBP are being formed in a cycle . 
As fast as GP is being formed from carbon dioxide and RuBP, it is being 
used to regenerate RuBP. 

If the light is switched off, the amount of GP increases while the amount o,f 
RuBP decreases. TI1is is because th light-dependent reaction can no longer 
produce ATP and reduced NADP. If you look at Figure 1.8, you will see that 
ATP and reduced NADP are required to, convert GP into triose phosphat, 
but not to co,n-vert RuBP into GE In the dark RuBP is c,onvert,ed to GP, so 
the a1nount of RuBP decveases vlhile the amount of GP increases. 

·-·····················•••t+••···································· ············~· ·· ····•••••• t: 
.- TEST YOURSELF f 
~ ' i 1 What is photo~onisation? i • • • 2 .. : I n1 the li g1ht- dependent reac t ion of ph otosynthesis. w hat ha·ppens to i 
• • : the electrons that come from ~ : 
: t 
; aJ a water motec u!le : 
• • i b) the first chlorophyll m,olecule struck by ti ght ~ 
: cJ the second chlorophyll molecule struck by li ght? i 
I 3 Nami·e the three-ea rbon sug:ar produ ced in th e Ca lvi n cyc le. I 
~ . 
! I+ Look at Figu re 1.1[L Use the information to exp la1in t he cha ngies in th e ~ 
• • 
: amounts of rad1oact ~ve subs tances fr1 the dar k. : • • : .................................................................................................................. ~ 

Limiting factors and photosynthesis 
Plants rely on photosynthesis to produce their respiratory subsirates and 
other biological molecules they need to fonu their biomass. Th e grealer a 
plants rate of photosynthesis) the greater its rate of gro,,rt.h and) if we are 
considering crop plants the high er the y i Id . Amon g the envii-onmental 
factors that tnay affect the rate of p hotosynthesis are: 

• light intensity 
• carbon dioxide concentration 
• te1npe1--ature 
• availability of wat,er in the soil. 
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The shape of curve A in 
Fr g. u re 1 . 11 1 s ve ry s i m. i la r t a the 

one for the rate of an enzyme­
catalysed reac tic n aga Inst 
substra te concentration {see AQA 
A-level Biology 1 Student's Boo.k. 
Chapter 2 page 32)1 because both 
involve lim1i1ting factors. 

The amount of water ava iilabile 
to a p la.nt ea n ,li m it the rate of 

photosynthesis if l ack of water 
causes the stomata to close. The 
rate of photosynthesis is actu,aHy 
then lim ited by reduced carbon 
dioxide ava ilability. not by a lack 
of water for ph otosynthes'f s itseU. 

The graph in Figure 1.11 shows the effects of light intensit}~ carbon dioxide 
concentration and temperature on the :rate of photosyi--ithesis. 

l 
Rate of 

photosynthesis 

-----------A: 0.14o/o C02 25°C 

, ....... ---------- ------------------- B: 0 .. 14o/o Co2 15 °C 

---------------- C: 0.04o/o C02 25 1:1c 
......... -- ------ ----- - -------- -- - ---------- - D: 0.04% Co2 1 5 °C 

Light intensity ,... 

Figure 1.11 Lim iti·ng factors: the effects o.f light intensity, ea rbon di,ox i1 de 
concentration and temperat:u re on the rate of p hoto,synthesjs. 

Over the first pan of the curve A, the rate of photosynthesis is directly 
proportional t,o light intensity. Because o.f this, we can describe. light 
as limiting th,e rate of photosynthesis over this part of the curve (it is 
a limitin: factor). As Hght intensity continues to increase, the curv 
starts t,o flatten ,out~ light intens:ty is no longer limiting the rate of 
p ho tOS)111thesis. 

HoVi-rever) the graph also sho\'\rs two other environmental factors that 
may interact with light intensity. For exaniple, incr,easing carbon dioxide 
concentradon o,r temperature ~rill not increase the rate of photosynth,esis 

when light ilnt,ensity is lo"'·> such as on a winters day in the UK. 

Carbon dioxide limits the rate of photosynthesis in bight conditions. 
Increasing the concentration of carbon dioxide in the atmosphere ffom 
its normal lev-el of approximately 0 .04% to 0.14% and keeping the 
'temperature constant has a much greater effect on the rate of photosynthesis 
than increasing the temperature fro··m 15 "'C to 25 °C and keeping the carbon 
dioxide concentration constant. 

You can also see &om the graph that b1creasing the temperature from 1 S, °C 
to 25 °·C increases the rate of photosynthesis. The .effect is greatest ,vhen 
neither light intensity nor carbon dioxide concentration a.re limiting. 

By understan.ding how environmental factors can limit photosynthesis; 
£anners arc able to take steps to overcome their effects and improve 
the yield of their crops. This is easie1· in closed envi.ro11ments such as 
g1isshouses, but some simple practices; such as limiting the s!iade from 
high h edges or irrigating crops~ can be worth,vhile for field crops too. 



Carbon dioxide concentrati'on and cro,p p,roduction 

lln br·ight condrtiions, the concentration of carbon 
dioxide usually Umits the rate of photosynthesi1 s. 
An increase in carbon dioxide concentration should 
therefore f ncrease the rate of photosynthesrs. l ook 

Ra,te of 

at Figure 1.112. It shows the results of a laboratory 
experiment in which scientists f nvestigated the effect 
of an increase in carbon dioxide concentration on the 
rate of photosynthesis of wheat. The scientrsts rm!ade 

sure that no other factors were Uimiti n gi the rate of 
photosynthes,is. 

photosy,nthesis/ 'S o-L-t.:e:ci:+:i:+J+l+H=H+l-tt~H--H-+-t-H+t±tt±t:ct::t:tttt:t:t:l 
arbitrary units 

Carbon dioxide concentration/% 

Figure 1.12 Eff.ect of ea r:bon dioxide co nee ntrati on on raite of photosyn,thesi s in wn eat. 

Suppose we doubled the concentra,t~on of carbon 
di,ox ide fro1m 0.0330/o to 0.066°/o. What woutd happen 
to the rate of photo.synthes,is in wheat? 
Tile rate of phv tosynt hes1s v1outd increase fro,n 4.'5 to 
66 arbitrary units. 

~ Can you conc lude from th,is graph that an iT1crease 
in the concent:ra·tlon of carbon dioxide i1 n the 
atmosphere wiH res ult in an increase in the growth 
of wheat plants? Exp lain your answer. 
Y&s. d higher rate uf photosynthesis v.;ilt produce 
more tr1ose phosphate. ~vhich can then be converted 
to other useful 5ubstances~ resulting in more 
grmNth 

3 Wtll a ni increase in carbon dioxide affect the rate of 
photosynthesis of all crop plants in the same way? 
No. 1t depenas ho'rtv the crops are affected by other 
t 1miting factors. 

Loo k a, t t h e data i n Ta b le 1 . 1 . The data p red k t the 
effect of doubling current atmios.pheric concentrat 1io,ns 
of carbon1 diox,ide. 

4 Wha,t general conclusions can you draw from the 
d a ta in t h is ta b le? 
Alt tl.e plants wilt grow faster, including the V·/e~ds that 
compete v.;ith crops. But the increased grov,th ~n the 
harvested pa rt oft he crap will not be .as greal as the 
increasea grot:1th of the 1rvhole plant. 

5 Use the data in Table 1.1 to suggest how doubU ng 
the curre nt atm esp h errc co nee nt rait jo n of ea rb on 
dioxide would affect the marketable yield of 
cabbages g,row,ing in a fi·etd. 
About half the increased grrn •. vth of cabbages wauld be 
1n the harvested part of the plants. the rest ~lould be 
roots and outside leaves. 

Table 1.1 The .effect of doub Ling current ;itmiosp her ic concentrati,ons of ea rbo 11 dioxide on some d ~ff ere nt cro,p p~ants. 

Lan Percentage i ncrease·in.biomass Percentage increase in marketable yield 
Cotton 12.4 104 

Tomato 40 21 
Cabbag.e 37 19 

Weeds 34 not a pplicab Le 
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energy in I ig,ht 
reflected~ 1 So/o 

energy i,n light passing 
through leaves and not 

st~iking chlorophyll: 30o/a 

How efficient is photosynthesis? 
A lot of light falls on the surface of the Earth. Only a small part of this is 
used during photosynthesis. Look at the wheat c:rup shown in Figure 1.13. 

energ,y from sunligif"rt 

I 
• 

energy I ost as heat 
50% 

Figure 1.13 This whea,t cr op conserves only a sma,U percentag,e of the incident l,ight energy as chemical 
e,n,er,gy in orga nic substances. 

SeeAQAA-level Biology 1 Students 
Book Chapter 10 page 184 to revise 
evapo ratiive coo lin g. 

111 r•,•••!llr••••111•••••••••••••••••'ll••••1J••••••••••• •_.••••11••••" il •• • .,, •• .,•,•••• ••\ 

r; ~ . ri m ~ pr" The chem~,ca1\ 
energy stored in plant biomass, in a given 
.air:ea or vollumer in a giv,en t~m~. 

Dry mass is more vaUd than 
s im ply weighing fresh plant 
.matedal beca use fresh pla nt 
mated a l ca n contai,n very 

different quantities of water 
depending on th e envi,ronm enta l 
con di t1 ons w hen 1t was collected. 

• About 50% of the light n rgy~ absorbed by th plants in this crop is 
lost as heat. :tii.1uch of this heat evaporat s water from leaves durtng 
t r.anspirati on. 

• Appr,oximately 15,% of the light is refl cted fr,om the lefi.f surface. 
• Almost a third of the light, approximately 30%, is tran mitt d . h pass,es 

diFectly through the plants without striking any chloro·phyU molecules. 

Yott can se,e from this that only a very smaU percentage of the light ,en rgy 
can be co,nserved as chemical . n rgy in the biological molecules produced 
by photosynthesis. 

The rate a.t whicl1 plants are able to produce new organic substances as a 
r,esult of photosynthesis is called o~~ pri rna ry product ion (GPP). Since 
this is a rate, the units must include time. The units also include the area 
,or volume of plants being m,easured. For lan.d plants area is used, U5ually a 
square metre, whereas for aquatic algae volume is used. StaJndardising the 
quantity of plant 1nateriail being measured allows GPP values for different 
plant populations or co1nmunities to be compared. 

\tle can calculate GPP as an increase in either 

• dry mass of tissue 1 1neasured in units such as gin-2 day- \ or 
• mass of carbon 1 measured in units such as µgm-2 day-1. 

Th e dry 1nass of plant material is found by \Vanning it in an. oven to 
evaporate aU the ,vater in the tissues. At n1tervals, the plant material is 
weighed. \Vhen three succ~ssive mass measureme1-its are the same there is 
no further water left to evap orate. This must be done slo,v]y. ] t is important 
not to overheat the plant material othenvise it may burn and lose dry 1nass 
by con1bustion rather than just evaporation. 



N t nm production lh@ chemkai 
energy stored in plant bi,oma:ss after losses 
to respi raa on have been taken into account. 

Fi g u re 1.14 Heather. 

The chenucal energy stored in the dry biomass can then be estimated 
by calorim,etry. In this case, GPP ,vould be measured in kJm-2 day--1 (or 
kJ n1-3 day-1 if it were aquatic algae). 

Some of the substances £orn1ed during photosynthesis are 11.ot) however, 
used to form new cells and tissues. They are used in respiration. The 
difference between 1GPP and respiration is net prun r production (NPP) . 
We can calculate net primary production f-rom the equation: 

NPP=GPP-R 

where R represents 1he energy loss thr,o,ugh respiration. 

N et p1imaty production is in1porta·nt because it represents the amount of 
energy available to-'the primary consumers (herbivores) and decomposers al 

other irophic levels in a fo,od v.,,~eb (see page 22). 

Efficiency of energy transfer by heather 
Figure 1.14 sho\vs heather plants. Scientists ha,re found heather 

particularly useful in S'tudying the efficiency of photOS}illthesis for the 
following reasons. 

• In moorland areas, heather grows in large clutnps called stands. Each 
stand i.s almost pure heather, so we. d,o not have to co1iside1· what fraction 
of the total visible-light n rgy is used by other species. 

• In many moorland areas, heather is managed. This means that it is 
burned at regular i.nt nrals. Old woody plants are r plac d by young 
plants. vlhich pro,vide a better food supply for game birds~ such as 
grouse. Estate managers ke p records so we usuaUy know th age of a 
particular stand of heather. 

• Many investigations have be-en cani-ed out using heather. By sha1ing 
the findings of their research; scientists have been able. to replicate and 
further test their work. This increases th~ reliability of the conclusio11s 
that th,ey draw. 

We ,can calculate the efficiency of energy transfer in heather from the 
formula: 

ff . . f . . f chemical energy"" increase in an area of heather plants in a year 
E ri c1en,cy o energy trans_er = l' h f ll' 1 . f h h l · 1g Jt energy , a 1ng on t~ns area o~ _eal e.r p_a11ts 1n a year 

-ro calculate the figure on the top line of the equation we need to mu]tiply 
the chemical energy in 1 g of heather by the biomass of heather produced in 
gm-2 year1. 

The chemical energy in 1 g of he~nher can be found by using a calorimeter 
(see overleaf). 

Th1s is just an exa,mple of ca lculating- the effrciency of energy transfer: 
You may be asked to calculate the effi,c1e ncy of transfer ~n other 
sf tu ations, such a,s in farm crops or anima ls. 
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Finding the chemical energy in 1 g of heather 
We can find thrs by burnrng a sample of heather in a 
calorim,eter [Figure 1.15) and 1m,easurin9 th e ene rgy 
relea sed as heat. 

Look at Figure L 15 and an swer the questi on5. 

water j.ac ket- a....--p 
coh·~ining1 

Ila r,g.e volume 
of water 

stirrer __ 

heating coil 
to ig·nite 
heather _ _........,._.__...,. 

cruc i bi e--ir------+-~ 
conta i·n,ng1 ~--~ ........ ~-

heather 
sam,ple t 

oxygen 

Figure 1.15 A ca tori,meter used to measure the energy 
released when a sa1m p le of heather is bu rined. 

An oxygen sup ply j,5 conn ected to the apparatus. 
What is the adva,ntage of burning the heather 1in 
oxyg,en and not in air? 
Oxygen en~ure:> thal the sample of heather is burned 
co,npletely, 
A copper spiral is attached to the top of the com,busbor, 
chamber. What is the fu nc tion of thrs copper spiral? 
The copper spiral provides a large surfaLe area for 
heat exchange 1Nith the v1ater 

~ The water jacket conta.[ns a lsirge volume of 
wa ter. The tota l rrise 1n temperatu re of the water 
in th~s jacket w hen the heather ~s bu rned is only 

s mall. Expla 11 n th e advantag;e of a s ·maU rii se 1n 

te mp erature. 
A small temperature rise means less heat v1ill be lost 
to the surround;ng s. 

Tahle 1.2 Shows some typical results obtained from 
the a p pa rat us 1 n Fi gi u re 1' • 1 5. 

Table 1.2 Results obta ined from, burni ng a sample of 
heather ·in a calorimeter. 

Volume of water in water jacket/cm,3 650 
Temperature of water before the heath er 18 
sa1mple was burne·d/°C 

Temperature of water after the heather 23 
sa1mple was b urne d/°C 
Mass of 'he a the r/g 0.5 

4 The amount of energy needed to raise the tem,perature 
of 1 cm3 of water by 1 °C is 4.2joules. Calcuilate the 
amount of energy released by burn ing 1 g of heather: 
In this 1nve5l1gation. toe en1::rg1 relea -ed has ra,s~d 
the temperature of 650 cm3 of v1aler by 5 °C. So. the 
total amount of energy released by the heat her sample 
is 4.2 >< 650 x 5J. 
This ,s the arnount of energy releat:.ed by 0.5g of heather. 
We need to divide the total amount of energy released by 
0.5 to get the amount of energy released per gram: 

4.2 g 650 )( 5/0. 5Jrr1 .. 
This gives us s figure af 27300 Jg-1 or :?7.3 l<)g-1 
Do you t hink th at the fi gure that we have cakulated 
is a,n overestrmate or an underestim,ate? Expta,in 
your answer. 
ll i~ probably an underestimate There 8re several 
reasons for this. Not all the heather wiU have been 
burned. The ash that is left ,n the cruc,ble may contain 
some chem icat energy l hat has not been released. 
In addition. U is unlikely thal aU the heat from the .. 
combustion wdl have been transferred to the water in 
the water jack.et. 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

: TEST YOURSELF 
• i 5 Give th ree reaso ns for the relative'Ly low effi c1'ency of photosynth esis. 
i 6 Descri:be how t he dry ma.ss of a sam p le of p l.a nt mater ra l woutd be 
+ 

: fou nd . • • : 7 What 1s th e equ ation fo r frnding ne t pr ima ry prod uctio n? 
• i 8 Sug9est suitable units for th e net prim ary prod uction of algae i1 n a 
: lake. 
+ 

i 9 Expla i!n how the ne t pri ma ry pro duction of t rees i1s m,ade ava itable to 
• • : deco mposers 1n a wood. 
• • 

• • • • • • • • .. .. 
• • • • • • • • • • • • • .. .. 
• • • • • • • ·• • • • • • .. .. 
• 

: . ....... . . ...................................................... ............................................. lllllllllli 



()--R-es--p-i_ra_t-io_n ____________________ _ 

glycolysis 

anaerobic Ii n k 
respiration reacticm 

Krebs 
cycle 

oxidative 
phosphorylatton 

Figure 1 .. 16 The breakdown of glucose 
in resp1iration. Aerobic respi ration 
takes place in, the presen,ce of oxygen. 
,Respirati1on ca n continue when there is 
no oxygen. T1his is anaerobic resprration. 
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rhn ph ryl I n The additijon of a 
phosphate group to a 1111 o lecu le. 

2ATP 

2ADP 

11 molecule of 
glucose 

~ 

l 
1 molecute of glucose phosphate 

~ 
I 

t 
2 mo1lecu1les of triose pho~phate 

2x§ 
I 

4ADP I 2NAD 

4ATP 

I 
I 

I 
I i · ,2 red,u ced 

NAD 

2 molecules of pyruvate 

2x 0 

Figure 1.17 A slJmimary of glycaLys~s. 
the firs t step in respiration . The boxes 
show the nu1mber of carbon atoms in 
tlhe different 'male cu Les. The re i,s a net 
gain of two rmole cuLes of ATP from each 
mole cule of ,gtucose. 

Respiration takes place in aU living cells, providing indirect evidence for 
evolution. It is a biochetnical process in which biological molecules called 
respiratory substrates are used as fuel. They are broken dov.rn in a se1ies of 
stages and the chemical energy lhey contain is transferred to ATP. We can 
sun1ma rise the process with the equalion: 

C6H120 6 + 602 -? 6C02 + 6H20 + energy 

Unfortunately tl~is equation is misleading in a number of " 'ays. It shows 
the fuel as glucose. In many cells the main fuel is glucose, but fatty acids, 
glycerol and amino acids are also respiratory substrates and can be used for 
respiration . The equation also shows that oxygen is required: this is correct 
v.,-hen aerobic respiration is occurrin g but respiration can also take place 
anaerobically. Anaerobic respiration n1eans respiration ,~ithout oxygen. 
It is also important to understand that the oxygen is n.ot directly used to 
n1ake the carbon dioxide sho\Vn in the equation. Finan:;; the equation 
sho~~ respiration as a single reaction . It is11jt a single reaction. lt involves a 
·number of reactions in which the respiraiory substrate is broken do\vn in 
a series of steps~ rel easing a small atnount of energy each tiin e. The steps 
involved in the respiration of glucose are summarised in Figure 1.16. 

Glyco1lysis 
Glycolysis (Figure 1.17) is the fir-st step in the biochenlical pathway of respiration. 

• 
1Glucose contains a lot of eh mical energ}'~ ln order to release this energy; 
some additional energy fr.am ATP is requir,ed to achieve the activation 
energy for the. reaction (see A·~'A A-1evel Biology 1 Students Book, Chapter 2 
page 20) . In the ·firs stage of glycolysisi a m olecule ,of glucose is converted 
into glucose phosphate. This requires two molecules of ATP and is called 
ph , ph 1r , ·l.t t i1 l 11 , 

• Each mo]ecule of glucose phosphate is then ,oxidised lo two, molecules of 
'triose phosphate. 

• Each molecule of uiose phosphate is then conv,erted to pyruvate. This 
reaction produces ATP. .A.. total of fot,r mo]ecules of ATP are produced, 
lv.ro for each triose phosphate m.olecule. During glycolysis then, there is 
a net gain of two molecules of ATP for each molecule of glucose. 

• The conversion of t riose phosphate· to pyruvate is an oxicladon reac.tion 
and involves th e removal of hydrogen to reduce a coenzyme. called NAD1

• 

NAD is converted lo reduced NAO as a result. 

NAD, oxidation and reduction 
Oxidation is sometim:es represente d as the addition of oxygen to a 
substance but, more accurarely, it is any reaction in ,vhich electrons are 
removed. Reduction) on the other hand; :involves the gain of ele.ctrons. 

Whenever one substance is oxidised another must be reduced. ln simple. 
tenns, if one substance loses electrons , another must gain then1. V,le often 
u se the tem1 oxidation- reduction reaction for a reaction in V"il"'hich one 
substance is oxidised and another is ·reduced. In g1yco1ysis, the conversion 
of triose phosphate to pyruvate is an oxidation reaction in which pyru vate 
loses electrons and NAD gains then1, beconung reduced NAD1

• 

The link reaction 
Pyruvate still contains a lot of ch emical energy. V,,lhen oxygen is 
available, this energy can be Inade available i11 a series of reactions 



a:: 
w 
LL. 
U') 
z 
<C 
a: 
1-i 
),,, 
c::, 
a:: 
w 
z 
w 

NAO 

reduced 
NAO 

pyruvate 

3C 

) 
acetate 

2( 

t"coenzyme A 

I 

acetylcoe nzyme A 

0 
Figure 1~18 The link reaction. T1he 
boxes s 1h,ow the number O·f carbo:n 
atoms in the motecules invotved in the 
respkato,ry pa.thway. 

Figure 1.19 The Krebs cycte ptay·s a: very 
1i,mportant part in respiration. It i.s the 
main source of reduced coe nzymes, 
which are used to produce ATP in the 
electron transfer ch,a,in. 

................................................... ...................... •1111 .......... . 

u t • I h s h r I I l The 
productj,o,n of ATP lliokied t.o the reaction of a 
s.u bstrate mo~e,cule. 

known as th e Krebs ,cycle. The link reaction is a term used to describe 
the r·eaction linking glycolysis and the Krebs cycle. It is sun1ullarised in 
Figure 1.18. 

• Pyruvate is oxidised to acetate. This is an oxidation re-action and, like 
glycolysis, also involves the production of reduced NAD. 

• Acetate con1bines \\'ith coenzyine A to produoe acetylcoenzyn1e A. 
• Pyruvate contains thr,ee carbon atoms. Acetylcoenzyrne A contains several 

carbon a.tonlS but only two of lhese enter the Krebs cycle. One of tl1e carbon 
atoll15 from pyruvate goes to fom1 a n1olecule of carbon dioxide. (Remember 
that the production of this carbon dioxide: does not dn·ectly use oxygen.) 

The Krebs cycle 
Figure 1. 19 is a simple diagram that su1nmalises the essential features of the 
Krebs cycle. 

• Acetylcoenzyn1e A, produced in 1he link reaction, is fed in to the. cycle. It 
combines m th a 4-carbon compound to produce a 6-carbon compound. 

• In a selies of ,oxidation-reduction reactions, the 6-carbon compound 
is converted "back to the 4-carbon compound. 111 this process lVl·o 

molecules of carbon dioxide are given off. (Again, remember that the 
production of this carbon dioxide does not directly use oxygen.) 

acetylcoenzyme A 0 

ATP 

reduced coenzymes: 

• In a series of oxidation reactions the Krebs cycle generates reduced 
coenzymes and ATP. For each complete cycle: 

- one molecule of ATP is produced. Th'Ji.s is called _ u,b tra tc-lcvc] 
l ho_ ph ryla I io n , because the ATP is formed as a result of a one of d1e· 
Krebs cycle reactions. It is linked to the reaction of one of the Sllhstrates. 

- three molecules of re.duc.,ed NAD and one molecule of another reduced 
coenzyrne, reduced FAD1

1 are. produced. 
• The most important function of the Krebs cycle in respiration is the 

production of reduced coenzyn1.es. They are passed to the electron 
transfer cl1ai11. 1 \vhe-re the che1nical energy that these molecules contain is 
used to produce ATP. 

As well as the pyruvate formed from glucose by glycolysis, d1e breakdo"W11 
products of other respiratory substrates such as lipids and an1.ino acids can 
also enter the Krebs cycle and fom1 ATP and reduced coenzymes. This means 
that some cells can respfre lipid for some of the time instead of glucose. 

Cells do not usually respire the breakdown products of amino acids unless 
there is no glucose or lipid available. 



outer membrane 

~nner membrane 

cr,istae __ ....;r 

Figure 1~20 The s tructure of a 
mitoc hondr,ion . 

matrix 

The reason why it is more correct 
to d'escri be m ~tochorn d ri,a as 
the si,te of aerob1c respirati,on 
1s because only th e electron 
transfer cha.ins use oxygen a,nd 
these are in the m,ito chondria. 
Glycolysis i,s an anaerob ic 
process,, but it takes place ln the 
cytoptasm, not in mitochondria . 

outer membrama 
o,f mltochondrJ,on 

intenne·mbrane ~ 

inner membrane 
of mlmohondrton 

spacs 

carr1l ar pr,ot 9ln 

reduced 
NAD 

• 1111 

(1) 

Mitochondria and electron transf,er chains 
You sh ould remembe:r that rnitochondria are the site of aerobic respiration 
(see AQA A-Ieve[ Biology 1 Student's Book, Chapter 3, page 41). Each 
n1itochondrion (Figure 1.20) is surrounded by two me.n1brane.s, a folded 
inner memb1~ne and a smooth outer one. The folds on the inner membrane 
fonn n1any projections, called crista.e. 

The different steps of respiration take place in diffe.rent locations. 
G]ycolysis takes place outside of mitochondria, in the cytoplasm. The 
Krebs cycle occurs in the matrix of the mitochondria. Like the thylakoids 
in chloroplasts, the cristae provide a large surface area in which the electron 
carriers of ,electron transfer chains are embedded. 

Reduc,ed coenzymes have so, far been produced in glycolysis and t'he link 
reaction. 'More. r,educed c.oenzyme is produced by the Krebs cycle. 

Reduced coenzy1nes transfer electrons to chains of protein molecules embedded 
in the inner membranes of n1itochondria. These pi-oteins act as r lectron 
ea rri rs andl fom1 elect ton transfer chains sin1ilar to those in chloroplasts. 

Figure 1.21 shows how electrons from. reduced coenzym,e pass from one 
protein to the 11ext along electron transfer chains. 

(2) 

H+ 

1 • 

.. 
ill ,. 
• 

(3) 

~ 

.. 

electron transport dha~n 

oxldattve phosphory~a.Uon 

• • • • 

H+ 

ADP+ Pi 

clheml osmosis 

ATP 
syn~hasa 

____ ._. ,etectrons (e- ), 

.... • --· protons {hydrogen tans} (H+) 

Figure 1.21 Energy is re leased as electro ns pass from one ca rr~er to th,e nex t rn an electron transfer chain . Some of this 
energy is lost as heat but a lot of it goes to prod uce ATP. 
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Remember that oxygen 1s not used 
to make carbon diox ide; j,t is used 
as the te rminal electron acceptor 
rri electron transfer cha I n.s . 

····I!'·······························-······················•············· .. ······• 
-j tiv h c h ryl i The production 

of ATP by an el,ectron triansfe r eh ain using 
oxygQ n as the final ·etec tron .acceptoir. 

Figure 1.22 When a CUC!kOO pint 
flowers. the te,m pe rature of the 
spadix increases until it is as much 
as ~ 5 °C above the tern peretiure of 
the e nvi roin m ent. Thi·s in crease in 
temperature ca uses m.oteciules of a 
su bstc:i nee s im i:lar to substances found 
in faeces and dec;y,ing bodies to be 
releaised. This attracts the flies that 
poll,inate cuckoo pint flowe,rs. 

Figure 1 &23 Ana erob[c respi rat.on 
allows orga nisms to produ ce ATP ~n the 
absence of oxygen. 

When these electrons are transferred) energy is released. Some of this energy 
is lost as Jieat but some is used by carrier proteins in the active transport of 
protons across the inner n1itochondrial membrane into the space betvveen 
the inner metnbrane and the outer membrane. This develops a ]1igher 
concentration of pr-otons in the space between d1:e metnb ranes than there is 
in the matrix of the mitochoudrion. 

As a result, protons diffuse do\vn their concentration gradient from 
the space between the n1etnbrane.s lo th e matrix (this is an exainple of 
facilitated diffusion; see AQA A-1evel Bioiogy 1 Student~ Book, Chapter 3 
page .:+6). They diffuse through molecules of ATP synthase en1.bedlded in 
the inner mitochondrial men1brane, causing the ATP synthase molecules 
to spin. This spinning provides energy for the synthesis of ATP from 
ADP and inorganic phosphate. TI1e last molecule in the electron transfer 
chain is oxygen. Oxygen combines with protons and electrons to produce 
water. ATP production by the electron transfer chain is called id~ltiv .._ 
phu ph ryl. Lion. 

The heat released during respiration can be used to, goo,d effect by 
organisms. Endothermic animals use it to raise their body temperature 
above that of their envir,onment. Although plants have much slow r rates 
of respiration and produce less heat, they sometimes do this too. An 
interesting , ·ample is sh o,vn in Figure 1.22. 

Anaerobic respiration 
So1netimes there is not ,enough oxygen for an ,organisn1 t,o respire only 
aerobically using the pathways just described, and also som organisms 
are adapted to live v,tithout oxygen. Under these conditi,o,ns ATP is 
produced by anaerobic respiration. The only stage in the anaerobic 
path,vay that pr,oduc s ATP is glyco lysis, so although it is fast the pr,ocess 
is not as efficient as a,erobic respiration, because there is a11 kncon1plet 
breakdov,.n of glucose . 

Look back at Figure 1.17. You wiU see that during glycolysis the coenzyme 
NAO is reduced. Reduced NAD is normally converted back to 01i..idised 
NAD ,vhen its electrons are passed t,o the electron carriers in the electron 
transfer chain . This can only happen when oxygen is p1·esent_ Obvi,ousl~ if 
aU the oxidised NAD i11 a cell was convened to, educed NAD; the process 
,of respiraiion) would stop. 

In anaerobic respiration in ani1nals pyt'Uvate is coni.,~erted to lactate. 
In ·plants .and r-nicroo,rganisms, such as yeast, his converted to 
ethanol and carbon dioxide . ln both of these pathways (Fi.gure 1 .2 3 ), 
reduced NAD is converted back to· oxidised NAD . This aUo,vs glycolysis 
lo continue. 

Animals 

gluc.ose 
-------NAD 

reduced 
~ ....... NAD 

Plants and mi croorga ni sms 

glucose 
- -----NAD 

reduced 
----.., NAD 

ethanol + 
carbon 

pyrnvate----==-.. ..- dioxide 
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REQUIRED PRA ICAL 9 
Investigation into the effect of a named variable on the rate of respiration 
of cultures of singled-celled organisms 
This is just one example of how you mi·ght tackle this required practi.cal. 

Some data for the production of ethano l by yeast i.s shown in Table 1.3. The rate at which 
ethano l 1s produc ed can be used as a measure of the rate of anaerobJc respiration. 
Yeast cultures were grown 11n solu·tions containing different concentrations of glucose under 
ainaerobk condHions . At certain time i·ritervals, the concentration of ·ethanol w .as measured. 

Table 1 .. 3 Ethanol production by yeast cultures wtth different concentratio ns of respiratory stJbstrate 

6 5 4 2 1 

l2 22 117 7 s 
24 31 32 34, 22 
48 42 52 67 37 
72 41 54 B3 42 

96 41 53 84 42 
-- -

Look at Chapter 13 page 2 58 to 
Plot a suita.bile gra,ph to show the data in Table 1.3. fi nd out abo·ut tangents. 

2 Use tang·ents to f in,d th e initial rate of ethanol producbon at each 
glu cose concentrat ion . 
What 1s the relationship between the initia l rate of ethano,l product.ion and glu.cose concentrati on? 

~ . . 
; 

t 

! 4 What is the relationship between t otat ethanol production and gitucose coniceintration? 
~ 5 Sug.gest why the yeast c,uttures respond di,fferentty to different glucose concentrations . . . . . 
I.• it!' .. . !! li4 .,!'ii•• .,.t! ~· ••• •• r •• •• ••• - ~ ,.-, . •i ~11 - ioi!' .. . I! li4 •P• •;m "•11 ~I" PI!• • o111 "'!l • -•-•• •!I r--i • •it-•• ., . .. .. ... p po111 •• .. 11. ~ !'t • • .... • • • !I'" a..• ••••• ,111,111 •• "•••• !I•• • if • • ,t •• • ,'t • • 9,111. • • •!l't • • "I I!• -i!' ,.,. li9 "• • • •••• •I" ••<t lJI• • ,' 1 •• 9,111. • • • -iP - • •• • •r !"••Ii• • •••• ••• • I" • • • w •• ,.:. • i- • · • • • • -ip -• . li e -ir !!'•• Ii• • ••••••• ~I" - •~ 

- ........................................................................................... . 

i TEST YOURSELF 
: 
: • • • 

= • " l!I 
I • • !!i 

" • : • 
= ; 

"' I! • 
I 
I 
• • • : • • • • • l!I 

" • • • • 

11Qi Where does glycolys,is take place? 
11 Wha,t are the products of g1lyco lysis and how is each used? 
12 Exp lain th e d:iff.erence between sub strate- level phosphorytatiori and 

ox;dat ive phosphory ta.t ion. 
13 Whait ha,ppens to pyruvate if cond,ftions in an ani:ma1l celt are 

anaerobic? 
14 Rice ~s grown in swam1py conditi ons. The cells in r ice roots are very 

·to leraint to h~gh concen1tration1s of ethanol. Explain how th1s is an 
a dva ri t a,g1e to a iri ce plant. 

: .. .. .. 
• • • : 
• • • • • • .. 
• .. 
• + • 
~ .. • : • • • .. 
• • • • • .. 
• • : .......................... .......................................................................................... ~ 

()~E-ne_r_g_y-tr_a_n-sf_e_r~~~~~~~~~ 

Once energy has eu.tere.d an ecosystem, it is transferred th1-ough food 
cl1ains and food webs. Ecologists study feeding habits of organism s so 
that they can investigate food webs. Some species can be watched directly. 
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Figure 1 .. 2, Badgers are large con spi,cuous 
anima,ls but they are nocturnal and di,ffic,ult 
to watch fee·ding. Bad1ger faeces are easjly 
re cog nisa bte and contain u n·d1ige sted rem ai,ns., 
su eh as these p Lu1m stones . 

The larvae. of bu tterflies and Inoths - caterpillars - can b e observed 
feeding on the leaves of particular species of plants. The food of 
oth er species, such as the badger, can be identified by studying tl1e 
re1nains in faeces (Figure 1. 2 4). 

With other a.nin1als) particularly small invertebrates, it is ve1y 
difficult to make direc t observations of feeding bel1aviour. You 
would be very lucky to see, for examp l,e. a ground beetle catch 
and eat its prey. Even if you did see such an event you would 
not know whether it \\ras normal feeding behaviour or ,vh,ether it 
was unusual. Ecologists sometimes make use of antibodies in an 
ELISA test to p rovide information about feeding behaviour. You 
will remember the how an ELISA tests ;,vor·ks fro,m the first year 
of your course (see AQA A-level Biology 1 Students Book, Chapter 6 
page 102) . 

.................................................................... , ................ . 
• • : Extension : • • • • 
: Another source of energy : 
• • : On page 3 we saw that p11otosynthesis Vlas the main. substances bubbling from the vents. They o,btain : 
: route by ".\1hich en rgy ,enters an ecosystem. There are energy fr,om chemical reactions involving these : 
: oth r w.ays~ hov.rever, by Vlhich it can enter. Consider substances and use it to synthesise the biological : 
: the bottom of the Pacific Ocean. It is pitch dark. No m·olecules that make up their cells. The bacte1ia : 
• • • light penetrates its depths. It is also cold. The water support large v.rorms and other invertebrate • • • : remains just above freezing all year round. In a few animals. A community of living organisms ,exists : 
: areas volcanic vents bubble out a mixture· of sulfur-rich because chemical energy in b iological molecules : 
: gases. You might think that life could not possibly is tra11sferred from one organism to another : 
: eJ\.'lS't in these conditions, but it can~ through a food web, even though there arc no : 

: Around the volcanic vents, b::1cteria are found. photoautotrophic organisins present. : 

: These bacteria use the sulfur-containing : 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

PLE 

Using antibodies to investigate, feeding 

Eco log ists ea n dissect so m e anf mats and i dent}fy the 

food rem.ai ns 'in their g,u ts . B ut suppose they wanted 
to know jf an a nim al, such as a ground beetle. fed on 

slugs. There wou ldn 't be any hard parts to identify iri 
the beetle's g·ut. So me of the prote1ins that m a,de up 
th e slugi·s body; however. would be present. 

Eco log ists can use an enzyme,-Linkedl immunosorbent 
assay [ELISA) ta confirm that these prater ns co,me 

You do not need to be a:b le to recall the deta ils of 
thi s exa1mp le for your exam. 

from a specr fr c orga n~s m. Figiure 11.25 s hows how a n 
ELI SA test is used to find out whether ground beetles 
e.a t s ilug s . 



1 Catch ground 
beetle 

• 

2 Extra.et beetre's 
gut contents 
an.d add a 
sample to one 
of the v.re,l ls 
on an ELISA 
plate 

3 Leave sample in 
wel Ii ove rnigl,t. 
The p,rote ins iin 
~he sample bind 
to the waill of the 
weH 

4 Add .anti-slug­
p,rote iin a ntibod'ies. 
They bind to the 
sl.ug protein. Ea eh 
antibody molec,u le 
has an enzY1me (E) 
molecule attached 
to rt 

} ( 
5 Wash away any 

un bound antibody 

l 

6 Add co lou dess 
substrate to the 
well, 

7 The enzyme 
·Converts the 
substrate to a 
coloured JP'rOduct 

Figure 1.25 Using an ELISA te·st to con firm tha,t ground beetles eat stugs. 

Before we loo!k at the diagram in detail, there a re tvvo 
important princiiples about which we ·mu,st rem iind 
ouirseilves. We first met these principles in AQA A-level 
Biology 1 Student's Book. 

• 0 iff erent species contain different p rotef ns t see 
AQA A-level Biology 1 Student ·s Book, Chapter 12 
pag1e 221 l. Suppose our ground beetle had been 
feeding or, slugs and, saym ea rthworm,s. Some of 
the protei.ns found jn the slugs would probably be 
very similar to proteins fo,und in the earthworms so 
we probably cou ldn't tell wh ich animal the protein 
concerned came from . Some. however, wou ld 
be d iff e.rent. These specific slug prote,i ns wo u,td 
have specific sequences of amino acids a,nd th eir 
molecules wouild have specific tertiary structures. 

• Antibod1ies are a lso proteins. They have spedfic 
binding sites. These binding, sites mea,n that 
they wi'H only bind to motecu les that have a 
co,mplementary s hape [see AQA A-level Biology 1 
5tudenfs Book. Chapter 6 page 91 L An ar,ti-slug­
p rote i n, a n t i body w i H o n ly b i1 n d to on e pa rt i c u tar 
slug protein. It won·t bind to proteins from any 
other species un[ess they are identical t o th e slug 
protein. 

Steps 1 and 2 rr, Figure 1.25 s hould be easy enough 
to understand but we may need to explain some of 
the other steps. We w ill start w 1ith step 3 where the 
sa mple of gut contents has bee n left ove rn 19 ht in one 
of the wells on t he ELISA ptate. 

1 Three protein molecules are shown attached to the 
wa ll of the welt Why do th ese protein molecules 
have dffferent shapes? 

Each shape represen+s a different protein. 111ith a 
diffe,ent amino acld sequence. so there are lhree 
different proteins sho,Nn here. AU three could be st.ug 
proteins. but t't ls possible that one or H.Yo of thern 
might have corne from other animals that the ground 
beetle h~d ea ten 
Step 4 shO\iVs anti-s 'Lug -protei,n antibody binding 
only to a slug protein. Why does th is anbbody bind 
only to sl 1u g protein? 
This ls the po1r,t made earlier. Antibodies are spect'fic 
and an anti-slug-protein antibody will only blnd to the 
protein shown as a blue circle. This is~ ,;luq ,.rorein 

3 Why is the 1unbound antibody washed away (step 5]? 
If we don t wash the unbound a nt1body avvay. ,t will 
remain in the v1ell The enzyme on the unbound 
antibody will result in the coloured product be,ng 
formed even if no slug protein is present 
Not a'll g rou,n d beetles eat slu gs. Explain how you 
would be abte to tell if the giround beette from wh ich 
yoo had obta ined the gut sample lnad not been 
ea.ting s lugs. 
There 11...-ould be no r::.lug proteins attached to the 1Nall 
of the well to b1nd co the anti-slug-protein antibodies. 
Therefore there 1Nould be no e:nzyme to catalyse 
che reaction in ~vh1ch the colourless substrare ·Nas 
converte r1 to a coloured product 

r.: How could you use an ELI SA plate to find out 
wheth er slugs were importa nt items of food 'for 
ground beetles? 
You could add sarnples fron1 diff erenl ground beetle 
guts to different 'llells an the ELISA plate. By counting 
the nurnber of 1././ells where there 1Nas a colour change, 
you could find the percentage of ground beetles that 
ate slugs. 
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no hie levels The feeding positions 
organisms occupy jn a food web. 

Some organ fsmsi such as the 
dark green bush cricket. feed 
at d,ifferent trophic tevels aind 
some orgarn is1ms feed on different 
sou1rces of food when they are 
larvae and when they are adults. 
The caterp illar of the peacock 
butterfly, for example~ eats netHe 
leaves. The ad,u a butte rfly feeds 
on nectar produced by flowers. 

dark green 
bush crkket 

Trophic Levels 
In any ecosystem dillerent organisms gain their food in different ways 
(Figure 1.26). They feed at different trophic lcvcL . Green plants are 
primary producers. They produce biological molecules from carbon 
dioxide) Vilater a:n.d mineral ions. ThC)· re]y on photosyntl1esis to transfer 
light energy to chemical energy in biological molecules. The other 
organisn1s that rn.ake up the comtnunity r,ely eitl1er dlir,ectly or indirectly on 
the biological n1olecule.s produced by the producers. Priniary consutners 
01erbivorcs) feed on produceis. Se,condary consumers £e,ed 011 primary 
consun1ers and tertiary consumers feed on secondary consumers. 
10rganisrns that are not eaten eventually die. Another group of organisms, 
the saprobiotic decomposers , digest dead tissues and use the biological 
molecules that n)ake up these tissues as a source of chemical energy. 

energy from stJ n l~g ht 

..l J. 
produf;ers -

- heat 

ir 

primary consumers -
,. 

' 
.. hea 

i-
decomposers 

I ,, heat 4l-• 

•• + secondary consumers -
~ 

hea 

p 

tertiary consu:mers 
.._ 

- hea 

Figure 1.26 The tran sfer of energy in an ecosystem . The boxes represent troph ic 
levets. The arrows show the directton 'itn which energy· is tra,nsferred. 

nw..spot parasitrc 

\Ve often talk about fi od chain ; suggesting perhaps that 
~ve f-requently encounter situations where animal B feeds 
only on plant A. In tum, animal C only eats animal B1 and 
animal D only eats animal C. This hardly ev,er happens 
under natural conditions. Fo,od chains are linked! to each 
other to form complex food webs. Figure 1.27 shows a 
possible food v.reb associated wilh a nettle patch. 

ladyb iird lace\~i ng 

t 
n~ttle 
aphid 

i~ 
peacock 
hutte rfly larva 

nettle 

fox 

t 
rabbit Many fanning practices are based on an understanding 

of the energy losses between trop hic levels and 
attempt to reduce them. For exan1ple) pe5ts that ear 

Figure t.27 A simpUfied food web showing some of the 
organisms that feed on nettles. 

crops diven energy av.tay from the human food chain. 
Reducing pest populations on crops by the use of chemical 
pesticides (see AQA A -level Biology 1 Student's Book~ 
Chapter 13 pages 235-236) n1inin1ises the energy losses. 
This increases the yield. 

Refresh your memory about the i1mpa cts of pes tk id es in Cha pte r 13 on 
biodiversity in AQA A- level Biology 1 Student's Book. 



Conversion efficiencies among consum,ers 
Intensive rearing of animals for food also involves keeping energy losses to 
a minimun1. On page l l ,ve considered the efficiency with which energy is 
transferred to plants in photosynthesis. In this section ~le will look at the 
efficiency wi.th which energy is transfen~ed to consumei---s. 

Figure 1.28 sho\vs the percentage of energy transferred betw,een different 
trophic levels. We can look at this in a different way. If w,e take a figure of 
2 % as representing the percentage of light ene1~gy conserved as chemical 
energy in plants, then for eve1·y lOOOOkJ of light energy absorbed by the 
produceis, 200kJ V\rtll be incorporated into their tissues. 

heat ~ 

~ 

heat .... 
-,, 

neat ~ 

-

heat 
.~ 

, 

light energy 
1 OOOOkJ 

~J. 
producers 

200kJ 

,, 
primary consumers 

20kJ 

,, 
secondary consumers 

2 kJ 

,, 
tertiary consumers 

0·.2kJ 

Only 20/o of light energy becomes chemical 
potentia.l energy in producers. 

Only up to 10% of chemical potential 
energy in producers becomes chemical 
otential energy in ·primary consu,mers. 

On'ly up to 10% of che:m[ca,I' potential energy 
in primary co ns,u m era becomes eh em ica,I 
oten,tial energy i,n secondary consumers. 

Only up to 10% of chemi,cal potential e.nergy 
in secondary consume:rs becomes chemkal 
oten'tial energy in tertiary con,sumers. 

Figure 1.28 Only a smialt percentage of energy is transferred fro.m one trophlc 
level to the next. The rest is used to ma'ke ATP in, t'he ,process of respirati·on andl is 
eventually lost as heat. 

Similarly; if \\o"e assume that about 10% of the chemical energy in producers 
becomes ,che1nical energy in primary consumers) then 20k) from our 
original 10 OOO kJ' ~ill be nwansferred to the tissues of primary consumers. At 
each step less chemical e,nergy ,~,n be transferred.. 

Note, however; that the values on Figure 1.28 ar,e only generalisations. 
There are many f.actors d,at influence exactly ho\~ much energy is 
transferred at each stage, as the f oUowing exam.pies show. 

• Man1.mals are endothermic. This means that they are able to keep their 
body temperature mo,re or less cou.stant at a value between approximate­
ly 35 andl 40°C, depending on the species. This high temperature is a 
result of heat produced during meiabolism. 

• 
1Crocodiles are found in many p0irts of the tropics. Unlike mammals} 
rhey rely on their environment to tnaintain a high body retnperature. 
More of the food they eat can therefore be convened into ne\v ceHs 

and tissues, and less c11emical ,energy will be lost in 1nai:ntaining 
body ten1perature. 
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Erndotherm,ic an imals that 
ma ,intaln a higher body 
temperature than their 
environment will usually 
have co1m1pa rat'ively lower rnet 
production beca use ma intarining 
a h1igh body temperatu,re invo'lves 
a ln'igh rate of resp rrati on. 

• The surface a1~ to volume ratio of a Sinall tnammal or bi1·d, such as 
th e humming bird in Figure l .29 i is much bigger than that of a large 
mammal or bird. Small mammals and birds consequently lose a lot 
n1ore heat relative to their size and cannot convert as n1uch of the 
food that they eat into ne\v cells and tissues. 

Figure 1.2~ Hummi,ng b:irds have a, targer surface area to volume ratiro than other 
larger mammals or birds and conseq:uen,tty lose a Lot more heat reilattve to their s i,2e. 

• In general, carnivores convert th food they ea1 into .new tissue more 
efficie11tly than do herbivores. Herbivores feedl on plant material and plants 
contain a lot of substances> such as cellu Lose and lignin ~ that are difficult to 
digest. A much higher proportion of 'the food that a herbivore eats passes 
through the gut and is lost as faeces. 

Net production in consumers 
We can calculate nel production (N) of c,onsum,e.rs from the equation 

N=l-(F+R) 

wher,e I represents the chemical energy in ingested food] F represents the 
chemical energy lost in faeces andl urine and R represents the ,energy loss 
'through respiration to the environment. 

Net production of consume.rs is the ch e.mical energy· stored in animal 
biomass after losses to respiration. hav,e been taken into account. 

Rearing livestock is a commercial business that needs to be p rofitable. 
1Clearly; if a farmer is to run a successful business\ he or she needs 'the 
maximum yields of milk from the milking herd , eggs from the liens or meat 
from the livestock. In biological terms) the farmer ,~ .. ants maximum net 
production. 

Look at the equatioI1 for net production given above. At its sin1plest, 
achieving maximlun net production involves n1rn1.ipulating conditions so 
that the animals food is as digestible as possible (so reducing the amount 
of faeces) and the loss through respiration is as low as possible. ln rhis 
ne..:xt section, we v.rill ]oak at some of the factors associated with ,ensuring 
maximum net p1uduction of chickens. 

Net production and poultry farming 
Commercially, chickens are reared to either produce 1neat or lay eggs. 
Chickens reared to produce meat are lrno"Nll as broilers. Figure 1.30 shows 

growth curves for male and female b roilers. 



Figure 1.30 Grow th curve s for male and 2.5 
fe 1m ale broilers. 

Growth and foo d consum,ptiiorn 
,in b roiite r eh i cken s i,s si m pty a1 n 
example to i'llustra te the co nce pt 
of net production in consumers. 
You do not need to m em,ori se thi s 
example. 

Body 
mass/kg 

2.0 

1' .5 

1.0 

0. 5 

o -
0 2 4 6 8 1, 0 

Age/weeks 

You can see fron-1 this graph tha't intensively rear.ed broilers, fed \Vith high­
energy, higl1t-protein foo,d, grow ve11r rapidl}~ A modern br,oiler may be 
r,e.ady for marketing 7-8 weeks after hatc'hing. At this age it is still gro·\Ving 
and mny not have even reached its maximu1n growth rate . The reason for 
slaughlerlng birds at this age can be seen if y,ou look a.t the data in Table 
l .i . Lo,ok at the figures fo,r male birds. You can see from the ]ast column 
that the mean mass of food eat n p r kilogm:m gain iln mass rises steadily. In 
other words, ,efficiency of food conversion falls . This is 1nainly because the 
bird produces less protei11-ricl1 muscle and more body fat as it gets older. 

Tabl .4 also shows that, by the time· they hav r,eached l Ov,reeks, feinale 
broilers hav.e a smaller mean body mass and their efficiency of fo,od 
conversion is lower than that of males. The difference in fficiency of food 
conversion may not seem very much - 2. 5 kg of food per kilogram gain in 
body mass compared with 2. 4 kg in tnales - but differences like this have a 
considerable· influence on overall profit. 

Table 1.4 Growth and food consumption in broi le·r c'hicke·ns. 
, . ._ .::.a.:. ,,,=.:. 

L i°!. ~ 11! nta .. "1 :'\Il l .. 
... •"\~ .......... ~ .. ~~ ·L~ 

II!'~"' ... - ... ~- ~. ~, :II ~ .. 7r. :r::;; , ~ 1 ! ~ I - ~ ~ 1':.. ~ jli,rf; L' •. ¥' 

::.'11111 -~ 

I. ~ 1,,e , il ll,J I i'; , ~ , ,.., , ,, , 111 a ~-·ffl l •J • I -": U I • ': Ii al.Ii 
"7,li i )f. " ~:j.:...:. _ .., .. 1_.: ;r, ,, i,. .. [1 ~ .• 

~='-= rn,-:,J · So. '"l!J 'r.3. .i~'S•:.(:l~,} 1 u -; - .. rA.3~ ~' - n -; .: .:u• 1i ,ra ,r - ~· r::J !E't: 1 

M iil le 2 0.2 0.3 1.5 
6 11.Q 2.0 2.0 

10 2.2 5,4 2.4 

Female 2 0.2 0.3 1.5 

6 0.9 1.8 2JJ 

10 11 .8 4 .. 5 2.5 

~ ····················································································································································: 
: TEST YOURSELF i 
• ! 15 State the equation for the net produ ct ion of 

• 
fa.r1m ed fish to conver t f ood into new tissue m ore : • • 

: co nsumer s. eff iic iently than free-range ch ickens, wh ich f ind : 
• • ! 16 Explatn how energy is lost in faeces. their own fo od. ! 
~ 17 It rs rare for the re to be more than f ive tro phi c 19 Intensively reared broiler s are kept under ~ 
! Levels rn a food w eb. Explain why. temperature- contrro t[ed condrtrons. Suggest ! 
i 18 Trout g rown in fi s h fa rm s are fed s pecfa l pelleted how contro lling te ,m pe ratiure m~y ~nc rease net i 
~ fo od. Give two rea sons w hy peUeted food enables produc t,ion. ; . · • .................................................. .............................. ................. ................... ................... .................................... 
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Practice questions 

I The diagratn shows son1e. of the steps in respirati on. 

gl'ucose 

g,lyc o lys is 
reduced NAD 

molecule X 

moleculeY · · 
acetyl 

reduced NAD 

i 
a cet:¥1coen:zyme A 

~ ea rbon compound 6-carbon1 compoun,d 

Krebs cyc le 

ea rbon d i'OX!id e ,. 

reduced coe n zyme 

a) Where in a ceH does glycolysis occur? 

b) i) Name molecuh~, X. 

ii) Name molecule Y. 

c) Name the step in respiration that produces 
acetylcoenzyme A. 

d) What type of phosphorylation produces the 
ATP i11. the Krebs cycle? 

ca1rbon d 1,oxid e 

e) Describe how the reduced coenzy1ne produced 
by the Krebs cycle is used. 

(1) 

(1) 

(1) 

(1) 

(1) 

(2) 



2 The diagram summarises th e steps involved in photosynthesis. 

water 

oxygen 

light 

light­
dependent 

reaction 

a) Natne m olecule Z. 

ATP 

molecute Z 

ea rbon diroXJid e 

ligh1t-
i nd ependent 

reaction 

b) Natne the three-carbon sugar produced by the light-independent 

(1) 

reaction. (1) 

c) i) Which enzyme catalyses 1he reaction bet,veen carbon 
dioxide and tibulose bisphosphate in the Calvin cycle? (1) 

ii) What is the product of this reaction? (l) 

d) Describe and explain what happens t,o the ribulose bisphosphate 
concentration if a plant is placed in the dark. (2) 

The trophic levels in a food ,veb can be nun1ber,ed, starting with 1.0 
for primary producers~ 2.0 for primary consumers and so on. The tab]e 
sho,ws the n1,ean trophi,c levels ,of marine fish caught for hu1nan food in 
the period 1950 to 2000. 

Year Mean troph ic level 
1950 3.37 
1960 3.36 
1970 3.39 
1980 3.29 
1990 3.26 
2000 3.21 

a) i) Phytoplankton consists of single .... celled photosynthetic organisms 
that float in the surface water. A speci.es of fish feeds only on 
phytoplankton.. \Alhat ,vould be the trophic level o:f this species 
of fish? (1) 

ii) Another species of fish has atrophic level of 3.0. Is this 
fish a primary consumer; a secondary consumer or a 
tertial)r consumer? (1) 

b) i) Describe how the mean trophic level of th e marine fish catch 
has changed over the period 1950 to 2000. (2) 

ii) Suggest an explanation for the change you described in your 
ansvler to question 3b(i) . (2) 

c) Over the same period of tin1e; more cattle and sheep have been fed 
on protein concentrates as ~:rell as grass. These p1utein concentrates 
are often made (ro1n animal tnaterial. Suggest how the 1nean lrophic 
levels of fann anitn.als have changed over tl1e period sho\Vll in the 
table. (2) 
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II 4 The graph shows the mean biomass of heather fro1n plants of different 
ages growing on an area of moorland in ¥or.kshire. 
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a) Give tvlo v.rays that bi,ouu.ss can be measured. (1) 

b) Th biomass of the heather ts giv n as dry mass. 

i) Describe ho,v you "Nould me-asure the dry mass of a heather 
sample. (2) 

.. ) 11 Hov.~ \vould you ma\~e sure that your value for dry mass 
\vas valid? (1) 

iii) \Vhat is the advantage of n1easur-ing biomass as dry mass? (1) 

c) D scribe how you would use the graph to calculat,e the mean 
annual increase in dry biomass ,of the heather plants. (2) 

d) Vv11al is the e·vidence from the graph that the heather did not 
increase in biomass by the same am,ount each year? (1) 

e) Suggest why the heather did not increase in biomass by the same 
amount each year. (1) 

Scientists estima.ted the total amount o.f light ,energy falling on l m2 of 
the heather moorland in Yorkshire where the samples ,vere collected to 
be 1415 OOOkJ. Tli.,ey based this estimate on the amount of Hght falling 
on the heather in the growing season., so it does not include ihe vtinter 
months when the temperatures are 100 low for growth. 

f) Use all the figures in this section to calculate the efficiency of 
photosynthesis in these he-ather plants. 

Stre eh and challenge 
II 5 Examine the stnlcture of marine ecosystems around deep-sea volcanic 

vents. Discuss hoVi.-' che1ni.cal potential energy in large molecules is 
transfen~ed from one organism to another through a food Vleb, even 
though there are no photoautotrophs present. 

(3) 

II 6, Some plants have alternative photosynthesis pathways> e.g. crassulacean 
acid metabolism (CAM) and ,C4 photosyntl1esis. Contrast these witl1 
the C3 photosynthesis that 1nost p lants use. l'o what extent are ihese 
alternative pathways an adaptation to the environn1ent? 



Nutrient cycles 

.................................................................................................................. , • • i PRIOR KN OWLEDGE ~ 
• • • • 
: living things remove ma,tedals from the env ironment for growth and : .. . 
: other processes. These materials ar-e returned to th e env~ronm,ent : . ,. 
: either in waste materials or when living things die aind decay. ! 
• • 
: Materia ls decay because they aire broken down [d.ig ested] by 1m icro- : 
• • i org:a,nis 1m,s. Mi,croorga nri,s,ms are more active and di·gest materiats i 
: faster 'in warm, moist, aerobic condi1tions. : 
• • 
: The decary ,process reteases substances that plants u:se in girowth. : 
• • 
: lln a stab le com m,unity, the processes th at remove materia ls are : 
• • i balanced by processes that re tu rn1 m.aterials. The materi1a1ls are ! ,. . 
: coristantly cyclled. : 
• • 
: To produc-e prote ins~ pla,nts also use nitrate ions that ar·e absorbed j 
: from the soil. , : : 
: P'hosphat·e ions are components of both DNA and ATP. : 
• II .. .. ~·······~·~~ ····-.. ···-~~·~·~·········-···,~ ··~~-·-····~~·"····· ····~~-·-~······· ........................ .... 

~ ···························································································= i TEST YOURSELF ON PRIOR KNOW~EDGE f 
! 1 What conditions a,ccelera.te decay? i 
! 2 G·ive two types of mkroorganrsm that are i1nvolved in decay. i 
i 3 Other than protei1ns, name one group of biologica,t molecules that ; 
• • I • 

: co nta, n 111trog en. : 
• I i 4 D esc ri1be the way in, w h kh phosphate groups form pa rt of the i 
: structure of ATP. ! 
• • .. 
•••••••t••••••••••••t• ••••••••••t••••············· ··················••t• •••••••••••••'!lllll .................... 1111111 

Introduction 
10ne of the problems that almost all human ,communities fac,e is how to get 
rid of the enormous quantitie_s of waste they produce. Some of thts wast.e 
can be composted. Composting uses microorganisms to digest organic 
mate1i.aL The compost that is produced can be a.dlded tto the snil as a natural 
fertiliser; providing useful nuuients to plants. 1Compos1ing has been carried 
out for hundreds of years -t·he ancient Romans left ·,vritten records of 
composting - but scientific research has led to discoveries that tr1ean that 
we can nov,.r make compost more efficiently and on a much larger scale 
(Figure 2 .1). 
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raw materials, e.g. grass 
clippl1ngs, vegetable 
\iVaste, cardboard, 
mi nera1ls, water 

broken up by soili 
invertebrates into 
sm a rl'er particles 

You do not need to be ab ~e to 
reca ll the s teps involved tn 
making compost. 

Figure 2.1 Comip,osting on a coimmerciat scale. 

Most coinmercial composting involves a similar process. Figure 2.2 shows 
how ,compost is made. 

• 

carbon dioxide, 
water and 

heat 

-

compost heap 

Figure 2.2 How compost is made. 

compost ca,n be· added to 
the soiil a,s a fertiliser 

m ioroorg a nlsm s co·nvert the 
organic mate:rla l1 ,i,n the heap 
into useful corn post 

• Suitable organic material, for example grass clippings i vegetable waste 
and even coffee grounds and cardb oard] is collected into a heap. In 
sn1all-sca]e garden comp ost heaps, soil invertebrates such. as wo1ms 
slugs and millipedes break this ·material up into smaller particles. ln 
large-scale composlin g) it is bro.ken up by m echanical grindel'5 and 
choppers. 

• Soil m icroorgan.isms colonise the. h eap. They are caUedl meso,pl-Ii.ls 
because they Uve at te1nperatures of between l 0°C and 4 5 ()C. The 
compost heap heats up as they ·muldply and respire. 

• Th e mesophils are gradually replaced by thennophils. The1mophiJs are 
microorganism.s that live in conditions where the temperatu re is high; in 
this case, betv,.'"een approxirnately 50°C and 65 °C. This is the active phase of 

composting and these thermophilic n1.icroorganisms are mainly responsible 
for convertin g organic 1naterial in the heap into useful compost 

• The last stage is the curing pl1ase. The temperature £alls and mesophils 
again colonise the heap . During die curing pl1ase the compost matures 
untH it finally beco1nes su itable for adding to the soil. 



Huge quantities of compost are n1ade &om green ,vaste in the UK every year 
and sold as a. plant fertiliser. ln the process, nut1ients in the waste material 
are '.re.cycled and ma.de available to plants. 

In this chapter~ we shall look at the natural recycling of nutrients in 
ecosystems. We shall follow the passage of phosp11orus and nitrogen 
through different trophic levels and consider the role of microorganisms in 
converting organic substances into the inorganic substances and ions that 
are taken up by plants. 

01"'""----------D e composition 

r bi n Organ~sm1s that secr,ete 
dig,estive e nzyrm es onto the dead remains 
of other organisms, digest the biological 
molecu!es 1in these dead rem1ains and 
then absorb some of the products of this 
d~g1estion. 

comp i lnr The process ,n which the 
b~ological molecules in dead m1ater,al and 
waste pr,oducts are d~gest,ed, produc~ng 
carMbon dia>dde, water and ~norganic ions. 

There are a number of words 
that co utd be used in place of 
decompos'ihon, such as decay 
and rott in g~ but th,ese words 
a~so cover the idea of physical 
frag men tat ion of the materia l. 
Decomposition refers to the 
ch,emical process of hydrolysLs 
of comptex biolog ica l molecules 
to smaller trio rga n i c mole cu tes 
or ions. 

Altho,ugh the inveJtebrates in a compost heap help to break up the waste 
material into finer pieces by feeding on it, they are not true decomposers. 
Wom1s, rniUipedes and slugs fe,ed on the waste tnat:erial, or detritus. They 
digest some of it in their digestive system and produce n1ore ~laste mate1ial 
in the form of faeces. 

True decon1posers are sat1r I i t t .. . These are 1namly fungi and micro­
,organisms such as bacte1ia. Unlike detritivores they do not ingest their 
fo,od. Instead) sa.prlobionts secrete enzymes onto the waste material. 
These enzymes are therefore outside the saprobionts when they hydrolys,e 
biological molecules. Some of th products of hydrolysis are then absorbed 
by the saprobionts across their cell m,,e1nbranes (see AQ1A A-level B:iology 1 
5(-udent~ Book Chapter 3), but many remain i.n. the sun,oundings and may 
then be absorbed by other ,organisms. 

Saprobionts secrete a very wide range of enzymes that allows them to 
hydrolyse a large variety of biological molecules, in som,e cases resulting 
in mineral ions such as ammonium and phosphate ions as pr,oducts. 
Some sapr,obi,onts also excrete these mineral i,ons as v,laste pro,ducts of 
metabolism. This is why microorga.nisms are vita] in recycling nutrients. 
lnst,ead of using all the breakdown products of dt·co111 po ilion themselves, 
some are made available for other organisms. 

If nutrients were not recycled by decomposition they could remain trapped 
in dead material for v,eiy long periods of time and plant growth wou]cl be 
limited by a Jack of available nutrients in the soil. 

Dea 1d leaves and 1decomposit ion 
We saw in the last section that in small-scale garden co1npost heaps soil 
invertebrates break up waste plant mate.rial into smaller 1jarticles. This 
also happens in natural h.abitats

1 
such as woodlands. These invertebrates 

include artl-1.ropods) such as mites:, insects and woodlice, nematode \Vonns 

and earthworms. The graph in Figure 2. 3 compares the biomass of these 
organisms and of fungi. and bacteria in a British. woodland at different times 

of the year. 
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Figure 2,.3 Va,riation in the nitro9en content of di,ff.erent groups of org:anisms 
invotved in breaki,ng down dead Leaves at different bme s of the year in a woodland. 

This graph is quite complex. Before \Ve look at the conclusions that \'Ve can 
dra,v from it, we need to· make sure that Vile understand how the data have 
been presented (see the Example box below). 

Investigating the decomposition of leaves 

Thi s s:pecifi c exam pte ~s not 
req uired learn ing for the exam. 

The graph f n Figure 2.3 co1m pares the biomass of 
these organiisms and of fungi and bacteria in a Bdti1sh 
wood lla·nd at di1fferent ti m,es of the year. 

The bio1m,ass has been given as the 1mass of nitrogen 
present in the or·gen'isms. Explain why nitrogen 
content can be used as a m easure o f bJ01ma,s.s. 
N~trogen is present in many of the substances that 
make up the structure of soil organisms. These 
substances include protein. DNA and chitin. wh,ch 
forn1s the hard outer layer of ~'r,sects. The proportion 
of nitrogen-containing substances is more or less 
constant in these arganisms, so ii is an accurate 
measure of body rnass 

, The d a:ta i ri the graph have been. plotted on a 
Logadthmfc scale. Sug9est th e adva11tage of us in g a 
log sca le. 
A log scale lets a greater range of data be plotted than 
an arithn1 etic scale. If you look carefully at the y-axis, 

you v1iU see that it runs f rorn 0. O I to 1 O g m-2. It al so 
sho1Ns thal the mass of n;crogen present in nematodes 
fluctuates frorn approximately 0. 02 to 0. 08g rn-2. If the 
data on nematodes had been plotted togethe, ~~ith all 
the other information on a scale v1ith en arithmetic 
axis. ~hey 11lould have appeared as a straight line. Vou 
111ouidn ·t have been aht~ to see the fluctuations 
Su191gest a1n explanat1'on fo r the change in biomass of 
bacteriai an,d fungi behiveen February and J1une. 
Lt?aves fall and accumulate in lhe dUtumn so there 
11-lill be plenty of dead (eaves available. The most likely 
explano tion for the increase in biomas.s is that the 
sou is getting v1armer and the enzyme-controlled 
processes associated ~v,th lea.f breakdown and 
the grottlth of n1icroorganisms are faster in these 
conditions. 

Ecologists invest~gated the j mp orta,nce of a,rt h ro pods 
and m icroorganisms in the decomposition of 
Leaves. O}fferent numbers of woodU.ce were added 
to co nta tners. eac h with th e same mass of dead 
oa k leaves. The ecotog,ists m,easured the rates of 
respiratio ri of the m,icroorgan ism,s in t hese conta iners 
a nd in a control contai ner. The results are s hown in 
Figure 2.4. 
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Figure 2.4 T'h,e effect of woodto·use ac tivi ty on the 'mrcrobia l breakdown of 'leave,s. 

Descr~b e how the control co ntai·ner should have 
been set u:p in th i·s i nvest1igat1 on. 
It should be sel up exactly the same as the other 
containers and exposed to the same environ,nenta t 
conditions. The onty dtlference should have been that it 
did not con ta in any ~·voodt ice 
Wha,t does Figure 2.4 show about the effect of 
wood lo·use activity on th e m1icrob ia,l brea kdown of 
leaves? 
To an~v-1er thi~ question you need to compare the 
container~ in whlch woodlice v1ere added i,.v1th 
lhe control conlaine,. You can see t hal I nicrobtal 
respiration in the conlrol charnber remains more 
or less constant. After 5 dais. the rate of m1crob~'al 

respiration t'n both ot the containers with VlOodUce 
increases and is higher than in lhe controi. In addition. 
there is a greater rate of microbial respir,ation when 
six 111oodlice have bi: en added than when there are only 
ti,,.10 11oodtir@ in the cnntainer 

· Suggest how th e presence of wood lice could have 
caused th e tncrease in the m1icrob fa,l respirat iion rate 
that occ,u rred betwee,n 5 and 110 days. 
The v-1oodl1ce break up lhe l'='aves ~nlo srnaUer 
fragrnents by chevting them sot here is more surface 
area to be colonised by microorganisms. This 
means lhal lhey can feed taste, and gain respiratory 
substrates n1ore qulckly 

~·········································· ·············· ··············,···················~ • ! . TEST YOURSELF i 
! 1 Why is nutnient recycl ing in natu ra l ecosystems vital foir pta,nt grow th? ~ 
! 2 Ex plsdn what is meant by decompositiion. ! 
i 3 Wh at is a sa prob1iont? i 
• • ! 4 Desc r ibe how th e method of digest1io:n used by saprohionts results in ! 
: some nut r ients bei,ng ma de available to plant ro ots. : 
• • • • 
·····~································~·············································· ......................... .... 

()~N-u-tr_i_n_t_c-yc-Le-s~~~~~~~~~-

Llving organisms, such as animals .and plants, require many different 
chemical elements. Plants take up many of d1.ese e1en1ents as ions fro:m the 
soiL Inside tl1e plant they a1~e involved in various che1nical reactio11s and 
are eventually incorporated into biological 1.'nolccules that form plant cells 
a11.d tissues. ConS1Luners obtain m ost o f their supplies of these ele1nents 
fro1n plants or fTom other anin1als that feed on plants. A snaU, for exan1ple) 

~ 
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1 ri ·n .. I How a chemrcal element 
moves from the ab~otic envi1ronmernt into 
l living organ ~sms and then back jn to the 
abiotic environment. 

digests the biological molecules in its plant food and absorbs the products 
through its gut wall (see AQA A-level Biology 1 Student"'s Book Chapter 8). In 
this way, elements are passed from organism to oTganism along the food 
chains that tnake up a (ood web (Figure 2.5). 
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Figure 2.5 A simple nutr1ient cyc le. All elements including nitrogen, phosphor1us 
and iron are cycled in this b·asjc way. The detail of the process is different in each 
nutrient cycle. 

Those organisms, or pans of ,organisnlS that srne not eaten as fo,od 
ev ntually die a11d a.re decomposed. Saprobionls such as fungi and bacteria, 
break do\\-TI th biological molecules that form the dead mate1ial (Figure 
2 .6). They absorb S·Om·e of the products but the r, stare released! son1,e as 
mineral ions that can be taken up by plants. 

This is the basic nu t r i · n l c:yc I ·. Elements are taken up by plants as 
ions and some are incorporated into biological molecules and pass 
from organism to organism in the various trophi,c levels. Death and 
decoinposition result in m i.croorganisms making these ,elements available to 
plants again. 

Figure 2.6 These wh,ite thread-Like structures are fungal hyphae covering the 
surface of a piece of rotting wood. The fungi are saprobionts. Their hyphae 
secrete enzymes that hydrolyse biotogicail molecules such as Ltgn,111, in wood. 



The phosphorus cycle 
The general features of the phosphorus cycle differ very little from the 
basic nutrient cycle sho,vn in Figure 2 .5. Phosphat,e ions are I"eleased from 
rocks on land by che·mical weatl1ering and washed into soils by ra~n. TI1ey 
are absorbed by plant roots by active transport andl a.re used to produce 
ATP and t'lucleic acids in plant cells . 

Pri1.nary consumers feed on plants and the biological molecules in their 
food are digested to smalleT phosphate-containing n1olecules such as 
nucleotides. Phosphate ions may also be present in their food . Nucleotides 
and phosphat,e ions are absorbed in the s.mall intestine and are used to 
produce nucleic acids and ATP in animal ceUs. The same thing happens 
·when a secondary consumer eats a prhna:ry consumer. 

When o,rganisn1s produce faeces or die, d1e phosp11orus-containing 
substances in their tissues or faeces are digested by saprobiotic bacteria 

releasing phosphate ions, which can then be taken up again by plants. 
Animal urine also contains excreted phosphate ions. Phosphorus can cycle 
like this ,vtthin terrestrial communi'ties for centuries. You can trace this 
terrestrial phosphate loop in Figure 2 . 7. 
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Figure 2.7 The phosphorus cycle. 
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Some pl1osphate ions are washed fTom soils into streams, and evennuiHy 
reach lakes or the sea. Here ihey may be taken up by algae near the surface 
and incorporated into their biological molecules. The algae may be eaten by 
fish] passing the phosphoros from one trophic level to another. But when 
aquatic organisms die they tend to sink to the ·bottom of lakes or the sea., 
1}lhere they decompose and phosphate io:ns become trapped in aquatic 
sediments. 

Over ·very long periods of geological tirne, aquatic sediments form 
sedimentary rocks and 1nay eventually becotne: exposed again on land~ 

where chemicn.l weatherin g releases phosplllate back into the soil. This part 
of the cycle is extremely slow and takes irnillions of years. 

The nitro1gen cycle 
The nitroge11 cycle is 1nore complex tlian the phosphorus cycle. Plants 
take up nitrate ions frou1 the soil. Tlie nitrates are absorbed into the 
roots by active transpo.rt and a re used to produce amino acids and then 
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mmonificati n The decomposition of 
.amino adds in proteins1 r,elea:silng amrno,nia 
as a product. 

I itNf• ti n The two-step oxidation of 
ammonium ions firstly to n~trite ions and 
then to n ltrate ions. 

Alth ough the product of 
a 1mmo nifica ti on is am mon ia 
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ni rifl The r~ductmon o,f nitrate 
ions: to nitrog,9n gas. 

ltro _n I t lor The reduction of nitrogen 
gas to ammonia. 

proteins and other nitrogen-containing substances in plant cells~ including 
the nitrogcn.ous bases in nucleotides. Primary consu.mers feed on pla11ts 

and the proteins in their food are digested to 1~elease amino acids. These 
amino acids are absorbed from the gut and built up into the proteins that 
form the tissues of the prin1ary consun1ers. The sa1ne thing happens ,vhen 
a seconda17 constuner eats a primary consutner. ln this way; nitrogen is 
passed from one 1trophic level to the next tl1rough the food web. 

Wh,en organisms die> the nitrogen-containing substances they contain are 
digested by saprobiotic bacteria. Nitrogen fron1 consun1ers is also made 
available to saprobiotic bacteria through nitrogen-containing excretory 
products such as urea in urine. These saprobiotic bacteria releJsc am111onia, 
so the process is called anuunniftcation . Another group of bactetia, the 
nitrifying bacteria> d1en convert ammonia to nitrites and nitrates in a 
process caUed ni r ific· Li 111. The complete nitrogen cycle is su1nmarised in 
Figure 2.8. 
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Figure 2.8 The nitrogen cycte . 

nitrogen In 
primary 

consumers 

dea,~h a,nd 
excretion 

decomposers 

n1trogen ~n 
secondary 
consumers 

Under anaerobic conditions. such as those that are found when soil 
becomes ,vate-r-logged, denitri[ying bacteria are found in large nu1nbers. 
These bacteria. are able to use nitrate in place of ,oxygen as an el ectron 
acceptor h1. the respiratory pathway. This reaction, called lc- ni Lti I icaLiuu , 

involves reduction of nitrate to nitrogen gas. This nitrogen escapes int,o the 
atmosphert\ so it is no longer available to plants. 

Nitrogen gas may be made avaHable. to plants again by n it r e n fi ·a ti, . .ln. 

Some species of microorganism are able to fix nitrogen to form ammonia. 
Some live free in the soil. Others are associated \Vilh the roots of leguminous 
plants~ such as peas and beans, clover and lupins. The biochemical reactions. 
associated with nitrogen fixatio11 are. complex but they can be summarised 
by the following equation. 

ATP 

nitrogen .,.. am111onia 

reduced coenzyme~ coenzyme 



,. rm lza Assoc~ations be tw,een the 
plant roots and beneficial fungi found ~n 
n,e:arly aiU plants on Ea11rth. 

NitTogen is reduced to ammonia. The reaction is catalysed by the enzyrne 
nitrogenase. Nit1·ogcnase, ho,vever, does not function in the presence of 
oxygen and many nitrogen-fixing organisms have adaptations that ensure 
that .anaerobic conditions exist in the parts of cells involved in nitrogen 
fixation. 

Mycorrhizae and ion up1take 
So far in ihis chapter we have se,en how n1icroorganis.n1s have key roles 
in decon1position and in the different processes in nutrient cycles. There 
is a third way in which microorganis1ns are crucial in recycling chemical 
elen1ents, by assisting plants with their uptake of inorganic ions and vlater. 

The root systems of n1:ost plant species have fungi, called 1nycorrhi::a 
(see Figure 2.9), gro,ving in and around then1. T11e fungi are often highly 
specific to the plant species and have evolved with them. This is an example 
of mutualism) a relationship between two species where both gain a 
nutritional advantage . 

Figure 2.9 Mycorrhiza1·e around the roo ts of a young pine tree·. 

Each fungus consists of microscopi,c threads called hyphac. The fungus 
colonises the roots from the soil by hypha.e growing on, and often into; 
the root ·tissues. 10nce established, ma·ny hyphae extend out from 1he root 
surface into the surrounding soil Because there are so many hyphae; tl1ey 
vasdy increase the surface area of tl1e plant for uptake of water and ions, 
including phosphates and nirrates. This is s·hoVvO in Figure 2.10. 

The h:yphae absorb iou.s and ,vater from the soil and transport them into 
the plant roots, In :reti\rn, the pan of the fungus growing inside the root 
is able to obtailn carbohydrates transloc.ated from the plant leaves. This 
su.pplements their food supply. 

Because .fungi are saprobioti.c, d1eir hyphae still secrele enzytnes and 
hydrolyse biological molecules in leaf litter and other organic detritus in the 
soil. This releases ions) which can then be absorbed and tr.ansponed back 
along th.e hyphae to the plant roots. Scientists have shown that in some 
circumstances plant roots Vilould be incapable o( accessing phosphate ions 
at aU vfithour the help of mycorrhizae. 
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Figure 2.10 Funga,L hypha.e extend into the so il and increase the 
root surface area. 
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TEST YOURSELF 
5 Descri,be the ways that th e nitrog,en cyc le show n in Figure 2.8 is 

similar to the carbon cycle thait you al ready know about. 
6 Descdbe the ways that th e phosphorus cyc le shown fn Fi·giure 2.7 is 

d~fferent from the nitrogen cycle . 
7 What is n.itr if icat ion and why is 1it important for plants? 
8 What are mycorrhizae and how do they benef·it many rplant species? 
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o~~~~~~~-
F · rtil is rs and net primary production 

F tili r M.ateri als ddded to soil to provide, 
nutrients far plants .. 

Whr;n organisms living in nalural ecosystem.s die i they decompose. Soil 
mi.cro·organisrns convert] for example) the nitr,o,gen in organic substances 
such as 1,roteins and nucleic acids to nitrates l and tbes·e are taken up by 
'th e producers. There is a continual recycHng of nutrients. ln agricultural 
ecosystems , h owever~ a large part of the biomass that is produced is 
harvested and removed. This is true whetl1er we are considering crop 
plants , such as wheat or potatoes, or .animals , such as dairy" cattle 
and sh eep. Unless the mineral ions in this biomass a.1-e repla,cedJ their 
con.cent ra tion in the soil decreases and cr,op yield or milk yield falls . 

.:rti Ii er can be used to add mineral ions such as those of nitrogen) 
phosphorus and potassium to the soil. ·'v-,/e can -either u se artificial 
fe:rtiHsers nr natural fertilisers~ such as fannvard tnanure. 

~ 

.Artificial fertilisers: 

• htive a guaranteed corn.position) making it easier to detennine rates of 
application and predict the effect on crop yileld 

• are concentrated source.s of nutrients and can therefore be applied in 
smaller amounts~ this saves on transport costs and on the dama.ge done 
by heavy 1nachinery compacting the soil and crushing the crop 

• are cle'1n and convenient to handle and apply evenly. 



Natural fertilisers~ on the other hand: 

• are mixtures of substances a.ndl inay contain trace elements, substances 
d1at are in1portant to plants in small amounts 

• add organic matte1~ to the crop; t.his may i.n1prove soil structure, reducing 
erosion andl improving water-holding properties 

• release the nutrients they contain over a longer period. of time. 

It is clea1~ from various investigations tl1at regular dressings ,vi.th fam1yard 
manure can benefit a crop and produce increases in yield similar to those 
obtained "\Vith artificial fertiliser. Table 2 .1 shows the Tesults obtained from ·a 
number of different ir1vesti.gations. 

The first column in the table gives the name of the scientist or scientists 
responsible for -ca"}ing out the investigation and publishing the results. 
Co1nparing the "''ork of different scientists allows us to see that shnilar 
findings have been repo·rted by others. This helps to make sure that the 
conclusi.ons that we draw are robusl, or i:eliable. 

Table 2~1 V1ields of crops with tong-term applications of farm1yard manure or arti1fic·iaL fertHiser. 

Dyke [l964] 

Trr1ist and Boyd (1 966) 

~ hnston and P,oulton {1977) 
Warren, and Jolhnston [19621 

Wheat 2.08 3.50 3.1:1 
W1heat 1,.28 2.38 2.43 
Ba,rley 1.03 2.03 2.26 
8a,rle 1.59 3.03 2.87 
Su,gar beet 3.80 15.60' 15 .60 
Mani olds 3.80 22.30 30.90 

Look at the. data. 011 yield in the other colun1.ns. You can see that in all 
cases the addition of either farmyard manure or artificial feniliser l d to an 
increas when con1pared to the control. 

How much fertiliser should be applied? 
Farmers can improve· the net primary production (see pa.ge 13) of a crop 
by adding feniliser; but they must apply the right amount a.t the right time. 
There are recommendad:ons available for how much fertiliser to app]y 
to .a panicular crop1 but these-are only general estimales. FaC'lors si1ch 
as the previous crop that v,las grown and the type of soi} mean that these 
recoinmenda'ti.ons ]1avc to be 1nodifiecl if they arc going lo be applied to a 
particular crop growing in a particular fiel d. 

Figure 2.11 shows the effect of adding different amounts of two types of 
nitrogen~containing fertiliser on the yield of maize in a number of trial plots. 

Curve B, shows the effect of adding a fertiliser containing nitrogen but no 
potassitn-n. The shape of this curve i.s typical of a yield response to added 
fertiliser. The yield increases \Vith increasing application of fertiliser. h 
reaches a peak and then falls~ This patten1 is sometimes referred to as the. 
law of diminishing retun1S; because beyond a certain point the addition of 
1nore fe1tiliser results in very little extra gain; or even reduction. 
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Figure 2.12 Growth, development and 
harvest of a winter wheat crop. The 
:LQttgrs in the circle correspond to the 
months of the yea r. 
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Figure 2.11 The effect of adding nitrogen -containing fertiliser on the yje ld of maize. 

Na" ' look at the curv"e bel\,veen applications of O and 180 kg of nitrogen per 
hectare. You have seen curves v.iith this shape frequently during your A-level 
course. What it is sho'\r\i.t1g you here is that , as the cut~"·e rises, the amount of 
nitrogen added in the fertiliser is linliting the yield. At approximat ly 160kg 
of nitrogen per he,ctare, the curve flattens out. Son-iething else is limiting the 
yield. Cutve A suggests that this may be potassium. 

When should fert il iser be app1lied to a crop? 
In the UK, \\1nter wheat is an ilnportant crop. Figure 2 .12 s how~s when a 
"Winter ,vheat crop is sown, gro·\\rn and harvested. 

V,le 'Will look at some of the issues relating to the application of nitrogen­
containing fertiliser to this crop. The timing of any application must take 
the foUoVving po,ints into ,consideration . 

• Maximum uptake of soil nttrates ,occurs early in the gro\vth ,of the plants. 
• Time is required for nutrients in fertilis·ers to dissolv,e and reach the r,oots. 
• Wastage through loss from the soil must b e kept to a minimum. 
• Weather conditions need to be taken into a,cco11nt , and fertilisers should 

not be applied while it is raining. 

PLE 

Timing the application of artificial fertiliser 
Mos t of the nHrogen in airtificial fertiili ser ij 5 su ppUed ejther a,s amrmo n,~um 
ions or as nitrate ioris. 

1 Use your knowledge of the nftrog·en cycle to exp Lain why there is a raip :id 
decrease iri the concentration of the ammonium ions a,d.ded in the 
fe rtif User. 

f'v'itrifymg bacteria oxidise amn1oniun1 t·ons lo nitrates and then to nitrates 
N11trate added to the soil at the time of ploughing may be lost rapidty by 
deniitdficatlon. At this time of the year, heavy rain is likely. Explain why 
the rate of loss t h :rough de nitrification is rap f d : 

after a period of heavy rain 
Oenitrifying bacteria are n1ore active in anaerobic conditions and, 
f0Uov1ing heavy rain. water- logged soil has less air. and therefore less 
oxygen. in the so1L 



Figure 2.13 The g.rowth of algae a.nd 
water pta nts in this strea m is the re sun of 
poHution by nitra te an,d phosphate· ions. 

w hen straw from th e previous crop is plo ughed into the so~[ and is 
deco mposing 
Saprobiotic bacteria decamposing the stra~v use up soil oxygen in 
respiration. creating the anaerobjc conditions in which denitrify;ng 
bacteria are more active 

I when the soft ls s tr ll warm 
Den;trify1ng b.actena are n1ore active in v1armer cond/tions and diffus{on 
of nitrogen gas tram soil airspaces lnto the atmosphere is more rapid at 
higher temperatures. 

In the UK. the risk of nft rogen loss in autumn is hlgh. so most nit rogen­
co nta I nii1ng fe rttti se r is added In s pd ng. 

" Use Figure 2.12 to ex.plain the advantage of appty1 ng fer ti l iser to a 
w'inter wheat crop tn early spdng . 
The pt.ants are starting to gro111 mere rapidly again as air temperature and 
day length increase follov,ing the winler. so use phosphate and nitrate 
;ons n1ore rapidly for protein and nucleic acid synthesis. resulting in les.s 
leaching or {ons fron1 th€- soil I see page &.2} 

· Suggiest disadvantages of applying fertili se r in ear ly spri1ng. 
Initial grovlth of thr: seedlings in outun,n doe~ nol have the beneNt or 
the ferttUser. In early spring, the soil may still be fairly cold and so root 
respiration v-lit t be slo1;v. so there rnay not be rnucl"I ATP being produced for 
active transport of ions into roots. Ea rtier growing weeds may also take up 
sorne of lhe ions instead of the crop. 

~ ........... ..... .... .................. . ....................... .. ............. . ............. . 

; TEST YOURSELF ! : : 
f 9 Why is it necessary to use fert itisers when la)' growing cro:p s ain d i 
! [bi on g,rass when rea,r ing dairy cattle and sheep? ! 
i 10 Explain why natural fert ili ser s release the nutr ients th ey conta,in i 
i over a1 long er per iod of tim e tha1n do art ificial fert iUsers. I 
• • ! 11 Explain why the curves in Figure 2. 11 do not start at the origi,n of the I 
i graph . i 
i 12 From Fig:ure 2J 1, what ma,ss of n,itrogen- on ly fer tiHser would you f 
i recommend a farm:er use per hectare for g,row i,ng maize? Expla in I 
• • : your answer. : 
• • • • • ••••••• , •• , •••••••••• , • ••••••••••••• , •••••••••• • , •••••••••• , •• , •••••••••• , •••••••••• , ........................ 111111111 

Fertilisers and the environment 
The siream shown in Figure 2. 13 runs thr,ough an area of farmland. h 
contains a high concentration of nitrate an d phosp.hate ions. The stream is 
in a rural area and environ1nental scientists suspected that these ions came 
from fertiliser applied to the surrounding fonmland. 
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• In ari exam you m,ig ht be asked 
to recog nise the type of data 
you have been g:iven and t o 
select an appropriiate stati sti ca 'l 
test 

• Look at Chapte r 13 o 11 maths 
sk. iHs to frnd out more a.bout 
statist icail tests and to see a 
worked exa mpte of this test. 

• You wo n·t need to do statJstica l 
ea lcu la tions irn a wri tten paper. 

." "'·· ·"' .. ... ....... ....... . ........ .......... ,. ••• -••Iii• ••••• "·· •••• · ·"' ..... ...... . .. ... . 

E1 t pht tl n The aiddirtton of extra 
nutrients sue h as n itra t,e ,o,r phosphate ions 
to aquatic ecosystems. 

I I The process in wh, eh soluble ions 
disso[Ved in soil water drain through the so~l 
into aqua t1ic ecosy st,ems. 

Table 2.2 Total mass of nitro,gen in fertiliser added to surround ing fie l ds and the 
mean concentration of nitrate fn a stream . 

Total mass of nitrogen in fertiliser Mean concentration of nitrate 
added to surrounding fields/kg ha-1 yr-1 in stream/mg dm-3 

41 1.2 

41 1.3 
·51 1.'5 
56 1.8 

63 1.6, 

69 1.9 
72 2.0 

Table 2.2 sho,vs data the scientists collected for the same stream over a 
number of years. It suggests t'hat as the total tnass of nitrogen in fertiliser 
added io fields increases> ihe mean concentration of nitrate in nearby 
streams also increases. Because these data. consist of t\\70 sets of measured 
variables, the best way to present it ,v,ould be on a scattergram. The Hne of 
best fit would slope upwards. indicating OJ positive corr,elation. You would 
use a Spearn1an's rank correlation test to find out "vhether the correlation 
between these tvvo variables is significant or not. 

Eutrophication 
The addition of extra nutrients to aquatic ecosyst,ems is is caUed 
l~ut I l• p h icat i c n . The word is generally used ·when freshwater streams or 
lakes such as th str am in Figure 2.13 1 are enriched ,vith nitraJte and 
phosphate ions because of I · tLl t ii ~- Because nitrate and phosphate ions 
are so soluble they can be carried in soil water as it drains from fields int,o 
ditches. 

If fertHisers are used on agricultural land there is a risk of eutrophication in 
nearby aquatic eco,systems. The risk is higher if the fertilisers are anificial 
and especially high if the fertiliser is used on bare fields or before heav·y 
rain. TI:1is is because artificial fertilisers contain soluble salts such as 
ammonium phosphate 1 which readfly dissolve in soil ·vlater. lf they are not 
quickly absorbed by plant roots. they remain in the soil water and from 
the~e they can be leached into ditches and streams by rainwater. 

Natural fertiliser such as compost ·OT manure decomposes and releases 
nutrients slow·l1~ Plants usually absorb them as fast as they are released> so 
the risk of nuu:ienls leaching into aquatic ecosystems is lower when using 
natural fertilisers. 

If nutrients such as nitrate. or phosphate ions 1-each aquatic ecosystems such 
as stream or lakes they cause an increase in the groVt.rth of aquatic plants and 
algae. This is because the gro\\1.h of many aquatic plants and algae is usually 
limited by nitrate and phosphate ion concentration. 

Increased biomass of aquatic plants, and especially algae; reduces the 
amount of light entering the ecosystein. Dense aquatic plant [oliage at 
the surface can shade the plants beneatl1 then1.. 1-arge nu1nbers of algae 
in the water tur11 it murky green, or turbid. This is sometimes called an 
algal bloo1n. 

The reduced ligl1t available funher undeiwater 1neans that so1ne aquatic 

plants aI1d algae die. They arr decomposed by saprobionts in the ,vater) 



mostly bacteria. The bacteria grow and rep~oduce rapidly due to the 
large amount of dead plant material available. Since the bacteria respire 
aerobically; they use n1ost or all of the oxygen dissolved in the ,,;.rater. 

Aquatic 01~ganisms such as stonefly and mayfly larvae~ which require a 
relatively high concentration of oxJ7gen1 die. In extretne cases fish n1ay also 
die . The few animal species that might survive are those tolerant of Lav., 
oxygen concentrations. Ho\vever, the diversity of animal species ,viU be 
much 1'"educed (see, AQA A-l.evd Biology 1 Student~ Book Chapter 13). 

Figure 2.14 Stonefty larvae a re espe·c1ia lly sens it,ive to depleted oxyg,en 
concentratiion and die if eutroph·icat,on occurs in a stream. 

Figure 2.1.5 summatises how eutrophication can affect an ,ecosystem. 

·Increase ~,n ttie conicentrat~on of nitrates and phosphates i,n ~e water. 

I J 

l1ncrease in tl1e groMh of algae and other photosyintheti1c organisms. 
M1any of these organisms die before tlhey are eateri. 

" , 
Increase in numbers of decomposers. parttcularly bacteria. They respfre 

and tnjs IO\t\ters t he conce,ntiration of oxygen di,ssolv12d 1irt tha ,,vater. 

Other organisms, such as fish and the larvae on which t hey 
feed, die due to tack of oxygen. 

Figure 2.15 The effect of eutrophicatlion on freshwater ecosystems. 

Scientists can use two different approaches to study the effects of 
eutrophication. The first is a fieldwork-based approach. This involves either 
comparing polluted and unpolluted ,vater, or looking at data collected at a 
sin gle place over a long period of time. Problems arise with trying to explain 
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the results of investigations such as these, however. b. is often very difficult 
to link an effect to a particular cause because situations are often very 
complex and n1any factors may change at the s-ame titne. 

The seoond approach is to use an experimental approach> in either the 
laboratory or d1e field, to test the effect of changing a specific variable. In 
this case, scientists have to take ea re in applying resu Its obtained under 
carefully 1nanaged con ditions to natund situations. 

Data fron1. field~vork 
The Norfolk Broads ar,e a seri.es of shallow lakes along th,e lo,veT reaches 

of three of the main East Anglian riveTs. The Broads are surrounded 
·by agricultural land. Some of the land is used fo,r grazing and some for 
growing crops. Table 2 .3 sh01h7S figures tor the n1aximum concentration 
of phosphates> nitrates and a]gae in the vlater of seven different lakes in a 
particular year. 

Table 2.3 Maximum conce ntrations of pho,sphatesi ni trates aind alga,e in seven lakes in the Norfoilik Broads. 

A 340 2 460 
B 200 4 230 
C 320 3 41,0 
0 240 8 370 
E 16.0 6 220 
F 190 8 370 
G 190 3, 200 

l''!'l!I •• t•• • • -'! • • .11" ii iii tc•• 11 tt..- -ti4 •11 •• • •~ tl• •it P-! •• •It t • .-11f • J• I• ••tf t• P.i • • • .. 11• •• r-- • • •lff ••"'•I • •••• r•4 II "iii p• -a•••• - •ii" If•• • .. 11t•,I Ii ••• •I •ii. P-'! i• •Iii•._ •i• • t i•"I •I••• I•-•• t• • -~ -• i• •11" ii iii wet If i•• •I••• .... •t tl• • i r-•1 tt • ••t t • ••t •• IIR1 ••tf t• •c 
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The effect of phosphate concentration on the growth of algae using data from fieldwork ~ 
: 

Start by loo ki ng at the data on phosphate concentration 
a,nd tine ,conce,ntration of a lgae. l1 s there a significant 
correla,tion between t hese two vadab les? If you carry 
out a Spearman·s rank corre lahon test on these data 

~ you should get a va lue for Rs of 0.85. Loo!k this up in the 
i ta ble of probabiUty va lues 1[see Tab le 13.3 on pag:e 2551 . 
= and yo u w ilt see that thi s value is greater tha n, the 

cdti cal va lue for seven pak s of measurements. Yo u 
ca n t herefore rejec t your nu ll hypothes is and can 
conclud e tha t there is a sign1fica.nt correlatron betwee n. 
th e maxim:iu m phosphate concentra tr on a,nd the 
max im um conceritrati or, of algae in th e wa ter. 

Now look at t he re latior1sh1ip between nitra te 
co nee n:trat ion and the concentrat ion of a lgae. I i'1 th ~s 

. case Spear man·s ra nk corretaHon test gives an Rs 
• 
~ va lue nf-0 .28. The minus sig n shows us that , 1iin thi s 
= case~ we are looki,ng a t a negia tive correlation. In 

. . 

other wo rds, the greate r the co nce ntra t ion of nitrate 
ini th e waterf the lower the max i,mum concentrat iorn 
of a lgae. If you ig,nore the ·minus s f gn and too k up th ~s 

va lue in the tab le you W'i:U see t hat it is lower than the 
crit,ical va lue. There is a g,reater than 0.05 probab ility 
that t hi's correlation arose by chance. Yo u shouild 
therefore accept the nu ll hypothesis and conclude 
that the correla,ti on betwee n nitra1te concentration 
a,nd conce ntrat ion, of a lgae is not sign i f ica,nt 

The data shown in lab le 2.3 confi rm wha,t many other 
scien t,ist s have found. in most freshwater ecosystems_ 
the factor lim,it~ng growt h is very Ukety to be 
phosphate concentrati art lncreasing the ea n c:entrati on 
of phosp hate is often assoc~ated with an incre.ase 
~ri alga l growth . As pointed ou t ea1r1l1er, how ever. 
scientis ts must take care r n rnterpret1n g data like 
these. Tkere f s obviously a st rong cor re lati on between 
ph asp hate cone eri tratf on and the co nee ntration of 
alg,a e. Th is does not mea n, th at it 1is th e i,nc rea se 
~n phosphate concentration that causes the rise in 
t he algal poputation . There may be other eco togka l 
factors th at va ry between these lakes, and any one of 

t hem could have a ffected the alga l pop u la Hon. 
.... •• •• , ... r•, •• r•"-•• r•, •• r•, ••• •• ,..,. •• ••., •• r•"-•• r•"'-•• ••• ••" • .-r•• •• r•• •• a.-,-.. r•, •• r•• ra, • • ra'I . .. ,. •• •• r•~ •• •• ,-.. r•• ra, • • ra'I • • ••• •• r•• •• ••• aa, a a ra, •• ra, •• _..., • •-"•" ••r•• aa,-. a ra, •• r•"-•• ra, aa ra, • • r•• _,. •• aa, •• r•"-•• ra, aa ra, •• r a .-r•• •• r•• •• aa,'lla ra, aa ra, •• r•• ra'I • • r•• • 
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The effect of phosphate concentration on the growth of algae using data from an 
experiment 
A Lund tube ~s a large rubber tube 
used to investigate freshwater ecology. 
i:t 1 s. de s; g n e d to i so late ta rg e v o tu mes 

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

; of water from the lake outside. The 
' 
1 top of the tube is surrounded by a 

large inflatable r1ng that Hoats on the 
surface. while the bottom of tile tube 
sinks into the mud on the lake floor. 

In one ·experim ent~ phosphate was 
added to the water inside a Lund tu.be in 
October. The pop 1ulat1ons of alg,ae in the 
water irn the tube and in the surrou:nd1ing 
lake water were measured at regular 
interva,ls over the next few months. The 
r.esuilts of thi1s invest,igation are shown in 
the graph in F.igure 2.11 6. 

Algal 
popuJation/ 102 

cells cm-3 

Oct Nov Dec Jan Feb Mar 
Month 

Look at th e data ·in F1gure 2.16 and 
answer these questi ons. 

Figu re 2.16 The effect of adding pho,sphate to the popu1lat1on of a1Lga·e insi.de· 
a Lund tube. 

1 By how many ti 1m,es ,is the populatio n of al9a e in the 3 The Lund tube used in thi s investigat jon was 
tube gr eater than the population in the rest of the approxim ately 45 m in di1ameter. Other than the 
lake. in the rm ri ddle of February? presence of added .phosphate~ sug gest how the 

2 a] Describe th e dffference in the shapes ,of the two water 'inside th e tube m 1ight have differed fro m the 
; curves shawm on the graph . sur rounding lake water. 
~ b] Exptai,n this di1fference, in terms of phosphate ' Use your answers to th e qu1estions to ex:plai1n why 
! concentrati on. scientists have to take ca re in applyfng the results 
! of thi s i nvestig abon to n.atu.ra l si tuati'ons. ' ; .. •• ••i •• •l• •11 ••• •• r§• • • !II•• • t• &iii••-' •i a &a •• i •• •• ••• .-. •§• ••i • f • • " • • ••• •P r•il • • , • • •• .. ••••of I§• ••.i •• ••• •• !rll• •1 "•• ••• •• aa i ••a• •!• ••a•• ••P •iii !ri•• •!• ... ••• •• •§• •• ••• §• !r•• • • •f• •• If •• .,1 .... ••• ... •I§• •• ... , I§• a.•• •• .,,•! ••4 •• •P• •• ••• •• -~• • • ~ • • • • .. •• ••• ap aa11 • • 4 • • •• ••• •a,1, !• ••.i •• ••• ••: 

~ ................................ ..................................... ........ ... ........... . 

f TEST YOURSELF j 
: 13 What is leachirng and why is it a r isk to the envi.ro nment? : . -i 14 Why 1is the ri sk of lea·chi ng often higher tf artrfi ciat ferHli se rs are : 
• • 
: used on fa rrmLand rather than natura l fer tili sers? : : . 
: 15 Describe the effect of eutroph1icati.on on a typical fr es hwater i 
~ . 
: ecosyst em . : 
• : 16 Exp lainr why it wa s impor tant that a ll the lakes in Tarble 2.3 were ~ .. 
! sampled in th e same yea·r. ~ 
• • : . 
.............................................. ~············~························•• 4111111 .................... lllllllli 
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Practic questions 
I The sequence below illustrates the events after the addition o[ nitrate 

and phosphate ions to a strean1 flo,ving dirough fannland. 

increased nitrate and phosphat,e ion concentration~ lncTeased gro,vth 

of algae-,, Death and decay of aquatic plants~ Reduced oxygen 
concentration in the water 

a) i) Suggest \\l~hy the increased growth of algae 1~lts in the death of 
oth,er aquatic plants. (2) 

ii) What causes 'the reduced oxygen concentration in the '\\7ater? (2) 

b) What ·will be the impact of a reduced oxygen ,concentration on the 
animal community in the stream? (2) 

2 The diagram sho,vs the p·hosphorus cycle. 

ardmal tissue 
and faeces 

sollubte so'i'I " decomposers 
-----:,,.----- phosphate .,._ _______ (bactetla and 

- mine.rals 
decomposers p h_ospha,~ ions .....------

\ (bacteria and 1n solution 

"~ungi) 

animal tfssue 
and 'faeces 
~ 

plants and 
al1gae 

a) Explain how the herbivore obtains phosphorus from the. biological 
molecules in its plant food. (2) 

b) Describe 1wo ways that the herbivore would use phosphorus. (2) 

c) Explain why the cycle shoVvn in the diagram depends on 
saprobionts. (2) 

3 Sometimes farmers gro,v 1:nustard plants on land in autumn when there 
would otherwise be no crop. The mustard takes up nitrate ions I which 
n1ight be leached from t11e soil at t.his time of the year. When it is time to 
plant seeds of a new crop in the spring, the mustard is ploughed into the 
soil as a natural fertiliser. 

a) Why is the 1nustard crop used to remove nitrate ions from the soil? (1) 

b) When the mustard plants are ploughed into the soil) nitrogen 
contained in biological molecules in their tissues beoome available 
for the new crop. Describe the role of saprobionts i11 this process. (3) 



II 

c) Why would using n1ustard plants as a natural fertiliser reduce the risk 
of leaching in the spring? C2) 

d) Plants also absorb phosphate ions b"Om the soil. Describe vvhy 
phosphate ions ,vould be needed by a growing crop. (2) 

+ Scientists compared the decomposition of beech and fir leave.sin leaf 
litter for one year. The table shows some of their results. 

Beech Fir 

Biomass [o,st (%) 13.2 2'3.6 

organic c (%) 4S.7 47.9 

Total NI(%) 0.63 1.57 

Lignin {%) 36.1 28.1 

a) Explain why it ,vas appropriate that leaf biomass lost ,vas determined 
as the percentage dry mass lost. (2) 

b) Along vvith cellulose~ lignin is a co1nponent of plant c H waUs. 
Saprobionts find lignin far less digestible than ceUulose. Describe and 
explain the relationship bet\\reen the llgnin content of the leaves and 
their decomposition rate. (3) 

Organisms that decompo,se organic material us carbon-containing 
biolo gica] molecules as respiratory substrates and nitrogen-containing 
biologica] molecules for protein and nucleic acid synthesis. Tl1ey need 
more carbon than nitrogen. Microorgantsms require a. carbon:nitro,gen 
ratio of about 30: 1. 

c) E,,,_1Jlain how the above information relates to the data in the table. (3) 

Stretch and challenge 
5 Discuss the role of mycorrhizae on the growth of certain plants; 

especiaUy orchids. Evaluate the re.cent w,ork by scientists at the 
University of Maryland in tl1e USA vd1ich claims that one of the key 
factors that detenuine if certain species of orchid can grow in a particular 
place is the presence or 2lbsence of their mycorrhizal fungi in the soil. 
Explain possible reasons for this and examine its importance for orchid 
c onsen"ati,on. 
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••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • i PRIOR KNOWLEDGE ! . ... .. . 
: A ne rvous system enables hu1mans t o react to t heir su rr-ouindiings and : 
• • 
: coordi nate thetr behaviou1r. : • • 
j .Receptors d·etect stimuU [changes in the environment~. f 
• • 
: Receptors and the sti.muli they detect include receptors in the ·eye.s : 
• • 
: that a re sen sitiv·e to light and receptors i· n the skin that ar e s en s,i tive to i 
i touch. p r·essurej pa ,n and tern peratu re cha n gies. : . .. 
: Nerve impulses from receptors pass along. neurones in nerves to ; 
~ . 
: the bra in. The brairn coordinates the response. Simple reflex actions i 
• • ! are automatk and rapid. They often involve sensory. relay and motor : 
~ ... 
'" .. : neu1 rones. : 
• • i Simple reflex acti1ons involve receptors. sensory neurones4 motor ; 
• • 
: neu1 ro nes, retay neuron es_ synapses and effectors. ! 
• 
: Plants are sensit ive to tight~ moisture arid gravity. Their shoots 
-: grow toward s light and aga,inst the force of gravi:ty; thefr root s grow 
• i towards moisture and in the direction of th e force of gravity. 
: • Plant growth substan ces I ca lled hormones at GCSE) coordinate and 
-: co r, t r o l g row t h i n p la n t s. 
= 
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• T'EST YOURSELF ON PRIOR K.NOWLEDGE ! 
• I 

i 1 What is a receptor? G.ive two exa1mples of receptors. i 
i 2 G~ve one adva nta 91e of rap id reflex react ions. : 
f 3 Descdbe a synapse. i 
• I 

; 4 Explai1n why pilant responses to Ught and water i1mprove the ir chances : 
! of s u rv iv a l. ! 
6 • • • •••••••••••••••••••••••••••••••• ,t,,•t••••••,,, •••••••••• , •••••••••• ,,., ••••••••••••• 411111 ........................ .. 

The idea that some plants respo·nd to music or being talked to is not new 
but until now ha_s been regarded with scepticism. But recent experiments 
\Vith a small cabbage-like plant called Arabidt?psis have sho-wn that they do 
indeed respond to sound vibrations. M,ore than tha.t; they can detect the 
difference between different sons of sounds. 

If you think about the possible ecological significance of sound in the life 
of plants i this is n ot so unusual as it 1ni.ght see1n. Plants are constantly 
exposed to the feeding of herbivores, from large mammals to a 1nu.ch v.rider 
range of smaller animals, especially insects. The chewing, munching and 
tunnelling of J1erbi.vorous animals creates a constant barrage of sound. 
Since being damaged by feeding anin1als is disadvantageous to plants; it 
is actually not su1-prising that they can detect and respond lo the sound of 
this happening. 



•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: Extension • • • • • • • • • • • • 

Scientists at the University of Missouri recorded the 
sounds of feeding catetpillars by shining a laser at 
a sn1all reflective patch on an Arabi.dopsi:.s leaf and 
aUo,ving a caterpiUar to chew it. The tiny vibrations 
detected by the laser beam were recorded and then 

• : played back to other Arabidopsi.s plants. A second 
: group of plants Vler,e kept in silence. 
• • • • • • • • • • • • • 
• • • • 

When caterpiUars were tl1e.n allowed to feed on 
both sets of plants, those that had been exposed to 
the sound of feeding had more defensive chen1icals, 
substances that caterpillars find distasteful, in their 
leaves than those that had been kept in sile11ce. 
Caterpillars r-espond to the defensive chemicals by 
moving t,o, another p]ant. 

: TI1,e advantage of this response to Arabidopsls plants is 

: clear. Although plants have oth r chen1ical-mediated 

responses to feeding animals> sound vibrations are 
a faster way· for distant parts of the plant to detect 
herbivores feeding and produce d.efensiv,e chemicals. 
Further ,experiments showed that other vibrations, 
such as those caused by wind. moving the leav,e.s, did 
n ot stimulate ihi.s response. 

So so,me plants can detect and respond to sound. 
Future developments based on this work might 
include genetic tnodifications to crop plants that 
boost the production of defensive chenlicals, n~aking 
them more ·resistant to dam.age by pests. These 
experiments als·O· show tha't plants respond lo more 
of the same stimuli as a.nin--ials than you might think, 

ev,en though their responses n1ay be rather differ,ent 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
• • 

• ................ ••••••••••••••• •••••••••••••••••• • •••••••••••••••••• • •••••••••••• 

0 Survival and response 
Ho,v does a blackbird find an eatth'"'·orm in a lawtt? I-low do grass leaves 
grow t,owards the light? H,ow does a cat catch a blackbird? HoVv· does a 
blackbird recognis a cat as a dangerous predator? How does a ,vorm scape 
from a blackbird? Getting food avoiding being eaten and finding favourable 
conditions to Hve in are. an essential requirements for survival. .. A.ny spe,c.iies 
that does not have the ability to respond to these requirements will ,die out 

Figure JJ 8 tackbiird. f indjng earthworms rin a lawn. 
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t lmulu_ A change jn th,e irntem,a[ or 
external environment. 

• 111.- ~• •• •11:• 111• ••i- •-i •i-, •• • -i •ii • - - • ., •••• , • ....... • '!I••• 11111' •'!I~ ~·••• l!I"' , •• •11: '!1111 -·· ...... 111• ••••• 

Im l r fl An unlearned, fixed rasp ofise 
to a1 st~mulus. 

As we shall see) responses vary in con1plexity accoro..ing to circumstances 
and fron1 plan ts to animals. Detection requires a sti1nulus that can be 
detected by receptors. Some receptors are cells that secrete substances i.n 
response to stimuli such as ~ cells in d1e pancreas (see Chapter 6 ) page 
108). Some receptors are specialised cells that produce electrical activity in 
nerve cells. For exrunple) a sudden 1novement by a cat may be the stin1ulus 
that is detected by reoeptoi-s i.n a. birds ,eyes. Processing involves nerve 
impulses being conducted to a coordinator, either the brain (or in a. ,vonn 
to a sort of n1ini-brain) ur to ihe spinal cord, and from. there to the pan'ls 
of the body lhat "Nill produce the appropriate response. The response is 
carried. out by effectors. In the bird the effectors >Nill be the muscles d1at 
operate the "rings. So, the fu U se.qu-ence is: 

Detection 

stimulus~ receptors 
rnovemen,t in bird;s 

of c:at 

c-oordinatot 
:nerves and brain 

Action 

ellectors--11- response I 

W~T'I Q b I rd f fj es 
mus des 

This response obviously has vital survival valu to the bird. lt is important 
that the response should be rapid, and a reflex action achieves this. At the 
same time it cannot be an. absolutely fixed and automatic action. A successful 
escape flight should be controlled so that it canies the bird away from the cat 
to, reach a safe place. After the initial reflex, the bird is able to take control 
nd undertake 1nuch more complex beha,riour ihan just flapping its wings. 

Simple reflexes 
In humans s,ome automatic r,espons s to an external stimuli are ·called 
i 1n I k· 1 e tl ·l·s . lf, for e..icample 1 you accidentally touch a hotplate 011 a 

cooker you "rill very rapidly pull your hand away. You won't have to think 
about your action .and you vlon~t be ab]e to stop this response if you are not 
prepared for the heat. This has the obvious advantage that il minimises the 
dam.age that might be caused. 

Figure 3.2 sl1.ows the neuron es involved in a reflex arc that produces 
a rapid response. The high temperature of the hotplate stimulates pain 
r,eceptors close to the surface of die skin. These are actually thin hranches at 

the end of a sen sory neuro n e that has a long extension al1 the ·,vay through 
the ann to the spinal cord. The receptors trigger nerve impu]ses 'that are 
conducted to the opposite end of the sensory neurone. This end of the axon 
of the sensory neurone has tiny branches that almost touch similar branches 
on a relay n euron e. A junction between neurones is called a syn apse 
(see page 77). The relay neurone has another synapse linking to a m o to r 
n euron e. The axon of the motor neurone conducts nerve impulses to a 

muscle in the arm and stimulates i[ to contract. This produces the response 
that causes th.e arm to be quickly pulled avlay. 
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Figure 3.2A three-neu1rone reflex arc. 

A thre -neuron reflex arc is an example of a mechanism that results in a 
t,otally automatic reflex response. In practice, h,o~lever, the response of pulling 
the arm o.ff a ho plate includes much more than a single reflex arc. Touching 
the hot surface stimulates not just one but a large number of receptors, so 
many senso·ry neurones send nerve ilnpulses to the spinal cord. The response 
involves the coordinated contraction of several muscles in the arm. Therefore 
the relay neurones despatch nerve impulses not just to one muscle but 
t,o several, which is why they have synapses connecting vtith many ,other 
neurones. N erv·e impulses also pass lo 'the brain; mti king us co,11scious ,of pain 
and enabling us to take further action, as well as to shout ·ouch '. 

o~~~~~~~-
F in ding the right environment 

............................................................ ., •••••• 11 •••••• , ........ .. 

Kin I A noned~rect~onal respon.se to, a 
stimu~us. 
r x A dh·,ect~onal response to a stimulus. 

The ability to r,cspond to en\ir,onmental sti1nuli occurs in all living 
organisms. Even seemingly si1nple organis1ns that do not h.ave a complex 
nervous system can find favourable conditions or get out of troub]e. Motile 
organisms move more or faster in response to a stimulus, or tum less 
frequendy when they experience less favourable conditions. This i.s called 
kincs·s , which simply means movement. A kinesis is a non-directional 
response (relative to the direction of d1e stimulus) in wl1ich the rate of 
movement is ~ffected by the intensity of the stimulus. A second ,vay is to 
move directly towards or away from a stimulus. This is called a taxis. 

Example of kinesis 
Planari.ans are carnivorous flat\itonns that live in shaUow streams and 
ponds. They have a network of neurone.sand simple ~eyes' that have 
ligh t-sensilive cells but n o lens. 

Planarians are often found clusler,ed on the underside of stones, where 
they n ormally remaill hidden during daylight. If a stone is turned over; 
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Figure 3.3 The planarian Dendrocoeium 
lacteum is about 15 m,m long . 

Bacteria~ v:i ruses/ p'la nts a,nd 
s mall organisms such as 
flat\ivorm s do not think like 
humans, so avo:id using languag.e 
that suggests that they 'wa.nf 
or 'prefer· thing s or ·need to· do 
so m eth1i ng. 

the flatworms itnmediately start moving a1·ound in randon1 directions. 
When their n1ovements bring the1n back into the darkness they stop 
moving. This behaviour helps to protect them from predators. Laboratory 
experiments shov.r that the brighter the light the less frequently they 
change direction . The flatwom1s move aroun d randomly until they 
happen to get to a darker environ1nent\ so this is directionless movement. 
But in the dark they change direction more fre quently. TI-iis tends to k eep 
them in a darker environment . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
: Example of taxis 

• • • • • • • • • • • • • • 

Eugiena virrdis is a single-celled organisin that that lives in sn1all ponds : 

• • • • • 

(Figure 3. 4). It has chloroplasts and so is able to photosynthesise. lt also : 
has a long flagellum that it uses £or S\Vin1ming. There is a receptor near : 
the base of this flagellum that is sensitive to light. You can also see a red • 
spot close to the light-sensitive area. : 

• 

• • red eyespot ___ --ff,_,, __ 

: light-sensitive a rrea ----*-11---1 
• • • • • 
• flagellum--.n • • • • • • • • • 1111 

1----111---PO·lysacc ha t'iid e stores 

~···. 
• • • • 

• 

II! 

• • Figure 3 .. 4 StiructurG of Euglena. 

• • • • • • • • • • • • • • 
" • • • • -• • 
• • • • 
• • • • • • : Euglena responds to Ught by s\Vllllming to,vards it. Waves pass along : 

: the flagellum from the base to the tip and pull the Euglena fonvard. : 
: Because· there is only one fl.age.llum the ,vaves also make the cell rotate : 
: as it moves fonvard. If the light is shining from on, side the red spot : 
• • • ~Nill shade the light-sensitive a"fea (the receptor) ·each time the cell • 
• • : rotales. \Vhen it is moving straight to,vards the light the area vvill stay : 
: illuminated all the time. The molecules of the light-sensitive pigments : 
: are aligned so that when they are iUu.minated they stimulate the : 
: fl agellum to beat. This results in the Euglena moving directly towards : 
: th e light. This response is therefore a ta.~is and bt"'cause it is movement • 
• • • towards light it is called a photota.xis. • • • • • • It is amazing that such seemingly complex behaviour can be : 
: coordinated by tiny organelles within a single cell. Nevertheless, the : 
: ability to m ove to and away from light is common in single-ccUed : 
: 01·ganism s. In shallo\\7 seas there is a ma.ss n'lligration of vast numbe1s : 
• • • of plant photosynthetic plankton to\vards the surface in the daytime • 
• • : and then at night-tin-1e back to deeper levels where there are higher • 
• concentrations of mineral nutrients. • • • •••••••••••••••••••••••••••••••••••••••••••••••••••••••• 



light-proof- -
bl~ck dcrtn 

ho~e in top 

Figure 3r5 A choice chamber is a small 
container with sub-sectio ns in which 
diff.erent a biotic co ndit,ions can be set 
up. into which sma,U motile anima ls 
can be introduced and observed. 

• In an exam you m]ght lbe asked 
to re cog n i,se the type of data 
you have been given and to 
sellect an appropr1iate statist icat 
test. 

• Look a,t Chapter 13 on maiths 
skHls to ff nd out more about 
stat,istlca l tests and to see a 
worked example of this test. 

• You won't need to do statist ica l 
ea lcu lati:ons in a wr1itte.n paper. 

To be ab le to dec ide conclu,s ively 
if a response i1s a k1nesfs or 
a tax :is, the animals must be 
observed during th e experi,men,t 
to see i·f thei1r rate of movement 
or turning if req uericy ~s d ifferent 
1 n the different condi:ti ons. 

Investigating taxes and kineses 
It is quite likely that you have ah-,eady carried out a behaviour experime1'lt 
using apparatus sin1ilar to the choice cha1nber shown in Figure J .5. 
These are suitable for studying taxes and kineses in small anilnals, such as 
woodlice and maggots. 

A student was investigating the hypothesis that woodlice exhibit negative 
phototaxis~ that is, they tnove away from the bright Ught. The student covered 
one hal[ of a choioe chamber ~vith light-proof black cloth (Figu.1~ 3.5) . Th,e 
other half of the chan1ber was illun1inated by a light bulb fixed about 20 cm 
abov,e it. Ten woodlice were put into the chan1ber through the hole in the 
centre of the top. Five ininutes later the student counted 11.ov.r many woodUc,e 

could be seen on the illuminated side (and by simple subtraction worked out 
hovl many were on the shaded side) . This p1·ocedure Vlas :repeated 10 times 
using different woodlice each time. Table 3.1 gives the students results. 

Table 3.1 Results of an experiment to i1nvestig,ate negatiive phototax is in woodl1ce 
usi,ng a choice chamber. 

1 3 7 
2 5 5 
3 4 6 
,4 4 6 

5 3 7 
6 5 5 
7 6 4 
i8 3 7 
9 2 8 
10 4 6 

Looking at these resuhs the student ,concluded that woodUce do move away 
from bright light and therefore tnay show negative phototaxis 1 since there are 
clearly more ""·oodlice found in the shade than in the bright light. It fitted with 
the students eJ..-pectati,ons, since woodlice are normally found in damp 1 dark 
places 1 such as unde.r logs or stones. Ho\v·cver it is possible that the response 
was aotually a kinesis. The student only counted the woodlice at the end o,f 
S minutes. There is na evidence that they vi.rere obsenrecl during this period 
and vlilhout being able to iell if they showed non-directional responses to ,end 
up where they were the experiment is not con clusive. 

Because the student was dealing with two discrete categories, bright light 
and shade, the. best way to present the totals \vould be on a bar graph. 
The bars would be different heights indicating that more woodlice moved 
to the shaded side. You would use a chi-squared (X2) test to [ind out 
whether the difference in the numb,er moving to each side is sig1.1ifican1 
(see. page 255). 
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REQUIRED PRACTICAL 10 
Investigation into the effect of an environmental variable on the movement 
of an animal using either a choice chamber or a maze 
Thi s is just one example of how you mi,,ght tackle this req,uired practical. 

So m e of the first expe rtme nts on woodlo,use 
behaviour were carried out by J. Cloud s ley-

"'--

~ 

area for ga,uze 
woodl ice platform 

hole 

~ I 

Thom pson. In one series of experi·m,ents he studied 
the re5po nse of woodlice to hum'id ity using lar ge 
choice cha:m,bers s,irnilar to the one s hown in 
Figure 3.6. The hu,m idi1ty on each s ide was 
controlled. Under the gauze on one s ide wa,s a d1sh 

of a drying agent that ab.sor:bed m o lstu re from 

.. - - - - - - --- - ----

the ai,r. On the other side was d istrlled water that 
maintained a hlgh numfdity above ~t 
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Clou dsley-Thompson compa,red t hree sets of 
cond i1t ions: Figure 3.6 Apparatus used by CLoudsley-Thompson to ,nvestjgate 

woo,dlouse behaviour. 
A choice cha'm,ber in the Ught using woodlice 

that had been in the Ught for severat hours before t he experiment 
cho ice cha1m,ber in the dark usi:ng woodlice tha,t had been i'n the l1ight 
for several hours befo re the experiment 
cho,ic,e chamber in the dark usi:ng woodlice tha,t ha1d been ~n the dark 
for severat days before the experrment. 

l1n each experim,ent~ he pu·t five woodUce 'into the choice chamber and then 
recorded the pos1t1ions of the woodHce a,fter 15 m,inutes [Tab te 3.2]. 

Table 3.2 The re sults of Cloudsley-Thompso,n's three experiments tA, Band C) in 
w1hi ch h,,e investigated three different sets of condiitlo:nst 

Stationary on the dry side 
Stationary~ n the central area between the 49 
d rry a nid mo1ist s ides 

317 

35 
47 

378 

1 W hat do the resu lts show about th~ response to hum idity? 

53 
86 

2 Sug,gest how th,is respons·e 1m1ght be advantageous to the woodHce. 
Cloud'sley-Tho:m pso n not jced that af ter putHng the woodlice into the 
c:ham,ber t hey u.suaUy m,oved around for a short bme before becomi,ng 
stat ionary. Whait does thi s sug,gest about the type of behaviour showri 
by the wood'li ce? 

4 Ca Leu la te the percentage change in wood li ce s till mov ~ng arou nd betwe,an 
experiments A and C. and s how t he resu lts on a su i,tabte graph. Suggest a 
poss1b'le exp lanation for the difference. 

5 What does your anailys1s of t he resu lts s ugge:s t about tha response of woo dlice 
to hum idity in the li ght compared to the dark? Sug.giest how this m,ight t his 
increase the chances of s urvfva ~ of wood li ce. 
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Tropl m A grMth response to a1 stimulus. 

Figure 3.7 tnc:reased g:rowth on 
the s he1dy side of thesQ seedling,s 
resu'Lts in a po~ttive phototrop~c 
response to a Light source. 

Plants n1ay just seem to sit around and do nothing.~ but iit fact 'their 
survival is as dependent as that of animals on being able to respond to 
environmental conditions. \Vhichever way a seed lands in the soil, the shoot 
wiU grow up,vards and the roots will gro,v dov,,rn. Common observations 
show examples of responses . A pot plant gro-wing on a Vilindow sill will 
grow towards the light unless it is tun1:ed frequently. 1v1any flowers close at 
night and then open again in the morning. You may hav,e come across so­
called sensitive plants that respond to a touch. tightly brushing against the 
end of a Mimosa leaf will stin1ulate the leaflets 10 close up like the ripple of a 
Mexican waY{"!. 

Some trees can defend then1Selves if h erbivores da1nage d1eir leaves. 
Like the Arabtdopsis plants in the introduction to this chaptel\ they 
respond by producing nasty-tasting or poisonous substances. This 
ability can pass from affected to unaffected parts of ·th e tree by the use 
of chen1ical n-iessengers. Some trees can even pass d1is che1nical n1.essage 
to neighbouring trees, which then produce the same noxiou s substances 
'before the attackers move in. You might wonder why the trees don,t 
just p1·oduoe the noxious substanc,es b efore any herbivores cause so lne 
damage. The ans,ver is probably th at the productio·n o.f the poison 
requires energy and resources, so it i.s m ore economical to ,vait until the 
threat of anack is real. 

Plants don,t have an rvous systeni. so how are th y abl to respond to 
stitnuli? Respons s such as bending to"'ra.rds or away fro1n light or gravity 
resuh from unev,en grovlth. The se,edlings in Figure 3. 7 are b nding 
to\\'~rds the light because they have been stimulated to grow slightly faster 
on the more shady side of the stem. Roots placed ho1iz,ontaUy wl1U begin 
to grow venic.ally do\mwards. This sort of growth response t,o a stimulus 
from a particular direction is called a ro1 i . 111 . Response to light is referr,ed 
to as ph t · tropism and that to the force of gravity as ravitropis1n. Both 
may be either positiv.e - to,\vards the stimulus - or negative - away from 
the stimulus. 

A growth response depends on chemical substances releaised in response to 
a ~timulus. These are kno"Wll as specific gr wth factors, and they a.ot a little 
like hormones in animals. Ahhough this is much slo,ver than the· electrical 
activity of nerves or the response of some plants to, sound vibrations~ it can be 
surprisingly rapid. For example, the phototmpic response of plant shoots can 
be detected ,vithin roinutes of ·exposure to light. 

The first specific gro'Wth factor to be discovered was indoleacetic acid (LAA). 
Several other substances that affect growth in plants have been discovered 
since. But there is still uncertainty and disagreement about exactly ho"'r these 

substances work One of the problems is that the actual concentrations of the 
substances present in the plant tissues arc ext ren1ely low. 
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You ,m ay see speci fi c growth 
factors ca lled plant ho rmo nes. 
Although they s ha re some 
s1m1tar·ities w ith anima l 
hormones; they are di,ffere nt 
e no·ugh that th e word ' hormone· 
1i s no lo n9er used in the co ntext 
of plants. 

root~=:; 
ha,irs 

C, reg Ion 1r1i'h-e re ceUs 
become specialised1 

B, region of cell 
el on gati.o n 

A area of eel ,I division 

Figure 3.8 Growing regions i1n a root. 

Figure 3.9 Resu'lts of fou·r experiments 
on sho,ot tips to investl:gate possible 
ex ptana ti ons for their phototro,pic 
response. The figures snow the 
conce ntratio,n of 1IAA in arbitrary un its. 

Gro\vth of a root or shoot has two dislinct stages (Figure 3.8). 

• First, cell division (1nitosis) takes place at or near the tip . 
• Second, the vacuoles o.f the new ceUs expand as they take up water by 

osmosis~ causing the cells to elongate. This starts in the cells a sho1~ 
distance behind the tip in an area ca.Ued the regio11 of elongation. This is 
\vhere the most ob,vious i.J1crease in length of a root or shoot occurs. 

IAA has it-S main effect in the ,elongating region. It is synthesised in the young 
root or shoot ceUs at the tip. As it n1oves into the elongating region it attaches 
to protein receptors on the men1bn.uies of oeHs. Exactly how it ,vorks is still 
unclear, but one of its eHects is to lower the pH by the release of hydrogen 
ions. These break some o[ the bonds between the microfibrils in the cellulose 
walls (see AQA A-leve1 Biology 1 Student~ Book Chapter 1, page 6) , n-wcing the 
microfib1ils n101-e easily stretched b,y the increasing turgor of the cells. 

IAA and phototropism 
Possible explanations for the phototropic r:esponse in plant shoot tips include: 

• IAA is destroyed by the light on the illuminated side 
• ext.1:a 1AA is produced on the shaded side 
• lAA moves away from the illuminated side. 

Figure 3. 9 shows results from a~ertments to investigate these -explanations 
in shoot tips. In each ,case. the shoot tips Vl·ere cut off and then placed ,on 
thin blocks of agar. In some experiments, very t'hin slices ,of 1.nica1 which are 
impermeable to \,\rater, "'rere used to separate the t\vo, sides of the tips and/ 
or the agar blocks. After 3 hours~ the cone ntration of lAA in ,eacl1. agar block 
was measured. 

Investigation 1 
Tips i nta,ct 

Investigation 2 
T,ips split by thfri 
piece of mica, 

Investigation I 
8 otn t he t ips and 
t~~ agar bl'ocks 
split by mi.ea 

Investigation 4 
Lovve,r ihalf of tips 
and the ag-a r b1lock 
split by mica 

Ii ght from one side dark 

~igh.t 

li.ght 

N·ght 

right 

In. investigations 1 and 2, the concentration of lAA in the agar blocks is 
about the same whether in the light or dark. If it vvas destroyed on the 
illuminated sidle you 1night expect a.11 overall decrease in the light. If more 
,vas produced on the sli.aded side you mighi eJ...-rpect an in crease in the dark. 

In investigation 3> the total concentration of lAA collected in. the agar \Vas 

about the sa1ne as in investigations 1 and 2 . . Also) equal concentrations 



Remember that the response of 
roots to higher IAA co ncentrat ion 
is the o.p,p o site to that of s hoots. 

of IAA were found in the agar either si.de of the nnca sheets. Again, these 
observations support the idea that light does not dest1uy IAA and darkness 
does not cause mo1~e IAA to be p1~oduced. 

In investigation ·4 , the total concentrations of ]AA collected in the agar 
blocks were about the same. as in the previous investigations. In darkness, 
equal concentrations of IAA ,vere found in the agar- either side of th e 
n1ica sheets. lJnder unilateral illumination, however, less lAA was found 
in the block nearest the Hght and tnore \vas found in the agar block on 
the shaded side. This suggests that when the tip is iUuminated th e IAA 
produced is actively 1noved towards the shaded side, unless prevented by 
the n1ica~ as in investigation 3. 

The dHier,ence in the concentration of IAA tnoving down ,each side o[ the 
block in the light in investigation 4 exp]ains why the intact shoot would 
bend to\Va rdls the light. More IAA \\7ou1d reach the region of elongation on 
the shaded sidle. As Vile have already seen , IAA e-auses the cell wall 'to be 
more easily stretched by the expansion of the ceU vacuole due to the uptake 
of \v~ater by osmo,sis in the ceUs on this side of the shoot. It elongates faster 
than the lit side, and because of this uneven grow-ih the shoot V.-"ould bend 
like those in Figure 3 .7. 

IAA and gravitropism 
Unequal IA.A concentrations eith r si.de O·f the root tip are als,o v.rhy roots 
bend towards t.he force of gravity. Cells called columellar cells near the r,o,ot 
tip contain dense ,o,rganelles called amyl pla t . These ar packed with 
starch. which makes th m h, avy~ and so sink to the bottom of the c Us 
they are in. Vvnen a ro,ot is mov·ed from the vertical to the horizontal the 
amyloplasts fall to v.rhat is now the bottom of the. columellar cells. This 
enables thes,e. cells to detect the direction of the force o{ gravity. ]AA seems 
t,o be active]y transport ell to the side of the ro,ot to ,vhich the amyloplasts 
sink (Figure 3.10). 

As I.AA moves from the ro,ot tip to"w~rds the region of elongation there 
is 1nore on tb.·e lower side. Unlike -h t -, in ro ts a higher IAA 
c · nccntra.tion inhibits elongation. This means that the lo,wer side 
e]ongates slo,ver than the upper si.de, causing the root to bend downwards. 

a mvlop I asts 

Figure 3.10 The me chani sm of the gravitropic 
response 1n a root tip. 
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TEST YOURSELF 

• i 1 D escri1be the components of a th ree-n eu ro 11e reflex a re. 
! 2 Magg,ots that feed on dead ani ,m,aLs tend to m ove away f r o1m the l~ght. 
• 
: What type of response is this and why? 
• 
: 3, Would the experiment shown in Table 3.1 d1istingu .ish whether the 
• 
: response was a taxis or a ki:nesfs? Explain your answer. 
• 
; 4 If plants have no muscles , how does a plant shoot or r oot bend 
• : towards or aiway from a stimu llus? 
~ 5 Descdbe how a rmytoplasts aHow so1me root cells ta d·etect a change in 
• 
: the direcHon of the force of gravity. 
• 

• • • • • • 

• • • 

• • : .............................................................................................................. .... 

oto----------Responses to internal stimuli 

v nk Musde cells that are able to 
contract w·ithout nervous stim ullation. 

Figure 3~11 The route of the ele ctricat 
activity that makes th·e he;;i,rt be;t in a 
s,maoth S·equence. 

So, far you ha:ve seen exan1.ples of responses of organisms to external stimuli. 
Some activities over "'·hich we have no c,onscious control result from 
r,esponses to internal sthnuli. A good ,exan1ple is the control of heart rate. 

The muscle of the heart is an1azing. For a start it doesni: get 'tired. Even 
in someone who is not very active it can go on st adily contracting and 
relaxing 70 times a minute, 24 hours a day for 80years or more. (That 
works out at a.bout 3 billion contractions in a Hfetime, assuming a life ,tiith 
v.ery litde exercise or excitement.) 

Secondly, it can canyon contracting and relaxing rhythmically without 
any n rve impulses fro1n the brain. This abtlity to, \vork on its Oi"Wll is called 
n1 ,ro. ·n ic. A heart can be re1no,v·ed from the body and~ as long as it is given 
an oxygen and nutrient supply~ it ~iU carry o,n beating. 

The sequence of muscle contraction in the heart is initiated by a group of 
modified hean-1nuscle cells called the sinoatrial node (SAN) near the top 
,of the right atriu1n. TI1ese cells produce regular wa.v,es of electrical activity~ 
similar to nerve impulses. The rate at which the SAN produces these vn1ves 
determines the heart rate because they start off contraction. For this reason 
the SAN is often called the heart>s pacemaker. 

During one cardiac ,cycle] a v.1ave of electrical .activity spreads over the walls 
,of botl1 atria. 1 as shown in Figure 3.11. This makes the. muscles in. the. atrial 
walls contract. Notice that contraction spreads outv;,rards from the top of the 
atria, squeezing blood tov.rards the venuicles. 

sin o~t ri.a,I --,Jr-i~ ----~~kJ 
node 

_...,_ __ ,layer of insu lati,ng tissue 

,--- ~1:.-r--r-- atr1oventrkul1ar node 



The electrical activity cannot pass di1~ctly fron1 the walls of the atria to the 
-walls of the ventricles, because it is stopped by a layer of insulating fibrous 
tissue (Figure 3.11) . At the lower end of the waU that separates the atria is 
another group of specialised ceUs, the atrioventricular node (A VN) . These 

cells can detect the electrical activity passing across the atria. 

After a short delay; the AVN triggers electrical activity in specialised muscle 
ceUs called Purkyne tissue) which in turn con duct the electrical activity 
rapidly down the wall bet~leen the ventricles to the bottom of the heart. 
The delay allo\vs time for the ventticles to fill completely with blood. 
lnitiaHy; these specialised muscle cells are bunched in a single group, called 
the bundle of His. This then divides into two branches that extend l)ack 
up the walls of the t,vo ventticles. Electrical activity conducted along these 
specialised n1.uscle cells stin1.ulates the n1.uscle. of the. ventricles to contract 
rapidly fro1n the base of the heart upwards. 

However th ere are tin1es when the heart rate in.creases such as during 
exercise. For di.is to happen die brain is involved., although of course we 
do not have to think about changing our heart rate. ln th,e brain is a special 
area. that controls the heart rate called the cardioregulatory centre and it is 
situated in the n1 dulla. The medulla is tucked a.\~lay in the base of the brain 
at the. top of the spinal cord (Figur,e 3.12). 

left cerebral-ff..,__, 
hemisphere 
of brain 

sympatnetic nerve _ __ _ 

L -----:rmedulila 
t!.--r-------4-- acceleratory 

centre card io regulatory 

innibitory centre 
centre 

,,----parasympathetic nerve 

'Figure 3.12 The positLon of the medulla en the brain and its role as a regulatory 
centre in controlling the heart rate. 

The carnliorcgulatory centre in the meduil3 actuaUy consists of two discrete parts: 

• the acceleratory centre - responsib.Je for speeding up the heartbeat 
• tl1e inhibitory cent re - respon sible for slo,ving down 1h e heartbeat. 



UJ 
tn 
z 
C a. 
Ul 
UJ 
a: 
M 

You do not need to be able 
t o re cal!l the names of the 
neurotransmjitters rnvolved 1n 
the control of hea,rt rate. 

Stimuli 

i nc:reased C 02 
concentration 
in bl1ood 
decrease tn 
b,loo d pressure 

increased 
stimulation 
of ,receptors 

decreased 
stimulation cf 

A variety of factors can stimulate these centres and we will come back to 
th ese shortly. Each of th ese cen tres is connected to the SAN via ne1--ves. These 
nerves are quite separate from the nerves 1hat control our conscious activities. 
They form part of what is called the autono1nic nervous system , which 
n1eru1S the 'self-controlling' system . W hen the acceleratory centre is activated , 
i1npulses pass alon g sympathetic neurones to the SAN. At the synapse with 
the SAN, norad renaline is secreted . It is this substance that causes the SAN 
to, iIICTease the frequency Vlith which it p roduces waves of electrical activity: 

N oradrenaline is chemically veT}r sin1ilar to adrenaline, ·which is a h onnone 
produced by the adrenal glands . Adrenaline. is ,~en known as the hom1one 
th at is produced when ;,v,e are frightened or stressed and which prepares us 
for a ~.fight-or-flight' response. Ad1-enaline also increases the l1eart rate and is 
responsible for the thumping h eart when we experience fear. We 'Vill find out 
more abou t ad renaline in Ch apter 6 . 

Acti.vating the inhibitory centre sends impulses along parasy1n patlu:tic 
neurones that cause the SAN to decreaise the frequency with \llhich it 
produces waves ,of electrical activit)~ This returns t11e heartbeat to its nonnal 
or resting sta'te. Like. the synipathetic neurones, the parasympath tic neurones 
se,crete a substance at synapses witth the SAN . In this case it is acetylcholine, 
which has the effect of inhibiting the myogenic activity of the SAN. 

501 how do the internal stimuli from exercise lead to actiwtion of the 
acoeleratory centre in the medulla? This question does not ha-ve a simple 
answ,er and the processes involved are still not fuU.y unde1·stood. The onset 
of exercise increases the concentration oJ carbo,n. dioxide in the blo,od and 
initially causes a fall in blood pressure as muscle arterioles dilate. These 
internal stimuli a.re detected by eh m r c pt r and pr ssur r c p tors. 
Botl1 are situated in the aorta close to the h art and in the cafiotid arteries that 
pass through the n,eck to the brain. An increase or decreas,e in the frequency 
of 11erve i1npu]ses from these recepto,rs activates the acceleratory centr and 
contributes to the increase or dec1·ease in heart rate (Figure 3 .13) . 

acceleratory 
centre in 
medulla s-ends 
impulses viii 
sympath eti(; 
nerves 

SAN 
stimulated by 
noradr@na li,ne 

increased 
freqrue,ncy of 
waves of eiectri·c~I 
activity sprea.d · 
across atria anci 
ventric~s and 
heart rate 

reduced 
dec~ased C02 
concentration 
in b'looct enemoreceptors , _., 

inhibitory cein tre 
in m eduUa seri ~ 
impu~ses \lta ~ 

SAN 
stimulated by 
acetyf1dholine 

.. frequ e ricy of 
\.l\'tlve-s of electric a I 
activity and 
heart rate 
decreases 

inuease Jn 
blood pressure .· 

and pressure 
receptors 

parasympathetic 
nerves 

Figure '3 .13 Su,mma ry of the factors invotved in the control of heart rate,. 

Imagin e a hare that suddenly n otices a fox closing in on it (Figure 3 .14). A 
rapid 1--esponse will allo,v the hare to avoid becoming the fox's prey. The hare 
immediately leaps into action and escapes at l1igh speed. As long as it can 



stan off quickly it can outrun the fox~ which can only '.reach its maximuin 
speed ov,er short distances. The hare's leg muscles must go to mm...-rimum 
activity as soon as it sees the fox. It is therefore an advantage for the heart 
rat:e to iI1crease altnost i11stantaneously; thus speeding up the blood supply 
and hence the supply of oxygen and glucose [or respiration. If the he-art 
responded only afte-r the effect of exercise on carbon dioxide p1uduction had 
been detected, vital seconds n1igl1t be lost. This is the role of the hom1one 
adrenaline~ whi.ch is released when the hare sees the fox and acts almost 
immediately on the SAN to increase hean rate. 

Figure 3.14 The hare:s fU ght response 
on seeing th e fox must be immed~ate if 
it is to get away. 

lE 
Responding to danger 
Alth·ough we may take pa,rt in exerdse for sport 
or plleasu re. most other m,ammals only engage in 
vigorous exercise to escaipe dainger or to chase food. 
As welt as the increase 1in the raite of heartbeat there 
aire several other changes tha,t take place ~n the 
heairt and circu latory syste,m during exerc i,se. Some 
of the changes are descrfbed be low a,nd a·re fo llowed 
by questions about them. In answedng som,e of the 
quest ions you may want to look back to AQA A-level 
a~·ology 1 Studenfs Book~ and in part i,cular to Chapter 6 
a,bout the heart. 

The card iac output increases by 1100-200% duriing 
exercis·e. or even more 1n futly tra1ned athletes. 
Explain how the card ,iac output is increased and the 
advantage of the lncrea.se. 
Caraiac output is heart rate ,THJltiplied by stroke ,1olume 
{the volume of blood ejected each beat) soil is not just 
heart rate chat increases during exarcise. lf rhe volume 
of blooa being pumped each beat increases too, then 
che increase in cardiac output can be even greater: The 
increase delivers blood faster lo the tissues, especially 
n1uscte tissue. 

L The blood pressure increases f n t he arteries durin g 
heart contrac ti on. Expla in how th,i s jncrease is 
prod uced. 
1\1/ore forceful contraction af the ventricles results ln a 
stronger pulse .. 

:, The arterio les ca r ryi n gi blood into sketetal 
muscles dHate (get w~ded. Exptaf,n the advantage 
of t his. 

More blood is supplied to the active rnuscle tissue. 
delivering oxygen and glucose faster, and removing 
carbon dioxide faster. enabling a higher rate of aerobic 
resn,ratian o continue. 

t 

l The a,rteriotes ca1rrying1 blood to the a,bdomina l 
organs and ski:n constriict [get narrow·er1. What is 
the advantage of th f s? 
The blood tempor rily diverted av-1ay from these lr::ss 
cntical tissues during exercise can be directed to 
muscle tissue instead. 

5 In the muscles,, tlhe higher blood pressure forces 
open m;a ny more of the ea pHta rres. What is the 
advantage of th is? 
A larger total surface area becomes available for 
capillary exchange to occur between the blood and 
muscle cells. 

6 The blood pressure i1n th e major veins retu r ning 
b'lood from the body to the heart increases. Ex pla i,n 
what ca uses th is i1ncrease in blood pressu re. 

Greater compression of the veins by n1ore n-iusc!e 
contraction taking place in lhe arn1s and legs 
squeezes the blood and increases the pres5ure. 

" The satu rat ion of haem,og lobiri w1th oxyg:en i,n 
the arteries to the m uscles is h,igher t han in the 
vej ns. Dudng exercise this dHference in saturation 
of haemogilob ir, wit h oxygen is muc h increased. 
Explai n what causes th is. 
Actively respiring muscle cells use rnore ox_rgen so 
the haernoglobln unloads more oxygen as it passes 
through n1uscles. lo•Nering saturation of haemoglobin 
with oxygen by more than at rest. 
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o~-------Receptars 

A receptor resp ond s only to a 
spec if,ic stimulus. 

Figure 3.15 Pa1cinian corpuscles are 
cine of a ra1nge of types of recepto,rs 
i,n the skf n. 1:n an actual a r,ea of stki n, 
th,ere are many of each type mixed 
together. The numbers of receptors 
vary rn differe nt areas; for ,example 
th,ere are many more touch re,ceptors 
in the f~ ng,erti1p,s tha1n i,n the middle of 
the back . The precjse structure and 
fu nct,ions of so m,e types of receptors Is 
s ti lll not u nide rs toad. 

Yo u do not need to be able to 
recall details of the structu,re of 
th e skin. 

We have recepto rs that can respond to a -wide variety of stimuli, such as 
light, temperature> chen1icals and mechanical effects including pressure, 
stretching and vibration. Each type of receptor nonnaUy only r,esponds to 
one particular son of stituulus. This is obviously itnportant, as it enables 
us to distinguish. between a large numbe1~ of different environmental 
conditions, both outside the body (external) and inside the body (internal). 

Although Vle often sp eak of having five senses> we are in fact able to 
recognise n1any more diffe1-ent stin1uli than this. In the olfactory area of 
the nose, for example, there are seve1al hundred slightly different receptors 
that enable us to dislinguish as n1any as 10000 different smells. Sotne of 
these receptors are incredibly sensitive) being able to respond to just a few 
dissolv,ed molecules of a particular substance. 

1Consid,er the sense of touch which is what \Ve usually think of as the 
sense to which our skin responds. You vtiH easily be able to distinguish 
between a very light touch and pressure. that pushes your skin in a little. 
Different degrees of pressure feel qui'te different. This is not just due to 
different areas of your skin being touched. You can also tell whethet· your 
skin is surrounded by ,vann o,r cold air. You will be able to, detect a slight 
movement of a hair~ and you "Will certainly get a very~ differen sensation from 
a jab "1i th a sharp pin - d1e sensation of pain. AU these di.ff erent sensati,ons 
are detected by different t"ypes of re.c,eptors in the skin (Figure 3.15). 

muscle that _ ___..,...._--+-----1--+-"""'i. 

erects ha1ir 

P adnia n ----+--+-----+--+-.i,t 
corpusde 

""" ,- *"' ~ C: ~ .c,:; 
receptors: ~ ij "al:, p::e :, ·- ~ ~ II'! - - b1 +-' 

~ .... 
c. n. 

epidermis 

dermis 

J fatty (ad, pose) 
t,issue 

You \\>"ill see from Figure 3.15 that receptors in the skin have different 
shapes and positions. S01ne of the receptors, such as pah1 receptors, are not 
separate cells but just the fine branches at the ends of the fibres of sensory 
neurones. Other receptors, such as the P'acinian corpuscles that respond to 

changes 111 pressure on the skin) are more complex structures (Figure 3.16) 

but are still not separate cells. 

Pacinian corpuscles 
Pacinian corpuscles are quii.te large co1npared with most receptors 1 so it 
has been possible to study the way in which 1hese work. You can see from 
Figure 3.16 that a Pacini.an corpuscle consists of many layers of men1brane> 

rather like a tiny onion. 



Figure 3.16 Cotoured photomricrograph 
of a Paci nian co,rp usc le. 

,_. "'°''• -~• f' lt•• l":ft'• .. •••••I~ t •t•4 f• •I!•• •••••• :-11 ~ I •t ... , Ill !till.,,. 1'41 114 1,. 14 .. ,44 l":"l • 1114 I 'll P' 

1 n r r n I , The change in 
electrical potenti1al in a receptor when it is 
sti mu ~at&d. 

Remember tha,t you learned about 
faci l1tated diffusion and di:fferent 
types of carrier protein during the 
first year of your course. 

axon 

These layers surround the end o[ t'he axon of a sensory neurone. Normally 
there is am excess of positive sodium ions (Na+) outside lhe axon. But when 
pressure on the Pacinian corpuscle is increased the layers are dist,orted and 
proteins called sodiun1 channe]s in the membrane of the axon are opened. 
lt is why these particular sodium channels are called stretch .. m diat d 
sodiu1n cha1111 -Is. Previously you learned about the ways that ions can pass 
through carri r proteins in the membrane. It may be helpful to ref r to 
Chapter 3, page 46 in AQA A-level Biology 1 Studen.t~ Book. 

This alloVvS sodiutn ions to move into the axon by· £acilitated diffusion. This 
changes the electrical potential difference across the membrane, as sho'Wn 
in Figure. 3.17. It is this that triggers impulses that c n pass along the axon 
of the neurone to the central nervous system. For this reason it is called a 
, ~11 ·rafn r 1 0 1 '" ntia I. \Ve shall see in 1Chapter 4 how nerve impulses pass 
along the axons of neur,ones. 

layers of Pacini.an corpuscle 

axon of 
s~nso ry neuron~ 

I 
3 &mess Na+ i'ons i1nside end df flbre . · 
Potential d iffere.nce between end and 
the rest of fibre, 
Gen era tor potential created. 

Figure 3 .17 How a gienerator potential ,is set up ln a Paci nian corpusc le. 
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You do not need to be able to recall 
the detail led struct,u re of the eye, 
but this is a use ful diagram to 
remind you of th e ,Locat,ion of the 
retina. 

.......... , ..................................................................... . 
n i · 1 1 I II h Describes how much 

Ught is needed to st ~mu~ ate the r,ece ptor. 
Rods are m,o,re sensitive so ar,e stimulated in 
much dimmer Ught than cones. 

The three types of cone are not 
a,ctuaUy coloured so do not call 
them blue, red or green cones; they 
are blue-sens:itive, red-sens1tfve or 
gireen-sensihve con es. 

................................................................... ........................ , 
: TEST YOURSELF • • • • • • • • • • • • • • • • • • • • • • • 

6 What ]s .a generator po tentia l? 
7 What happens to stretch-rned1ated sod~u :m chanrne ls 1n resp onse to 

pressure? 
8 What does myogenic m-ean in relat~on to the s lnoatnial node? 
'9 What is the ro l e of t he AVN f n c:oardlirnaHng heart ac:trv1ty? 

• • • • • • 
' • • • • • • • • • • • • • • • • • • • • i 10 Where are the chemoreceptors that are involved in the control of heart r ate? i 

• • 
=····································~·············································· · .............................. . 

Vision 
You have p robably studied the eye in an earlier stage of your science 
education. You may Tenien1ber that in1.ages are focused on to the retina at 
th e back of the eye. Figure 3 .18 will ren1ind you of the structure of the eye. 

fovea ___ ----.iii-MC. 

blind spot----..-..ir¥--

optic ___ _,_ 
nerve 

Figure 3J a Structure of the eye . 

'\,,~~~---ciliary musde 
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- ---aqueous 
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The receptors that respond to light are. situated in the re tina . We are go,ing 
to concentrate on how the different types of receptor cell in the retina helps 
us to see in different conditi,ons. Vile have two different types of light­
sensitive receptor cell i.n the retina) the rods and the cones. 

nsi'livity 
The rods and cones (Figure 3.19) ·both contain optical pigments, which 
absorb light (the stimulus) and are broken do"rn. This results in the 
production of a generator potential. The pigment within rods is broken 
down in dim light ,vh,ereas the pigments ,vithin cones are only broke.11 
do:wn in bright light. 

• Rods are lL iti re to a very low intensity of light and therefore enable us 
to distinguish light from dark in very dim light. They .are so sensitive that 
they can produce a generator potential in response to just one photon. 
(A photon is a 'par ticle~ of light that is emitted w hen electrons are excited 
and jun1p fron1 one orbit to another in an atom.) Rods do n ot permit us 
to distinguish different colours. 

• Cones are not as sensitive to light as rods. They are, however~ sensitive 
to Hght of different '\lvavelengths. Hum.an eyes have three types of cone 
each containing one of three different optical pigments. One pigment is 
sensitive to the \Vavele11gth.s of light corresponding to red ligl1t, one to 

green an d on e to b lue. When con1binations of the drree types of cone are 
s timulated we perceive the range of other colours in the visible spectrun1. 



Visual acuity 
Unlike the receptors in the skin, rods and cones are not directly connected 
to the central nervous system. As you can see fro1n Figure 3 .19, they have 
sy11.apses connecting th em to bipolar neurones that 3re also in the retina. 
These neurones have syi1.apses connecting to ganglion cells that have axons 
extending via the optic nerve all the ,vay to the brain. 

c «=-X-=-I c=i, r .--:,..1 c:::::..1 c:=.1 ~x ~ x ~ ) P'ig m ented 
chom.id la.ye r 

retin.a 

d i,recti on of :1 ig: ht 

Figure 3..19 How the rod s and co nes are connecte,d to other celts in thie retina. 

Each of ,our eyes has about 125 million rods and 7 million cones. H,owever, 
th y are not evenly distribut d in the retina. Most of the cones are 
concentrated in the centre ,of the retina~ at the position called the f. v a 
(look at figure 3.18). This is \\"here the main pan of an image is form,ed 
·when ·we ]ook straight at an objec't. The rods are spread much more vlidely 
and they cover n1ost of the, back part of the eye. One ,exception. is the area 
where the optic nerve leaves the eye, the. so-called blind spoL 

The retina contains abou t 132 million receptors, each of which can be 
stimulat,ed by a ray of light fa Hing on it . You can imagine) therefore, 
that when an image fa.Us on the retina it 'Will have an effect rather like a 
computer screen , which consist of a mass of tiny dots~ called pixels. 

Wb:ere nght falls, the receptors will be stimulate~ and where there is a dark 
patch the1·e \vill be no stimulation. Each receptor thar is sli111u.Iated can pass 
impuls,es to the brain and the b rain can interpret the patten1. At the fovea 
all of the rec.eprors are cones. Each con e in the fovea connects through a 
single bipolar cell to one ganglion cell in ihe optic nerve. 

The optic nerve has about 1.2 million ganglion cells. Since tl1ere are 
132 million receptors there obviously cannot be individual connections to 
the brain for aU the receptors. You ca11 see from Figure 3. 19 that several 
rod cells synapse ,vith a single bipolar ceU. ln tum 1 more than one of these 
bipolar cells syuapses ,vitl1 a single gangliort oeU. Ahhough the simplified 
diagram shows only a few synap ses, in practice there must be an average 
of about 100 rod cells witl1 synaptic con 1.1 .. ecrions to each ganglion cell. hit 
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isua cult How far apart two spots of 
Ught must be to be seen separately. 

No a.n i'mal ca,n see us~11g their 
eyes in corn ptete darkness. Rod s 
enable vi s101n in very low lright 
intens iti es, not ,in the dark. 

-••• 111~•••tl!l~~••1N1~•••11•~~••t1 

TEST YOURSELF 
! • • • • .. • • I • 11 Give one difference 1n the 
I! • I • I • : • structure a1r,d one dHferen,ce • • ~ • • I • 'in the d I stri.but:io n of rod and • • I! • • • • • cone cells. • • • • • • • • 12 Which are more sensit ive to • • " • • • • • U ght, rod 5 or cones? Ex ptaJ n • • • • • • • • • • your answer. • • • • • • 13 Expila in what j5 meant by • • • • • • • • 

vi.s uai l acuity. 
• • • • • • • • 14 • • Describe how the way • • • • • • • • that rods and cones are • • • • • • • • co nn ec:ted to ga n-g lion ce lls • • • • • • • • affects visual a ct.:11 ty. • • • • • • • • 15 How do humans detect • • • • • • • • co lour? • • • • • • ••••••••••••••••••••••••••• 

contrast\ each cone sho,vn in Figure 3 .19 synapses with a single bipolar cell 
which, in tum, synapses with a single ganglion ceU. This affects the vifiu I 
acu ity the an1ount of detail, or resolution , that can be perceived in an 
image on the retina. 

A ray of light tl1at [alls on just one cone in the fovea "'will show up as a spot 
of light, as long as it is bright enough to stimulate the cone. This is because 
the cone is connected to a sh1g1e ganglion cell in the optic n erve via one 
bipolar cell (Figure 3.20a) . If another ray of light falls on another cone as in 
Figure 3.20b, the brain will interpTet this as t\.vo separate spots. 

a) 1 cone s~imu lated 

brain ~sees1 one 
spot of Mght 

b) 2 cones st,i mu I ated 

brai·ri 1sees1 t\vo 
separate spats of l:i ght 

,impulses 

c) 2 cones sti1m u I ated 

Figure 3.20 How the cones provi:de hi9hervisual acuity. 

Now consider vtha't \viH be seen ""~hen a ray of light falls on a single rod. 
Figure 3.19 shows three 1u,ds with synapses to each bipolar ceU and six 
rods that c,onnect via the bipolar c,eUs to a single ganglion cell. Assuming 
that the stimulation o( one r,od cell is st1fficient to, send an impulse to the 
brain 1 there is no Vv~ay in which the brain can int,erpret which of the six rods 
had been stimulated. ]n reality· there may be many more than six rods with. 
synapses to a. single· ganglion cell The rods therefo1:-e provide lower visual 
acuity than the cones . 

So! what is the advantage. of having many rods connecting to a single 
ganglion cell in the optic nerve? As w.e shall se,e in Chapter 4 1 synapses can 
act as barriers to the transmission of impulses. Although 'the rod is very 
sensitive to light, a single rod is unlikely to produc,e a sufficiently large 
generator potential to be able to sti1nulate the bipolar cen to conduct nerve 
impulses, Ho,vever, if a group of rods is stimulated by dim Hght at the same 
time; the combined generator potentials ,J.!ill reach the threshold required to 
cause nerve impulses to be conducted iin the bipolar cell and the ganglion 
cell in the ,optic nerve. This p rocess is called summation, because the effect 
of several cells is added together. Ahhough the image is l:ess sbarp, we are 
able to see in much din1mer light than would be possible with oones alone . 
The ,eyes of tnost nocturnal mammals have onl~ or mosd1~ r.ods. For an 
animal that is hunting or hunted at night it is 1nore useful to see a slightly 
fuzzy image than to be unable to see at all 



Pra ice questions 
I Brook lan1pi--eys are aquatic animals. Their larvae live buried in n1u d 

at the bottom of riveJs. Brook la1nprey larvae ,vere kept in tanks with 
different lighi intensities. They ,vere each obsenred for 20-n1inute 
periods and the time they spent moving around Vilas recorded. 
The results are sho,vn on the graph as th,e mean percentage of the. 
observation period v.1hen the lan1preys ,ve1se n1oving. 

so -

40 

M,ea1~ pe rce ntag e 30 of t ,,me lamprey 
spent moving 20 @• --4r',,,,,.--~--(f]'" 

10 

O 0. 0 1 0. 1 1 . 0 1 0 1i 00 1, OOO 1 0 0 00 
Light intensity/arb itraf)' un.its 

a) i) How many tninutes did the la1nprey larvae spend moving in the 
brightest light intensity? (1) 

ii) What kind o.f seal is used on th x-axis? 

iii) Giv on advantage of using tm.s kind of scale. 

b) i) What 'type ,o,f response do lamp·rey larvae show t,o, light? 

ii) Gi'~le a reason for your allS\\rer to b(i) . 

c) Suggest how this r,espons might be an advantage to the 
lamprey larva,e. 

l The diagrams shovt the results of four 
different treatments of shoot tips. The dps 
were placed on blocks ,of agar and the 
mean concentration of indoleacetic acid 
(IAA) ·that difh1.sed into ihe agar is sJ10\Vl1 

by the figures (arbitrary units). 

a) \~lhat can you conclude from comparing 
the. results of treatments 
A and B,? (I) 

b) Suggest the purpose of the thin glass 

agar block 

25.8 
t ips kept da-rk 

A 

fight 

(1) 

(1) 

(1) 

(1) 

(2) 

Hgnt. 

25.6 
tips HI um inated 

u n ii atera, l1ly 
8 

'lignt 

tips divided to \Vith in cover slip. (1) 

c) Using the results from 'rreatments C and 
·o, describe lhc Tesponse 

tips comp lete:ly divided 
and illuminated 

urn i I at era I l'y 
0. 5 mm o·f apex and iilluminated 

1u n ii at era Uy 
C .0 

of the shoot tip to unilateral light. (2) 

d) If the shoot tip from tl-eatment D were 01:1 an intact shoot, 
describe and explain the response you v.rould see. (3) 
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3 Describe the role of the SAN > AVN and Purkyne tissu e in 
coordinating 1he heartbeat. (6) 

II 4 The number of ·rods and cones in the field of view of an optical 
microscop e was counted at frequen t intervals along a horizon tal line 
across the retina of a h u1nan eye. Tl1e. grapJ1 shovls the resuhs. 

II 

2000 

1600 

Number of 1200 
rods arid 
cones pe:r 
unit area 800 

400 

a 
0 2 4 

.... nose 

y 

cones 

6 8 10 11 2 14 16 

Dimmce across retina/arbi,trary un1its ear 

a ) Identify the parts of the retina at points X and Y, giving reasons for 

18 

Iii! 

ach ans~rer. (2) 

b) Use the gia.ph to find the ratio of rods to cones at 6 arbitrary 
units across the retina. (1) 

c) At ~·hich distance across the retina would sensitivity to colour be 
highest? E:h.~lain your ans,,ver. (3) 

d) i) Describe the sensitivity to Hght of receptors at Y c,ompared 
¥,,ith those at Z. (1) 

ii) \A/hat is the reason for the difference in sensitivity ,of the 
receptors at Y and Z?· (2) 

e) Describe the co-nnecti-ons made in the optic ne1"V,e by recepto,rs 
at Zand explain how this v,lould affect rhe visual acuity at this 
point on the retina c,ompa.red to Y. 

Stretch and challenge 

(3) 

5 Evaluate the main theories to explain ho\\l'" the hum.an eye is ab]e to 
distinguish between so n1any dilffe1-ent colours when cones are sensitive 
to just three specific wavelengths of light. To what extent are th ese 
theories supported by evidence? 

6, To what e}._'tent are plant growth regulators important in honiculture? 
You 1nay wish to discuss their use in selective \Veedkill-ers> producing 
seedless fruit and in. plant propagation , an1ong other applications. 



Nervous coordination 
•••••••••••••••••••••••••••••••••• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
i PRIOR KNOWLEDGE ~ 
• • • • : • N erve i:mpulses from receptor s pa5s a:long neurones tn nerves to the : 
• • : sprnal cord or brain . : 
• • 
: • The role of receptorsj sensory nelJr ones~ motor neuronesj re lay : 
• • i neurones~ synap ses and effector s. i 
• • : At a ju,niction or synapse. a chemlcat neurotransm,ltter is re leased that : 
• • 
: cau se.s i1mpulses to be gener ated in the nex t neurone. : 
• • 
: • Ca,r rre r prote ins are f nvolved in, both fa·c ilitat ed di-f fusion and acti,ve : 
• • : tra ns port a.cross me'm,branes. : 
• • 
: • Di,sso lved su bstances such as ions ca·n m ove 1into and out of cel ls by : 
• • 
: fac ilita ted diffusron throu gh channel protei,ns. ! 
i • Ac ti1ve transport is a, process by wh ich a cetl can transport su:bsta r)ces i 
• t 

: such as io ns agiainst a concen tra tion g,radient by hydl rolysfr~g ATP. ! 
• • • 
································4································~············~····~• ........ llllllllllllllllllllllii 

~ ........................................................................................... . 
: TEST YOURSELF ON PRIOR KNOWLEDGE i 
I • 
I t 

: 1 Give an exampte of a receptor an d the stimulus it detects. i 
' ~ ! 2 Ex plain what is meant by an effector. ! 
i 3 llons cross 1mem,branes by fac ili ta ted di ffusion rat her tha,n by diffu,sion. f 
I f 

: Ex p'la1in why. : 
j ,4 Where do ceHs mak.e most of t he ATP they use in ac tive transport? j 
: Exp la in your answer. : 
I I 

=•t•••••••••••• t••••+t tt+ft•••··· ···f.ft••••+t t•••···································· ............................ lllli 

I ntrod uctio n 
The human brain is ,estimated to have about 100 bHhon (1011) neurones. 
If ,ve gave equal ponions of~ single brain to every person in England 1 he 
or she would get about 2000 ,c,eUs. Moreover, each neurone has synapses 
connecting it to as many as 10000 other neurones. This creates a neural 
netvlork. that makes the average computer seem like a child's tt.oy. 

The brain is the organ responsible for coordinating the great majority of 
activities in the body It synchronises most of the automatic activities such 
as heanbeat and breathing, as well as such complex movements as walking 
or playing the piano. The brain receives and processes a. constant flo,v 
of information from sensory receptors. TI1Lis information may stimulate 
appropriate responses; or be stored or ignored. The brain is also responsible 
for \\rhat we consider to be the higher human acdvirie-s, such as thinkingl 
emotions.i me1nory and consciousness. 

So, how is it possible that tiny pulses of electrical activity and the transfer of 
chemicals across synapses an d 1nembranes can result in the complex mass 
of though ts> feelings, actions; tnernories and emotions of which humans are 
capable? Neuroscientists are still a long way fron1 full un derstan ding, bu t 
slowly th ey are discovering the functions of different regions of the brain 
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and how they interact. In this chapte1~ we shaU study the basic processes 
necessary to understand 110,,r the brain works and h ow the nervous system 
coordinates our activities. This will enable us to .explain h ow chemicals such 
as alcol1ol and other drugs can disrupt the system . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: Extension : • • 
: Different areas of the brain are r,esponsible for hn aging (fJ\iRI) is one technique that confirn1s the : 
: diffeTen t functions, b,ut neuroscientists have infom1ation fron1 previous studies by showing that : 
: discovered that th ese subdivisions are not sharply different b,rain areas are involved h1 specific tasks. : 
• • • defined and that the key to the b:rain's functi.oning lies • 
• Using an MRI scanner, scientists ca:n det,ect th e • 
: in its netw,ork of connections. It may seem in1p ossible : 

change in flow of blood to different regions of the 
: to understand ,exactly how such a complex organ : 

brain as their subjects respond to a specific stimulus: 
: works, and our progress has been slo,v. Much of ,our : 
• sounds, images or even touch. When areas of the • 
• understancling has co1ne fronl ,evidence based on • 
• brain light up on the image as the result of increased • 
•. what happens when things go \vrong, for example as •. 

blood flow, it is suggested that this indicates increased 
: a result of damage caused by accidents, blood clots : 

neural activity. Ho,veve1<, his not quite n1ind reading 
: and the effects o.f drugs. : 
• yet. Some scientists have argued that increas,ed blood • 

: Ho,vever, developments in technology, specially flow does not nec.e.ssatily mean increase.di activity in : 
: brain imaging, mean that scientists are able 'lO that area ,of the brain. Others Vlorry that the n-ietbod : 
: examine our brains in new ,vays. Functional imaging can only reveal large groups of neurones \voiking : 
: in particular has ·Opened up ~rays to map lhe parts of togeth,er. It is a long ,w.y from detecting what : 
: the brain that become more active during di££ rent someone is thinking. But MRI is allowing scien·tists t,o : 
: mental processes. Functional magnetic resonance begin io recognise the pat ems in brain activity that : 
: occur with simple tasks such as recognising faces. : 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

synaptic .. ....-----.._ 
knobs · 

mr----cytop·lasm 
,.......... __ cell 

body 

_ ___ mye'lin 

sheath 

N.-----node of 
Ranvier 

Figure 4.1 The s tructu re of a 
1mye li11ated motor neuro ne. 

First Vv"e need to look al the stn,cture of th nerve cells; or n urones) that 
form the conducting tissue in the nen·ous system (Figures 4 .1 and 4 .2) . 

musele fibres 

Figure l.~2 U ght m,icrograph of a 1motor neurone and its effector. a g,roup of muscle 
ceHs. 



~ n The long fibre in ,a neurone that 
conducts impuls·es away from the ceH body. 
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, mu C"l r Juncti n A synapse 
betw,een a neurone and a 1muscle cell 

In Chapter 3 you learned about a sin1p]e reflex a.re that involved three 
different types of neu1·one. 

• A sensory neurone conducts unpulses fron1 a receptor to the spinal 
cord. 

• One or n1ore relay neurones act as links between the senso11r and motor 
neurones. 

• A 1notor neurone conducts i1npu]se.s fron1 the spinal cord to a muscl,e. 

Look at Figure 4 .1, Vilhich shows the structure of a ·motor neurone. You can 
se,e that the c,ell b,ody contains cytoplasm and a nucleus and looks sinlilar in 
structure 'to other anhna] cells. The cytoplasm also contains mitochondria 
and riboso1nes. 

In ,other respects a motor- neurone is highly specialised . Its cell 'body is 
situated inside the spinal cord. It has large numbers of short branches, 
called d endrites. A mot,or neurone may have over a hundred of these 
branches, each 'With one or mo,re synapses to a relay neurone. There is also 
one very long branch that extends froin the spina1l cord to a muscle. This 
a ·i •n can be as much as a n1etre in length and less than a microu1etre. in 
diametet. 

At the far end of the axon ar,e short branches that t,enninate in tiny synaptic 
kn bs. These k-nobs are located close to the cell-surface membrane of 
muscle cells at th, n " rnrnuscu lnr iu n ·Iii n . Large numbers of neurones 
are buncUedl together into n -tv s. The sciatic nerve, for example, otiginates 
fr,om the spinal cord in the low,er b,ack. Branches from it pass all the \~ltly 

do,wn th l g to muscles in the foot. The sciatic nerve also contains s nsory 
neurones conducting impulses in the opposite dire,ction. Damage t,o, the 
lo~~r back can co,mpress this nerve where it passes between the vertebrae 1 

axon of 
neurone 

a,xon plasma, causing a painf-ul condition called sciatica. 
membrane 

Sch\va n n ce U 
cytoplasm _ _.,.,.. 

Scnwann ceU · 
nucle1us 

~~'r--myetin 
sneath 

Schwann ce'II 

Figure t..3 A sectio1n acro~s dn axon and 
Schwan n C:Q ll. 

You can see fro,m Figure 4.3 that the axon is surrounded by ihe my lin 
sh ath. This sheath is not suicdy part of the neurone. It is made from 
highly specialised cells) called Schwann cell , that lie alongside the axon. 
As the axon gro"rs these c,eUs wrap round a.rut round the axon until there 
may be up to a hundred layers of lipi.d and protein me1nhranes. TI1is makes 
a fatty ~bandage~ ar,ound the axon; shi,elding it fr,om surrounding tissue fb.dd 
and ·elecnically insulating it from ,other neurones. 

Between each Sch~~nn cell is a tiny gap where the axon is exposed; called 
a node of Ranvie r (see Figure 4J). These nodes are the only place.s that 

ions can pass between the tissue fluid and the axon through d1e ccll­
surft1ce membrane. The nodes play an important pan in speeding up the 
conduction of imp1.1lses along the axonl as we shall ~ee later. 

o~~~~~~~-
1 m p u Ls e s 
lmp ulses are ,Naves of electrical activity passing along a neurone. The 
process is not the same as the conduction of electricity through a wire. l t 
is much slower) although it is still quite fast. When a neurone is stin1ulated 
at a synapse, there is a brief change in t}1,e cell-surface n1embrane of the 
neurone. This allows ions to pass through rapidl)~ As soon as this happens 
it causes the next small section of the membrane to change; so ions ca11 pass 
through here. Mean\vl1ile the first section of neurone changes back as tl1e 
distribution of ions is "1restored. This process carries on do\vn the neurone. It 
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I m:p u'lses pass a lon gi aU parts of 
the cell-sudace membrane of a 
neurone in the same way. This 
in eludes the surface of the cell 
body as we ll as the dendrites and 
axon. 

is rather like a long line of standing do1ninoes that are knocked do,vn one 
after another once the first one is pushed over, except that in this case the 
domino is hnm,edi-ately set upright again as soon as the next one faUs over. 

So, what causes ·the movement of ions? Before we explain, it might be a 
good idea to remind you1--self of the ways in whicl1 ions can pass across a 
ceH-surface n1etnbrane. Pi~eviously you learned about the ways that ions 
can pass through channel proteins a11d carrier pro te ins in the n1en1brane. 

It may be helpful to 1·efer to Chapter 3> page 46 in AQA A-level Biology l 
Student's Book. 

The resting potential 
The ceU-surface n1embranes of neurones contain canier proteins called 
sodiun1-potassiutn pumps. These pumps are special earner proteins that 
mov,e. sodliun1 ions out of the axon and potassiu1n ions in. The pun1ps use 

ATP to actively transport three sodium ions out for every two potassium ions 
they actively lrarnsport in. 

There are also proteins in the rn.embrane that allo~· ions to move back 
do,vn their concentration gradients by facilitated diffusion. These proteins 
a_r.e called channels and are always open. However. the 1nembrane is more 
pern1eable to potassium ions than to sodium ions. This n1,eans that the 
potassiun1 ions diffuse back do\Vll their concentration gradient mo,re rapidly 
than the sodium i,ons. This is called differ ntial p rmeability. 

The result of 'these two fact,ors is that the outside of the axon membran 
always has a slight ,excess of positive ions. This gives a pot , nti 1 diffi r n 
of about 70mV (millivolts) betvt,een the inside and the outside of the 
me1nbrane. Because the inside of the axon is more negative and an electric 
cu1Tent is a flov,l of negative electrons from a more negative to a more 
positive p ,otential this is written as -70mV. This is called the r tin · 
pot ntial. 

Investigating the action potential 
Look at Ta,bte 4.1, which shows t he concentration of 
sodrum a,nd potassiu1m ions i1nside and outside the 
a x or, of a1 motor n e u ro n e. 

Sod ium IN~+J 18.0 145.0 

3.0 

Table 4.1 The concentrat,ion of sodium and potass:ium 1insid'e 
and outside the axon of a motor neurone. 

Descr,ibe the diffe.rences i,n concentrat 1ion inside aind 
o uts i1de the axon for each of the io ns in Table 4.1 . 
The concentration of sodiun1 ions out.side the axon is 
much greater than their concentratlon ins,de. whereas 
the opposite is true for potassium ions. 

2 There are channel proteins in the membrane that 
aHow 'ions to d1iffuse through. These cha,r,nels are 
always open. fr=rom Table 4.1', what would you expect 
to happen to the concent rations of the sod,uim an.d 
potassi,u 1m ions insi de and outside the axon? 
You v1ould expect the concentrations to be equa t.ised b_y 
sod1urn ions diffusing tn and potassium ions diffustng out. 
Sodium and potass ium 1oris continuously diffuse 
through the open channe l protei1ns ~n the axon 
m emb ra ne. However, the co nee nt rat[ ons a re not 

equa,Used. Exp lain why. 
The sod1um-potass1um pumps operate all the Ume 
actively transporting sodlun1 ions out of the axon 
and potassiurri ions in. For every t1t/a potass1urr1 ions 
n1oved in. thre2 sodiun, ions are n1oved out. 



• p l rt I n A ra1pid temporary reversal 
of the iresting 1membran.e, potenbat 

The action potential 
So far \Vie have only considered an axon that is not conducting an impulse. 
What happens ,vhen an irnpu]se passes along an axon? 

You may recall fro111 Chapter 3 in AQA A-levef Biology 1 Student~ Book that so1ne 
channel p1~ateins in memlbi--anes have gates that p1"event facilitated diffusion 
"rhen they are closed. Gated ion channels also play an important role in the 
action potential 

gate closed, ions • 
ea nnot pass thiro ugh _ --r 

sodium ton cha·n ne !~-.-.­
protein 

• 7 sodium ions 

•• 
outside ce ll 

t---gate open, ions pass through ., 
J • 
1 • • • • • 

p~asma 
membrane 

tnside cell 

Figure,., Gated sodii:um ion cha nnels ~n the cell-surface mem,bran,e. 

Vi/hen an axon is inactive, the charges are in an unbalanced state aH the 
timel with an excess of negative charges inside the axon and positive ,charges 
outside. As Vv"'e hav explained previ.ously, this is the resting pot ntia.l. ATP is 
used to maintain this uneven balance.. Hovlever, this resting potential means 
that the axon is poised to conduct an impulse at any time. because of the 
steep concentration gradient of ions across the membrane. 

Stimulation of a neurone at a synapse causes a small change in the potential 
difference in 'the me·mbrane ,close to the synapse. Vi/hen the change in. the 
po·t,entirul difference is sufficient 0this is called the threshold p t ntial), the 
gates in the sodium ion channels change their shape to <open' for a bric{ period. 
This allows sodium ions to diffuse in. l t is estimated thal each open channel 
allows about 20000 Na•ions to diffuse through. This causes a sud.den increase 
in positively charged ions inside the neurone . lnstead of having a. slight excess 
of negative ions; the inner surface of the n1embrane now acquires a positive 
charge of about 301n \l cotn pared "ith the out.sidle (so is represented as 
+30mV). U1e change in the potential difference across the membrnne is called 
dcp larisat I ln . 

The sodium ion channels close as soon as tlle 1nembrane potential reaches 
about +30mV. At this point depolarisation is complete and the diffusion 
of sodium ions stops. Depolarisation causes potassium. ion char1nels in 
the menlhrane to open, allowing potassium ions to diffuse out. They, 
l1owever, diffuse out more slowly than the sodiun1 ions diffuse in. The 
membran,e repolarises because potassi.un1 ions continue to diffuse out. ln 
practice> rather more potassium ions diffu.se out so the drop in potential 
differe11ce overshoots a bit1 as you can see fTon1 Figure 4·.6. This is called 
h yp erpolarisa tion. 
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isatian A return to the resting 
membrane potendal 

Rcpolarisat i n does n ot in1m ediately restore the concentration of ions 
inside the axon to their original state. The sodium-potassium pumps restore 
the balance by activ,e transport. This maintains the resting potential and 
keeps lhe axon ready for another irnpulse. 

···················································~········································ Th e actual proportion of i·ons 
that move in and out during the 
passage of an impulse is tiny. 
Don' t get the impression that all 
the sodrum tons diffuse into the 
axo nj or al [ the patassi um ions 
d iHuse out. 

: TEST YOURSELF • • • • • .. .. • • • • 

1 lin the m otor neuron e 1n F11gure 4.1. in which direction are 'imp,u.lses 
condu c ted? 

: 2 W hat maintains the re5ting potential in an inacHve neurone? .. 
f 3 Descri be th e sequ,en ce of events durin g d·epolarisatjon . 

~ 4 How does repolar jsati on occ ur? .. 

• .. .. • • • • • • .. .. .. • • • • • • .. .. • • • • • • • .. : ............................................................................................................... .. 

Analysing an action pote,ntial 
Fi,gu re 4.5 shows the chang-es 
in th e pe r m.eab iUty of th e 
membrane of an axon to sod ium 
and pota,ssfu m ]ons as an 
impulse passes a par ti cu lar 

C 

J 
D E 

J + 1' 20 

100 

po int. The graph also shows the 
chang.es 1in potentia l differe nce 
compared w ith t he resting 
potential. These res uHs were 
obta ined from the neu,rone 

Pe rmeablltity 20..........i...,.........+-+ ....... t,.M-+ ......... M-+~ .. -....................... +-+-+-+-+-.-+-+--+-+-.............. 

of 
membrane 

to 
ions! 

BO 
Membra,ne 

60 potentialt 
mV 

b. · 1 o~ ................ .-4 ...... ~..,~ ~ ::.,;.,.:~ ....... ~~ ar .1-trary units 40 
of a squ id 1 whJch has la,rg1e, 
uinmye Li nated axons w here it is 
eas ier to ta ke meaisureme.nts 
t han i1n a mamma,lia n, neurone. 

1 Use the letters shown 
0 2 

Time/ms 

20 

0 

-10 
3 4 in Figiure 4.5 to identify 

each of the fo llow ing 
stages~ r,est1n g potentra, l. 
de p ola d seti on, repoladsat.io n, 
hyper po la risa t i on. 

Figure .,.5 Graph of cha nges in permeabi'lity to !ions of a tiny part of an axon 
1membr;ne du,r ing an acti,on potenti,al. 

2 Exp lain how t he change in 
permea.b ili ty to sodium ions res ul ts in an ac ti on potent ia L 

3 Why does th e ,ncrease in so di1um ion perm ea bi lity start later than 
the change from the resting pote·nt iat? 

4 Exp lain the effect of t he chang,e in perm ea bi lity to potass ium ions. 

5 Look at the cu rves on the gra ph showi·ng the cha. n9es in the 
permea,b.itity of th e me.mbrane to sod ium an d potassium 1ons. 

How do these changes co mpar e? 

6 Suggest the adva ntage of di"if ferences in the per·mea bility to sod:iu m 
a,1nd potassium 1ons. 

7 The rest ing potent i.a l in thiis axo n was -70 mV. W hat was the 1max.im u m 

va lue of the potential ins id e the axon? 
8 For Ji ow long was the p otential above - 70 m1V? 
9 For h o\lv long df d hyperpota risati on !last? 

Re,mem,ber tha t 1 ms 1s one­

thousandt h of a second. 
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_ ~ rlo The t~1m,e foUowin,g an 
action potent1i~~ during whtch another action 
potential cannot take place~ r,egarcH.ess of 
the strength of the st~1mu lus. 

How do impulses move along a neurone? 
The depolarisation in on e sniall section of the membrane sets off 
depolarisation of the next section of the neurone because the change in 
voltage in d1e men1brane stimulates adjacent sodiun1 ion channels to open. 
Theref o-re the action potential travels like a \\i''flVe along the neurone 
Figur,es i .6 and 4.7. This wave is ·,vhat we comtnonly caU a ne rve hnpulse . 
Onc,e started the in1pulse. travels all the way to the next synapse. 

+40 

+20 

0 

-20 
M'embrane 

potentiaVmV -40 

-60 

-80 

0 

action p otenti a I 
I 

4 
Time'ms 

Figure 4.6 Changes 1in meimbrane potential as an impulse passes a particular :poi1n,t 
in a neurone. 

TI1e strength of 1he stimulus does not affect the impulse~ as long as the 
stimulus is strong enough to ge above the threshold value. This is known 
as the all- r-nothing principl . It is rather like squeezing the trigger on 
a rifle. As long as the. trigger is pulled back far enough the buUet is fired . 
Pulling harder wiU not make the bullet go any further or faster. 

Howe,rerl a stronger stimulus does result in an increased frequency o.f 
impulses. This is ho,~ nerve impulses carry information. lf receptors .are 
stimulated more 1hey establish a larger generator polential (page 63) 
·which in turn triggers more rapid impulses in the sensory neur,ane to which 
they are connected. 

There is al~~ys a time gap between impulses. This means that impulses are 
a}v;ra.ys discrete ; in other words they never meTge 'together. This is because 
after the action potential has reached its peak the ionic bal~nce has to be 
resto,red during repolarisation. Only after repolarisation can another action 
potential be genera~ed. The minimurr1 interval between action potentials; 
and therefore bet"ATeen impulses, is the r ·lraxtor) period. The refractory 
period means that there is a 1naximun1 frequency at ,vhich nerve impulses 
can be conducted along 1he axon. This mea11s that there is a lhnit to the 
strength of a stin1ulus that can be detected. 

When the sodium ion channels close at the peak of the action potential there 
is a shon period of about O.S ms when it is impossible for the c}1annels to re­
open. Therefore no stimulus can generate a.11 impulse during this period. The 
full refractory period lasts until repo1arisation is complete. In practice mosr 
neurones can only conduct about 300 in1pulses per second. 
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Figure 4. 7 A cha ng.e in charge at an 
axon membrane during the passagie of 
rmpulse s. 
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My Jin d n t,r n Neurones w~th axons 
surrounded by a serries of Sch\vann ceUs. 

Saltatory is derived from tlh e 
Latin word saltare. 'to jump·. 

rest,i n g pote n,tia I repolaris,in.g 

second impulse's 
action p otentia I 

fi1rst i m pdlse 's 
action potent1al 

resting potential 
I 

I I 
+++ ----+++++++++ ---- +++++ -----------------------------axon 

- + + + + - - - - - - - - + + + + - - - - - membrane 

-cytoplasm 

--- ++++ --------- +++-+ ----­
+++ ----+++++++++ -- - - +++++ 

I I I ' I I I 
dep o la risaition d epdladsation 

repolarisation diirectron of 
impulses 

The myelin sheath 
You may have noticed that so far we have talked about an axon as though 
the cell-surface n1embrane has a continu 1ous and unobstructed outer 
boundary. '.But if you look back to Figure 4 .1 you vrill recall that the axon 
,of a motor neurone is myelinated. lt is surrounded by a fatty n1yelin sheath 
that only has gaps at the nodes of Ranvier. Not aU neurones in humans have 
myelin sheaths. N'on-my linated n ur n s conduct impulses in the ,vay 
described above. 

In 11 y · linal ·d n ur nc ions can only pass through the cell-surfac 
membrane at the nodes of Ranvier. Therefore action p otentials can only 
occur at these nodes. The effe,cts of the depolarisation cause almost 
immediate depolal'isation/action pot ntials at the next node. In effect action 
potentials jump rapidly from node to node, as shown in Figure 4.8. This is 
called saltatory conducti n . 

At each node there are large numbers of sodium and potassium channels. 
Since the nodes are about 1 nun apart salta101y conducdon has the great 
advantage of being much 'faster. 

acti o.n potenti a I ,dep o la rising 

_t 

resting potenti a I 

·- _ mye:Un sheath 

nod~ of 
Ranvier 

_ axon 

action potential jumps from node to node 

direction of 
impulse 

Figure 4.8 Se1 l tatory cond·uction 1in mye1inated neurones. Conduction of 1m,pu lses atong these neuron6!s is approx~matety 
SO times faster than in non-mye U nc1ted neurones. 

Two other factors affect the rate. aTL \Vhich neurones conduct nnpulses -
temperature and the diameter of the axon. Tbe rate of conduction is slower 
at low te1nperatures and in narrow a~ons. 

In mammals, temperature rarely makes a si.gni.ficant difference since 
they nor1naUy t'naintain a fairly stable temperature. In anin.1als ,vhose 
temperature vari,es ,vith ihe environ1nental temperature~ cold conditions 



You d a not ne·ed to recall deta i [s 
of tne g!ant axons k1 squi,d and 
ea rth,worm s. 

can conside1--ably slo\v reaction times because th e facilitated difh1sion of 
sodiutn an d potassium ions during an action potential will be slower. 

The diameter of an axon n1akes a difference because the surface area to 
volume ratio of an axon is related to i ts diameter: Axons -wi1h a greater 
diam eter have a larger vohnne of cytoplasm, containing m ore ions) 
vthich reduces their ,electrical resistance. This means that an action 
-potential in one part of the axon pushes the n ext section to threshold 
more quickly. Nerve in1pulses are therefore conducted faster i.n larger 
diameter axons. 

Apart from vertebrates, tnany animal species possess only non-111yelina.ted 
neuTones. These. usually have a smaU diatne'ter and. are relatively slo\\r 
conductors. Some anin"'lal species have evolved .exceptionaUy large-dian1eter 
a~ons. Much of the early re.search on nerve conduction vtas done using 
giant axons fron~ squid> marine anin1als clos,ely related to octopuses. We 
sa\ll some of the re.suhs of th,e.s.e. inv.estiga'tio11S in Figure 4 . 7. T'hese giant 
axons have a dia1neter of nearly l n1n1, over a hundred times greater than 
other axons in the squid. They can conduct in1pulses about 10 times as fast 
as nonnal motor neurones. 

The giant axons extend the fuU length of the main part of the ·body, \Vith 
branches t,o the muscles along the v,rary. \Vhen the squid is startled, impulses 
are conducted at a.bout 351n per second along the giant axons. The tnuscles 
contract almost instantly~ providing the sudden force that squitts water ,out 
back~lards and j t-propels the squid away from danger. Earth\\·onns also 
have large-diam.eter .axons running the length of their body. These allow 
them to contract muscles rapidly and ~ithdra\'\'· quickly into a burrow when 
threatened by a bird. 

~ ···························································································: 
i TEST YOURSELF i 
• • I • i 5 Exptain the i,mportance of the refractory peri od during impulse i 
i conduct ion. i 
I r i 6 Descr ibe the aU-or-nothi,r,g principle. i 
i 7 Give three factors that affect the speed of im pulse conduc tio n. i 
I • 

! 8 Expta in, what is meant by saltatory cond uction. ! 
• • • 
1••··················································••t••··-·······················•411111 ....................... .. 

0 Synap es 
Synapses are the junctions bet,veen neurones. At a synapse1 there is a smaU 
gap called the synaptic cleft, whic}1 is usuaUy about 20nm wide. This gap 
prevents electrical impulses passing directly &01n one neurone to another. 
Co1nm u11.ication between n eurones is by chemical neurotransmitters 
that diffuse across the cleft from one neurone to another. This is a slower 
proc.ess than the passage of an impulse along a neurone. Figure 4. 9 shows a 
synaptic cleft . 

• Note that you should be ca refu l not to refer to 1m,puls·es or action 
potentiiats cross ing synapses. It r.s informatjon that crosses a synapse. 

• Crnmmuri icatfori between neurones is by che,m 1icat neurotransmitter. 
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m ~tochond ri a 

synaptic 

synaptic 
knob 

deft post-synaptic vesicles contain,ing 
me mb.ra n e ne urotra:n sm ~tte r 

Figure 4.9 Coloured scann ing electron 
micrograph of a synaptic cleft. The 
syna,pti·c knob containing vesicles of 
neurotran smitter is clea rly vi,sible. 
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Ch 1 ·n rnic n p . A synapse that uses 
a,cety lch o,I in e as a neuro tr.ansmitte r. 

Don't co nfu se receptor ·m otecu 'les 

with rece ptor cells . s uch as the 
r ods and co nes that w e stud ied :in 
Chapte r 3. 

A synapse is a gap between ihe tiny branching end of a neurone and eifl1er a 
de11drite or the cell body of the n e1r..~ n euron e. The branching end is ah.vays 
slightly swollen into a synaptic knob (Figure 4 .10). A motor n euron e 
may have a.pproxiutately 8000 syn apses on its dendrites and another 2000 
direcdy on the cell b ody. It h as been estimat,ed that neuron es in tile b·rain 
harve an average of approximately 40000 synapses and that some l1ave as 
many as 200000. The nlltTibe:r of p ossible pathways between neurones is 
p henon1enal ) which h elps to explain the a.mazing complexity of the brain 
(see the introduction to this chapter). 

di:rection of 
impulse 

pre-synaptic membrane -~~~J 

sy,na1Ptic deft ---

post-synaptic membrane 

Figure 4.10 Structure of a synapse. 

)--1!1\--~ vesicles conta i,lifling 
acetykholi11e 

:&::~---- acetyknol:ine is released 
I!::::::::.:::;:::.;> 1nto deft in response to 

I 
post-synaptic neurone 

a·n ~mp u I se reachri n,g the 
synaptic knob 

acetyl1chorine receptors 

So·, what happens wh nan impulse reaches a synapse at the end of an 
axon? We will d scribe here what happens in a. ('h u li nc r, 1<· y n~lp~c . w]1·ch 
uses: acetylcholin as a neurotransmitter. Acetylcholin (ACh) is th main 
neurotransmitter in synapses in the nerves outside the central nervous 
system 1 as well as in some parts of the brain. ]t is also used at the junctions 
betwee.n motor neurones and m uscles. Thes~ neuromuscular junctions 
work in much the same. i.vay as synapses> as ·v.le· shall see in Chapter 5. Many 
other neuroitransmitt,ers are used in the nervous system> but the principles 
,of synaptic transmission are similar in all cas e.s. 

When an action potentia] arrives at the pre-synaptic membrane of an 
axon at the synaptic kn ob it causes calcium ion channels to open. The 
concen tration o f calcium ions (Cai+-) in the fluid of the synaptic cleft is 
higher th:Jn the concentration inside the synaptic knob. Therefot e calciu1n 
ions rap idly move by facilita ted d iffusion into the knob. 

As you can see from Figure 4.10\ inside the synaptic knob d1eTe are 
many vesicles containing acetylcholine . Th ese vesicles are tiny droplets of 
acetylchoHne surrounded by a membrane. When calcium. ions enter, some 
of these vesicles n1ove to the pre-synaptic meml)rane and fuse with it. As 
a result; the acetylch oline is secreted out into the cleft and diffuses across 
a very sll.on distance to the post-synaptic m em brane on the o ther side. 
This p ost-synaptic m e1nbran e has receptor proteins on its surface to which 
th e aoetylch oline tnolecules attach. Since the diffusion distance is so sh ort, 
tl-1Le acetykh oline diffuses quickly across the synaptic cleft (see AQA A-level 
Biology 1 Students Book Chapter 3) . 



Don·t refer to the binding: s i,te o f a 

receptor p rotetn a 5 an actwe srte. 
Althou,gh i,t has a comp lementary 
shape to the neurotransmtitter. it 
is not an enzyme. 

Figure 4 .. 11 Seq,ue nee of events 
d1urrng an impulse transmission at a 
choli rn~rg i c synapse. 

The receptor proteins have binding sites that are con1plen1entaiy in 
shape to acetylcholine molecules. ·Each receptor protein is locat,ed next. 
to a sodium channel. When acetylcholine binds to a receptor protein, it 
changes shape and pushes the neighbouring sodium channel open. You will 
recall that the excess of socliun1 ions entering th e neurone depolarises the 
n1embrane. I [ enough sodiutn ions enter, and th e thr,eshold is exceeded, an 
action potential is triggered (page 73). Once an action potential does start 
it travels all the way along the neurone as an impulse until it reaches the 
synapses at lhe other end. Figur,e 4 .11 illustrates the sequence of the events 
that occur at a synapse. 

1 Action potential o,pens 
gated cha.nnels. Ca2+ tons 
flow in . 

receptors 

2 ACh vesicles move to 
membrane and fuse 
w ith it. 

4 AC h attaches to receptors 
and ga,ted Na+ a.nd K+ cha n,n e Is 
o,pen. 

3 AC n released into synaptic 
cleft and diffuses across .it. 

,....__ p re-sy,n a1pti c 
membrane 

, __ post-synap~ic 
membrane 

\ 
S Na+ ions diffuse 1in faste,r 
than K+ ions d~ffuse out 
Action pote n tia,I created 
i1n post-syrtapti'c membrane. 

You \\>~ill no doubt have. realised that during transmission across a synapse. 
changts take place that must be reversed if it is to keep on transmitting. 
Calcium ions are activ ly tran port cl back into the ynaptic cl ft , 
ensuring that the concentration. outside the inembrane is always higher. 
The acetylcholine is removed from the receptors by an enzyme ca.U~d 
acetylch linesterase that hydrolyse.s it to acetate ,nd choline. These are 
actively transported back into the synaptic krnob vrhere they are synthesised 
into acerylcholine once again. Vesicles are. refiUed, so the acctylcholine is 
recycled continuously. 

The r1ole of synapses 
It takes much longe.r t,o describe what happens at a sy'illlpse than for 
the transmission to occur. But synapses do slow do\\rn the rate at which 
impulses pass through the nervous system, There is a del~y of aboio 0.5ms 
at each synapse. T]1ds is because tJ1e rate of diffusion is 1nuch slower than 
the rate at which a nerve impulse is pvopagated along a neurone., especially 
by saltatory conduction. 

This does not mean tl1at synapses are a bad thing. Synapses are vitaHy 
important as the points in the nervous systen1 where the passage of 
impulses is controUed. Remember the all~or-nothing principle. If i1npulses 
couW. cross straight from one. neurone to -another without any control, 
s timulation at any point in die systen-1 would spread to aU neurones. 
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Figure 4.12 An electron microgra·plh 
show1ing a ma ss of synaptic 1knobs 
spr.ead over the s 1urface of the cetl body 
of a n e u ro n e. 

Membrane 
pote ntia VmV 

+30 

threshol1d 

- 70--

t t t 
1st 2nd 3rd 
impulses 

Figure 4.13 Temporal summation. You 
ea n se,e from the graph that the firs t 
i1m p uilse reaching, the synapse faHs to 
ra ise the membrane potential above 
the threshold for an action potentiaL 
Th e three impulses arrivrng in quick 
succession do prod1uce an action 
potential. 

Specialisation of functions in different parts ,vould be in1possible. S01ne 
of the control mechanisms involved are con1plex and the1-e is still much to 
lean1 about them, especially about the processes involved in the brain. 

One simple control method is that transmission a.cross a synapse can 
only be in one direction. Only the synaptic lrnob contains the vesicles of 
neurotransmitter. Therefore neurotransmitter can only be released into 
the cleft frotn the pre-synaptic men1brane. Once a11 action potential is 
established in the post-synaptic neurone it can only travel as an impulse in 
one direction because depolarisation always occuTs in front of the action 
potential. This is called unidirectionality. 

Summation 
Impulses arriving at a synapse do not always result in impulses being 
generated in the next neurone.. The electron micrograph in Figure 4 .12 
shows the synapses on the cell body of a ·mo,t,or neurone. As you can see 
there are many synaptic knobs all linking to this tnotor neurone. 

A single hnpulse arriving at one synaptic knob is not likely to lead to the 
generation of an action potential in the post-synaptic neurone. It may 
release only one or a small nu1nbe1· of vesicles of acetylcholine. IC as a 
r,esuh, ,only a fev,,," of the gated ion channels in th post-synaptic membrane 
are ,opened, not enough sodium ions will pass through th membrane to 
depolarise it and reach the threshold value. Th acetylcholine only ren1ains 
attached t,o the receptors for a very brief time since the acetylcholinestera.se 
breaks it do11v,1 mthin a couple of 1niHisecond.s. If several impulses reach the 
synaptic kno,b in quick succession, nough acetylcholine is releas d for the 
me1nbrane potential to reach the threshold value. This causes the sodium 
ion channels to open and p roduces an action pot ntial. Because the effects 
,of several impu]ses ar,e added tog€ther in a shon time this process is called 
t mp ral (meaning ctim )) summation (Figure. 4.13). 

A secon d way in \.vhich an action potential can be. generate.dis when 
sevena.l itnpulses arri,le simultaneously at different synaptic knobs 
stimulating the sa1ne ceU body. The cell body may then be depolarised 
enough for an acti,on potential to be generated in the a'ton. This is called 
spatial sum.mation . 

On e advantage 0£ summadon i.s that the effe,ct of a stimulus can be 
magnified. We: have, for example, already come across summation i11. the 
retina (se·e page 66). It is also a way for different stimuli ~ or a combination 

of differ,ent stimuli, to trigger a respo11se. Another effect of summation is 
that it avoids th e. system being swamped by impulses. A synapse acts as a 
barrier lhat only aUo,vs impulses to pass on if there is a significan t input 
from receptors or other neurones; which may relate to the strengtl1 o f the 
stimulus. 

Inhibition 
So far we have only described situations in which transmission across 
a synapse results in an action potential b eing generated in the posi­
synaptic neurone. Just as im.portant are synapses where impulse_s are 
stopped altogether. Some neurotransmitters prevent action potentials 
being gen.era.ted in the post-syn:aptic n eurone. This is called inhibition. 
O ue way in whicl1 this occurs is that the in.hibitory t1eurotransn1itter 



s ti1nulates gated potassium ion channels to open . Potassiun1 ions therefore 
diffuse out of th e ceU body. If a cell body is affected by both excitatory 
and inhibitory synapses, th e effect of sodium ions en terin g follo,ving 
sthnulation by an ·excitatory synapse Inay b e cancelled out by potassiun1 
ions leaving f oUo,ving stiinulation by an in hibitory synapse. Therefore the 
memb,ran e potential does not l'each the th1""esh old for an action potential 
to b,e produced. 

Inhibition is ve1y important in n ervous circuits. lt enables specific 
·pad1ways to be stin1ulated 1 while p reventing :random impulses aU over the 
body. For exa11.1ple in reflex actions it is desirable for neural pathways to 
produce a response only wl1ere it is n eeded. If your hand is on a hotplate 
you need you r ann n1uscles to p uU it a,vay1 but not your leg mu scles to 
contract. The developm,ent of inhibitory patl1ways can be very important 
in learning specific skHJls, such as dra\\'ing and ;,vriting. If you watch a 
young child learning to draw you 'Will see. that at first the movements are 
uncontroUed. As the skiH develops the movements bec,ome much more 
coordinated as the appropriate pathways are refin.ed by inhibitory circuits. 

Lo,ok at Figure 4 .14. This shows in simpllfied form the cell body of 
a neurone and an axon '\\'hh two, synapses o,n it. Both .are excitatory 
synapses. 

If an action potential arrives at synaps·e A the me1nbra11e potential 
becomes more positive but not enough to reach the threshold value for an 
action potential. 1f a11 actio11. potential arrives at S}'"11apse B at more or less 
the same time, the t,No ,effiects are added together and the combined effiect is 
now abo,re the thresho]d value for an action po,tential to be generated in 
the axon. 

impulse 

synaptic 'imob ______ ,.,._ · - axon, from relay neurone 

excitato,ry synapses ceH body of ----· 
m.otorr neurone 

Membrane 
potential/m V 

+30 

- 70 
'""!I - ..... !!Iii._._.. --:;-:=----... 

A B C 

motor 
neurone 

Figure 4.14 The cel.L body and an axon of a neurone with two excit atory synapses on 
it and a graph of the membrane potent1al that resu lts. 
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You do not need to reca ll the 
nam es or modes of action of any 
specific drugs or, synpases, The 
cura re example Hlustrates t he 
sort of information you m 1igh t be 
asked to exp lal n. 

Figu1·e 4.15 shows a similar a1Tangen1.en t > but in this case synapse B 
is an inhibitory synapse. At an inhibitory synapse the effect is that the 
membran e p otential actually decreases. In this exan1.ple the two effects 
balance out the EPSP so the threshold value for an action potential 
is not reached. 

excitatory synapse----­

eel I body of----, 

impulse 

_ axon f rom relay neo,rone 

i nh ibito ry synapse 
motor neurone .._ __ .L............:::::::::.===:..............J4..........:-=-=-:::.._ axo 11 o·f 

Membrane 
potentlal!mV 

+3-0 

11hreshold --------------------------
J ............ _ ...... .. __ 

-70 A a\, --~-.. .,., __ 
... L....-.," 

motor 
neurone 

Figure 4.15The cel l body and an axon of a1 neurone with one inhibitory synapse 
and one excitatory synapse on it. The threshold valu,e for an act,ion potential is 
not reached. 

~ ···························································································: 
i TEST YOURSELF i 
i : 9 
• • 10 ! .. 
• • : 11 
! • 
~ 

Explain why synaptic transmrissi,on c:an only work in one direction. 

How would inhibitiion of acetylcholinesterase a·ffect synaptic 
transmiss ion? 

Explain the difference between tempora l summation a·nd spatia l 
summation. 

• • : 
• 

12 What does an inhib:itory ne urotransm,itter do? 

i .. • f!, .. • 
i .. .. • • ~ .. 
: 
~ • • • • : • 
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he effects of drugs 
We mentioned at the be.ginnilng of this chapter that chemicals may have 
major effects on the ~rorking of the brain and other parts of the nervous 
system. Many of these substances are chemically quite shnple. vVe often 
refer to these sub,stances as drugs. 

The term drugs; ho,vever; is quite vague and is applied both to substances 
tl1at are used as cures and to mind-altering substances that may be 
dan1.aging or potential poisons. Studies of dmgs and poisons have revealed 
that n1any have quite specific effects on transmission at synapses or 
on neural circuits ,vithin. the brain. In so1ne cases) research has helped 
scientists to understand n1ore a.bout hovl the nervous syste1n works and to 
offer ways of using certain d1'Ug.s to treat nenrous disord,ers. 



An exatnple. of a poison that affects synaptic transmission is curare. Curare is 
a naturally occuning poison that is found in the bark of trees in the An1azon 
forest. It has been used for centuries by South Anieriam Indians to coat th,e 
tips of arrows used for ]1unting. Curare tnolecules attach to the acetylcholine 
receptors on post-synaptic membranes, especially the tnembranes of 
neuromuscular junctions at the end of motor neurones. The curare molecules 
block the receptors and prevent sodium cl1annels opening. Therefore 
in1pulses that pass dnwn the motor neurones fail to stimulate n1uscle 
contraction~ so, any anin1als shot with such an arrow are paralysed. 

The effect of drugs on synapses 
Read the foltowtng passage carefu lly. 

The bra1in has miany different neurotransm~tters. Over 
50 have been ide1ntiified . Many work in a simJlar way 
to a c ety le ho line. Ma ny o cc 1u r on ly in certain ,pa rt s of 
the bra in a1nd a,re therefore restdcted to particutar 
functions. Some are inh ib~tory and some excitatory. 
Eac h b1nds to receptor molecutes that a1 re specifi c 
to the neurotransmiitter. For ·exa·mple dopamine 
is a1 neurotransmitter that is i,m portant in parts of 
the bra in co nicerned with contro l of muscle action. 
Parkinson·s disease i's a fairly common conditi on in 
etderly people in who1m the neurones that produce the 
dopam1ine degenerate. The muscles become too tense. 
making delicate m,uscutar movem·ents di1fficult so that, 
for exampte, it is hard to pour a cup of tea without 
trembling . As the d~sease develops. wa lki,ng1 and 
other everyday activities become harder. Two types 
of drug can be used in treatment. One is a substance 
from which dopamine is synthes~sed in the ne urones. 
Another is an agon ist, something that rmimics the 
effect of dopam1ine by b~nding to the same receptors. 

Anoth er cond ition in whi:ch researc h suggests that 
dopamine pllays a pa rt is sch izophren ia. Thi,s is a 
condition that affects about 1 °/a of people at so.me 
time iri thei,r lives but 1most frequeint ly as young ad 1ults. 
Schi zophren ia ca uses people to behave untypica lly 
and often to suffer from delus ions and hall,ucinat ions. 

It appears to have a va,r i;ety of causes but on,e feature 
that has been d~scoveredl is an excess of dopa1m ine 
receptors in the brain. 

It is not easy to develop drugis that ha1ve specific 
effects i,n the bra,in because m,any substances are 
blocked from ·entering the brai:n by the blood-brai1n 
barrier. However~ a number of drugs have been 
produced that help in schtzophreni1a1 by blocking the 
dopam~ne receptors. Dosage is very 1important and 
there i'S

1
, as with many drugs~ a danger of side effects. 

1 Two types of drug can be used to treat Parkinson·s 
disease. Suggest how each type of drug mentiioned 
in the passa,g·e help s to treat Parki,nson·s d1isease. 
Prov1dt'ng the bratn v1itt1 ,nore of th precursor 
for dopamine helps tne neurones that have not 
degenerated to manufacture n1ore dopamine. The 
agonist attaches to the sarne receptors and has lhe 
sam~ effect as doµ":Jmine. 
Use ~nform,atjon in the passage to su9g.est: 

one type of drug that ·might he lp to reduce the 
symptoms of sch izophren fa 

Druas that blar:A th€> dopam1nf receptors should help. 
one side effect that co u1ld result from th e use of 
this dr,ug . 

A pO!::JSJble stde effect is loss of muscle control, as 
found in Parkinsons disease. 
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Practice questions 
I The graph sh o,vs son1e changes in the penneab,ility of an axon 

membrane during an action potential. 

1.1 

1.0 

0.8 Pe rmeability of 
axon 1me m bir a ne 

O 6 

,.. refractory period-----

A 

to ro ns/arbitr-a.ry ' B 
u,nrts 0_4 -+-----+-----i,,E----"1,,-----th_re_-s_h_ol_d ...;_po_~_-n_-t_ial 

0.2 

0.0 _J..___-----"'-::C....---~------- .............. --==~---
0.0 o.s 1.0 1.5 2.JJ 2. 5 3.0 

Time after start of action pote nt ia Vms 

a) Nan1Le 

i) ion A 

ii) ion B,. (1) 

b) E:.\1)lain the changes in permeability to ion A that take place. 
bet\v.een 0.5 and l .Oms. (2) 

c) Explain how changes in permeability to ion B contribute 
to 1·ep olarlsati,on of the axon membrane. (2) 

d) Use the graph to explain ":-hat is meant by 

i) the refractory period 

ii) the all-.or-no,thing principle. 

2 The dra\ving shows a cholinergic synapse. 

a) Name 

i ) ,organelle W 

(2) 

ii) the neurotransrrtltter used. in this synapse. (1) 

b) In ,vhich direction does synaptic transmission take p lace, 
X- Y or Y- X? 1Give a reason for your anS\Ver. (1) 

c) Describe the sequence of events that occur at this synapse 
during synaptic transtnission. (4) 



d) Atropine is a chemical substance found in the deadly nightshade 
plant (Atropa b.eHadona). It binds to and blocks acetylch oline 
receptors. Describe the effect of a tropine on the sequenc,e of 
events at a cholinergic synapse. (2) 

3 Explain ho,v a resting potential is established and n1aintained 
in a neurone. (5) 

II 4 The diagram shows thr,ee different neurones synapsing v.ith 
a motor neurone. 

3 

motor neurone 

a) The motor neurone is myelinat d. Desctibe and :plain 
ho\\r this aff cts the conduction of action potentials. (3) 

b) If an action potential arrives at synapse 1 no action potential 
occurs in 1he motor neurone. If acdon pot ntials arrive together 
at synapses 1 and 2, an action potential occurs in the motor 
neurone. Explain why. (3) 

c) Synapse 3 releases a11 inhibitory n urotrans1nitter. Suggest 
what would happen if action pot ntials arrived at all three 
synapse,,s at the same tim . (2) 

Stretch and challenge 
5 Bot,ox is a ,videly available but controversial oo,smetic treatment. Discuss 

its 1node of action and evaluate its use a.s a cosmetic treatment. 

6 Examine the role of myeHn in n.erve tissue, by discussing the symptoms 
of muhiple scte.rosis. To what extent may it be regarded as aJ1 
autoimmune oondition? 



Muscles and 
movement 

························~·························~·····················~········································ • • i PRiOR KNOWLEDGE ! 
• • • • 
: • Skeleta l muscles wo rk in antagonisbc pa[rs. : 
• • 
: • ,Mu scles and .skeleton inter act to produce ,move m e nt. : 
• • 
: • rMusc[es are exam,ptes of effectorsj aind are s timulated by nerve : . ·~~~~ ; :irmpulses from ,motor neurones. i 
• • 
: • An acth:,n potenttal r esults from depo ladsati on of the ce ll-surface : 
• • : mem bra,ne of a1 neurone. s • • • • : • Act,ion, potentials sprea,di across the ce ll-surface mem,brane of a i 
- . : neuron e. : 
• • i • C holi n·ergiic synaipses are those that use acety lcholine as a ; 
• • ; neu rotran5m,itter. i 
= ! : • ATP hydrolase hydrolyses ATP to ADP and i,norga niic phosphate. : 
• • . ~ 
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Ii • 1 What is a,n aintagonis ti c parr of muscles? : 

2 Exp lain why effective movement requires bot h musc le and an i 
I incompressible s keleton. j 
! 3 Describe the struct u,re of a myelinated miotor neurone. i 
I I 
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Have you ev,er wondered ~·hy the meat of chicken breast is almost white 
and se,emingly more or less bloodless, whereas the m·eat on a chicken leg 
is much darker and looks more like meat from mammals? After all. both 
are muscle. The obvious suggestion might be that farmed chickens cant fly. 
so they don\ use their breast muscles for flying as a wild bird does. This, 
ho,wever1 is not the complete answer. Chickens have been bred from wild 
jungle.fowl th~t live in the forests of South-east Asia. These birds spend most 
of their time scratching around for fo,od on the ground, but when danger 
threatens they quilckly fly lo safety in a tree. Unlike most wHd hirds they 
never fly long distances. The breasi muscle.s that flap their wings are only 
used in sh ort bursts but have to p roduce enough force to lift. quite: a heavy 
bird off the ground at speed. 10n the other hand their leg muscles are used 
more or less aU the thne for wandering about the forest floor~ scratching 
avilay at the leaf litter to find. food and stopping them fa.Hing off their perch. 

Th e junglef owl is adapted to i ts v1ay of life by having different proportions 
of two types of muscle fib,re in its n1uscles. The wing ntuscles 1nainly consist 
of fast fibres. These fibres contract rapidly bu t quickly becotne ti red. They 
ar,e well suited to a fast and shon escape flight into a tree1 lastin.g just a 
few seconds') but \\rould not be suitable for sustained flight over a long 



distance. The muscle looks pale for two reasons. Ii has few,er capillaries 
containing blood mth red blood cells 1ha11 red muscle and therefore obtains 
its supplies of oxygen and glucose quite slo,vly: It also has very little of the 
red pigmen t tnyoglobin. Myoglobin is similar to haemoglobin and acts as 
a store of oxygen in tnuscles. Myoglobin also speeds up the absorption of 
oxygen from tlu~ capillaries. 

The junglefowls leg tnuscles contain mostly slow fib,res. These have larger 
amounts of myoglobin and 1nore 1nitochondria than the fast fibres. The 
tnuscles also have a denser net,vork of capillaries. The. cotnbination of larger 
quantities of haemoglobin and n1yoglobin make the muscles appear a n1uch 
darkeT red. Slow fibres contract more slowly than fast fibres but they do 
not fatigue anything Hke as quickly. They are therefore weU suited for the 
walking, scratching and perching activities requilred of the legs. 

It is not just junglefo;,vl that have b,oth fast andl slovt fibres. The skeletal 
tnuscles of venebi-ates in general include a mixtur,e of both muscle types. 
The proportions in differ,ent muscles vary according to the activity for 
which the muscles are adapted. For example, cheetahs and wolves pursue 
their prey in quite different \~tays (Figure 5.1) . 

Figure 5~1 iii] Cheetahs depg,nd on talking their prey 
by surprise with bursts of very high speed over short 
distances. ThQy have a high proporti1on of fast fibres i,n 
thg i r Legi 1musc'Lgs. ThesQ m tu scles fe11tigiue ve 1ry q ui,cik'Ly, 
so ,if a crHietah does not catch its preywith~n a few metres 
it has to give up. 

bJ Wolves work as a pE1ck and may foHow their prey. which 
is ofte!n much L;irger tharn themselves. over tong diistances 
before Si!ngling1 out~ weak me 1mber of a hQ.rd. Their li:2!91 
muscles ;;ire adapted for endura,ncg by ha,ving1 a, high 
proporti,.cm of slow ti bres. 

In this chapter ,ve wi.H find out how muscles contract and how they use 
the ATP that is nee-ded for contraction_ 'Jo-le Vlill also see hov~r their activity is 
coordinated by the nervous system. 



Q Skeletal muscles 
The human body has over 600 skeletal muscles. About 40% of the mass of 
an average man is skeletal muscle. Humans have both fast and slow fibres 
in their muscles. Some of our muscles have panicularly 'high proponions 
of one type. For example the muscles tl1at 1nove our eyes and eyelids 
have mostly fast fibres. Thes,e operate r-apidly but do not need to keep up 
their moven1ents for long periods. The muscles in our baiek have .a large 
proportion of slow fibres. They are required to remain contracted for 
long periods so that we can stand or sit upright but they rarely have to 
n1ove quickly. 1Ylost people have roughly equal proportions of each type of 
fibre in their main leg and am1. n1uscles1 although som,e individuals have 
distinctly n1ore of one sort. Studies of highly trained sportspeople and 
athletes have shown that the n1.ost successful often have a bias that benefits 
their type of activity. The table shows some results from one study of 
trained athletes. 

Table 5.1 Res ,ults of a study of muscle fibre type in the Leg/ar1m m·usctes of athletes 
tra,ined in d if fere nt d isclpli ne·s. 

. Mean percentage ~f M.ean maximum oxygen 
~l.ow f ibres]l'.} l~g or c:onsum pti9n/cma per kg body 

Sport/discipline arm muscles mas~ per minute 

Cross-co,u ntry skHn·g 79 82 
Marathon run1ning 65 79 

Swimming1 56 63 

Fit students 53 55 

We,ig htliftin g 51 48 

Running 800 m 48 6S 

Sprinting 10 0-200·m 42 55 

You can see-from Table 5 .1 that athletes in endurance events_ such as cross­
,countr-y slding and marathon running 1 ha·ve high percentages o[ slo\\r fibres. 
Thes,e enable them to maintain activity for long periods without fatigue. 
These muscle fibres are ,vell suppHed with blood capillaries that provide a 
good oxygen supply. In ,contrast, ad1]etes trained for sho,rt bursts of activity; 
sucl1 as ~reightlif ting and sprinting1 have lowe.r proportions of slo,w fibres 1 

,vhich 1 ,of course; means thal they hinre more fas·t fibres. These contracl 
rapidly and can carry out intense activity for a few seconds. However~ the 
·rate at v,.rhich the muscles are re-supplied \Vllth glucose and oxygen is lo'"'· 
because there are relatively few capillaries, so it is only possible to keep up 
this rate of muscle contraction for a short time. The average running speed 
of an Olympic 100m sprinter is almost double that of a marathon runner. 

An obvious question is whether athletes are born or bred. There is c]ear 
evidence that some people aTe born wi:tl1. unusually high proportions of 
one type of muscle fibre and that this tendency is inh.crite.d. However; 
training can make one 'type of fibre develop much 1-nore than the other. 
For example\ 'Areighdifting routines can increase the size of fast .fibre.s. 
The nun1ber of fibres in a muscle does not increase but the number and 
lengtl1 of the contractile units inside the fibres can increase considerably: 
TTaining can also increase the numbers of n1.itochondria and capillaries in 
the muscles. So\ although a person n1ay be born with lnusclcs that are more 
suited for sprinting 01~ for long-distance running, appropriate training ca11 
make a big difference to their chances of success (Figure 5.2) . 



Figure 5.2 Inheritance of desired muscle· fibre types a,nd training method's ca n 
make an athlete more su·ccessful at thieir c,hosen disdpUne. a] For a: short ra,ce at 
maximum spe·ed th·e sprlnter benefits from a h19h proportion of fast fibres in hi,s le·g 
muscles. b], It is an advantage for a Long-distance r1unner to have a high :proportion 
of slow m1uscle fiibres that fatigue le,ss e·as ity. 

Muscle mechanics 
The muscular system is very complex: tnany different muscles cross each 
other in many directions. Figure 5.3 sho\VS sotne of the muscles on the 
front (anterior) of th,e body. 

biceps-------------i­

tendon of biceps-------

muscles that bend fingers __ ___..,,. 

c ___________ --1 

-----[Pectoral mu,scle 

·------ tendon of biceps 

---------------------------A 

Figure 5.3 Some of the anterior muscles in the human body. 

You ,vill probably be familiar vvith the biceps and the triceps 1nuscles in the 
arm from your GCSE course. These are used to flex and extend the arm at 
the elbo,v> respectively. But as you can see in Figure 5.3 there are several 
other 111uscles that enable us to raise and twist our arms as ,vell as making 
delicate movements ,vi.th our hands. The bic-eps and triceps are attached to 



t endons attaching musdes to bone 

b iceps 
re laxes 

lovver---.-i.i-­
arm 
mus de 

___ biceps contracts 
t to ra1ise I ower arm 
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Figure 5.4 The t riceps and bi ceps in 
the a rm work a11ta1gon ist1cal ty: here the 
tower a rim, is beii.ng ra i,sed. 

bones by thick tendons n1.ade of strong fibrous connective tissue. A tendon 
h as to be flexible, but not elastic. It must 11.ot stretch when a muscle is 
contracting and pulling on a bone. You can see in Figure 5.4 the tendon that 
attaches the lower end of the biceps to the radius bone in the lower ann . The 
upper end of the bioeps has t\.vo tendons a.ttachh1g it to the shoulder blade. 
These cannot be seen in Figure 5 .3 as the deltoid 1nuscle hides them. 

Sotue n1uscles have. very long tendons. The n1uscles tbat bend the fingers 

a1·e situated in the arms just belo,v the elbows. Their tendons stretch across 
the i;vrists and the palms of the hands. There are also 1nuscles that attach 

directly to a bone instead of having tendons. For example, if you look at 
the pectoral muscle in Figure 5 .3 you ,vill see th at it is attached aU the way 
do,~,..-n the breastb one. n 11e m uscles generate force as they contract and pull 
on the bones of the skeleton, and th is produces movement. 

1v1uscle.s can only contract to move par ts of tl1e body. They can on]y p ·uH; 

they cannot push. For ·this reason niuscles in general operate as pairs, 
with one pulling in o,ne dire,ction at a joint and a partner that p·ulls the 
opposite way. This is caHedl antagonistic 111uscl acti n . The biceps 
and triceps act as an antagonistic pair o-f 1nuscles (Figure 5.4 ) . Vi.then the 
biceps contracts the tric,eps relaxes so the lower arm is pulled upwards . 
When the biceps contracts it also pulls the triceps back out to its starting 
length so that it is ready to .contract again. To straighten the arm again 
the triceps contrac'ts and the bic,eps relaxes. Vi.Then the biceps or triceps 
contracts, it pulls against the bones in th~ lower arm and because these 
bones can't be stretched, th·e aim is flexed around th elbow joint. 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • : Extension : • • : ln practice~ when you lift a heavy object in your hand, many muscles : 
: are involved. For exantple, another muscle connects from the lower end : 
: of the bone tn the upper ann to the lower ann near the "'~nst. Severa] : 
: tnuscles are used to enable the hand t·O grip and the wrist to rotate. Others : 
• • • help to keep the shoulder steady. As the. biceps contracts, the triceps • 
• • : slowly relax.es, so the movement takes place smoothly. This involves the : 
: brain> and in particular the. cerebeUum1 in a highly complex process of : 
: coordination. Receptors in the muscles, tendons and joints constantly send : 
: impulses to the brain indic~ting the. degree ,of stretching -of muscles an.d : 
: the positions of tendons and joints. Reflex Ziidjustments ensure 1:hat the : 

: operation is a continuously s1nootl1. process. Damage lo the cerebeUum, for : 
• • • example a stroke or tumour, can res-ult in clumsy and jerky movements. • • • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

~ -··························································································; TEST YOURSELF i 
1 W hk h of the othe.r mu sclles i,in the teg la,belled B to D ts anta gio n ist ic to 

m uscle A in F ig:ure 5.3? Expta 1n you r answer. 
2 What are tendons and what is the1r fu nct ron? 

• .. • 

. 3 What sort of m'uscte fi bres a re ma tn ly found in t he eye musc: les?What • 
• • 
: i1s the advantage of hav~ng this type of f ibre here? i 
• • 
: '4 Descr1ibe and exp la in the relationsh ip between mean percentage of : 

: 
s low fibres and m.ean max imum oxygen concentration 1n Ta bile 5. L : 

• 5 Why mtght peop le wrth a higher propo r tton of slow fibres Jn their : .. 
muscles be mare suited to long- diistance runn ing? : .. . .. ....................... ............................................. ............ ................................... 



The naimes of many parts of 
mu,scles begin w~th the prefix 
'sa rco ·. Exa,mples i,nclude 
sarcotemma, sarcoplasm and 
sa rco,pta sm 1i c reti1cu,tu m. 

The structure of a muscle 
The 'cells' that make up skeletal muscles are so different from n1ost cells 
that they are referred to as rnuscle fibres . Each fibre is long, on average 
a.bout 30 n1m, but in sotne cases they can be as n1ucl1 as 300mn1. Part 
of a fibre is shown in Figu1e 5. 5. You can se,e that it is surrounded by a 
cell-surface metnb,rane, called the sarcoletnn1a. Beneath the sarcolemma 
is cytoplasn1, containing n1any mitochondria. There is also a speciaHsed 

network of tubules, the sarcoplastnic reticulum, that store calcium ions. 
We shall see later ho,v th,e sarcoplasmic reticulun1 is in1portant in muscle 
contraction. Dotted within the sa.rcoplasm along the length of 1he fibre are 
many nuclei. Most of the fibre is filled 1h7ith much thinner fibres, ca.Ued 
myofibrils (Figure 5. 5). 

myofibtirs 

Figure 5.5 Section through a skeletail muscle fibre . 

The muscle fibres are packed together in bundles surrounded by a sheath of 
connective tissue. It is these bundles th~t can get stuck in your teeth when 
,eating tough meat. Each bundlle is well supplied Vvith. blo,odl capillalies and 
branches of motor neurones. h1 larger muscles, such as the biceps~ many 
bundles are wrapped together in a thick and tough connective tissue layer. 
This c,onnective 'tissue is continuous with the tendon that attaches it to the 
bone (Figure 5.6). 

tendon 

con:n ectiorn 
to bone 

musde 

bundre 
of muscle 
fibres 

cori nective 
tissue 
shea,th 

lbundte of 
muscle fibres 

Figure 5.6 The arrangement of s keletal muscle fibres fn a m uscte. 
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IMyofibrils 
With an optical microscope very little detail of muscle fibres can be 
seen. Dark b ands are just visible, as you can see in Figure 5. 7 a> and for 
this reason skeletal muscle is often called striated muscle. An electron 
n1icroscope enables th e slructure of the myofib1ils in.side a muscle fib1-e to 
be seen . Figure 5. 7b shov{s an electron m icrogi--aph of part of a m uscle fib,re 
showing short sections of five n1y,ofibrils. 

sarcomere 
b) 

Figure 5~7 a] Skeletal muscle fibres v1iewed throug h an optical microscope~ ,magnificat ion approximately x600: b] myofibriils in 
a skeletal musc le fibre vi,ewed with an etectron microscope with m,agnificati on approximately x10000. 

Electron microg raphs are bta.ck 
and w hirte images. Fig,u:re 5. 7b i1s a 
fa tse-colou r electron mi crog ra ph. 
where co lour has been added 
us in g image- process~ng software. 

.................................... . "' ................... , ....... ,, ............................... , .... , ............ .. , 
s re m _ The basic unit of oontraction in 
a1 rnyofibrit The sarcom,Gra ~s dlefinGd by the 
d~stE11nce bQtween tvito Z Hnes. 

Th e decreasi1 ng si·ze of these 
structures fo LlmNs t h.e,i r 

a lpria bet ica l se.que.n ce: fib re. 
fi brtl, fila:ment. 

Look carefully at Figure 5. 7b. You \\'ill see that each myofibril has darl" 
bands across it. The section betvt e.n a pair of dark bands is called a 
a 1·c n 111l· r • In the c ntre ,of ,each sarc,o,mere is a paler (blue) band, and to 

either side of this are broad darkish (green) areas. You vlill notice that there 
appear to be many thin lines running along the length. of the sarcomere. 
The explanation for this appearance is shown in Figure 3.8. 

Each sarc,omere contains tl'ttil.1 filaments of actin and thick filaments of myosin . 
The different bands and zones are known by the letters sho\Vlll in Figure 5.8 . 

one sarcomere 

I I y 
A band I band H zone 

I • • I • 
I • 

_ Z line 
• • 
• • 

M l'ine thick fi'lament t'11n, f iiament 
o-f myosi n of a ctin 

Figure 5.8 The arrange ment of actin and myosin fi laments in two 
sa rcom ere s. 



During contraction,~ neiither the 
actin nor the myosi1n fHa1ments 
g·et shorter. Instead~ t he act in 
sti des between the myosin and 
the region of overlap becomes 
largier. 

Relaxed 

You can see that the thin actin filaments are attached to the dark Z lines 
at the ends of each sarcomere. The thick myosin filaments are attached 
at the centre of the sarcomere to the M liln e and the tails of 1nyosin 
tnolecules facing in opposite directions are b ound to each oth er. Where 
there are mvosin filaments 'the sarcotnere looks darker than at the ends 

' where there are only actin fila1nents. The ,darkest zones are ,vhere the 
actin and myosin filaments overlap. If you ,vere to cut across a fibril a.t 
different points> you "'ould see the mixtures of d1-in and thick filaments 
sho~ in Figure 5.9. 

a) b) 

e 0 o 0 o 0 o 0 o 0 o 
0 0 0 0 0 0 

0 0 0 0 0 

o 0 o 0 o 0 o 0 o 0 o 
O· oCoOoQOOOO 

• • • • 
19 • · • 

• • • • • 
Figure 5~ 9 Actiin an.d myos~n f~La.m,ents i·n section at different points a Long a 
sa·rco,mere: al where actin and m,yos in overlap within the A ban,d. b] in the I b·and 
and c)' in the H zone. 

How do the muscle fibres contract? 
Not until the development of ,electron microscopes ,vas there a11y clear 
idea of ho,,r muscle c,ontracti.on works. Then tVilO scientists at lond,on 
University, calledJean Hanson and Hugh Huxley, cam.e up 'Vi,oi.th the 
sliding filament hypothesis. They suggested that vvhen a muscle fibre 
contracts the thin actin filam, nts slide bet,,I·een the myosin filan1ents. 
This is shown in Figure 5 .10. They obtained evidence for their hypothesis 
by examining el ctron micrographs of the light and dark bands in 
contracted and re]axed myofibrils. If the actin filaments are sliding 
between the myosin filaments you would e1'."Pect the light l b.a.nd.s to 
get s1naller as the sarcomer,e ,contracts. This is exactly what Hanson and 
Huxley found. One· feature that can be seen by electron microscopes is 
that d1ere are 'cr,oss-b,ridges' connecting the myosin and actin filaments. 
These can be seen in the scanning electron micrograph in Figure 5·.1 1. 
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Figure 5.10 Uncontracte d [retaxed): and 
contrac ted sarcomeres. 
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Figure 5.11 Etectron. ·mi crograph of a myofibri'l showi ng the 
cross-bridges between 1myos,in and actin filaments. 

In shn.ple. terms the bridges are like tiny h.an.ds extending from tl1e myosin 
towards the .actin. These (hands' ca.11 attach to the acth.i and then bend over. 
As .a hand be1uls the actin is pulled along for a short distance before d1e 



Figure 5 .. 12Actin and myosin filaments 
a re quaternary p rotei·ns, each cons~sbng 
of 1ma ny i nd.ividua ta cbn and myosi n 
molecules. 

Figure 5.13 Stages in the cycle of 
acti nomyosin br1idge formation. 

hand lets go and straightens up again. It is then able to attach to the actin 
filan1ent a bit further along and give. it an other puU. As you can see fron1 tlie 
diagram in Figure 5.12, these 'hands] are referred to as myosin heads. The 
su1nmary belo,v describes the p rocess in rather more scientific terms. 

troP-o n i r, tropomyos in 

actin 

~olecu les~~~~~~~~~~~~~~~~~~~~~~~ actin 
fillamemt 

myos1n 
fil:ament 

Actin and myosin filmn.ents are quaternary proteins (see AQA A-level Biology 1 
Stu.dentt Book, d1aptet 1, page 13) ¥lhich means that they each consist of many 
individual actin and myosin n1olecules held iogeth r (Figure 5.12). This is why 
the myosin filaments shov.,~ in Figure 5 .10 have numy heads and ;,vhy a.ctin 
filan1en'ts h.ave n1any binding si.tes. You can se,e that the heads at each ·end of the 
myosin filatnent.s in Figur 5.10 point in opposite directions. Figure 5.12 only 
sho\\"S one end of a myosin filatnent close up. \Vhen a myofiblil is in a relaxed 
state the myosin heads protruding from the mryosin filaments are detached from 
the actin filaments, although stiU very close 1 as shmvn in Figure 5.12 . As \\~ll 
as molecules of actin the actin filaments have t'\\r,o other proteins, tropomyosin 
and troponin. ln the relaxed state the tropomyosin covers the sites on the actin 
filaments to which the myosin heads can attach. 

Wnen neive impu]ses reach a n uromuscular junction~ the (oUo,,ving steps 
occur. resulting in contraction of ihe muscle. These are illustrated in Figure 5.13. 

A!DP 
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myosin ___ ____..,. 
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ATP 



You wou Ld' think that ATP 
hydro lys~s would be used to drive 
the power stroke. However,, it is 
actu a, lly used to d ri:ve the recovery 
stroke and allow the myosin head 
to reposition for the next cyc le. 

muscle f J bra 
(musde ce lt} 

axon of 
motor n~uro·n 9 

neuromuscular 
junctions 

Figure 5.1.4 Neuromuscular junctio,ns 
between a motor ne,urone and a group 
of muscte fibres. 

Stages in the cycle of actinomyo.sin bridge formation. 

• A wave of depolarisation travels a.cross the tnuscle oell-surface 
111e1nbrane~ or sarcolernn1a1 and calcium ion channels open. 

• Calcium ions ( Ca2+) diffuse from the sarcoplasmic reticuluiu and also 
dif(use into the muscle cell a.cross the sarcolemma. 

• Calcium ions attach to the troponin and ,cause a change of shape, making 
the tropomyosin twist away fron1 myosin-bindling sites on the actin. 

• The n1yosin heads attach to the binding sites forn1ing acti1101nyosin bridges. 
• Actinon1yosin b1idge formation causes tl1.e 1uyosin tnolecules to spontaneously 

bend, releasing .ADP and inorganic phosphate (Pi) and puUing the actin 
molecule along for short distance. 

• Another ATP n1,olecule attaches to each myosin head) leading to a change 
in shape, and it separates fron1. the actin (but ahvays in the same direction) . 

• ATP hydrolase hydrolyses the ATP to ADP and inorganic phosphate 
(PJ, resulting in straightening of the. tnyosin n1olecule. This is caUed the 
recovery stroke. 

• Each 'head is now able to repeat the process by attaching to another 
binding site and s Hding the actin alo,ng a bit more. 

TI1e speed of this process is hard e:o m1agine. Each myosin head can bind and 
detach up to 100 times a se,cond. Each myosin fil"ment is made up of many 
myosin molecules held togetl1er by d1-~ir tails, and du ring contraction their 
many heads are. all flick1ng to and fro. They do not all bind to actin filaments 
at the same time> v,lhich ~lould make the sliding action j rb.y Hmvever, the 
most important thing to understand is that the myosin heads at each end of th 
myosin filaments po,int in opposite directions, so when they bind they pull both 
sets of aotin filaments in the sarcomere towards one ano,ther at the sa1ne time. 
This explains why it is the actin filaments and not the myosin filaments that 
slide~ and why sarcomeres shorten \vhen muscle contracts (see Figure 5. 0). TI1e 
combined ·effect of all the sarcomeres and therefore all the myofibrHs contracting 
together can 1:,roduce remarkablfy large forces m muscles at considemble speed. 

While the calcium ions remain in the cytoplastn, the myosin heads can 
continue to bind to and detach from the same site) so the fibre stays 
contracted This process requires a continuous supply of ATP When nerv,ous 
stimulation ceases the calcium ions ar,e~. reabsorbed into the san:,oplasmic 
reticulum by active transp,or1. The tropomyosin moves back, covering the 
binding sites, and the myofibrils relax .. However, the sarcotneres remain the 
same length until an outside force such as an antagonistic muscle pulls the 
actin filaments back out from between the tnyosin filaments. 

~ ···························································································: t .TEST YOURSELF i .. • • • 
: 6 Expta in why the myof ibd ls of ske~eta l 1muscle appear st riated. : 
• + 

! 7 Use Figure 5.1 3 to describe the structure of an achn fr tam-ent. ! 
• • 
: 8 What do you expect to ha,p pen to the A band and the l band during : 
• • 
: co,ntraction,? Expla[n you r answer. : 
• • ! 19 W hat is ATP used for during. the cycle of acUnomyos in bridgie formatfon? ! 
• • : 10 What is the rote of the sa rco plasm i,c ret icu lu m [ n a ,mu sc Le f.i bre? : 
• • 
~ . .................................................................................... ............................. 

How are skeletal muscle fibres stimulated to crontract? 
A skeletal muscle. contracts when stin1ulated by nerve impulses reaching the 
end of a motor neurones. Figure 5. 14 sho,vs the brancl1es of a niotor neurone 
cormecting with muscle fibres. The branches sp1~.d across the surface of the 



Figure 5~15 A neuromuscular Junction. 

muscle fibres and at various points tenninate at a flattened structure called 
an end.plate close to the sa.rcolemma of a muscle fibre. These points are called 
neuromuscular junctions. Neuromuscular junctions are very snnila1· to 
synapses and work in n1uch the san1e ,vary. It might be useful to look back at 
the section on synapses in Chapter 4 1 panicularly at Figure 4 .10. 

As you can see i.n Figure 5 .15, the synaptic knob contains vesicles of 
acetylcl1oline. All neuron1uscular junctions in skeletal m uscles are cholinergic. 
When action potentials reach the p re-synaptic membrane, calcium ion channels 
open and calcium ions diffuse in across the memb~ane. This leads to vesicles 
containing acetylcholine fusing -with the membrane. The ac,etylcholine diffuses 
into th e cleft. This is s1imulated by calcium ions th at enter the pre-synaptic 
n1embrane from the cleft through channel proteins. The acetylcholine diffuses 
across the c]eft to the sarcolemma of the m uscle fibre ,~lhere it binds to protein 
receptors. This causes the sa.rcolen'lma to be depolarised in exactly the same 
vv~ as a post-syt'lilptic n1,erubrane is depolarised (see Chapter 4 page 73,) . 
.Assuming the tlu:esl1,old value is reached, action potentials spread over the 
n1.uscle ceU-surlace membrane and into ·the sarcoplasn1ic reticulum. This causes 

calcium ions t,o be released from the sarcoplasn1ic reticulum and to enter the 
muscle cell across the sarcolanma. As desc1ibed earner, the calcium ions attach 
to troponin and allmv the binding sites on actin to be ,exposed. 

synaptic knob ---

i1Jna1ptic ves1c les 
conta ining 

acetylcholine -----~:....=;:~-
sarcoplasm - --

nudeus 

,-. mitochondrion 

skel eta I m usd e 

p re-syna pth: m emb ra,n Ii! 

ATP hydrolys,s is required for muscle contraction 
A supply of ATP is required both for the retun1 movemenls of the. myosin 
heads that make lhe actin filaments slide and for the return of calcium ions 
into the reticulum by active transpon. Resting muscle fibres only store 
enough ATP to maintain contraction for a very shon time. The supply will 
only last C:or 3 or 4 secon ds of inte1:'1Sive exercise. The 1.nuscle fibres contain 
mitochondria that can generate ATP by respiration of glucose. Ho,vev.er, full 
ae1ubic respiration is relatively slo\v and even anaerobic respiration takes 
about l Os.eoonds to begin to producesotne ATP. 

But n1.uscle fibres also contain stores of phosphocreatine. This can be used 
to produce ATP very rapidly by transfening a pl1osphate ion to AD1P and 
thus replacing the ATP that 11.as been hydrolysed. 

ADP + phosphocreatine ·---------..... ATP + creatine 



Summatfon can occur at 
neuromuscular junctions as well 
as at ordinary syria pses. 

The atnount of phosphocreatine available is limited and depen ds on tlie type 
of fibre but enables tl1e muscles to k eep going until m ore ATP can be supplied 
h·o1n th e mitochondria. N,evertheless this mean s that reaUyiut-ense muscle 
activity can only be kept up for quhe a shon time. This niay be enough for 
a. trained athlete to sprint 100m in lOseconds~ but such a level of activity 
could not be sustained for a mu ch longer event Fo-.r prolonged activity the 
rate of muscle contraction has to be m atch ed by the rate at wl1ich ATP can be 
provided from a con1bination of aerobic and anaerobic resp iration . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: Extension : • • 
: How are muscl1e movements contr1olled? : 
• • 
: When you pick up a hea:vy bag of b ooks you may use contraction therefore depends on how many fibres : 
: 1nuch the san1e m uscles as vthen you pick up a pen. contract and how often the stitnulus is repeated . In : 
• • • But obviou sly you d o not need to pick up the pen skeletal 1nuscles ·each motor neurone has branches to • 
• • : with ihe san1e force as the bag. lf you carry the b ag a. group of muscle fibres called a motor group. This : 
: home you \Vill have to hold it in th e saine position group may have several hundred fibres. Wben an : 
: by keeping your n1uscles contracted. lndivi.dual action potential is conducted along the neurone, aU the : 
: muscle fibres are like neuro·nes in that they w,ork 1nuscle fibres in the group contract. Different n"lotor : 
: on an all-or-nothing principle . They either conn·act neurones in a motor nerv"e have slightly different : 
: fully or, if the stimulus is belo~l the threshold value, thresholds, sc how many groups of fibres a.re activa1ed : 
• • • they do not contract at all. TI1.e strength of a muscl~ depends on the str.ength o,f the initial stitnulus. • 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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Muscle contraction 
F1igu re 5.16 shows the effec t of 
apply ing a single stimu'lu,s to a motor 
nerve co nnecting to a. smaH muscle. 
The stimulus produced sing le action 
potentla l s in a few of the 1moto r 
neurones i1n th e nerve. 

1 What fra ct~on of a second is 100 ms? 
2 For how long w a.s th e .mu sc le 

co n,tra.cting:? 
3 Before the mu scle s ta rted to 

co ntract there w as a short de lay. 
Suggest wha t was happeni:ng 
d!uring1 thi s per :iod . 

4 What stops the muscle 
contra et ingi? 

:Force 
generated in 

muscle/ 
a rb·itra ry units 

stimtJlus applied 
to motor herve 

50 
Tim~/ms 

~ 

' • 100 : • • 
= 
~ . . 
: 
i 

r 

i • . 
F1igure 5.17 s hows the effec t of 
repeated stimulati on of the sa,m e 

Figure 5.16 Graph showing the effect of @ s ingle s timulus on a small skeletal muscle~ 

m otor ne rve. The ne rve ~s s ti mutated at the times shown by th e arrows A, B. C a nd D. 

5 Desc ribe what happe ns when the mu scle is stimulated severa ll Hmes 
~n quk k s uccession . Suggest a nam1e for this eff ect 

6 Suggest how the ,repeat ed sti-mulation cau ses the musc le to contract 

with a greater fo rce. 
7 After the sarcotemma of a s keletal mus cle fibre has been depolariis ed and an acti on 

potenti'a l has been produced. th ere is a delay of a bout 5 milUseconds before it ca n be 
depolarised aga~n . This is s~milar to the perf ad of detay fn a neurone. What is this period caUed ? 



B Sketetat muscle 
can sta rt to 
contract again w hen 
retaxa bon is only 
abou t one-th ird 
complete. Cardiac 
muscle has a mu ch 
lo nger de lay of about 
300 mHUs e.c:o nds . 
Use your knowledge 
of th e ea rd ia c cycle 
f rom 
AQA A-level Biology 1 
Studenrs Book 
to suggest the 
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I Figure 50)17 Graph showing the effect ·of a repea,ted stimulus on a smaU skeletal 1muscle. 
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IFast and s low skeletal muscle fibres 
TI1e chapter introduction about junglefowl eJ...-plained that 1nuscle fibres 
ave not all the same. As the 11ame implies, fast fibr.es contract much mor,e 
quickly than slow fib.res. Duling contraction their myo,sin heads connect and 
disconnect footn the binding sites on the actin u.p to five times as fast Now 
that v.,~,e>ve studied 'th detailed structure of muscles we can explain hovv" the 
two types of fibre function. Table 5.2 sho,\\:-s the key differences. 

Long1 contraction- relaxation cycle Sn,ort con.traction- retaxa,ti1on cycle 

SmaUer store of catciu,m ion1s i,n 
sarcoplasmic retiiculum 

Dense network of blood capillaries 
around f ibres for supply of oxygen 
and glucos~ for aerobic respiration 

ATP large-Ly obta in ed from aerobi1c 
resp irat ion 

Many. large m1itoch1on,dria, nearer 
the sur fa ce of the f ibres 

SmaU a,mount of glycogen 

Slower rate of ATP hydrolysis in 
myosin heads 

Resist,;rn,t to fe1Hgu e. since l ess 
Lactate is formed 

Large store of calc ium ions and more 
sa rco plasm i c retie u lum1 

Fewer blood cap1iUa r·ie s around fibres 

A TP larg:e ly obtained fro m a:nae ro bic 
respirat ion 

Fewer. smaller mitoc,hondria. more evenly 
di,stribute d 

La:rge,r amount of gwcog;Qn and 
phosphocreati:ne 

H i'g her rate of AT'P hydrolys.i,s :in myos in heads, so 
more actinomyosin bridges formed per second 

Quickly become fa t igued, s i nee more tact ate 
1s formed 

Table 5.2 Comparing the properties of s low musc le f1ibres and fast m uscle fibres. 

Slow fibres are able. to keep working for long periods. They have plenty 
of mi.tocl1ondria, so 'lhe.y are able to obtain n1ost of their ATP from aerobic 
respiration) even though it produces ATP relatively slowly. They have a 
dense capillary network

1 
and their n1.itochondria are near the surface 1 so 

diffusion distances for oxygen are shorter. This 1naximises the delivery 
of oxygen, so slow fibres are n1ore likely to remain aerobic. Because ihey 
contract n1ore slowly they 1"equire a lower concen tration of calciun1. ions to 



initiate. contraction. They tend not to fatigue easily because lactate is less 
likely lo build up if they ar,e respiring aerobically. 

Fast fibres have fewer capillaries to deliver oh,ygen and glucose and fewer 
mitochondiia, and they obtc'lin much of their AJP from glycolysis, or anaerobic 
respiratio11) which is faster. TI1ey work in rapid bursts for short periods of th:ne 
so require a higher concentration of ,calciun1 ions to initiate tnore contraction. 
Larger amounts of phosphocreatine help to supply ATP for the first fe"'' seconds 
1n1til more can be produced by respiration. Fast fibres have la1~er glycogen 
stores to act as an internal source of glucose, or respiratory substrat,e, for­
glycolysis. However, th'.ey tend to fatigue n1ore quickly than slov,,r fibres because 
anaerobic respiration produces lactate, wl1ich is acidic and lo\vers their p·H . 

c·omparing fast and slow muscle fibres 
Ex pla,1 n the importance of m itocho nd ria in muscle 
contract1 on. 
A.s y'OU learned in Chapter 1. page 17, the mitochondria 
are where the l(rebs cycle lakes place dunng aerobic 
respiration and v1here the majorily of ATP is produced. 
This is a significantly slo~ver process than anaerobic 
respiration but produces much n1ore ATP per molecule 
of glucose than does anaerobtc respiration. 

~ Explain the im1portance of the dense netvvorik of 
capiUaries 1in slow muscte fibres. 
Slo~'I fibres depend on ae1ob,c respiration for ATP. 
This requires a constant supply or oxygen and qlucose. 
v1hich has to be obtained fron1 the hae,nogtoGin in the 
red cells oft he blood. The dense network ensures that 
all fibres are clnse to this source of oxygen and glucose. 
How does the ava i~abi,tity of ca lcii um ions in 
the sarcoplasmi,c reticul,um affect the rate of 
contrac tion? 
Catc. ,un1 ions are released from the sarcoptasmic 
reticulun1 when a muscle fibre is stimulated. 
The ions diffuse into lhe mvalibnls and a tta eh to 

,I 

troponin. causing the lropomyosin to move a111a_v 
from he binding sites en actin. The larger netv1ork of 
sarcoplasmic reticulum in fa.st muscle fibres reduces 
the distance for diffusi'on and the htgher concentration 
of calcium ions increases the diffusion gradient. Both 
factor~ help to speed up the rt:Jte at which the ions 
reach the troponin in the sarcorneres. 
Explain the importance of ATP hydrolys·is in the 
myos1 n heads. 
The hydrolysis of ATP into ADP and inorganic 
phosphate rJrtves the recovery stroke. The rny·osin 

molecule straigtitens and become: ready to attach 
to take parl in another cycle o,f actinornyosin briage 
formation . The faster hydrolysis occurs the faster the 
fibre contracts 

r: Expta in how glycolysi,s prov,id es ATP more rap i,d: ly 
tha1n aerob ic respiration . 
Glyc0tysi~ takes place in the cytoptas,n 11,nereas u-,e rest 
of aerobic res,iratt"on occurs m the r11itochandria. In the 

I 

absence of oxygen the pyruvate proa·uced by glycot.ysis fs 
converted to t,,ctate. This process occurs at a much faster 
rale Chan the diffusion of pyru•,1ate into the n11tochnndria, 
so Anaerobic respira ion can occur very rapidly for a short 
period. mal<ing AT;O available n,ore quickly 
Suggest what ca,uses fast m,uscle fibres to fatigue 
ra pi d'ly. 
Anaen..ibtc respiration produces lactate and this 
increases the a cidlty ~nside the fibre. One effect is 
to disrupt the ATP hydrolase in the myosln head 
that hydrolyses ATP. In practice. the effects are 
complex. and not futly understood. Other factors are 
interference with the release of and uptake of calcium 
ions and depletion of the reserves of phosphocreatine 
and glucose 
A top-class 100 m spirinter can compilete a race 
W'itho,Uit ta1ki,ng a1 breath. Sugg,est a·n exp lanation 
for th~s. 
All the ATP ror n1u scle contraction du ring the race: is 
derived from phosphocreatine and glycolysis. There ,s 
no need to replenish the supplies of oxygen through 
breathing. Hov1ever. f ouo,,Ang the race, drJep breathing 
is required to overcome the oxygen aeficit. Oxygen is 
required for the oxidation of the accurnulated lactate. 

~ ------·····--·-········-·--·······----·········--········----·······----········---········ 
TEST YOURSELF 
11 Name the pa r ts labelled A and B in the neuromuscular junction 

shown in F1gure 5.15. 
12 Describe how a sa rco tem,ma is dep ola rised by acetytcholi ne. 

13 Explaifrl how the resti1 ng potentia l of the sarcolemma is resto red. 
14 What is the rro le of phosphocreatrne in muscile contraction? 

• 15 G1ve three dHferences between fas t and slow muscle fibres . 

• • • • • • • • • • • • • • , ................................. ........................................................................... .... 
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Practice questions 
I The figure shows a diagra1n of the structure of two filaments in a 

n1yofi.bril. 

a) i) Identify filan1ent Sand filam,e.nt T. (1) 

ii) Mark \vith an X on the diagram the lo-eation of ATP hydrolase. (1) 

iii) Indicate. 'With an an·o,v on the diagrani the directio,n in which 
filament S would move during myofibril contraction. (1) 

b) What is the role ,o,f ATP in myofibrH contraction? (1) 

c) Describe the se·quence ,of events in the cycle of actinomyosin 
bridge formation . (5) 

2 The figure is an electron micrograph of pan of a skeleta] muscle 
myofibril sho\ving a sarcomere. 

Z line Z line 

p Q R 

a) Which type of filaments \vould be p1·ese11.t in a cross-section cut at 

i) R? 

ii) Q? (1) 

b) If this myofibril v.rere to contract~ describe and explain \Vhat 
,vould l1appe11 to the distance bet\veen the Z li11es . (2) 

c) Wbat would happen 'to the zone labelled P during contraction? 
Explain your an5"'rer. (2) 



d) In a muscle cell> n1uscle fibrils are surrounded. by 
sarcoplasmic reticulun1. Describe the role of sarcoplasin.ic 
reticulun1. in myofibri.l contraction. 

3 The diagram sho,vs a neuron1uscular junction. 

a) \Vh.ich neurotranstnitter would be released at a neuron1uscular 

(3) 

junction?· (1) 

b) Suggest the advantage of a neuromuscular junction having 
a flattene·d endplate rather than a synaptic knob. (1) 

c) Describe the ev,ents that take place vthen action potentials 
.anive at this neuron1uscular junction. (5) 

d) EA"])lain hovl one action potential arriving at this neuromuscular 
junction may not cause contraction, but several arriving one 
after another might. (3) 

Ill 4 Th slov.r lorts is a tree-d~~eUing mammal that shows very slo,v 
deliberate movements along branches and cannot jump from tree 
to tr·ee. The skeletal muscles in its limbs contain mainly sl,ow fibres. 

a) E'.h.-,,lain why slow fibres are surrounded by v,ery dense 
networks ,of blood capillari,es. (2) 

b) Give two other difference~ betwe,,en slow and fast 1nuscle fibres. (1) 

c) The ATP hydrolase on the myosin heads of slow~ fibres has 
a slow rate of ATP hydrolysis. Explain ,vhy this prevents 
the slow loris from jumping from one tree to, another. (3) 

d) The slow loris is only active at night. Suggest "vhy having 
mainly slow fibres in its limb tnuscles mig]1t be an ad vantage 
for the slow lo1is. (1) 

Stretch and challenge 
II 5 Cardiac muscle is similar to skeletal muscle in some ways but yery 

different in oihers. Co1.npare cardiac muscle fi.bre.s with skeletal m.uscle 
fibres and discuss reasons for the differences. 

II 6 Examine the role of dystrophin in muscle tissue. Discuss i ts importance 
by contrasting muscle tissue in a healthy person with muscle tissue in a 
person with Duchenne muscular dystrophy. 



Internal control 

···· ····································~···~·······~·······~········································~·· ·~··~··· • • ! PRIOR KNOWLEDGE i 
: : 
; • M·any interna l conditions in our body are controHed~ including water : 
• • 
: coritent; 'ion content, tempera tu re and blood sugar concentration. : 

i • Water leaive.s the body via t he lungs when we breathe out, via the skin : ·----when we swea t to coot us down~ arid via the kidneys in the urine. : 
• 

• Ions ar e lost via th e skin wheri we sweat and excess ions are lost via : • • 
• t he k i d n ey s i r, the u d n e. i 
: . i • Our body·s temperature rs maintelrined at the temperature a,t which J 
: enzymes work best. i 
• • iii 

: • Blood suga r concentra,tron is mainta.ined to ,provide the cells vvrth a i 
• i 

: cor, sta nt supp ly of ener gy. i 
i • M,any processes wlthi,n the body a1re coordina·ted by chemi,cat 1. I su bstances called horm,01res . Hormones are secreted by endocrine : 
i glands arid ar e transported to their target organs by the bloodistream. ; 
• Ill 

:.~~t••••·······~··········~~········~····~··~·····~~··~········~······~······~··~•••fi-lllllllllllllllllllllllllllllli 

. . . ••••••••• •••••••••••••••••••••• , ••••••••••••• , ••••••••••• ••••••••••••••••••••••••• , ••• t••••i 
• TEST YOURSELF ON PRIOR KNOWLEDGE i 
11 Co 1mptete Ta,ble 6.1 to exp lain advantag,e of controll1ng the fotlowrng f 
: conditions in the body. : • • • • • • i Table i>.1 i 
f I • • 
= : • • • • : Water con,te nt ,of the body : 
• • 
I • 
I + ' . i loin content of the body : 
• • i ! : Temperatu re : 
• • • • • • : 8 loo d s u, g; r : 
I + • • • • • • • • i 2 Hormones travel to a ll parts of t he body via the blood, but o,nly affect i 
i certa in target cells. Use your know ledge of ceU-surface me.mbra,nes ! 
~ to suggest how they a.re ab le to affect on ly certain cells. ! 
• • ' . 
: •• • ••••••• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• •••••••• 411111111 ........................ .. 

Introduction 
It \Vas only in the 20th century that biologists discovered that chemical 
'tnessengers, or hormones are transported round the body in the blood 
and that these play an essential part in the body~s comrnunic:atio:t1 system. 
1Compared to a nervous response, mammalian honnones produce responses 
that are usually slow; long-lasting and widespread. The tenn ~honnonei was 
not coined until 1906. 

In this chapter we shall look at some examples of the ways in ,vhich 
ho1,nones control physiological prooe.sses in hun1.ans and other mammals . 



On e imp ortan t role of hormones is maintaining more Ol'" less stable 
conditions in the body. Hormon es ensure that the glucose concen tration in 
th e blood doesn 't rise too high or fall too low. They keep the pH and water 
potential of the blood fairly constant . 

0 What is a hormone? 
A hom1one is a substance that is secreled d iTecdy into dlle blood from the 
tissue r.,vhere it is 1nade. The blood carries 1t to aU parts of the b.ody bu t 
'the ·hormone only has an effect on certain target orga ns or target cell s. 
Many h om1ones work in a sin1ilar "ray to neurotransn1itters. They attach 
to rece ptor prote ins on the cell-surface n1embrane.s of target cells. This 
sets off reactions that activate enzymes in the cells I as we shall see later. 
S0n1e hormones that are soluble in lipids can pass through the cell-surface 
tnembrane into the ceU. Here they may combine 1Atith receptor proteins 
in 'the cytoplasn1 1 then enter tl1e nucleus and cause genes to be expressed, 
leading to the production of enzymes. 

Hormones are synthesised i.n endocrine 'tissues. Endocrine glan ds are 
organs ""~hose function is to release honnones. These include the pituitaty 
gland situated belo~~ ·the brain and ·the adrenal glands one .at the top of 
each kidney. Other hormones are ntade by groups of cells in other ot~ans, 
such as the cells that produce the sex hormones n1 the testes and ovaries 
and the insulin-·making ceUs il1 the pancreas. 

0 Homeostasis in mammals 

receptor dQ'tec:ts the change and 
t his triggers a corirectiw mech4nism 

factor ·rises 
above ncrmal1 

level 

Homeostasis in mammals involves physiologic-al control systems that 
maintaiu the internal n,1ronm·ent within restricted limits. For example~ it 
is obvious]y advantageous to control 

• the temperature and pH of tissue fluid around cells since they both affect 
the rate of e~-y1ne-controlled reactions 

• the concentration of glucose in th·e blood since this affects both the water 
potential of the blood and the availability of a respiratory substrate lo ceUs. 

Negative and positive fee1dback 
You will remember from Chapter 3 that receptors detect 
stimuli. D,e.viations from the normal range are stimuli, 
detected by receptors. This leads to a corrective mechanism 
to bring the factor back to d1e normal range. This is regulated. 
by negative feedback. Usually; tl1e·re is one corrective 

mechanism when the factor becomes too high and another 
corrective mech.anis1n v..rhen the factor {alls too low. 

factor ait 
norma·l leve'I 

fa.cto r :returns to 
n o:rma I leve·I 

Figure 6.1 shows h ow; wh en a factor changes from its 
n ormal level ) the body detects the change. lt then cau ses 
a corrective mechanism to change th e factor back to the 
nonna] level This corrective mecl1.anism may involve 
nervous mechanisms and/or lllormones. The amoun t of 
correction needed to hrin g the factor back to the nonnal 
l evel is regulated by negative feedbaclc This 1nakes sure 
that the corrective mechanism is reduced as the factor 
returns to i ts nom1al level. 

b e~OV!l normal 
level 

receptor detects 1he change and this 
triggers a corrective m.echa nism 

Figure 6. 1 Neg,atfve fee d back. 
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As you can see, ,vith negative feedback the corrective mechanisn1 reduces 
the original effect of the sthnulus. In a positive feedback system, the 
stimulus brings about a response that changes the factor even f-urtlier from 
the n ormal level 

oi------------c on t r o l of blood glucose concentration 
The control of the concentration of glucose in the blood invo]v.es tvilo 
homeostatic m echanisms. The possession of two separate mechanisms> 
,controlling departures in different dir,ections from the norm, prov;des a 
greater degree of control than would a single mechanism. 

The no1mal value for the conceniration in human 'blood is approximately 
90 mg p er 100cm3. It is important that there is always some glucose 
circulating in th e blood to enable cell respiration to continue. The brain 
cells in particular ,viU very soon die if their supply is cut off. On the 01her 
hand, il the concentration of glucose rises too high H has a major effect on 
the ;,vate.r potential of the blood. 

Glucose enters the blood fron1. three main sources 

• absorption from the gut following the digestion of carbohydrates 
• hydrolysis of stored glycogen 
• conversion of non-carbohydrates such as lactate, fals and amino 

acids. 

The amount of gluco,se absorbed into the blood from digestion can flluctuat 
gr atly. The control syst ni,s remove excess glucose . nte1ing the blood 
after a carbohydrate-rich m,eal and release gluco,s rapidly from storage 
,compounds ,~·hen muscles are depleting the content of the b]ood at a fast 
rate during exercise. 

What happens when bl10 1od glucose co1ncentration 
rises? 
A rise in the blood glucos·e ·concentration above the 'norm, is detected by 
the beta cells (~ cells) in the pancr as. The ~ cells are situated in little 
groups of ceUs dotted around the pancreas caHcd islets of Langerhans 
(Figure 6.2) . The ~ cells 5}'~lhe.sise a honno,ne called insulin. You v..~,n 
probably recall tha.t the pancreas secretes digestive enzymes that pour 
through a duct into the upper pan of the small intestin.e . Since they 
produce hormones and not enzym.esl the islets are. like mini-endocrine 

glands. 

When blood \vith a high concentration of glucose reaches the islets, glucose 
is absorbed into the~ ceHs. The cell-surface membrane of a J3 cell contains 
carrier protein rnolecules thac transport glucose into the cclls by facilitated 
diffusion. This srimulates vesicles containing insulin to move to the cell­
surface 1nen1brane andl release insulin into the su rrounding capillaries. This 
is similar to the process at synapses where ace1ylcholine is released into the 
synaptic cleft (see page 78). 
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l I lihe formati.on of glycogen 
fro·m glucose. Th~s occurs in the Uver. 

beta cells 
(secrete rns u Ii n) 

capi1llaries into 
which normones 
a re secreted 

alpha ceMs 
(secrete g1luca go n) 

Figure 6. 2 a} Co'lou.red ph otom icrogra ph of i1~itets of Ila ng erhans in the pancrea,s. 
1magnificatron xlOO'; b~ diagra1m of an islet of Langerihans. 

InsuHn then circulates round the body in the bloodstream. Its main effects 
are 'to stitnulate uptake o.f glucose by cells in tnuscles, adipose (fat storage) 
tissue and the liver. Insulin attaches to receptor proteins in ·the cell-surface 
n1embranes of the cells in these tissues. Glucose cannot diffuse into cells 
through the phosphoHpid bilayer. Cells have channel proteins, called 
glucose transporter proteins, that a.Uo~r glucos,e 'to enter by facilitated 
diffusion ; but the rate .of uptake is limited by th number of these channel 
prote·ins. The glucose transporter 1nolecules in nrluscles and adipose tissue 
(called GLUT4) are insulin-sensitive. insulin causes additional transporter 
molecules to join the cell-surface m mbranes of muscle and adipose cells 
(Figure 6.3). By adding many m,ore channel p roteins the rate of uptake of 
glucose from the blood by facilitated diffusion is greally increased. 

Liver cells already have large numbers of glucose transporter molecules i11 
their me1nbranes. In the liver, insulin leads to an increase in glucose uptake 
in a different '\\1ay: After th glucose has entered the liver cells it activates 
an enzyme that rapid]y converts the glucose to glucose phosphate. This 
lovlers the glucose ,conce11u·ation inside the cells and this maintains a steep 
diffusion gradient between the blood and the Hver cells. Other enzymes 
then syntl1esise the glucose phosphate to glycogen, a process known as 
Ly 1 en c i_. Glycogenesis also occurs in the muscles, replenishing the 

stores the.re. In fat storage tissue, insulin activates enzyme-s tha.t manufacture 
fatty acids and glycerol, ,vmch are then stored as fat , 

C 

3 Veside moves to 
membrane, fuses and adds 
ea rri er pirotejn,s to it 

Figure 6.3 In the cells of .m1uscles and adipos.e t1ssue, insulin c.auses addiitional 
g'Lucose transporter molecules to join the cell-surface me1mbrane. 
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J:o sun1.maris e, insulin stin1u lates removal of glucose fron1. the b]oo d by: 

• increasing the rate of facilitated diffusion into muscle and fat storage 
cells by stimulating these cells to add mo-re carrier proteins (glucose 
transporter nl!oliecules) lo their cell-surface membranes 

• increasing the rate of glucose uplake in the liver by stin1ulating glycogen 
synthesis 

• ino~asing the rate of glucose uptake in adipose tissue by stitnulating fat 
synthesis. 

What happens when blo,od glucose co1ncentration 
falls? 

r•• .......................... r• ..................... ,. • ., •• ,. ..... ,. ........ ,. ................... ,. .......... . When the glucose concentration in the blood drops belo,~l approximately 
90 tng per l 00 cm3, insulin secretion declines. As blood concentration faUs~ 
this is detected by the beta cells, v.;hich :respond by producing less insulin. 
Tl1is is a negative feedback n1,echanism by which insulin regulates its ,own 
s.ecretion. Furthern1ore, the lo,ver glucose concentration stimulates the 
alph a cells (a c Us in the islets of Langerh.ans to secrete another ho11no·ne, 
called glucag n. Glucagon,s main effects are in the liver. It activates 
enzymes that break do""11 the stored glycogen to glucose, which is then 
released into the blood. This process is called ~ly-..·t,gc·nl Lys1 . It can also 
activate enzytnes that convert other substances to glucose, not~bly lactate 
and a1nino acids. This is a process caUed glue •th: f\g -11 · is ~ vvhich roughly 
means making glucose from new substances'. Both of these ffects increase 
the blood glucose concentration again so that H quickly returns to its 
no1mal value. In practice, there are constant adjustments lo th amounts of 
insulin and glucagon b ing secret d. Much of the time both hormones are 
secreted in small quantities with the proporti,ons adjusted to maintain the 
glucose concentration at a fairly ,constant l vel. 

r. t ;J n /SI The br,eakdown of grycoge n 
to irel,eais e gluco,se. 

G lucnn o n J The synthesijs. of glucose 
from molecutes that afe l'iWt carboh~drates, 
such a.s amino acids and fatty adds. 

Figure 6.4 summarises how negativ·e feedback mechanisms operate in the 
control of the blood glucose concentration . 

f3-ce lls secrete 
insuliin 

Detection: 
Receptor by 13-cells in pancreas 

. 
ma~s 

Effector 

correctlVe responses: 
Insulin: 
• increases glucose upiake by m,uscle and 

adipose cells 
• Increases glycogenesis in I lver and muscles 
• increases fat synthesis in adipose t issue 

norma:I bto od 

glucose removed 
from blood 

Stimulus ----------------------------------------------------- Stimulus 

Receptor 
Detection: 
by a-cells in panc:reas 

a ~ceHs secrete 
g,ueagon 

Effector 

g.l.ucose 
con ce ntrati on 

Corrective responses: 
Gluc.agon: 
• increases breakdown of g,lyrogen to 

g lucose in the liver 
• s:timuiates gluconeogenesis 

Figure 6.4 Negative feedback 1n the contro l of blood glucose con centratron , 
showi1ng the effect s of insu lin a nd glucago n. 

gl uc:ose released 
,into btood 



!Jo not co nfuse gtyco 1g1enesis 
w 1ith g lycogeriolysis. Reme mber 
genes is :is about c reation. 
Sf milar ly. take care not to co nfuse 
g'lUcagon with glycogen. 

As often h appens in scientific 1~esearch , continuing investigations have 
revealed that the simple story does not giv,e the fuU picture and that 
systen1S are more complex d1an at first thougl1t. The b1eakdoV!/t1 of 
glycogen in the liver is not only slimulated by glucagon. Adrena line) 
the 'fight-or-flight' hormone, lllas a sin1Har e.ffect. Adrenaline attaches 
to specific receptor p1~01eins in the ceU-su1·face men1.brane.s of liver 
cells, which, in turn, le-ads to the activation of enzymes involv,ed in the 
conversion of glycogen to glucose. 

o~~~~~~~-
T he second messenger model 
Unlike insulin) adrenaline and glucagon do not have a direct effect on 
the liver cells. Instead, Vt.7hen adrenaline or glucagon attaches to a specific 
receptor protein that spans the cell-surlace n1en1.brane of a liver cell, h 
causes a cascade of reactions ,vithin the cell This is caHed the second 
mess nge r m od el "'~here glucagon is the fii-st n1e.s senger. 

Figure 6.5 shovls what happens in this 1nodel, using adrenaline as an 
exan1.ple·, the proc,ess is similar w~hen glucagon attaches to its specific 

receptor protein. Binding of adrenaline causes a change in th e shape of 
an enzyn1e also in the cell-surface membrane, caned adenyl cyclas . 
This makes the enzvine activ . This enzvme acts on ATP., which has three 

I J 

phosphate groups. Instead of pro,ducing ADP, adenyl cyclase ren1.oves t'Vl-'O 

of the phosphate groups. This makes cyclic ad n in 1n nophosphat , 
usually written as cAMP. cAMP is the s cond m.essenger. The cAMP 
then binds to another enzyme i.n the cytoplasm called p - tein kin s . 
This exposes its ac'tive site which leads to the hydrolysis oJ glycogen to 
produce gluco,se phosphate . Ho1~mones, and ind.eed chemicals in general 
often get a bad press. Ho1mones are blamed for etTatic behaviour in 
teenagers and for a variety of eccentricities in men and women. Hormones 
are fre,quendy thought to be minor players in the body,s communication 
system compared with nerves . . As you have seen in the previous chapters, 
the nervous syste1n depends on chemicals) for example at synaps,es and 
neuromuscular ju.ncdons. Many of the n.euriotransmitters are now kno1vvn 
to, be chemicaUy v,ery similar to honnones. 

,.._~_cel1l..su rface mem bra.ne 

ad enyl eye lase 
acti1vat~d 

AT~ cAMP 
protein ki 11ase activated 

glycogen gJucose 
pho-sphate 

Figure 6.5 The second messen.g,er mode l of hor mone clction. which follows 
st i m·u laHon of liver cells by adrenaline or g lucag on. 
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ut - mu c nditl I A condition in 
which the immune system destroys some of 
the body~s own c,eU,s. 

The advantage of this p rocess is that each m olecule of h om1on e can 
stimulate many molecules of cAMP, and these in. tun1. activate large numbeI'S 
of enzyme molecules. 

~ ···························································································: 
: TEST YOURSELF i 
• • 
~ 1 Explain the effect of hi1gh g lu cose concentrati on on the w ater potenti:al ! 
: of the blood. : 
• • i 2 What 1is meant by facHitated diffu5i'on? [H you can·t re member yo u may i 
• j • 

: need to refe r back to your ff rs t year cours e; see AQAA-tevel Biology 1 : 
: Studenfs Book!. : • • • • : 3 How does facUitated dtffuston differ from active trans po rt? : 
• • i 4 After its secreti on , g lu ca gon breaks down within a few mtnutes. ! 
i Suggest the advantag1e of this. ! 
i 5 The veins from the small lntest,in e and the pancreas conn ect t o ~ 
I the hepati c portail vef n. Th i1s transports blood direc tly to the live r. ! 
• • 
: Therefore th e lb 'lood flow s through the liver befor e return ing to the i 
• • : heart an,d entering th e gienerat ci r culat ~on . S,uggest th e adva·ntages : 
t • 
: of thi s arrangement in relati on to the control of the blood glucose ; i T • co·nicentra tlon. : • • • • : 6 Suggest why it ~s a.n advanta,gie fo r adrenaline to have its amplification i 
J effect through a second messeing,er. : 
: i • • 
=·············· ·········· ················ ···································· ········411111111111111111111111111 .... 

Diabetes 
Diabetes is a condition in which homeostatic control of tht: blood glucose 
concentration bre-aks do\\•n . In 2013, 3 208 014 adults in the UI( ,~ere living 
'\Vith diabetes, .and its incidence is growing. The increase is attributed to the 
lrend towards over-eating and obesity. Insulin funcd·on is disrupted an cl 'the 
concentration of glucose i11 the blood rises above the nonnal range after 
meals. One effect is that the kidneys are unable to reabsorb aH the glucose 
into the blood as they normally do. Therefo,re glucose appears in the urine . 
ln response the kidneys tend to produce excess quantities of urine. This 
dehydrates the body and makes the sufferer very thirsty. 

There are t,vo main types of diabetes, called Type l and. Type l[. Table 6.2 
shoiArs the proponion of ihese two types of diabetes in 2011 in the lJK. 

Percentage of cases 
;. r J I .. ., -. 

·Age·· g~~~P Ivpe I J ia b~~es _ T-yp~··. 11 .~ i,~be~es 

Chi ldren 98 ·2 

Adult ,o 90 

Altl 15 85 

Type II diabetes 
Type I diabetes is caused by an inability to n1ake enough insulin . It usually 
develops quite early in life, often in childhood (see Table 6.2). It is an aut -
inunnn cnndition in which th e immune system destroys some of the bodys 
own cells. In A-QA A-level Biology 1 Student~ Book \-Ve described bov.r T cells 
auack infected cells by attaching to antigens 011 their cell-surface membranes. 



For son1e unexplained reason > in Type I diabetes T cells start to attack and 
destroy th e J3 cells in the islets of Langerhans. The shortage of insulin causes 
.fatigue b ecause not enough glycogen is stored in the liver. The concentration 
of glucose in the b lood can rise to dan gerously high levels after a meal. This 
can lead to serious organ wnnage. 

This type of diabetes can be controlled by eatin g appropriate food and 
taking regular blood tests and injections of insuHn. 

The food recomm ended for people ,vith diabetes 'by health au thorities and 
by Diabetes UK differs little from th at recommended for everyone wishing 
'to have a healthy diet. The recon1tn endations include the consun1ption 
of food containing p olysaccharides, rather than n--ionosaccharides and 
disaccharides~ at least five portions o f fresh fruit and ·vegetables each day, 
and fe,v processed foods. 

Eefore the isolation and use ,of insu Un Type I diabetes \Vas ahvays fatal. For 
many years insulin ,vas extracted fron'll pancreas tissue of cattle and pigs. In 
1·he 1980s, synthesis of human insulin by recombinattt D,NA technology was 
one of the early successes of genetic engineering (see 1Cl1apter 12). Treatment 
has been transformed by the development of fast-acting solubl and slovt­
release insulin preparations. These allow either for rapid control at a mealtin1e 
or control that ctln last fo1· many hours. Methods of injection have been n1ade 
tnuch 1nore convenient, for ex~unple by the use of injector pens. As a result 
people with Type I diabetes can live a nonnal ,m1d full life. Nevertheless most 
have to inject themselves "With insulin t\Vice a day in order to maintain a 
stable blood glucos concentraci.on. There is hope that transplants of isle:ts of 
langerhan.s ,,rill pt'O,vide m,ore permanent treatment, but so far this has been 
much less successful than, for examp]e, kidney tra11Splantation. 

Type II diabetes 
As you can see from Table 6.2, this form of diabetes is much more common 
than Type I. Usually it develops in people over 40years old but it is 
increc1.singly bei,ng found at younger ages. It is caused! not by failure to 
produce insulin, but by redtlced sensitivity of the liver and fat storage tissue 
to insulin. The receptors either fail to respond or .are reduced in number so 
glucose uptake is mu.eh reduced. The ,exact effects are still unclear be-cause 
they are often associated ·with a ra.nge of other factors 1 often resulting from 
obesity and unb,alanced diets. One response is that the~ ceUs are stimulated 
to p roduce larger quantities of insulin. If the condition persists the ~ cells 
are damaged a11d the condition be.comes more like 1ype I. 

In the early stages Type. 11 diabetes can be h-eated simply by careful atte11tion 
to the diet. Reducing the intake of refined carbohydrates~ such as su gars 
and fo nns of starch that are rapidly digested. to sugars; ::1voids large surges in 
blood sugar concentration. The fat content of the diet also needs to be kept 
low and exercise l1elps to improve the body's sugar tnetabolism. 

~ -··························································································: 
: TEST YOURSELF i 
• • i 7 1ns uli n i s a prote in. Expla in why rt has to be i,njec ted instead of being i 
• • : take n ora lly. : 
~ 8 Suggest how Type II diabetes could be controUed by exercise an d die t. ! 
• • 
: 9 One effect of poo rly controlled d,abetes is h igh blood pressure. Use : 
• • 
: your know ledge of osmos is to sugg,est why. : 
• • 
=••••••••••••••••~•••••••••••••••••••• r••••••••••~•••••••••••••••••••• ••••••••••••• ••,..._ .................... .... 
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The glucose tolerance test 

You do not need to recall detai,ls of the glucose 
tolerance test. but le arning how to evaluate such 
materiat is an important sk1U. so make sure you 
can do this. 

One of the tests used in dia,gnosing diabetes is the 
glucose tolerance test. After a period of several ho,urs 
without food the person berng tested has a dri'nk of water 
conta,ining 75g of glucose. The concentrati:on of glucose 
in the blood plas1ma, is mea,sured at 30 minu,te intervals. 
The gra,.ph iin Fi9ure 6.6 shows the results of this test from 
three adults. One had rio symptoms of diabetes. Both of 
the others ha,d tested ,positive for glucose In the ur1 ne. 

B l1ood g I ucose 
concentration/mg dm-3 

25·0 

200 

150 

100 

50 

Curve C shows the results fo r the person without 
diabetes. Suggest why the glucose cone-en tra t i on 
rose f n the first 30 minutes. 
The glucose from the drink 'Nas absorbed into the blood. 
Oescrfbe and exptaii1n the results for curve C after 
30 minutes. 
The /3 ceUs of the pancreas release insulin. so glucose 
is removed from the blood and stared as glycogen in 
liver and muscle cells 

~ Descdbe the differences between curves A and B. 
Both curves sho·11 a large increase t·n glucose 
concentration in the blood, but while curve B peaks and 
starts to fall after an hour. curve A does not peak untf'l 
90rninutes and then falls more slowlv than curve B. 
Of the people A and B. one was d1agnosed as havJng 
Type I d~a,betes and th e other Type II. Whlch wa,s 
which? Exp la in your reasoning . 

A 

B 

A has Type I d~abetes as the glucose 
concentration rises in the blood 
for 90 minutes. v1hich indicates 
tha l insulin is not produced. The 
concentration or glucose falls very 
slowly. ~vhich aga,n indicates that 
there 1s no insulin produced and the 
glucose ont.y gradually decreases 
as n is used in respiration. B hac: 
Type II dia b0 les as the curve peaks 
earlier than A and starts to tall 
more rap1CJly. This implies that 
insulin is produced and some of the 
gu case is convertea to glycogen. 

Q-i-~~--~~~---~~---~~--r~~---, 
bul the body ,snot as responsive to 
insulin as in a healthy person. 

0 30 60 90 1,20 1 so 
Time after drinking glucose solution/minutes 

Figure 6~6 Results of a glucose tolerance test taken by three adults. 11.abelled A. 8 and G . 
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REQUIRED PRA TICAL 11 
Production of a dilution series of a glucose solution and use of colorimetric techniques 
to produce a calibration curve with which to identify the concentration of glucose in an 
unknown ·urine' sample 
This is just 01ne example of how you mig'.ht tackle 
this required practical. 

A co lortmeter ,is a ptece of equi,p·ment that passes 
li9ht 
of a particU,tar waveleng,th through a sample and 
mea :su r es the amount of Ug ht tra,nsm rtte d through 
ttie sampl·e. You learned about th·is in AQA A-level 
Biology 1 Stu denrs Book {see Chapter 1 page 16/. 

In using. a colorimeter. you need to produce a 
calibration curve. This is don,e using soluttons of a, 

known co n,centrati on,, 

Refresh your memory of co lorimetry by readi 1ng 
the section about it in AQA A-level Biology 1 
Student ·s Book Chapter 11 5. 

Wear eye protection when carrying out this 
practicat 

A stud ent was given a 1 mol dm-3 so lu tion of gtuco·se 
and then made a seri,es of dilutions. She made 20 cm 3 

of each dilution. 

Complete the ta,ble to g ive the votu,mes of water 
and 1 moldm- 3 sucro·se needed for each solu,t,ion. 

Table 6.3 

0.9 
' 

0.8 

0.7 

0.6 

(). 5 

0.4 

0.3 

0.2 

0.1 

iii 

An alternat,ive version of S.enedicf s reagent for 
q u:a intita,t·ive test:i n g contarins potassi urm t hi ocya nate 
and does not form red copper oxi,de. l,nstead the 
presen ce of reducing sug,a r 'is measured by the 
Loss of the btue co Lour of copper su Lfate and a white 
predpitate is formed . This will settle out or can be 
re,moved by filtering . Then the ii r - is placed in 
a, cuvette i:n a coilo rimeter. The intensity of the blue 
colour ~s measured by the a 1mount of li'ght that 1s 
able to .pass through the so lut:ion . Thrs method ca,n 
glve an ac:ctu·aite measurement of the co,ncentration 
of reducing sugar in a so lution. and it is much more 
sensi,tive that the qualttative Benedi1cfs test. 

t: r The precipitate that rs left in the 
f i11lt,er paper after f ilte1ni ng has ta ken plaGe. 

The s tud ent put 4cm,3 of eaich solution into separate 
labelled test tubes. 

Next she added 2 ems of quanititative B·enedkt's 
reagient to each tube and pta,ced the tubes in a boHing 
water bath for 5 m,in,utes. After this time she filtered 
each so tution to remove the precipitate. 

The student set the wavelength on the co lorimeter 
to red. 

First of all she flUed a c,uvette wjth d,istHled water and 
put it into the co lo rim eter. Th is f s ea lled a· , b La n:k f. She 
set the transm,iss,ion of tight through the tube to 1 OOo/o. 
Thfs means that she could compare the tra,nsmiss1ion 
of light thro,ugh the tes t solu·tions to the bla,nk. 

The student put a sa mple o·f each test solution into 
cuvettes in turn, and measured the percentage 
transmissron of Ught throug,h ea,ch tube. Next she 
plotted a graph with concentration of gilucose on the 
x-axi s a.,nd percentage transmrssro n of light th rough 
the so lution on the y-axis. 

After this. s he used the same method to ideritf fy the 
concentra,tion of glucose in two urine sam,ptes. 

2 Why d1~d the s tudent use a red light tn the 
Lo lo rime te r? 
Wha_t is the purpose of the blank? 

4 How could' the student use her graph to find the 
concentration of'glucose tn an unknown sotution? 

, . . 
] , , . . 
] 

, . , 
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oi-----------cantrol of blood water potential 
(osmoregu Lati on) 
The body cells of mammals are bathed by tissue fluid. Exchange of 
substances> including water, occurs constantly between this tissue fluid 
and th e cells. Unless this tissue fluid has the sanH! ,vater potential as their 
cytoplasm the ceUs vrill lose or gain water by osn1osis., which could prove 
fatal. You learned in AQA A-level Biology 1 Student'k Book 110,v tissue fluid is 
formed from capillary blood. Control of the water potential of tissue fluid 
is achiev,ed by controlling the water potential of the blood from which it is 
fanned. 

Re,member to use wa,ter potential terim inologywhen discussing this topic. 

The homeostatic control of water potential is called sm regulation. 
like the ho1neostatic control of blo,od glucose concentration~ 
,osm,oregulation involv,es negative feedback loops. Unlike the homeostatic 
control of blood glucose concentration, the control of blood water 
potential involves nervous as w,ell as hormonal coordinati,on. In this 
s ction w,e will look at how the hypothalamus the posterior lobe: 
of the pituitary gland and antidiuretic hom1one (ADH) regulate the 
amount of vlater that is lost from the body in urine. Look at Figure 6 . 7 
to ren1ind yourself wher - the h)l?otha]amus and pituitary gland are: 
located. Mammalian urine is produced by th kidneys. The two kidneys 
form part of the human urinary system shown in Figure 6 .8 . They are 
supplied with blood via renal arteties. The kidney'S filter the blo,od 
brought in these arteri,es. lnitiaUy, th y remove some ions and. mole,cules 
including amino acids, glucose, urea and water. later~ they reabsorb ions 
and m,o lecules that are useful but not m·olecul s like urea ) "'"hich is a 
breakdown pr,oduct of amino acids: that is excreted in the urine. As we 
shall see later) it is the control of water reabsorpt · on that is at lhe heart o.f 
,osm,oregulation. The f-unctiona] unit of the kidney that removes io11-s and 
small molecules from the blood and then s,electively reabsorbs them is 
the kidney tubule or nephron. 

You w Hl soon realise that two of the processes 'involved f ri urine production 
are fundam·entally sim,i1la1r to the production of tissue Huld and the 
countercurrent flow of blood that you learned abou t in your first year of study. 



cerebra I --------:if'-----==-. 

hemisphere 

___ _ - --------nerves that connect 
t1h e t\1Vo cerebral 
hie m isph eres 

hypothalamus ---..:--------,.,r-

prtu itary gland _____ ---L..} 

medulla ________ _ 

Figure 6.7 This shows a section through the centre of the bra in , sepa rating the two 
cerebra,L hem1spheres. The pituitary gland and the hypothala1mus nave important 
roles in several different control systems. A lthough you do not need to learn the 
parts ot the brain shown here, we s hall be refe rring to t1he1m severa l times in thi1s 
chapter so It will be useful to kno,w w:here in the brain they are· si,tuated . 

aorta 

left renal, ve,in 

-- I eft ren a,1 artery 

- -~~-- left ureter 
,,_ ____ urinary bladder 

urethra ------1......,.:----- sphincter 

Figure 6.8 The human urinary system. 

Ultrafiltration and selective reabsorption 
by nephrons 
Figure 6.9 (overleaf) shows 1he location of one nephron ,vithin a kidney. 
You can see that it begins and ends in a blood-rich outer layer, called the 

cortex, passing in the meantbne into the central less-blood-ri·ch Tegi.on, 
called the medulla. You ~ill soon understand what causes ihe appearance of 
the cortex and medulla. 
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You do inot need to be able 
to reca ll de ta its of the g ross 
str ucture of the kidney. 

-------fibrous 
capsule 

nephroni (one of---~ ---... 
about a m i1Hon} 

------- apex of 
pyramid 

pelvis 

Figure 6.9 A section t1hroug,h a k,id ney w,it1h one nephron shown. 

efferent artedole 

afferent a,rteriole 

iproxi ma l --1--++--1---_.;:i,'liCJ 

convoluted 
tubu le 

loop or 1..Jenile 

brancn of 
renal Vidn 

{ 

d~scendin9 :Umb 

ascend i1in g Ii mb - ~f-!1-1.-----,. 

Figure 6.10 A neplhron and its blood suppty~ 

di sta I convoluted 
tubuile 

co l'lecti ng 
duct 

A l1uman kidney contains an estimated l million neph.rons; Figure 6.10 
sho"";rs one of them. You can see that it has several sections: the renal capsule, 
proximal convoluted n1bule_ and distal convoluted tubule are. all present in 
the cortex of the kiduey; the loop of Henle and the collecting duct are in the 
medulla. You can also see thal within each renal capsule (see Figure 6.11) is 
a capillaryne1work, caUed tl1e glomerulus. Each glomerulus is supplied with 
blood by an afferent arteriole that branches from a renal artery. Blood leaves 
the glo1nerulus via an efferei-1t arteriole that fon~1s a second capillary uetv.rork 



Uttrafiltratjon is similar to the 
process by which tissue fluid is 
for,med. You lea rned about this 
i,n AQA A-level Bjology 1 Student 's 
Book Chapter 9. 

podocyte 
cell 

~ ~ ;;~9~~- basement 

pressure f Htrat]on produces 
g,lomer ul a r fi'lt rate 

membrime 

that wraps around the rest of the nephron . This is much narro\ver than 
tl1e afferent arteriole, so tl1is creates a high pressure in 'the capillaries of the 
glomerulus. As the blood flov.75 through die glomerulus, the pressure fon:es 
water frotn the blood plasma, along with son1e molecules and ions, across a 
fi.lteriI1g system into the renal space. This process is called ultrafiltration. 

afferent 

outer eprtheMum 
of renal capsule 

efferent 
arteriole 

renal space 

inn1err ep ithelium 
of renal <:apsul,e 

(,podocytes) 

proxima:I 
-tubude 

Figure 6.11 The re,nat ea psu le. 

1 trafil trati n 
Blood enters a glomerulus via an affer nt a1te1iole that is '\\"id r than the 
efferent arteriole through which it leaves. As a result, a high pressure 
is created in the glomerulus, ,vhich forces water ions and other sman 
molecules into the renal space. This is the process of ultrafiltration. The 
fluid that is forced into, the re,nal space is called the lorn rular filtrate. 

The filtering system of the renal capsule is shov;;n in Figure 6.12. It has 
three layers. 

capililary 
endotherium 

foot-I ike precess 
of podocyte 

• The· capillary endothcHum has large gaps th~'l allow blood 
plasma through but not blood ,cells. 

• The basement men1brane, which is a mesh of protein 
molecules 'th at suppons the capilla117 endotheliu1n, acls 

as a fine filter. ll allows plasma proteins ,vith a molecular 
mass of 68000daltons or le-ss to pass through; but n ot 
larger ones. 

• The podocytes forming the lining of the renal capsule 
have large gaps between them that aUow the gloineru]ar 
filtrate through into the renal space. 

Ultrafihration in the renal caps1.1le is non-selective except 
by size. Any substance that is smaU enough (i.e. belovf the 
renal thresholdl) ca11t be filtered out of the blood whether it 
is useh1l or not. This 1neans that useful substances such as 
glucose and amino acidls are filtered out ) along vti.th inorganic 
iot1S) water and u rea. Many of the useful substances are 

reabsorbed in the p1uximal convoluted tubule. 
Figure 6.12 The filtering system of kidney renal capsule. 
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Reabsorption in t l1e prox:in1al co11.volute d tubule 
Many of the substances in the glon1erula1~ filtrate are reabsorbed by active 
transpon into d1e ceBs lining the proximal convoluted tubule. These nommlly 
inc]ude glucose, amin o acids and some inorganic ions . Son1e of the urea is 
reabsorbed by diffusion . Figure 6.13 shows h o\\r the structure of an ,epithe]ia] 
cell lining the proxi1nal convoluted tubule is adapted for reabsorption . 

I u men of prox irn ail co nvo I u ted tu hu I~ 

d iffu s,iori 
active t ransport osmos,,s 

mk rovillli 

inte.rceJ I u I a r • space • 
~ 

nude us 

• • • • 
·; · @ • 

~ 
I 

• I 

...,_;.~ pj n oc:ytotk: 
vest des 

" 
active 

transport~ 

diffusion 

JL."'.'111,---___;:,_j_~ m i:toc ho nd ri a 

inf lding of basal 
membrane 

tl osmosis&) I basement 
~ ~ m mbrane 

/ ___ 
osmosis intercellular fluid 

'lumen of 
blood cap iii I a,ry 

-
Figu re 6.13 'Epi thetiaiL ceU Un i,ng the proxi1ma{ convo Luted tu b,u le . 

Wat,er is also absorbed by cells lining the pro,ximal con,?olut d tubule. n1.e 
active transpon of glucose. 1nineral ions and amino acids into the · ubule 
,cells lo,~trs their water potential. As a result, water enters the tub·ule cells 
by osmosis. The glucose, amino acids and mineral i,ons absorbed by the 
tubule cells then diffuse in to the blood capHl~rie-S around the· pro·'l-..imal 
convoluted tubule and water moves into the blood capillaries by osm osis . 
Usually aU of the glucose and amino acids in the fihrate are reabsorbed in 
the p roximal convoluted tubule. However, iln a person with d iab etes> the 
glucose carrier prot,e1ns in the membrane cann ot reab sorb all die glucnse 
from the filtrate; so so1ne is lost in the urine. 

··························································································································••••t••····················· 
TEST YOURSELF 
10 A per so n with a da,maged basement m,em1brane Jn 

th e r e na[ capsule ha s larg e prote ~n s ir.i th eir urin e. 
Expla~n why. 

11 Use ~n format[ on from Ff g ure 6.13 to ex p lai'n two 
ways rn whi ch an e pithelial cell of th e rpr ox,imal 
co n.volu ted tubu l·e is adapte d for th e rea bsor pt ion 
of glucos e and othe r essenti at nutr fent s. 

12 Descd be in term,s af w ater potenff a[ h ow water 'is 
re absor bed iTl th e proximal convo luted tubule by 

' osm os11s . 

13 Haemogi lobi·rt ha s a 'mole cula r mass of 
68 OO O daltons but it [s not norm ailly found in the 
urine. Sugg,est w hy . 

• • • • : • • 

• • • • • • • • • • • • • • . . ......................................................................................................................................................................... llllli 



You wi H re m ember that you 
learned about cou ntercurrent 
exchange in Year 1. when you 
stud ied 9as exchange in fi sh 
g,,itls (see AQA A-level Biology 1 
Student's Book Chapter 7]. 

Figure 6.1.4A si n,gile toop of Hente. 

The role of tl1e loop of Henle 
The ability of humans to produce urine that is n1ore concentrated than 
blood plasnta is due to the activity of the loop of Henle. The loop of Henle 
creates a high concentration of inorganic ions deep in the medulla of the 
kidney. It 1-ias two parts; die descending lin1b andl the asoending hn1b. 

• The descending lin1b of the loop of H enle is permeable to water b,ut not 
very permeable to mineral ions such as sodium and cl1loride. 

• TI1e ascendiI1g lunb of the loop of Henle has thick ,valls, ·,vhich are 
impermeable to W4iter. The narro\\r part of th.e ascending lin1b allows 
mineral ions to move passively into fl1e n1edulla, but the vvide ascending 
limb actively transpo1is sodium chloride into the medulla. 

The fiuid in the descending limb of the loop of Henle Uows in the opposite 
direction to the fluid in the ascending Hmb. The result is that the concentration 
gradient betv.7een the t~,vo lin1bs is maintained aU the \vary along the loop. 

You can see in Figure 6.14 that the loop ,of Henle creates a water potential 
gradient that allows ,;..vater to be reabsorbed from the glom,erular filtrate by 
osmosis. Some water has already been absorbed by osmosis i.n the proximal 
convoluted tubule, so the filt rate in tlie wide part of the descending limb 
(A) has the same " 'ater potential as the fluid i11 the su1-rounding tissues. 
However, because the surrounding tissu fluid in the meduHa of the kidney 
has a high concentration of mineral i,ons, this er ates a water potential 
gradient so that water is dra-,vn out of the narro,w part of the descending 
lhnb (B) by os111o·sis as the ftltrate. passes dmvn the loop of Henle. The 
mineral ion concentration in th,e medulla increases towards the tip of the 
loop so water can pass out along the whole length of the descending limb. 
This ,vater is then carried away in the sutTOtlnding ,capillaries. The filtrate 
is now reduced in volume and contains a higher ,concentration of salts. The 
ascending limb is penneable to sodium chloride but impermeable to ,vater. 
As the filtrate passes up the thin part ,of the ascending Hmb (C), sodium 
and chloride· ions diffuse into the sutTounding tissue fluid. Higher in the 
ascending Umb (D) 1 chloride ions are actively transported out of the hmb 
and sodium ions follo,v into the tissue fluid. These processes maintain the 
high sodh,m and chloride ion gradient in the. surrounding tissue fluid that 
is needed for water reab,sorplion in the collecting ducts. 

cortex A --~--~----~-~~---~--~ 
medulla 

descen·ding -------1 B 
limb 

- -.. osmosis 
_ .,. __ ditfus,ion 
_ .,...,. active transport 

low 
con cesn tration 

NaCl.,...__ 

NaCl_. 
D thick 

NaCI-- ­

H20 NaCl---

• H2o NaCl,.-i..-. 

ascending 
limb 

Na C 1,.--..- - -- th in 
C 

NaCl ascending 

high 
Hmb 



...J 
0 
a:: 
...... 
z 
8 
...J 
i4: 
z 
a:: w 
1-z -

m1inera! ions en:ter body in f ood 
and liq,uid consumed 

Control of water reabsorptior1 by tl1e distal convoluted tu·bule 
Most of the useful substances, such as glucose and a1nino acids> have 
already be.en absorbed in the proximal convoluted tubule. However> son1e 
nlineral ions and water remain. In the distal convoluted tubule some of the 
remaining mineral ions and ,vater are reabsoTbed. Aln1ost all of the ,vater 
that is required has already been ·reabsorbed> but this is the part of the 

nephron where water re.absorption is controlled. 

Honnones control the a1noun1 of r,eabsorption of v.rater by affecth1g the 
permeability of the distal convoluted tubule and collecting duct to water. 
Figure 6 . 15 s h o VI~ hovi1. 

mi,nera,I ions 
enter blood 

blood 1"vate,r ,potentia I rises 
(becomes l'ess negative) 

antidiuretic: hormone (ADH) released from, 
pituitary gland wh1ich makes dista l convoluted 
tl.ill:rute and coUecting duct more permeable 
to water 

b lcod water pote ntia I fa lls 
(becomes more n e-gative} 

more water reabsorbed into b I ood 
from d ista I convoluted tub uil,e a n,d 
co I lect~ ng, duct 

more concentrated 
urine produced 

Figure 6.,15 Th,e ro·le of ADH in water rea,bsorpt:ion. 

Special receptor c, Us in the hypothalamus of the brain~ called 
osm rec~pt rs , are sensitive to the stimulu$ of changes in the water 
potential of the blood. \Vhen mineral ions and other solutes in fo,od and 
drink or loss of water from the body cause the water potential of the blood 
to fall (i.e. become m ore negative); these ostnoreceptors send impulses: 
to the posterior pituitary to release aintidiuredc l1onnone (ADH) into 
the blood. ADH increases the penn,eability of both the distal convoluted 
tubule and the collecting duct. This happens because ADH binds to specific 
receptor molecules on the cells lining the distal convoluted tubule and 
coUecting duct causing protein channels 1 called aquaporins 1 to move into 
their cell-surface membranes. The increase h1. the number of aquaporins 
allo\vs more ·water to pass through the: membrane by osmosis. As the water 
potential in the tubule is 11igher than t'he ,vater potential of the blood) 
water is reabsorbed from the distal convoluted tubule and collecting duct. 
As so1ne water has been reabsorbed from the tubule by osmosis1 a smaller 
volume of more concentrated urine is prodlllced. 

When high fluid intake causes the water potential of tb.e blood to rise > the 
osmoreceptors send impulses lo the pituitary g]and, which inhibits ADH 
release. by the posterior pituitary. This fall in ADH release reduces the water 
pe.nneability of both the distal convoluted tubule and the coHecting duct, so 
less water is reabsorbed froin the uru--ie. This is another exatnple. of negative 
feedback. Secretion of ADH leads to an increase in ,vater potential in the 
blood) which leads to a reduction in ADH secretion.. You wHl prob11bly 



have worked out that the lack of ADH causes the aquaporins to leave the 
ceH-surlace membranes of ceHs lining the ducts and n1ov,e to the interior of 
these cells. Therefore a larger volun1e of mo1-e dilute urine is produced. This 
is summarised i:n Figure 6. 16. 

blood water 
potent•a I fa I ls 

belo,iv its normal 
I eve~ 

bl,ood water potenti a1 
at normal l'evel 

osmoreceptors in the hypotha'lamus 
detect the change in water potential 
and lead to ADH being re~eased by 

the p~dor pituitary gland 

more water reabsorbed by 
osmosis from the distal 
convol uted tubule and 

the coll lecti:ng, duct 

blood water potential 
at norm a I' I evel 

blood water 
potenti a I rises 

above its normal 
level 

less water reabsorbed by 
osmosis n-omi the distal 
convoluted tubu1e and 

the co IJecting du et 

osmorece ptors in 1he hypo~h a I am us 
detect the diang e in water pote nti a I 

and l,ead to ADH no :longer being 
rel e~se d by the posterl or pituitary 

gland 

Figure 6.16 The. co ntrol of blo,od water potent,al by' th·e kidney . 

••••• , ••••••••••••••••• •••••• ++ •••••••••••••••• •• t•••••••+••••••+++•••····················= 
: TEST YOURSELF : : : 
j 14 Fittrate entering the loop of Henle has the same water potentia l as f 
I the b too d, Ex p la i n why. ~ 

! 15 Explain how the hfgh concentration of sailts in the tissue ftiuid aro1und ; 
~ the toop of Henle cau,ses waiter to be drawn out o,f the th in part of the ~ 
: descending limb. 
! 16 Suggest why t he actiive transport of ch lorf de ions out of t he wide 
• 
: ascend ing Li mb ca u.ses sodiu.m ions to fol l ow. 

! 17 Alcoho t inhlbit s the release of ADH. Explain why a1 person wo rkfr,g 
• 
: outdoors on a hot day should a,vofd drin king alco hol. 
• 
~ 18 Use Fi,g,ure 6.16 to exp lain the m,ean ing of negat,ive feedback. 

• 
II 
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Practice question·s 
I One test for diabetes is called 

tlie glucose t ole:rance test. 
The person taking the test 
has nothing to eal> and only 

water to drink. for several 
I 

hours before the test. Their 
blood. glucose concentration 
is t,ested. They are given a 
sugary drink and then their 
blood glucose concentration 
is n1easured regularly over the 
next £ew hours. The graph 
shows the results obtained for 
t\vo patients. 

200 

180 

160 

Blood gl1Ucose 
concentration/mg dm-3 140 -

120 -

100 

patient X 

1 3 
Time after drink givenlho-urs 

a) The patients had nodting t,o eat, and only water to drink, fo,r sev,eral 
hours b fore the test. Explain wh1~ (1) 

b) \Vhich of patients X ancll Y has diabetes? Explain your ans,,ver. (2) 

c) i) Th,e b]o,od glucose concentration of pati.ent Y feU betw·e n 
1 and 2 hours after the sugary drin1·. Explain v.-·hy. (3) 

ii) Patient Ys blood glucose concentration rose. slightly bet"'ioeen 
4 and 5 hours after the sugary drink even though d1e paUent did 
not have anything to eat and drank only water. E>..i,1.ain how. (2) 

2 The table shows some substances present in food and their effect on 
blood glucose concentration. 

Substance present in 1Com ponent(s) of !Effect on blood 
food substance glucose concentration 

Glucose Glucose Large i1ncrease 
Starch Gl,ucose Large increase 

Sucrose Moderate increase 
L;ctose Gliu cos~ and galactose Moderate i,ncrea se 

Cellulose Glucos,e Nia increase 

a) Complete the table to sha,~l the cotnponeut(s) of sucrose. 

b) i) Cellulose and ~tarch have different effects on blood gluco5e 

(1) 

concentration. EA'Plain ,vhy. (3) 

ii) Glucose and lactose have differenl effe.cts on blood glucose 
concentration. Explain i..vhy: (J) 

c) Glycogen and glucagon are both compounds that are involved in 
regulating blood glucose concentration. Exp Jain their dilfere.nt roles . (5) 

a) i) Describe how glomendar filtrate is fanned in the kidney 
nephron. (4) 

ii) Normally glucose is not present in the urine. However, people 
witl1 diabetes 1nay have glucose in their urine. Explain why. (3) 

4 5 



b) Furosemide inlllibits earner proteins tl1at reabsorb sodium ions in 
the ascending limb of the loop of Henle. Explain the effect that 
this drug Vvi.U have on vvater re.absorption in the kidney. (3) 

II -4 The graph shows the effect of the loss of liver and kidney function on 
the concentration of urea i.n the blood. 

SOO 

400 

300 

Con centr.ati on 
of urea in 

blood/mg dm,-J 200 

100 

0 4 a 12 
Tima'hou,rs 

16 20 24 

Key: 
- kfdney function ilost at t ime 0, 

I iver fu,n ction lost 24 ih ours later 
- kidney function· lost at time- 0, 

l'iver function lost 8 hours l1ater 
- kidn~ and Uverfunction both 

l·ost at t ime 0 

- li,ver functron lost a,t time o_ 
kidney function nm ~ost 

x time when 11 ive r function 
was lost 

o time when the kidn~ 
fu nctro n was ilost 

a) Wl1at is the evidence fr,om patient 1 and 2 that urea is produced 
in the liver? (3) 

b) Explain \V hy 

i) the concentration of ure-a stays appro>.,imately the satne for 
] 3 hours in patient 3 (2) 

ii) 1he concentration of urea in the blood falls steadily in patient 4. (2) 

Stretch and challenge 
5 To what extent does the length of the loop of Henle relate to the 

environment rhe animal lives in? Use reference materials to research 
the relationship between the length of 1he loop of He11le and water 
availability in the animars environment. A good starting point 11;..?ould 
be desert animals such as the kangaroo rat. 

6 Examine the role of the distal convoluted tubule in regulating 
blood pH. Contrast its role in regulating blood pH "With lll1£' lungs 
and circulatory system. 

II 7 1Contrast negative feedback and positive feedback. Research 
l1ypothemria and hyperthennia) and explain how these are 
examples of positive feedback. Use your knowledge of physiology 
to justify d1e first aid treatments for these conditions. 
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i PRIOR KNOWLEDGE 
• • 

• • • • • • • - -i • Genes are passed fr om one generation to the next in both plants and : 
• • 
: animals. Si1mple genetJc diagrams can be used to show thi s. : 
• • : • Ge netic diagira1ms can be used to predkt the outcomes of monohybrid : - . 
: crosses. =----
! • Usi ng th ese d~agrams it irs possible to predict and/or exp laJn f 
! the outcome of c rosses between individuals f or ·each possible ! 
~ . 
: comb·i nation of dominant and rece.ssi1ve alleles of the sa me gene. i . ' i • !Homozygo us describes a cell or orga ni sm w here bot'h var~a nts of : 
; a gene are the sa·me~ wher eas heterozygou s describes a cell or ! 
I • i org.anis m where both var 1iant s of a gene are different . ; 
: • The ter:m, rphenotype refers to the appea.ran.ce of a.n organisrm and the f 
! term, genotype refers to its genetic ma keu p. ! 
I I 

: • 

1ln human body cells. one of th e 23 pairs of chromosomes carries the : 
• % i genes thait determ ine sex. 1ln human fema les the sex eh romosomes i 
: are the same [XX] ~ in human males the sex chromoso mes are i 
I I 

; d1ifferent (XY]. i 
i • Some characteristics aire controlled by a s in g,le gene. Eaclh gene may ! 
: ha,ve different forms ca lled alleles. = I I 
• I ! • An altele th at controlls the deve lop ment of a, chara,cter isti:c when 1it i,s i 
2 present on onty one of the chromosomes i's a dominant allele. z 
' I : • An allele that controls the deve lop ment of character is ti cs only 11f the i 
• I i dominant alle le is not present is a recessive aUele. i 
! • A giene occup ies a f 1ixed posi·ti on, ca lled a1 locus~ on a part icu1la r : 
' . 
: chromosome. i 
~ ~ 

! • A grene is a base sequence of DNA that co des for the a1mino acid i 
; sequence of a polypeptid e. ;; 
• • 
: • tRandom mutaibon ca·n resutt i1n new alleles of a gene. ; 
• • i • !Meiosis produ1ces daughter cells that are ge,netically di1fferent from f 
: each oth er. : 
• • 
: • The process of meiosJs cons ists of two nuc l·eair div isions, result1in g : .. . i usually ~n the formeti1on of fou1r haploid daug hter cells from ar sing le : 
: diploid pa rent c·ell. I 
• • 
: • Ge n,et.i ca lly di1fferent daughter cells result firom the independent : 
• • i segregat ion of hom ologo us chromosomes. i 
: • Crossing over between hom,ologous ch r.omoso,mes result s ~n further : 
• • 
: geneti c variatiio n, among daughter ceUs. : 
• • : ............................................................................................................. lllllllli 
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1 1Matc h each wo rd wit h i·ts def1n1tron . 

Table 7.1 
- - . -~ -- • .'9 - =,,.•' <'I\'- 9'",7 -

:~ -?~d_ !~.:*!fL~-tlon_ • . 
1 Heterozygous A An aUete that controls tihe deve Lopment of a 

characteristi c when it is present on on ly one o-f the 
chromosomes 

2 Mutat ion B A cell in which the two allele s of the sa1me gene are 
diffe·rent 

3 Genotype CA di1fferent form of :a gene 

4 Phenotype D A sequence of DNA bases that codes for one 
potypeptid e 

5 Hom1ozy9ous EA c1hange in the base sequence of ONA res·ulting in a 
new aUele 

6 Hapllo1id F An aue te t'ha t controls the dleve Lop me nt of a 
ch,a ra·cteristic on Ly when the do mi na nt allele i1s not 
present 

7 Diploid G· A cell th·at co nta,ins oine se t ·Of chro mosomes 

8 Dominant M The genetic 1makeup of an in d1iv,idua l 

9 Recessive 11 The characteristics of an organism resulting from its 
a lte les plus en1viro nmient 

10 AUele JA cell in which both alleles of a gene are the same 

11 G,ene KA c.eU tna t ·Conta·1i ns two sets of chromosomes -
2 Draw a di,agram to show how sex is determlned at fertiUsation i·n a 

human. 

3 Describe what happens d,ur ing crossing over and explain how it 
resu lts in va r i a ti on. 

i 4 What is independent seg·regat ,ion? 
• ! 5 A tall pea plant w ith genotype Tt 1is crossed with a dwarf pea plant 
I 

: w i th genotype tt. What are the possible genotypes and phenotypes in 
• 
; thek off.spri,n g? 
• 
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Introduction 
Each gene occupies a position on a particular chromosome; called its locus. 
Ever since this ·"'~s confinned) less than 100 years ago,, geneticists have 

tried to locate the positinn of genes on chro1noson1es. 

The first ge11e maps ,~lere based on the results of gene.tic crosses, like the 
ones you ,viJl read about in this chapter. The reasons that the fnlit fly has 
been used so often in genetics investigations are d1at it h as a sl1ort life cycle, 
is easy to cuhure in large numbers (vvhich gives s tatistically reliable re.suhs) 
and has only four pairs of homologous chrom.oso1nes. 

Very early on, ge.neticists noticed that .fruit flie.s sometimes inherited the same 
combination of alleles of different genes from generation to generation. For 
example) th ey inherited the alleles for black body colour) vestigial wings 
and cinnabar eyes as if they were in a single block of genes. The geneticists 
reasoned that this was because the genes \Vere located very close together on 
the same chromosotne . As a resub\ the combination of alleles in one p~rent 
,vould be inherited as a single unit, unless they were separated l1y crossing 
over in the first pTophase of 1neiosis during gamete formation. 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • 
: Extension : • • 
: Cross-over values : • • 
: By perfo1,niI1g large numbers of : 
• • • crosses, geneticists .estimated the • 
• • • frequency of crossing over between • • • : genes on sisler chromatids of : 
: hotnologous pairs during 1neiosis. b en vg : 

: They caUed this the cross-over value. : 
: They r,eas,oned that genes with a sniaU 9 map uniG 8 map unirts : 
• • : cross-over value were closer together Figure 7.1 A m~ip showing the posiition of three alteles 1[bl. [en) and !vg] on : 
• and thus less likely to ·be separated chrom osome 3 of Drosophifaj ba,sed on cross-overva lues. • 
• • : by crossing-over ·events than. those : 
: Vlith a larger cross-over value. Thus, : 
: cross-over values allov.-"ed geneticists : 
: to judge the relativ,e positions of genes 19q1 3.42 : 
• • : on chromosomes. Figur,e 7. l shov.rs 19q

1
13.33 : 

: the type of chromoso,me map they position of - • 119q1.3.31 : 
: produc,ed for the black body~ cinnabar APOE g,ene (19q13.2) 19q;13_ 13 : 

: eyes and ,restigial vting alleles on : 
• 11 9q , 3' 11 • 
• chro,mosome 3 of the fruit fly, Drosophila • 
: melanogaster. 1, 9q,12 : 
• • 
: A second type of chromosome map 19

iP 
1 2 

: 

: t·esult,ed £ram studies using optical : --------19p13.12 
: microscopes. When chromosomes are : 
: stained with chemical dyes, bright- 11 9p13.2 : 

: coloured and dark-coloured bands : 
: appear al,ong their length. A genes : • • : cytogenetic location can be related Figure 7.2 A drawingi of human chromosome· 19 prior to ONA : 
• to, these bands on the chromosome. repUcation. The restriction near the middle of th:e chromosoime • • • : Figure 7 .2 sl1o~~ human chromosom is ca lled the ce ntromere aind it di,vldes the chromosome into : 
: 19. The bands, caused by Giemsa stain, two ·arm,s·. The posi,t,on of one gene - theAPOE gene - is shown . : 
• • • are very obvious. • • • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • : Extension : • • • • 
: The Human Genom,e Pro1ject : 
• • : The Human Genome Project (HGP) ,enabled b,iologists to produce : 
: a molecular map of DNA that gives more detailed infonnation than : 
: the cytogenetic method above. The HGP ~ras an international project : 
! completed in 2003. During the project a number of r~earc.h teams : 
! around the \.Vorld used different techniques to find the base sequence of : 
! each hu1nan chromoson1e. As a result the position of a hu1nan gene can : 
• • • be described in tenns of the base pairs it occupies along a D1NA molecule. • 
• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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Pheno The features of an organ,sm 
that result from1 an interact~on betw,een the 
expres.sJon of lts g,enes and their interac.tron 
with the env~ ronment. 

~ no · p The alleles of a g,ene ,(genetic 
constitution), or au of the aUeles of au of the 
genes, that an ~ndividual inherits. 

Figure 7.4 This Hi,ma Layan ra bbrt 
has ,inherHeid gQnes that result in the 
production of b'lack fur. Only the fur on 
its naseJ ~a rs. ta i L a,n,d p;ws is bl21ck. Why 
is the rest of as fur w'hi,te? Th; answQr 
Li es 1ir11 the i,nterelct i on of genotype and 
Qnviron'ment, in this case temperature, in 
producing the phenotype. 

When we study an organism, \Ve notice a nu1nber of distinctive featu1·es 
that it possesses. These might be observable features such as flower colour 
or length of beak, or they might be che1nical differences, such as the 
inability to produce lactase in lactose-intolerant people. These observable or 
·measurable. features n1.ake up the phenotype of an organism. 

Figure 7 .3 summarises hov., an organisms phenotype results from an 
interaction bet,veen its genes andl 'the environ:rnent in ,vhich it lives. An 
organisn1s genetic constitution is ea.lied its g~n o pt..:: . We can refer to the 
genotype m,eaning aU of a.n ,organisn1s genes or we can r,efer to the genotype 
controlling a single characteristic. 

,-

l environment 
(,influence of surroLmd.ing ce1lls 
arid of eco logii ea I f ii ctors) 

phenotype .. 
(observable or measurable -
features) 

genotype 
(combi,nation of different 
alleles of genes) 

Figure 7.3 An organism's phenotype results from an interaction between its 
g;en oty pe and its envi ro nmernt. 

The Himalayan rabbit is an intriguing example of the interaction of 
genotype and the environment (see Figure 7.4). This rabbit has a gene 
that encodes an enzym e that results in black fur. As you can se,e only a few 
pa1ts of the rabbits body have black fur; the rest of its fur is vlhite. The 
enzyme encoded by the black-fur gene has a lo,v optimum temperature . 
At temperatures ahove 34°C this enzyme is de,natured. ,Over most o,f the 
rabbits body the en_'17me is inactivated by body he-at. resulting in Vv"hite fur_ 
Only its extremities - the nose, ears, tail and paws - are cold enough for the 
enzyme to be active. 

1vlany non-scientists seem to believe that an organism >s phenotype is 
controlled entirely by its genotype. For example 1 certain newspapers 
tell their readers that scientists have found a gene that 'causes, coronary 
heart disease (CHD); giving people h ope that a genetic c11re for CHD, 
can be found. Readers of the-Se newspapers seem to find il convenient 

to b lame their genes (their genotype) for a high risk of CHD and to 
ignore the environn1ental risk factors over v.rhich they have control, 

such as a diet rich in saturated fats) stnoking tobacco or failu re to 
take exercise . 
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All l An ailternaUve form of a gene. 

Scientists locate gene 
that causes some 
breast cancers 

OBESITY GENE FOUND 
Figure 7.5 Som e newspaper headli nes su,ggest that there are si,mpte genetic 
causes of diseases or condlitions. Although possession of a pa rticu lar a Hele of 
a g:ene mi1ght predispose someone to a di,sease such as cancer: environ meintal 
factors; such as diet or smoki,ng, are also involved. 

0 Genes and alleles 
A gene is a sequence o.f bases in a DNA molecule that encodes another 
functional molecule. As you '\viU see in Chapter 10, some genes encode 
molecules of ribonucleic acid (RNA). However, in this chapter ,ve ar,e only 
concerned with genes that encode functional polypeptides. Thus, in this 
cha.pt r we a.re using the 'tenn g n to mean a sequence of bases in a DNA 
tnolecule that encodes a functional polypeptide. How many bases there are 
in the DNA se,quence determines ho;,v many amino acids are in the encoded 
polypeptide . 

Often a gene can have more than one form, each Vvith a slightly different 
base s quence. An 11l c.: IL is one of tVl'O o,r more different fom1s -of a 
gene. Look back to page 125; base pairs 50100901 t,o 50104488 on 
chromosome 19 carry the, genetic code for apoHpoprotein E: it is the APOE 
gene .. However. this gene. ,can have at least three different base sequences) 
called e2 , e3 and e4 . These diffe·renl sequences are alleles of the APO'E gene . 
Figure 7.6 shows ho,v differ,ent alleles of a ge.ne result in the formation of 
polypeptide chains vrith slightly different ainino acid sequences. 

In Western Eu rope) the most com1non alle]e of the APOE gene is e3. 
The base sequence of th is allele results in. the production of a functi,oual 
lipoprotein that carries excess cholestero] from the b]ood to the liver; that is> 
it is fully functional .apolipopr,otein E. 

People with a copy of the e4 aUele of the APOE gene produce a different 
polypeptide that is not as efficient at carrying cholesterol lo the liver and 
which results in an in c1,eased risk of atherosclerosis (an accumulation 
of fatty deposits and scar-like tissue n1 the lining of the arteries). The 
progressive narrowing of the arteries that can result from atheroscler,osis 
increases the risk of heart auacks and strokes. People with a copy of the 
e4 allele are also at increased risk of developing clun1ps of proteins\ called 
ru:-nyloid plaques) in their b1-ains. As a resu k" th ese people have an increased 



Key to amino acid 

Ala = alan~ne 

Arg - arginrne 
Asn = aspar ag11 ne 

Cys - cysteine 

G·lin - glurtam,ine 

Glu = g I u1am1ic acid 

His = histidine 

LEWI = leucirne 
Phe !!!:: phenylalanine 

Ser = sedne 

Thr = threonine 

1:rp = tryptophan 
Vat !!!!! Va line 

I I 
I I 

I I 
I I 

I I 

I I 
I I 

I I 
! I 

alilefe 1 
transcribed 

aHele 2 
transc ribed 

into m RNA t ranslated ai: 
ribosome 

I I 
I I 

I I 
I I 

I I 

part of 
t ranscribed 
pol,ypepti de 

Figure 7.6 A gene may have one or more d' i.fferent alleles. Each altele has a sUghUy different sequence of ONA bases4 
result1ing, In th,e formatron of a potypepti1de chain with a dii.fferent sequence of amino acids. 

risk of de,velo·ping a form of Alzheimers disease. This risk is even greater if 
they possess tv,r,o copi,es of the e4 allele. 

People with a copy of the e2 allele of the APOE gene produce yet another 
polypeptide that increases their risk of developing hyperlipoproteinaemia 
type III. This is a. condition associated with a very high concentration of 
cholesterol and triglyc rides in the blood. 

• Ma'ke sure you know the difference betwee,n a gene a, nd a.n allele, and 
that you use both terms correct ly. 

• There a re no specific exa·mples of inheritance that you need to learnJ 
but make sure you understand th e prin ciptes ,involved. 

~ ···························································································: : TEST YOURSELF ~ 
• • 
: 1 What is the source of the heat t hat denatures the enzyme that causes 
• ! the H'i.ma layan rabb it in Figure 7.4 to produce black fur? 
i 2 Exp la in the di.fference betwee n a, gene a·nd a,n alte~e. 
41 
• • • • • • • • 

3 Exp la in why 'It is wrong t o say t ha t th e e4 a Ue le ca uses hear t att acks 
a ndi s t rokes. 

• • • • • • • • • • • • • • • • • • • • • • • • ••••••••••••• • •••••••••••••••••••• •• •••••••••••••••••••• •• ••••••••••••••••••••••••••• 4111111 ........................ .. 
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o~-------Homazygous and heterozygous genotypes 

• o ... ,. ...... ~ .... ,. ..... , ............. •t! .. , ••• ·~··· •• ·~··1111 ••of'!••• "-'!14 • • ............ •-!! ...... ,,"-'"'"'!I .. , ... "-•-"' 

t-' m u Posse-ssing the sam·e alleles 
of genes at the same locus on homo·logous 
, hromo·somes. 
H .. t ~r z o Possessing, different alleles 
of genes at th 12- same locus on hom,o,logous 
chromosom,es. 

Look at Figu1~ 7. 7 to remind 
yourself of something you 
learned in tl1e first year of 
your A-lev,el Biology course. ln 
sexual reproduction in. huu1ans, 
diploid cells dividle by meiosis 
to produce haploid ga.n1etes: 
egg ceUs and sperm -cells. Each 
haploid cell contains only one of 
the homologous chromo·somes 
£ron1. each pair. Since these 
chromosomes carry the same 
genes in the same order, a 
haploid cell car1ies only one 
copy of each gene. At fertilisation 
a zygote is foi--med, which is 
diploid. This zygote, and every 
cell formed from it by mitosis, 
caines tv;,ro CO]'ies of each gene. 

In dip]o,id organisms1 such as 
humans, ·every somatic (body) 
cell has the same genotype. \!,le 
can re fer to the genotype of a 
somatic cell and the g notype of 
an individual inte changeably, 
since they are the same. 

• If an individual p,ossesses two 
identical alleles of the sa1ne 

m e lOS'IS me1os1s 

sperm eel-II 

eg,g cell 

zygote 

Figure 7.7 Egg C·ells and sperm celts have 
only one copy of each chromosome an-d 
thus ,only one copy of each gene ea rri ed on a1 
chromosome . At fe rti lisati,on, the zygote cell 
becomes diploid: it has two copjes of each 
gene. 

gene; we say the genotype is bo1nozy0 ou : fo,r that gene . We represent 
a homo,zygous genotype using only one type of symbol, such as A4.l aa; 
CACA or caca. 

• If an individual possesses two different alleles of the same gene. we say 
the genotype is It 1· ·Z. ~ o g . We r,epresent a heterozygous genotype 
using two different symbols, such as Aa or c:Aca. 

0---------D o mi nan t, recessive and codominant 
alleles 
We have seen that a gene is a sequence of D'NA bases that encodes a 
functional polypeptide. However, if a gene has two allelesj often one: of 
them will be dominant and one will be recessive. This means that one 
(th e dominant allele) \Vi.U code for the. functional polypeptide, v.rhereas 
one (the recessive aUele) 'Will codle for a different polypeptide, which 
may be n on-functtonal. As a result, the second allele has an effect on the 
phenotype that is different from the normal allele of this gene. 

hnagine an organis1n that is heterozygous for one gene. The dominant allele 
'Will contribute to the phenotype, but the recessive allele -will contribute 

to the phenolype only if the don1inant allele is not present. Look at 



Table 7 .2 . It sh o\vs the ,effect of the three alleles of the human gene encoding 
the ABO blood group. 

Table 7.2 The gene controlling the ABO blood g,roup 'in humans has three alleles: 
IA. 1° a ind I O• The symbol T stands for i1m mun og Lobu Lin. a type of gtob uta r prate in. 

Allele of gene c.~ntrollrng ABO·. blo-od '.giou p. . - . ., .. ,--
P.olypeptt~e_ in the s~r.f~ce_·~embia~es of.re~d 
bloo.d ce.Lls:encoci'ed b~.allele 

l:A antigen A 

11
8 anhgen B 

10 neither antigen A nor~ ntig en :s 

Notice from Table 7.2 tl-tal the IA and 1B alleles encode functional 
polypeptides that aTe located in the cell-surface membrane of redl blood 
ceHs. These polypeptides act as antigens, meaning that they will cause 
an imn1une response in the bloodl of anod1er mammal d1at lacks the 
same polypeptide. 1n contrast, the 1° allele does not encode a functional 
polypeptide in the ceU-surface membrane. 

Table 7.3 sho,Ns the genotypes that are p ossible for the human blood group 
gene.. Remember that although there are three alleles of this gene, only two 
o [ the111 can be present in any one cell. 

Table 7.3 Th e possible ,genotypes for the h1,uman ABO blood group and the 
pn.enotypes assoc1iated with them . Here, blood ·grou,p is the phenotype. 

j1AIA antigen A g,ro up A 
j,A1jO antig1en A giro up A 
j8ilB antigen B g,roup 8 

l81IO antig:en B g1roup 8 

l'AilB antig:en A and antigen 18 group· AB 
10,10 neither antigen A nor a.ntigen B giro up 0 

\Vhat can we learn from Table 7.3? First, notice that the name of the blood 
group derives from the polypeptides (antigens) in the. surface membranes 
of the red bl,ood ,cells. No,v look at the first row of the table. This tells us 
th3t someone \~~ha is homozygous for the 1A allele has only antigen. A in the 
surface membranes of their red blood cellls . You might have eJ1..rpected this, 
but 11ov,.: look al the second row. This tells us that) like the homozygous 
IAtA pe·rson, a heterozygous IAIO person has only an ti.gen A in the surface 
membranes of their red blood ceUs and is also blood group A. From this Vile 

conclude that the rA allele is dominant and the 1° .allele is rece.ssive . 

The third and fourth rows of the table tell a shnilar story about the IB and 
10 alleles. Vle conclude that the JH allele is dominant and the 1° allele is 

recessive. Not surprisingly) only \vhen the genotype is homozygous 1°1° 
does the effect of the 1° allele sh ow i11. the phenotype. 

Now look at the fifth row of the table. 11.11 1he }1eterozygous genotype 1A1B) 
both antigen A and antigen B are present in the cell-surface membranes 
of red blood cells. When both 1he aUeles of a gene in a heterozygote show 
their ,effect in the phe110type \\re call them codominant alleles. 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
: TEST YOURSELF 
"' 

• • • • • • 
"' "' "' • • • • • • 

4 The 9enotype s for indivi1duals s how two 9enes, such as AA. Aa or aa . : 
• 

Exp lain w hy t he re are two ge nes 1n th e ge noty pe. : 
• • i S Exp lain w hy only two a metes of a gene can be present in a dipilo 'id ce ll. i 
! 6 What is a, n antigen? i 
• • 
: 7 Which of the alle les in Ta ble 7.2 ~ IA. 18 or 1°~ 1,s recess fve? : 
• • i 8 al W hat is an aUele? i 
i bi AUetes 1A and 18 are codominant. Explain the mea ning of this statement. i 
"' "' "' .............................................................................................................. 11111111111 

o~~~~~~~-
M on oh y b rid inheritance involving only 
dominant and recessive alleles 
In studying m on ohybrid inheritance, ;,ve follow the inheiitance of a single 
chara,cter that is controlled by one gene. As we learn more about gene 
action w,e find that few characteristics are actually controlled by only a 
single gene . Figure 7 .8 sho,vs examples of Fast Plants®, a form of Bra.ssica 
rapa that \vas br d for research activities and is often used in scho1ol and 
college inv·estigati,ons because it has a very short life cycle. The p lants on 
the right produce a purple pigment1 called anthocyanin, in all parts of the 
plant. The plants on the left do not p roduce anthocyanin. 

Figure 7.8 Fast Plants® nor ma lly produce a pu rple pigment Li ke those on the 
rig·ht of t he photograp h. Thes e plants have a dormi,nant alle lQ t hat enabtes th9m to 
produce a nthocyan in . The plants on the Left of the photograph a. re hom ozygous for 
a recess tve aLLeLe of t his ,gene. They do not produce an thocyanin . 

Constructing a genetic diagram1 to, explain a 
monohybrid cross 
Figure 7.9 s}1ows what happen s wh en a h om ozygous Fast Plant@ that 
p roduces an thocyanin is crossed with a plant that does no t produce 
anthocyanin. Tl1e dom inant allele for anthocyanin production is given the 



Figure 7.9 A geneti1c diagram shovving 
m on oh,ybrid i1n he riita nee of a nthocyan ln 
production w·hen a pu:rple Fast Plant® 
is crossed with a green Fast Plant®. 
Yo,u should 1Jse, the layout of thi1s genetic 
diag:ra,m w'hen answering questions 

syn1bol A; the recessive allele is given the symbol a. The genetic diagra1n 
has been laid out in a particular way: 

The fi1~t row in the diagran1 shows the phenotypes of the parents; in this 
case one can produce anthocyanin and one cannot. Tl1.e next line sho,vs the 
genotypes of the parents. 

Phenotype of parents 

Genotype of parents 

Genoo,Je of gametes 

Genooi,e of offspring 

AA 

n 
V 

green 

aa 

Aa 

involving monohybrid inheritance. Phenotype of offspring purple 

We kno",... that the parent that cannot produce .anthocyanin must be 
h,o,1nozygous, since the aHele dun results in no anthocyanin being 
produ ced is re,cessive (a). If the dominant allele (A) was present in the 
genotype; the. plant w,ou]d be able to pr,oduce anthocyanin. The next row 
of the genetic diag1·am shows the· genotype of the gametes that each pa.rent 
can produce. It helps to make the diagram clear iJ we put these gen,oty~es 
in a ch·cle. 

The genotypes of the gametes contain only one allele; A or a, because 
gametes are al,vays haploid. Therefore, the gametes produced during 
monohybrid inheri.ta11ce will always co11.tain only one of the alleles 
controlli.ng the character we are investigating. The next row in Figure 7.9 
shows the genotype of the offspring. Since all the. gametes of one parent 
contain the A allele and aU the gametes of the other parent contain. the a 
aUele; all the offspring must have the genotype A.a: they a.re l1et,erozygotes. 
TI1eir phenotype shows the effect of tl1e dominant A allele\ so they are all 
able to produce anthocyanm. 
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Figure 7.10 A genet,ic diagram 
showing the res'Ult of a cross be,tween 
two heterozygous Fast Pila nts®. 
lln a monohybrid cross involving a 
dominant and a, recessive allele. a, 
ratio of 3: 1 rs always expe cte·d i·n the 
offspr,ing of heterozygous parents. 

Figure 7.10 shovls what happens if these l1eterozygotes are allo"zed to 
interbreed. lt uses the same layout as Figure 7.9. 

Phenotype of parents purple 

Genotype of parents 

Geno type of gametes 

Genotype of offspring 

Phenotype of offspring 

Expected ratio of phenotypes 

Aa Aa 

\ I 
A . . Aa a 

. . 

Aa 

I 
purple 

Aa aa 

green 

1 

During the first di.vi.si,on of mei.osi.s) homolo·gous chromosomes pair 
togeiher. They a.re then puUed ap~.rt, one to each end of the spindle 1 ,vhen 
spindle fibres contract. One chromosome cardes the A aBel,e and the other 
carries the a allele; so the gametes ,vith A and a will be produced in equal 
numbers . 

Look at the fourth row in Figure 7.10. lnslead of using the notalion we 
used i1i Figure 7.9 to sho~,T fertilisation; ~Te have use,d a Punnett square. If 
we represented fertilisation by drawing lines be1ween the l,vo gametes from 
one parent and the- two gametes from the other, we would end up 'With a 
network of crossing lines. Not only dnes this look untidy, it can confuse 
us as we complete the genetic diagram. We arc much less likely to make a 
mistake; and so get our anS\ver wrong, by using a Punneu square. 

In a 1nonohybrid cross between t\vo heterozygous parents; there are three 
possible genotypes among their offspring. ln ihis case; they are AA; Aa and 



aa. Since the A allele is dominant, plants with genotypes AA and Aa can 
p roduce anthocyanin) so there are only two pl-1enotypes, purple and green. 

The expected ratio of phenotypes in Figure 7.10 is sho,vn as 3: 1. To 
make this prediction we have assum ed that fertilisation between the 
gametes of the parents occurs at random. If there are a large number of 
fertilisations, ,ve expect gam,etes containing an A allele fro1n one. par,ent to 
fuse ;,vith equal frequency mth gametes containing the A allele or a allele 
fro1n the other parent. This gives us the expected ratio of phenotypes in 
the offspring. 

Monohybrid inheritance in Dro,sophila 
The hrst photo at the beg inning of this chapter [page 123) 
s hows several aduH fruit ftie5 [Drosophjla melanogasterJ. 
These pa rticutar flies have longi wings; but other aduUs 
have small. stunted wings, ca lled vestigial w1ings. Wing 
length rs controlled by a single giene that has 1:\No alleles,, 
one resultrng in long w]ngs and one resu lti:ng in vestig,ial . 
wings. 

Two heterozygo us~ long-winged Drosopn~·la were 
mated together. There were 100 fli·es ,in the offspring 
generation. About three-quarters of the offspring had 
long w i,ngs and about one-quarter had vestr9,a:l wings. 

1 Whi1ch of the two a lleles for wingi length is do1m'in ant 
and which is recess,ive? Exp la in your answer. 
Long v-1mg::, {1Ntld type) is donunant because some of the 
off.-.prmg nave vestigial ·11ings bul neither parent does. 
The, efore vestig,at wings is recessive. We l<nov-1 this 

Phenotype of parents 

Genotype of parents 

GenotVPe of gametes 

Ge.rmfyµe of offspring 

because v1hen you breed long Vtings and vesUgial together 
you get long-winged offspring. Hov1ever. fev~1 vestigial-
1/lt·nged flies vvauld .survive in the wild: there.fore, if the 
gene was dominant the species rnight become extinct. 
How many of the offspring genera,tion wou ld you 
expect to have vestigial wi1ngs? Use a geneti c 
diagram to explain yo ur answer . 
The fact that some of the off!:1prmg are vestigial v,inged 
when neither parent is tells you that the allele for vestigial 
'Nings is recessive. Ho,,lever. vestigial v-1inged fries have 
wo recessive alleles. one from each parent. Therefore 

each parent must be heterozygous for~11ing length. 
Let'- be lhe symbol for long 'llings and t. the symbol for 
vest lg,a l v1ings 
The parent fUes must both be heterozygous. 
So of f 00 fl ,es. 75 v1outd be expected to nave long vlings 
and 2~ would be exp~cted lo have veslig,al 1Nings. 

long wings l'ong wi.ngs 

LI LI 

\ I 

LL LI II 

1 2 1 

I 
Phenotype of offspring long wJ n gs vesti g ia II w i l'lgs 

Expected ratio of phenotypes 3 1 

Figure 7.11 
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~ ···························································································: : . TEST YOURSELF i 
• • • • 
: 9 Two short-haired rabbits we re interbred a [l d they had eight offs prrn g, . : 
• • 
: Two were longi-haired arid six were short-haired . : 
• • i al Which allele is dominant, tong or short hair? Expla 1in your answer. £ 
i b) Give the genotypes of the parents. i 
• • ! cl Use a PunneH square to show how these parents produced these ! 
! offspr ing. ~ 
i10 In hum.ans. cystic fibrosls is a geneti c condition deter·m1in ed by a i 
£ recess1ve allele. Two parents who do not tiave cystic fibrosf shave a f 
• • 
: baby with cysth: fibrosis. : 
• • : al Expla,in how this happened. Use a Pun nett squa re in your answer. : 
• • ! b) What ls the chance that a second baby born to this couple wiU als o ~ 
• • 
: have cyst,ic fibrosis? : 
• • • .•..........•...•......•...•....•.•..... , ..................................................................... .... 

o~~~~~~~-
M on oh y b rid inheritance involving 

Figure 7.12 Flower colour in 
sna pd rag ons is control1led by one 
ge ne that has two codominant alleles. 
The offspr ing of a red-ftowe red p lant 
and a whi te-fllowe red plant aLL have 
pink flowers. 

codominant alleles 
Snapdragons are commonly gto\\11 in gardens. Some snapdragon plants 
produce. red flowers and so1ne. produce v.rhite flowers. Ro,ver colour is 
controlled by a single gene that has two alleles, one for red flo,,,.,ers and 
one for whit,e flo,;,vers. In this exan-ip]e, the two alleles are codomit1a.11t. 
Figure 7.12 sho"rs iArhat happens ,vhen a snapdragon vrith fed flowers 
is crossed "rith a snapdragon Vvith v.r hite Ilo\~l rs. 

Phenotype of parents white-f IOV!/e red 

Genotype of parents 

Genotypei of gametes 

Genotypt:? of offspring 

Phenotype of offspring ph1k-flowered 



Note that when aUe[es are 

codom fna nt we use a different 
kind of symbol for the alile:les. In 
th rs example we have used the 
Letter C (to represent the gene for 
colour] with W' for white or 'R' for 
red In superscript. The W and R 
are cap·itat !Letters because neither 
of them is recessive or dominant. 

a) 

Phenotype of parents pi n'k-flowe red 

Genotype of parents 

Genatvpe of gametes 

Gem,~vP~ of offspring 

When th e red-flowered plant is crossed with the white-flowered plant> all 
the offspring are heterozygous. If the allele for red flo-ivers was dominant~ all 
these heterozygotes ,vould have red flowers ; if the allele for ,vhite flowers 
,vas dourinant> all d1ese heterozygotes would have white flowers. As you 
can see in Figure 7 .12) the heterozygotes produce flowers that are neither 
red nor white; they are pink. Why are they pink? Because the allele for red 
flowers and the allele fo1? white flo\vers are codon1inant: they both show 
their effect in the phenotype of a heterozygote. Son1e red and some ,vhite 

pigment is produced, making fhe flo,vers pink. 

You ca.n see the effect of codominant alleles in Figure 7.13. This diagram 

shows t\vo diffe.Tent crosses, one bet,veen two plants wid1. pink flowers and 
another between a plant mth pink flov;ters and .a plant vrith white flowers . 

b) 

pink-f lowered pink-flowered whirte-flowered 

00 

Phenotype of offspring red-flowered pi·nk-flowered pJ11k-flowen~d 'IA!ihite-Howered pir,k-flo'1tvered white-flowered 

Ratio of phenotypes 1 2 1 1 1 
Figure 7 .. 13 a): Crossing two prn k-flowered snapd ra go n plants and b' crossing a p,ink-flowered snapdragon with a white­
flowe red snapdragon. 



w 
u 
z 
~ 
~ -er:: 
w 
:c 
z -ea 
z 
4 
U') 
w 
.J 
I.LI 
....J 
...J -« .. u, 
I.LI z 
w 
(!) 

....... 

You can see that > inste-ad of tl1e 3 : 1 ratio we expected in monohyb1id 
inheritance -with a dominant and recessive allele (Figure 7.10)) we get a 
ratio of 1: 2 : 1 (Figure 7.13a). 

Inheritance of coat colour in horses 
Like aU mam :mals1 horses have hak. We refer 
to a horse 's hair as Tts coat. So me horses have a 
redd 'ish-brown-coloured coat, called bay~ andl some 
have a whJte-coloured coat. One gene for coat coto,ur 
is invotved, but it has two aHeles,, CR and cw. If a horse 
is horn ozyg ous C Re R all the ha ~rs in it5 coat w~ ll be 
reddish-brown and the horse wFll have a bay coat. If 
a hors·e i5 homozygous cwcw all the hairs in its coat 
wiU be white and th e norse wrll have a white-coloured 

Phenotype ba.y coat 

coa.t. However1 if a horse is heterozygous~ cRcW 1 half 
the hairs in its coat will be redd [sh-brown and half 
will be white. The result is a· horse with a p1nki,sh­
colou r coat. Th,is coa:t colour ls referred to as red-roan. 

Coat c,olou r in horses is an exam p Le of miono hybrid 
inheritance with codomi:nant alleles of a sing le gene. 
Figure 7.14 shows horses with these three coat 
co lours. 

white coat red-roan coat 

C-R .. ~ ,..wcw C~-""W ~o~e ~- ~ ·~ 

Figure 7.1£ Horses w1it,h a reddish- brown cotoured co,at [bay] are homozygous cRcR ; horses with a, wh ite-co loured coat are 
homozygous cwcw. Hatf the· ha~rs in the coat of heterozygotes. cRcw. are reddish-brown and hatf are white, producing a 
coat colo u1ir ea lled red -roan. 

1 In the coat of a red-roan horse~ half the 
ha,irs are reddish-brow1n and half are 
white. What does this su191gest about the 
a.Ueiles of the coa,t-colour gene in the 
ha,i r- produci ng cells? 
It suggasts the alleles are codominant . 

When a sta llion w1.th a bay coat was :mated 
with a mare with a white coat aH the 
off sp ri, n g were red-roa n . 

2 Why, in the above statement about 
Figure 7.11 4, was it unnecessary to 
expta1n whether the parent hcH'ses were 

homozygou5 or heterozygous? 
A horse vllth bay coat or 1Nh1te coat must 
be homozygous. since the heterozygotes 
are red-roan. 
What ratj o of coat co to u ir would you 
expect in the offsprTn9 of red-roan 
parents? Use a genetiic d 1iagra1m to 
exp la in your answer:. 
You ~vould expect offspring that 1.vere red­
raan. bay ana white in a ratio of 2 : l : 1. 
Figure 7. 15 shovls the genetic diagram. 

Parent phenotype red-roan )( red,,eroan 

Parent genotype 

Offspring genotypes 

2 1 1 

Offspring phenotypes red-roan bay 

Expected ratio of phenotypes 2 1 1 

Figure 7.15 Genetic drag ram for coat co lou r in horses. 



Please Look at Chapter 13 o,n 
maths skiHs, to find o,ut more 
about stafist ,ica l tests a nd to see 
a worked exa mpte of th is test. 

Monohybrid inheritance involving multiple alleles 
and codominance 
We l1ave looked at tnonohybrid in.hei-i tan ce involving genes with only 

t\vo alleles. Many genes have n1ore than two alleles: v.-,e refer to tl1en1. 
as 1nultiple a lleles. vVe saw in Table 7 .3 (page 133) the genotypes and 
phenotypes involved in the inheritance of the hunian ABO bloodl group. 
This .feature involves multiple alleles (three alleles of one gene) and i t 
involves codon1inance. Figure 7.16 sho\vs a cross in volving th e AB0 1 blood 
group. One parent is blood group AB and the other is blood group 0 . 

Phenotype of parents group 0 

Geno-type of parents 

Genotype of gametes 

Genotype of offspring 181 

Phenotype of offspring group A group B 

Expected ratio of phenotypes 1 1 

Figure 7 .. 16 A parent of btood group AB and a parent of btood group O will have 
cni.ldren of blood group A or blood group B, but none with the same blood g,roup as 
tihe pa rents. 

Because data from genetic crosses is in discrete categories1 the best Wt£}' 
to present tl1e totals for each. phenotype wouldl be on a bar graph. You 
,vould u se a chi-squared (X2) test to find out whether the number of each 
p henotype matched the expected ratio. 

~ ........................................................................................... i 
: TEST YOURSELF : 
• • • • j 11 Wha,t ra ti o of blood groups would yo u expect a mong the offs pring of i 
: a. mcrth er wfth the g-enotype 'IAl1° and a father wiU1 the genoty pe ,e1°? : 
• • 
J Expla1n yo ur answer. i 
! 12 In An dalus i1an fow l, FB 1s th e a:Ltete for black pllu1mag e and FW is the i 
• • : a lle le for w hi te plu mag e . Th es e a[leles s how co dom inance. The : 
• • 
: heterozyg,ous cor:idH,ion res ult s in blue ptum,age. L ist the genotypi c : 
• • 
: and phenotypic ra tios expected f rom the cros se s: : 
• • 
: a I black x b lu e : 
• • 
: b) blue x blu e : • • 
! c I blue x w h, te i 
• • • • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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O·~-------
lnheritance of sex 

>me--- ce ritro mere 

rto.~-coding-[ 
region 

y 

In hun1ans, the 1nembe1--s of a hon1ologous pair of chromosomes are usuaUy the 
same size and carry the same genes in tl1.e same order. This is not, howe:ver true 
of chromosome pafr 23. Figure 7 .17 show~ chromosotne pair 23 from a hutnan 
male. One of dlle chrou1oson1es (the Y chrotnoson1e) is veiy short and carries 
.fevf genes; the other ( the X cru:un1osom.e) is long and canies 1nany u1ore genes. 
i\lthough the sl1ort Y chromosome canie.s very few genes, one of them is crucial 
in determini11.g sex. This gene, ,called tl1e testis-det,etmining gene (or SRY), turns 
the developing sex organ of a 7 -week-old embryo into a testis, and the .einbryo 
develops into a male .. Because the X chromosome carries some genes which the 
Y ch1romosome does not, a male is ,effectively haploid for these genes. 

A human 1nale has one X chromosome and one Y chromosome; his genotype 
is XY and half his spenn ceUs ·mll carry an X chromosome and l1alf 1,vill cany 
a Y chromoson1e. A hun1an feniale has two X chron1osomes~ her genotype is 
XX and an the eggs she ever produces will carry an X chromoson1·e. 

o--~~~~~--
M on oh y b rid inheritance involving a 

Figure 7.17 Chrc,mo,so,mie pair 23 in 
a human male. The two· homologo1us 
eh ro moso mes a re d:i,ffe rent s,izes an,d 
only share a smaU number of genes. 
The shorter Y chromosome does not 
have a copy of m,any of the, genes 
present in, the X chromosome. 

Figure 7J8 Possible ch11Ldr·en produced 
by a norma l woman w hose hu sb;;nd has 
tlae m,o ph,ilia. 

sex-linked character 
A sex-link dl character is one that is controlled by a gene l,ocated on one 
,of the sex chromos,omes. A sex-linked gene is on the X chromosome. 
E>r,.,~mples of sex-linked characters in hu1na11s include haemo,phi.lia (a 
disorder i11. ,vhich tl1e blood of sufferers ,clots only slow·ly), r d-green colour 
blindness and Duchenne mus-cular dystrophy. 

Figur 7 .18 represents what might happen "'"hen a w,oman "With blood that clots 
normally has children 'With her husband '\Vho has haemophilia. The symbols 
v.--e are using in this diagram represent tvv-o things: the s ,. chromosome and 
the alleles of the gene for blood clotting. TI1e aUele for normal b]ood clotting is 
dominant so ive represent it as H. The allele for slow blood clotting is recessive, 
so we represent it as h. Ho\vever~ this gene is located on the X chromosome. 

Phenotype of parents ma 1le with ha.em op h iHa 

Genotype of parents 

Genotypie of gametes 

08 

Genotype of offspring 

Phenotype of offspring carrier female norma'I boy 

Expected ratio of phenotypes 1 1 



Figure 7.19 Passi ble c hitdren 
produced by a wo man who 1is a 
ea rrie r for haemophilia 

We sho,v this using the syrnbol XH for an X chromosome \Vith the H allele and 
:xl1 for an X chromosome with the h allele. Since the Y cl1romosome has no 
copy of the gene for blood clotting, it is shown simply as Y. 

·Notice in Figure 7 .18 that any boy born to this couple will have blood that 
clots nonuaHy; he ,viU not have haemophilia Hke l1is father. Any girl born to 
this couple Vvill be heterozygous for the blood-clotting gene. We call her a 
carrier for haen1:0philia but~ since t.he H aUe]e is don1inant ~ her blood clots 
norma.Uy: Figure 7.19 shows "rhat might happen if this girl who is a carrier 
grows up, n1arries a man ,vl'lose blood clots normally and. has cl1ild1"f!.n . 

Phenotype of parents carr ier fem a I e 

a.nd her no rim al hu:sba n d. Genotype of parents xHxh xHv 

Genotype of gam ere.s 

Genotype of offspring 

Phenotype of offspring 

Expected ratio of phenotypes 

nonmal 
female 

1 

\ I 
... · xHxh ·. - . 

carrier 
·female 

1 

normal1 

male 

1 

ma1lewi~h 
haemopni1lia 

1 

~ ••..•..•••..•...•••.•.•...••.....•......•.....••......••••.....••••..•..••...•..•...•..•...••••.•....••••.•...••••..•..•••••...•..•...•....•.•.•.•.• 

i TEST YOURSELF 
!!' 

"' • 
' i 

I 
= • • 

13 Use a genet~c d~agram to explaln why there is a 1 in 
2 chance of a chi ld being a girl. Use the .symbols X 
and Y to denote X and Y chro1moso1mes. 

,, S·uggest why sex- li nked genes ar·e usually on th e 
X chromosome rather than on the Y chromosome. • 

= 1S Would it be po ssi,ble for a gi:rl to have i 
if 

haemophilia? Exp,la in your answer. i 
• ! 

·············~···· ·· ········································~···· ··········································~···· ······················· ···•·•• 441111111 ........................ .. 

Notice that the woinan i:ri Figure 7.19 can produce .a son whose blood 
clots normally and a son who has haemophilia. The son ,vith haemophilia 
inherits the recessi.ve gene for haemophilia on the X chromosome from l1is 
mother, whose OM'l father had the disorder (see Figure 7.18). This is typical 
of characteristics that are oontroUed by genes that are located on the X 
cl1romosome: the condition appears in males in alternate generations. 

o~~~~~~~-
' nterp reti ng pedigrees 
So far, we l1ave used genetic diagrams to explain a pattern of inherita11ce. An 
alternative 1nethod for presenting informatii.0I1 about inl1eritance is sho,,7t1 
in Figure 7.20 overleaf. This diagram sh o,vs a p edigree. In pedigrees such 
as thisl fem.ales arc repre-Sentedl by circles and rnales by squares. ,Couples 
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Figure 7.20 Th1is pedigree shows the 
1inheritance of ABO blood 9roups rn 
three generatiions of a family. 

who have children are linked by a horizontal line and the children are 
rep1"e.Sented in a hierarchical fasJ1ion below then1. In the case of humans, 
we cannot breed them, so a pedigree is a record of die fa1nily tree of crosses 
in the past. 

Y~ou can see in the figure that individual l is represented by a square, 
so he is tnale. The square contains the symbol A, so he has blood group 
A. Indhidual 2 is sho~1n by a circle containing the sy1nbol B, so she is a 
female with blood group B. 

A 

1 2 

0 B 

3 '5 7 

0 

10 

We can see \vho> out of individuals 3 1 4 5. 6 and 7, are the children of 
couple 1 and 2. The diagram sho,vs a h,orizontal 1.ine between individuals 
l and 2. This indicates that they had children together. The vertical 
line from individuals l and 2 goes directly do"NUwards to connect to 
each of their childrenJ so individuals 3, 5 and 6 a.re the children of the 
parents 1 and 2. Individuals 4 and 7 are not connected by verti,cal lines 
to the parents 1 and 2, so are not their children. You can see from the 
horizontal lines that individual 4 is the partner of 5j and individual 7 is 
the partner of 6. 

A pedigree only tells us phenotypes, it does not tell us genotypes. When 
we interpret a pedigree, ""~,e have to use clues provided by the phenotypes 
of some individuals to work out the genotypes of ~s many people in the 
pedigree as ~le can. The skiU you need to develop is to identify '\\'hich 
individuals provide th.ese clues. 

lndividual 5 is blood group 0~ so v..re know his genotype is 1°1°. Having 
found this, we can ,r,Nork backwards and £or-wards through the pedigree 
to ,vork out other genotypes. Since individual 5 has the genotype 1°1°, 
he n1ust have inherited one 1° allele from each parent. However, his 
father (individual l) has blood grou.p A) so his father's genotype must be 
1A1o. The tnother of individual 5 (individual 2) has blood group B, so her 
genotype must be I8t0 . 

Individual 3 is blood group B. She must have inl1erited the 1B allele from 
l1er n1otl1er (individual 2). If she had inherited tl1e JA allele froin her 



If you are asked for the probab~lrrty 
of so meth ~ng. you should grfve 
a dedmal fraction ~ as in the 
exa:m1ple above. A probabrlity 
has a. maxi1mum value of 11. 
a mrnimum value of O and 
inter1mediate values that are 
dec·i,ma l fractions. for exa mple 
0.125. An answer such as ·1 rn 
s·. a ltnough rep resentln g the 
cha 11ce of so mething ha ppen'ing. 
is not a correct way of express,in9 
p rob a bi Lity. 

fathe1~, she would be blood group AB. Since she is blood group B, she 
must have the genotype I 81° . Individual 6 is b lood group A. She n1ust 
have inherited the JA allele from her father. She cannot have inherited an 
18 aUele from her 1nother or she vfould be blood group AB, so she must 
}1ave lhe genotype lAlO. 

Since individual 10 is blood group 10, ,ve know he must have the genotype 
1°1°. This n1eans that his mother (6) and fad1er (7) must carry the 1° allele, 
so they are 1A10 and 1B1°, r·~--pectively. ,Consequently, they ar,e equally likely 
to pr-oduce o.ffspring witli the genotype rArO, 1A1B, 1B1o or 1°1°. lf you are not 
sure why; dra~r a genetic diagram of 1A1o x 1R10 to see what offspring can 
result . This gives a probability of a child Mth blood group O of 0.25. The 
probabHity of a d1ild being a boy is 0.5. So) the probability of a boy with 
blood group 10 is 0 .25 x O.S = 0.125. 

C)--D-ih_y_b-ri-d-in_h_e_r-ita_n_c_e~~~~~~~-
oihybrid inheritance. involves a phenotype that is inherited as the result of 
t\Vo different genes. This involves the san1e principles you learned carrying 
out monohybrid crosses. HoVv"ever, th number of possib] phenotypes 
increases because there are n10 re differen l v.rays in which the alleles of two 
diffe ent genes can combine. 

D'1hyb ~Id rl her1rta -ce w·1th -o r1n ka - e _ _r n ___ n __ n_ _ _g _ 
Let's look at the inheri'tance of two characters in pea plants: stem h ight 
and flovi,.~er c,olour. Each cha,racter is controlled by a different gene. TI1e two 
genes at, located on different chromosotnes; that is. they are unlinked. 

• The gene for height has tw,o .alleles, T (tall) and t (d"'~rf) . 
• The gene fo,r flo,ver colour has two alleles. R (r,ed) and! r (white) 

Figure 7. 21 sho·ws the results of crossing a homozygous tall, red-tlowered 
pea plant mth a dwarf~ white-flowered plant. 

Notice that the offspring of 1hese two plants are all tall and red-flov.r.ered plants. 
This is because the parents can 011ly produce one kind of gatnete., so all the 
offspring have a dominant allele for height and a dominant allele for fi.o,ver 
colour. Ho~rever; when these mature offspring are intel:ibred, each parent can 
produce four different kinds of gamete. This is because~ during 1neiosis, either 
allele of the gene for height can end up ,vith either allele o,f the flower colour gene. 
At fertilisation, these ga1netes give 16 different oombnultions in the offspring. 

If you look ca.1~efully at the Pun.nett square in the diagram, you will see that 
the ph enotypic ·ratio for each charac:ter is what you would expect from your 
pre~ious work: 
3 tall : 1 dlvvarf 
3 red-flowered: 1 white-flowered~ 

However, due to independent assortn1ent of non-ho1nologous pairs of 
chromosomes) this dihybrid cross gives a phenotypic ratio of: 
9 tall) red-flowered plants 
3 tall) white-flowered plants 
3 d~.varf) red-flowered plants 
l dwar( white-flowered plant. 
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Figure 7 .. 21 Oi,hybrrid in heri tance in peas . 
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Genotype of ipa,re nts 

Gametes 

Offspring 

G.ametes 

D 9ta~I 
red flowers 

TIR'R ttrr 
taU, :red fl'owers dwarf, \\TI'ite flowers 

® 
aJI TtRr tajt 
red flowers (interbreed) 

®@®® X ®®®G 

D 3 tau, 
white filowe rs 

@ 
® 

D 3 d\:varf, 
red flowers 

© · 0 

D 1 dwarf1 
whtte fl01Vers 

-- - . ~ - - - ~···•11•••••••11•• ••••t! •• •··················· ·it~········~··· ... 1••• ••••@•• 11•••••·11 ~•··· · · · ···· 11i•··~~-, ,··~··•1111•••l@'•••11•••-,iti•••• •••······ · ··· · .. , ·· · . . 
TEST YOURSELF i 
1& In squa,sh, t he gene for fr ui t cotoor ha.s two 

alleles. The a Hele for white fruit colour ~WI 1s 
dominant over that yetilow fruit colour [w!. The 
gene for fruit shape a lso has two a.Heles. The 
a lle le for disc-shaped fruit (D] is dominant over 
tha·t for sphere-shaped fruit kH . 
A plant tha t produced white, disc-shap ed frui:t 
was crossed with a pla nt th at produced ye llow . 
spher e-shaped fr·urt. Atl the offspring pro duced 
w hitej disc-shaped fruit. 

a I Give the genotypes of the two pa.rent pla.nts 
and of the offsp ring . 

b)I The offs pring plants were interbred. Use a 
Pu1nnett squa re to s how the possiible genotypes 
a nd phe notypes of the ir offs pdng ~ and th e rat io 
tn wh ich you wo uld ex pec t them to be produced . 

17 In s horth orn cattle, the gene for possessf on of 
horns has two a lle tes. The a Hele for the po lled 

[horn less) condition. H, is dominant over that for 
horned (h]. The ge,ne controlli!ng coat colour has 
two codominant alte les, cR and cw. The genotype 
CRCR results in a red coat and cwcw resu lts in a 
wh~te coa,t but the heterozygote, cRcw, is roan. 
a) A homozygous po lled wh ite m,a,le 1s crossed 

wjth a horned. r,e dl fema le. What wiH be the 
appearance of the offspring? 

b) l'f you bred l\No of the offspring together, what 

• I 
• • • • : 
11 • • • • • • • .. .. 
• • • • 
t • • • • • • • • • .. .. 
• • • 

woutd be the possible genotypes and phenotypes i 
of their offspring? Use a· Punnett sq uare. : 

• 
18 In humans. red-green co lour b lind ness is ca used 

by a sex- linked recessive aUele. A woman wjth 
blood group O who has normal vtsion but had a 
fa,ther wHh red -green colour bUndness~ mardes 
a man with norma l colour v1is~on and blood group 
AB. Use a Punnett square to show t he possible 
genotypes and phenotypes ot th e ir chjldren. 

• • • • .. .. 
• • • • • • • .. 
• • • • • • • .. .. 
• • • • • • • .. 

: ....................................... .............................................................................................................................. lllllllii 



()~ E-pi-st_a_s-is--------------------~ 
In cells, enzymes control reactions. Many metabolic pathways, such as 
respiration and photosynthesis 1 consist of several steps, with each step 
controlled by a different enzy1ne. This n1eans that each enzyme in the 
pathway depends on the. previous enzyme to provide its substrate. I f 
any of the enzymes in a pathway is non-functional, the path~Tay comes 
to a hal t. 

Figure 7.22 sho\vs a metabolic pathway involving two ,enzyr.11es. You can 
see that a different gene codes for each enzyme. The effect of enzyme B 
depends upon the action of enzyme A. Homozygous recessive individuals 
for gene A (aa) produce an inactive enzyme A, so 'they are unable to 
catalyse the reac'tilon that results in a pale blue pign-ient. Even if this 
individual produc,es an active form of enzyme B, the individual vriH be 
colourless. 

g n A 

white/colourless nzyj Jl. 

substrate 

all ele a allele B 

non-functiona l 
enzyme A 

pale blue 
pJgment 

h ym B 

Figure 7.22 A metabolic pat1hwa,y with tvvo enzymes. 

llele b 

non-function a I 
enzyme 9 

This is called epistasis. which means that the expression of one gene affects 
the expression of another. This occurs in metabolic pathv.-~ays controlled 
by enzymes c,oded Corby different genes. Epistasis reduces the nu1nber of 
possible phenotypes. 

Figure 7.23, overleaf, shows inheritance of comb shape in chickens 1 which 
is another example of epi5tasis. 1Comb shape i5 controlled by two genes 1 

eac.'h with two alleles, thal interact to produce four different phenotypes: 

the rose gene has two alleles, R and r 
the pea gene has two alleles, P or p . 

Table 7 .. 4 

Shape of comb 1Genolype 

Rose iR1Rpp or IRrpp 

Pea rrPP or rrPp 

Wallnut RrPp or RRPp or :RrPP 

S'ingle Rrpp 
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Figure 7.23 Inheri tance of comb 
shape 1in chi ckens. 

• • • • • • • • • • .. .. 
• • • • • • • • • • • .. .. 
• • • • • • • • • • .. .. 
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agouti 
(Ac_A 

black back/yeHOW' belly 
csce 

Parents 

Gametes 

Single 

RrPp 
Walnut 

®@ 
0@ 

.. 

X 

X 

RrPp 
\l\fa lnurt 

Pea 

®® 
0 G) 

black backlye 1llow be·lly 
cscc 

D Rose 

D wa,n,ut 

D Pea 

D Single 

Figure 7.21. 

Rose 

• • • • • • • • • • • .. .. 
• • • • • • • • • • .. .. 
• • • • • • • • • • .. .. 
• • • • • • • ! 



• • ! a) Complete the table to show the possible g.enotype!s] for each phenotype 
• 

• • • • • • • • • • • 
' • • • • • • • • • • • • 
' • • • • • • • • • • • • • • • • 

Pheniotype Possible genotypes 

Agouti 

Black back yeUow belly 

Black 

b)l Use a Punnett s quare to show the possible offsprfng that wo uld be produced 
from a c ross betwee n an agouti mouse of g,enotype cAcc and a mouse 
wi:th a black back and ye llow belly of genotype cscs. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
' • • • • • • • 

! 20 The dlagram shows a m1eta,bo lic pathway in sweet pea s. Two pla·nts with the 
• • • • • • • • • • • • • • i 
• i 
• i 

' • • • : • i 
I 
• i 
• • 
' • : • • • I • • • • i 

: 

I 

g.enotype CcPp were tnterbred. Use ai Punnett squa re to show th e ratios of 
phenotypes and genotypes ir, thejr 0Hsprr n19. 

gene P 

' . ,, 

enzyme C enzyme P 

' ' ' colourless substrate 1-----1-~, colourless interm ed i·ate i---· ----i-~ pu.rpte pig1me,nt 

• • • • • 
' • • • • • • • • i 
• i 
• I 

• • • • • • • • I 
• i 
• • 
' • ; • ; 
• i 
i • • • • : • ' • : • • I 
I 
I 
I 

i 
I 
I 
I 
I 
i i : Figure 7.25 

································································· ··········································································• •• 11111111111111111111111111111..i 

c- m In n ff5 · An organis,m that 
contains a diffcerent co1mbina:tion of aUeles 
from either of its parents. 

D1 ihybridl cross with autos.omal linkage 
In Figure 7.21 you saw that, when two tall, red-flo,vered (TtRr) pea plants 
,vere ,crossed, some of the offspring showed the same traits as their parents, i.e. 
tall and red-flowered, but others vvcre d,varf and/or hadl whit flo,vers. This is 
only possible because the gene for height in pea and the gene for flo,ver colour 
are on different chromosomes. This aUom indepe.ndent assortm nt to occur so 
the parent plants could produce four different gametes. The I ,or t aUele passed 
int,o the gametes independendy of the R or r allele. As a r,esult the offspring 
included tall~ white-fio,vered plants, dvlarf, red-flo'\.vered plants and d\varl, 
white-flowered plants. These are calle,d rt:ct r 1h i11nn t o l L L r in , because they 
are displaying new co,mbinations of these trails. 

In one kind 1of maize, there is a gene that determines seed colour. One .aUele 
of this gene (Y) codes for an enzyme that results in yellow seeds, ,vhile the 
recessi.ve allele (y) code-S for a faulty enzyme that re_suhs in colourless seeds. 
Another gene codes for an enzyme that control5 the shape of the 5.e,eds. 
The dominant a.Hele of this gene (S) resuh s in sm ooth seeds whereas the 
recessive allele (s) results in wrinkled seeds. 

Table 7.5 sho,vs the result of a cross ben.veen a maize plant of genotype 
YySs and a plant of genotype yyss. 

If these two genes were located on different chro1noso1nes~ independent 
assornnent woukll occur. As i,ve have seen earlier, this cross would d1en result 
in four different phen otypes in roughly equal proportions in the offspring. 
instead~ as you can see h1 Table 7.S> the results show a very strong tendency 
for the yellow allele~ Y) and smooth allele~ S) to be inl1erited together and for 
the colourless allele) y; at1Ld \vrinlded allele, s) to be :inherited together. 

~ 
t;" 
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Table 7 .. 5 lnher~tance of seed cotour and sha pe in one vari ety of maize. 

Gametes pr oduce d by YySs parent 

YS Ys yS ys 

Gam etes pr odu ced ys YySs Yyss yySs yyss 
by yyss a rent 

• .11, ••t • ,•• ••, 11p. •• ••• •• ••. •• ~- ..,.: •• 111 •• ... ,. -~ ""i•• •• ""-e: ••'~•·· .. a~,, ... •~•• ••• 11111!1 il,t • • , 

I n rr Sets of genes on the same 
c hrom oso1m,e wtJ ~ eh t,end to, be inherited 
together. 

Yellow smooth Ye llow Co lourless Colourless 
wrink led smooth wrinkled 

25 25 25 25 

48.2 48.2 1.8 1.8 

The explanation is that the gene loci f,or the seed colour gene is on the sarnc 
ch rom oso1ne as the seed shape gene. As 'they are on the san1.e chromosome, 
aUeles of lhe t\vo genes cannot b e separated by independent assortment and 
are inherited together., 

Nevertheless, you can see in Table 7.5, that there are a. fe,'l recombinanr.s 
produced in this ct,oss. R.eco1nbinant offsp1:ing hav.e a different combination 
of alleles from b,oth pa1 nts. This can be e,q:,lained by crossing over during 
meiosis (see AQA A-level Bcology l Student3 Book, Chapter 11, page 195) . lf a 
chiasma is formed b e:tween the seed colour gene and the seed shape gene , 
the chromatids of hon1ologous chromoson1es exchange pi-eces and a ne\\r 
combination of alleles is produced. 

Therefore thL: genes for seed colour and s d shape in this variety of tnaize 
are said to be link d : that is, they are located on the same chroino,so·me. As 
this chromosome 1s not a sex chromos,01ne - an auto ome - w refer to this 
type of linkage as aut mal linkage. 

,Geneticists have studied ma11y characteristics in organism-5 such as maize. 
They have found many genes that are. ] 'nked. Some of these give a h 'gher 
proportion of reco1nbin.ants than the example we have just studied, while 
others give a lo,-wer proportion. Geneticists assume that the more recombinants 
produced, the ft.nth.er apart t\VO gene loci are. From this information they have 
discovered linl ,1gt~ ,., ruup of genes that tendl to be inherited together. and 
they have worked out the relative positions of the genes on lhe chromosomes . 
This is ,vhat you learned about at the start of tlris chapter. 

z 
~ ~ ····················································································································································= : TEST YOURSELF : 
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21 W hen ta ll t orm,atoes w ith r·ed f ru it a re crossed 

22 

w ith dwa r f tomatoes with ye lilow frui t~ all t he 
offspring1 are taa w i,th red fruit When these 
offspringi a re inte rbred. they a lso produce 
offspring that a r e ta ll w ith re d fru it , except fo r 
a very few dwarf pla nts wtth ye llow fr uit. What 
does thi's te tl you abo ut the inherr ta nce of helght 
a nd fru it co lour in tomatoes? 

in long, potle n [L] is dominant over tha t for ro und 
poUen [ll . 
Twa pla nts heterozyg o,us for Hower coto1ur and 
poHen shape wer e interbred. 
a)I Use a Pun nett square to s how the rati os of 

genoty pes a nd phe notypes t hat yo u wo uld 
expect 1n the offspr ing. 

bi The actu al ,results were 296 plants w.ith 

• 

pur ple flowers an d long pollen. 19 w ith purp le • 
• flowers and round pollen, 27 with re d flowers : 
• 

and long po llen and 85 with red flowers and : 
• 

round p oHen. Ex pta1i n these res ults. : 
• 

.................. . ............................ . .............................................. . ....................................................................... lllllllii. 

In sweet peas_ th e a llle le of the ge ne for Hower 
colour th a t results in purp le flowers [R ] is 
dom ~na nt over that fo r red flowers [rJ and t he 
a Hete of the gene for pollen s hape that results 

• • 



Practice questions 
I Tay-Sachs disease is a r~re and usually fatal genetic disorder that causes 

progressive dani.age to the nervous system. The diagram sho,vs a fan1ily 
in wh.ic·h some individuals have Tay-Sachs disease. 

a) Give the evidence from the diagran1 that 

i) Tay-Sachs disease is caused by a 
recessive allele 

ii) Tay-Sachs disease is not 
sex-linked 

b) Give the possible genotype(s) for 

i) individual 4 

(2) 

(2) 

1' 

B 
Key: 

2 

5 6 

9 

{from a family 
wrth no history 
of Tay-Sachs) 

7 

10 

ii) individual 6 D == unaffected male D == Tay-Sachs male 

iii) individual 10. (3) Q:: unaffected fema,le Q:: Tay-Sachs femal:e 

2 a) What is a sex-Unk d gene'? (2) 

b) In cats, the X chromosome carries a gene for coat colour. TI1-e gene 
has two alleles that show codomiuance~ XG results in ginger fur, 
X5 r,esults in black fur. Cats 1Nith the genotype xGxB ar,e covered 
in patches of ginger fur and patches of black fur, ref rred 10 as 
tortoiseshell. A tortoisesh U female was mated \\iith a black male. 
Use a genetic diagran1, to sho,v the possible genotypes and 
phenotypes among the offspring resulting from this cross. (4) 

) Tortois·eshell ma.le cats are very rare. Explain why. (2) 

Some fonns of clover are cyanogenic. This means lh~t they produce 
cyanide gas when their leaves are damaged. The production of cyanide 
gas occurs using a metabolic pathway controlled by two enzym s. A 
different gene encodes each of these ·enzymes. 

a) EA~lain i.v .. hy the following genotypes of clover cannot produce 
cyanide gas (Le. they ar,e acyanogenic): aaBB~ aaBb \ AAbb, Aabb. (1) 

b) Two clover plants; each with the genotype .. A.aBb were ,crossed. 

i) Give aU the possible genotypes amo11.g the gametes that each 
parent cou]d produce. (1) 

ii) Use. a genetic diagram to show the genotypes of the offspring of 
this cross. (2) 

iii) Wnat proportion of the offspring are likely to be acyanogenic? (1) 
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4 The AHO blood group in humans is determined 
by a single gene \Vith tluee alleles: 1A, I B and 1°. 

a) i) Distinguish between the terms gene 
and allele. (1) 

ii) What is n1ea.nt by codominance? (1) 

b) The diagram shows the inheritance of AB01 

blood groups in one family. The blood group 
of some individuals is given in the pedigree. 

Using information in the diagram and the symbols 
r~.i\, JB and 1°, giv,e the phenotype and genotype of 
each of the foUo\Ving individuals in the pedigree. 
Give reasons for your ans,vers. (i) 

5 A tall, r.ed-flower,ed plant and a dwarf, whi.te­
flo,,;;ered\ plant "rere cro,ssed. AU the ,offspring '\<\r,ere 

tall V1tith pink flowers. 

2 

5 

lln dividual Phenotype 

2 

5 

4 

9 

a) Wh:at ,vas the genotype of the tall, pink-fl,o,wered plants? (1) 

b) These taU; pink-flowered plants were interbred to pr,oduce a larg 
number of offspring. Use a genetic diagram t,o sho~" the ratio of 
phenotypes and genotypes in their offspring. (3) 

) Whal results would you expect if you crossed a tall red-flo,\r red 
plan't with a dwarf, v,.rhite-flowered plant, and the genes for height 
and flo,.ver colour were 011 the same chromosoLne? Explain your 
answer. (2) 

d) A plant breeder wanted to find out ,~.,.hether a particular tall plant '\tvas 
homozygous or heterozygous for height . Explain how the breeder 
could carry ,out a genetic ,cross to solve this problem. (3) 

S retch and challenge 

61 Geneticists can produce a chro,m,o,some map fro,m the resu1ts of crosses 
involving a.utos,omal linkage. Explain how they ,vould do this . 

7 Explain how sex is delennined in humans. Turners syndrome 1 

Klinefeher\ syndro1ne and Swyer syndrome are all abnormalities of sex 
chr,omosomes in humans, for example. Compare and contrast how the.s,e 
abnormalities occt,r. 

8 E:,qJlain how sex is determined in birds~ insects, reptiles and in some 
species ,of animal that are able lo change sex. 

4 

Genotype Explanation 



Gene pools, selection 
and speciation 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • ! PRIOR KNOWLEDGE i 
• • • 

• Two org,anisms belong to the same spec ies if they are able to produce : 
fertile offspring. i 

• 
• Genet:ic diversity ea n be defined as th e number of different alleles : 

• 
: of genes in a population and is a fa ctor ena,bUing na tura l se tec t~on to : 
• • • • : OC:CU r. • 
! • Na,tural se!lecbon in t ile ·evolutio n of nopu lations invo lves four I ! I"" ; 

: p rin Cli p le s. l 
: • Fi rst. rando,m mutat.ion can resu lt ,in new alleles of a gene. ! 
• • i • Second, many mutations a·te harmfuil but in certa lirn env1ron ments the ! 
i new altele of a gene m191 ht benefit its possessorf ileacfing to 1increased i 
: rep rodu ct1ive sue cess . : 
t • 

• Third, advantageous alleles are tnher itedl by members of the next ! 
gen erati o n1

• i 
• Finally,, as a result adva1ntageous alleles usually ,increase in frequency ~ 

in the populat1on over many generat,ions . i 
• 

. . . . . ······••••t•••······ ··············· ·······~········································~·····•t• i TEST YOURSELF ON PRIOR KNOWLEDGE i 
: 1 What is a mutatton? · ! 
• • • 2 • ! Sctentists cairryi ng out capt~ve breeding o.f zoo populations of : 
to • i endaf'gered spec ies aim to interbreed ani1mals that are as unrelated i 
; to each other as poss ib le. Exp lain why. i 

3 : ! Orangutaris from the Jsland of B0rrieo 1 Pongo pygmaeus , a.!nd ! 
~ orang.utans fro,m the island of Sum,atra. Pongo abeUi. are classi,fi,ed ~ 

! as separate species. However. iri zoos it is poss,ble for them to i 
i interbreed and produce fertile offspriing. i 
i 
: a) Sugg est why they were orig, naHy cla ssi1fl ed a,s s ep a,rate species. i 
i b) Responsib le zoos do not allow these two spedes of orang utan to i 
• • 
: interbreed. Suggest why. : 
• • 
; •••• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ~ .................... llllllllllt 

I ntrod uctio n 
In the 20th oentury, the rabbit population in the UK grew so large that 
rabbits became a serious agricultural pest. They also became a pest across 
mainland Europe and in Australia; where rhey had been introduced to 
provide a food source for early setders. 

In the late 19th ce11tury:. laboratories in Uruguay had discovered a virus that 
caused skin lesions in the local rabbits but which killed European rabbits. 
This virus ,vas the myxo1natosis vin1s and the disease that killed European 
rabbits \Vas myxo1natosis . During the 1940s, a number of research 
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organisations studied the use of myxomatosis as a potential biological 
control rnethod to reduce rabbit populations. 

figure 8~1 You might have seen our common rabb it species. the Europea n rabbit, 
feeding in f ield's or parks early in the morning1 or during the late evening. It 
might surpri1s,e you to learn that ra,bbits we:re introduced by the Normanis from 
mai'nland Europe about SOO years ago and were orig inaHy bred for food and fur. 
With changes in a,gricultura t practi,ces. rabb its became serious agric1ultu ra,l pests 
in the 20th ce ntury. 

lnitiaUy, governments were unwilling to sanction this method of biological 
control. 10ne reason for the UK, go.vetnments reluctance was public 
,opinion: although farmers \Wnted to be rid of rabbits, most p ople in 
the UK had been brought up on cultural tradttions that w,ere sympathetic 
to rabbits. Perhaps you had a fluffy toy rabbit 1 or read stories involving 
rabbit characters~ as a child. Another reason was that scientists at the time 
feared the virus might 'jump the species baniert and infect animals other 
than rabbits. If this idea seems familiar; exactly the same concern has been 
expressed more recently about the avian (bird) influenza virus. 

Before governments decided to sanction the use, o[ myxomatosis to control 
rabbits\ events took their course. A retired physician, who o-wned a rabbit­
infested farm\ released the virus in 'France in. nrid-1952. From France 1 

the virus re.ached E11gland 1 at Edenbridge in Kent, in 1953 and sprea.d 
rapidly throughout the UK, kiUing alm,ost 90% of the rabbit p opula.tion. In 
Australia, the virus ~escaped~ &om a govern1ne11t laboratory in the Murray 
V"'"alley sometin1e during the. Christmas-New Year holiday in 1950--51. It 
spread quickly throughout the Murray-Darwin ha.sin; k flling millions o[ 
rabbits. 

Ahhougl1 myxomatosis initially devastated rabbit p opulations~ they ]1ave 

since recovered. Rabbit populations are nothing like as large. as they ,~ere, 
but they are no,v in balance with the myxomatosis vin1s. Hovr has this 
balance happened? One reason is that rabbits have b ecome more resistan.t to 
the myxomatosis virus. This has occurred throug]1 a process called natural 
selection , in wltlch rabbits with alleles giving resistance to myxom.atosis 
had gi:·eater reproductive success than rabbits iha.t \\rere susceptible to 
1nyxolnatosis. 



It might surprise you to learn. that natural selection has also changed the 
virus p opulation. In England, the myxomatosis vin1s is transmitted from 
rabb,it to rabbit by fleas, when they bite rabbits to feed 0 11. their blood. 
Ho,vever, in Australia, the virus is transn1itted by n1osquitoes. A 1nosquito 
" rill only bite a living rabbit) so any virus that kills its host too quickly is 
unlikely to be passed on to another h ost by a mosquito. In Australia\ natural 
selection has [avoured myxomatosis viruses that a1--e l ess virulent > that have 
hosts that live longer and pro"\ide greater opportunity for d ie virus to be 
·passed to another host via a n1osquito bite. 

0 -· ~~~~~~~ 
Gene pools 
·Members of a species do not live alone~ they live in p opulations. A 
population is a group of organisms of th,e same species occupying a 
particular space at a particular time and potentially able to interbreed . 
In Chapter 7 ""re looked at the inheritance of genes by individuals. No,v 
·1i,ve will look at the alleles of a gene ,contri0Uing a single characteristic in 
a population. 

Figure 8.2 sho·\\ts two, adults of a single speci,es of the b1c1nded snail, Cepaea 
neinoraHs. One -of the snails has a yellow sh ell and the ,other has a pink 
shell. This shell colour is contt,olled by two alleles of a single gene. Tlie 
pink allele (Cl; is dominant over the yellow allele (,0). Imagine there are 
1000 snails in a p,opulation living in a beech V.Toodland. Since every snail 
has tvto aUeles in its g notype for shell ,colour ( cPcP, cP,Cf or CYO), we 
can say that there are 2000 alleles in the shell-colour genotypes of snails in 
this population. This repres,ents the gene pool for this characteristic in this 
population. ln general, we can define the - -ne pool as all of the alleles of all 
of the genes that are p,resent in a populati,on at any given time. 

Figure 8.2 The banded s naiUs common in wood.Lands and gra,ssl@nds in the UK. 
The difference ,n shell colour is controlled by two aUele.s of a sin1gle gen,e. 

Allele frequencies in the gene pool of a populati1on 
We sa\v above that a popula tion. of 1000 individuals of banded snail has a 
gene pool of 2000 alleles of the gene for shell colou r. If all the snails in this 
population l1od rl1e genotype cPcP.

1 
all the alleles in the gene p ool "'rould be 

cP. In other words, the f re qucncy of the cP allele in this gen e pool \vould 
be 1. If all the snails had the genotype cPCY, the frequency of the cP aUele 
in the gene pool of this population ,vould be 0.5 and tl1e frequency of the 
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CY allele would also be 0.5. Therefo1·e, an allele frequency of 1 is equivalent 
to 100% of the alleles of that gene in the population) and an a.Uele 
frequency of 0.5 is equivalent to 50% of the alleles in that population. 

Note that cPcy~ w here colour p~nk 1s dominant over colour yellowi is th e 
standard notatron used by the vast number of resea rchers workingi on 
poputations of Cepaea nemoraUs. Howeverj a t A-leve l you would use the 
notati on given in the quest~on. which might be different. 

o~~~~~~~-
H a r d y-Weinberg: the principle and the 
equation 
Hardy and Weinberg \tv"ere two scientists \~1ho looked at allele frequencies 
mthin populations. The principle that carries their names, the Har-dy­
W"'einberg principle , predicts that the frequency of the alleles of one gene 
in a particular population will stay the same from generation ·to generation. 
In oth r words1 there \Vill be no genetic change in the population over time. 
The principle is based on ma'thenla:tical tn,odelling and 1nakes the fotlo·vring 
fiv,e ilnpo rtant assumptions. 

1 The p pulation i large. ln small populations, chance events can cause 
large S"1ings in allele fTequ encies. 

2 here i n m ement for, -anisms int the pop ulati , n 
(immit1ratio11) rout f th populati 11 ( migration) . Any such 
mov ment of organisms ,,~ould resuk in new alleles entering the gene 
pool ,or existing alleles leaving the gene poot 

3 Th r is random mati11g betw en individual in the p pulati n. This 
ensures that there is an equal probability ·Of any aUele of a. gene being 
passed on to the next generation. 

4 All genotyp s must have the same reproductive success. This also 
ensures that there is an equal probability of any aUele of a gene being 
passed on to the next genera lion. 

5 There is no gene mutation. _Any mutation of genes would cause some 
aUeles in the gene pool to change to different alleles of the same gene. 

Using the Hardy-Weinberg e 1quation 
We cannot always teU the ge.notYl_:le of an individual from its phenotype. 
For example) you learned in Chapter 7 that an organism showing 1he 
effect of a dominant allele could be homozygous for that aU.ele or it could 
be heterozygous. This is vthere the Hardy-\Vei.nberg equation is helpful. 
lt allows us to calculate the frequencies of alleles in the gen,e pool and of 
genotypes and pl1enotypes in die population. Therefore we can use the 
Hardy- W"'"einberg equation to find the probability of certain phenotypes in a 
furure generation of a population. 

We can always tell wl1ich phenotype l1as the homozygous recessive 
genotype b ecause the recessive allele only shows its effect in a ho1nozygote. 
In a heterozygote) the effect of the recessive allele is n1aSked by that of the 
dominant allele. 



Make sure that you are able t o 
find the f req uency of th e alleles 
in a popu lati on as a nu:mber 
between O and 1 w hen presen ted 
w ith number s or percent ages. 

The Hardy-Weinberg equation is appUed to two alleles of a gene. The 
symbol A i--epresents the dominant allele, whic11 will ahvays show its effect in 
the phenotype, and the symbol a represents the recessive allele. Since ,ve are 
dealing Vilith aUele frequencies, we need symbols to represent the frequencies 
of the two alleles in the gene pool. We use tl1e foUo~Ting symbols 

p =· frequency of th,e A allele in the gene pool 
q = frequency of the a allele in the gene p ool. 

The gene pool for 1his gene consists of only t\vo alleles, A and a. The 
frequency of the gene itseH is 1.0, since aU organisms have the gene. 
Consequently, the frequencies of the two alleles added together must also b e. 
l) i.e. p + q = ]. . 
To sun1marise so far, we ha,le a p opulation \\rith a gene pool for a pa1ticular 
gene that has tv{o alleles. The frequency of the dominant allele, A, is p and 
the frequency of the recessive allele a, is q. 

So, what is the frequency of genotype AA in the population of individuals? 
The frequency of the A allele is p > so the frequency of the AA genotype must 
be p x p, or p2. We can ,vork out the frequency in the population .of each of 
the three possible genotypes, AA, Aa and aa. 

The Hardy-Weinberg e,quation, is: 

p2+2pq+q2=l 

In .a single population 

th frequency of the A.A gen otype is p2 

the fr quency of the aa genotype. is cf 
the frequency ,of the Aa genotype is 2pq. 

If you do not feel confident about the mathematics, do not ·""·orry. So long 
as you ren1ember the above frequencies you ,vill find the calculations 
inv,olving the Hardy-Weinberg equation are ,rery easy sums to do,. 

Let's go back to our beechwood population of 1000 banded snails. When a 
group of students investigated this population, they fot,nd that 160 .of the 
snails had ye.llow shells and 840 had pink shells. We always sta.rt with the 
phenotype which gives away its genoiype 1 i.e . the homozygous recessive. In 
this case, yeUow-shelled snails are h omozygous recessive (00). 

So, there were 160 snails ,:vith yeUo,v sh eUs in. the population of 1000 
snails. To work out the frequency ... of yellow-shelled snails in this population 
you must remember that frequencies are alway=i given as a decimal value. 
There ,vere 160 yellow-shelled snails in the population of 1000 snails. The 
frequency of these yeUow-shelled snails is 160/1000 = 0. 16. 

Now ,ve have ,vorked out that the frequency of homozygous recessive snails 
is 0.16, we need to calculate d1e frequency of the recessive allele in this 
population. The Hardy-Weinberg equation tells us th.at the frequency of the 
hom ozygous recessive individuals is q2. So) if \Ve know the frequenc}~ we 
simply need to use a suitable scientific calculator to fin d its square root. 
In this case the frequency of the ye1low-sl1.elledl snails q2 = 0 .16 . Therefore, 
the frequency of the allc le for yellow sheUs q = '10 .16 = 0. 4 . 
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Always check you have the ri 9ht 

answ ers by add ing you r va lues for 
p2, q2 an1d 2pq. If your arithmetic 
i1s r1ig ht they wHl a dd 1J P to L 

We can nOVil calculate the frequency of the A allele in the gene p ool. TI1e 

Hardy-Weinberg equation tells us that p + q = 1. We have just calculated 
the value of q, so we find the value of p as 1 - q = .l - O.i = 0.6. 

If you did these calculations correctly, you can pat yourself on th.e back . 
We are now in a position to work out the fr e.,quency of the three genotypes 
controlling snail shell colour in the beech\\roodl population . 

• The frequency of the gen otype ,cPcP = p1 = 0 .6 x 0.6 = 0 .36. 
• The frequency of th e genotype cPa = 2pq = 2 x 0.6 x 0 .4 = 0.48 . 
• The frequency of th e genotype CYCY = q2 = 0 .4 x 0 .4 = 0.16. 

We know that our calculation n1ust b e correct b ecause p2 + 2pq + q2 = 0. 36 
+ 0.48 + 0 .16 = 1. 

We know fron1 the data above that ihe students found 160 yellow-shelled 
snails in 'the '\i\roodland population. From this we can v.,ork out how many 
snails in 'the population \Vere hon1.02ygous ,vtth pink shells and ho·\1t many 
were heterozygous ,vith pink shells. Hopefully, you ~ill no,,r find the 
last part of the calculation very easy·, all ,ve need to do is to multiply the 
frequency by the number of snails in the population. 

• The frequency of homozygous pink-shelled snails is 0.36. There were 
1000 snails in th.e population, so the nutt1ber of hotnozygous pink­
shelled snails is 0.36 x l OOO = 360. 

• The fre.quency of the heterozygous snails is 0. 48., so the number oJ 
hetero,zygous pink-shelled snails is 0.48 x 1000 = 480. 

V·./e can always check that w ar,e con·ect, because if we add up the numb r 
of different snails we h ve calculated, we sh ould ftnd they give us the total 
in the population. In this case~ 160 + 360 + 480 = 1000. 

- ···~·········································································~······ ············ ························ ······························ TEST YOURSELF 
1 Wou1td you ex pect the Hardy-Weinb erg: pri ndp le to 

have held true over the past 20years in the hu1man 
population of the town in whi:ch you live? Exp la in 
your a risw e r . 

2 In humans. the abiUty to roll the tongue 1s 
det ermined by th e dominant-allele T. Non-ro ller s 
are homozygous recessive (ttl. 
In a scho ol, th e fo:Uowf ng da ta w ere obta i,i, ed! 

al What a,re the freq uen cies of the agout i and 
no n -a g o u t i a lle ile s in th e rp o p u tat ion? 

bi Wha,t percentag1e of the popu lation would 
you expect to be homozyg,ous for A. and w hat 
percentage w ould you expect to be heterozyg,ous? 

4 'Woolly hair' is co mmon among Norwegia,r, famH1ies. 
Peop[e with thi s cond ibon have ha ir that i5 t~g htly 
krr,ked and easily broke n. The gene contro lling this 
condit i,on has two alleles. The a llele for woolly hair 
[Hi ~s dom1rnant over that for normal hair lh). In a 
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population of 1200 peo ple. 1092 i1nd 1iv~duals ha,d wooHy : 
• 

harr. Use the Hardy-Weinberg formula· to calculate the i 
How many of th e ton.gu e-roUers we r e heterozyg,ous frequency of each of the genotypes HH, Hh and hh. : 

• 
for tongiue -rotting? 5 In a population of 20 OOO. 16800 peapte were found ~ 

3 For one of the genes co ntro lling coat co lou r :in to have the Rhesus po sitive blood group. Th e i 
mice, th e allele for ago uti coat [Al is dominant ove r aitlele for Rhesu s pos ittve is dom,inant over Rt"lesu s i 
that for non-agouti [a). In a s amp[e~ 160/o were found nega t1ve. How ma ny peo ple in th is populat ion are ! 

• • • • to have a no n- agouti· coat. heter ozygous for the Rhesus btood gro up? ~ 
• • • • ............................................................................................................................................... ,.... .................... ~ 
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N at u r al selection resulting in differential 
reproductive success 
The Hardy-Weinberg principle p r,edicts 1hat allele fre quencies in a large 
population 1~emain stable fron1 generation to generation. One of the 
assun1ptions on which the Hardy ...... Weinberg principle is based is that aU 
genotypes in th e population have equal r,eproductive success. This will not 
be true if organisms ,vith one particular genotyp·e have a phenotype that 
n1akes then1.: 

• more likely to die be£ore reproducing 
• unable to grow su[ficiently well to r·eproduce successfully 
• unable to attract a n1ate. 

ln all these cases, organisms with one particular phenotype a1~ less likely 
to reproduce successfully than others in the population with different 
pheno·types and 'Will leave fe"'rer or no, offspring. We say there is differential 
reproducth~e success bet\Veen the phenotypes in the population. 

Differ,ential reproductive success is common in populations. In be,ech 
woodlands, the y,ello,vv-banded snails shov,..n in Figure 8.2 are very 
conspicuous against the pink leaf liner lying on the ground. The snails 
with pink shells are b tter camouflaged and so ai- more difficult to find. 
Song th1ushes are birds that ,eat banded snails. Like us~ song thrushes 
have colour vision. A large number of investigations have shown that song 
thrushes find mol'e of the conspicuous yellow-shelled sn .ils than they d,o 
pink-shelled snails in beech woodlands. As a result, fewer yeUow-sheUed 
snails survive to re·produce. This 1n, ans that fewer of the CY aUeles are 
passed on to the nl?A1 generation. The process by which the frequency 
of alleles in a population changes~ because different genotypes have 
differential reproductive succ,ess. is caUed natural electi n . Tab]e 8.1 
summarises the process of natural selection. 

Table 8.1 An exptanat 1ion of natural sele·ction in a beech woodland population of banded sna ils. T~e events 1in the left-hand 
column ca·n, be applliied to any exam,pte of natural S·election. 

- • • .. - • • I,:; • ...,.. ~•. ~ - - - " - • 

Sequence of event.~ leadin_g to natural s_electi,on Application ,o'f these events to selection of yellow .. banded 
sn·ai(s rn beech woodlands 

Wit'hin a ,pop u l;Uon thQ re is va r:iatio n in p he notypgs, These 
phtenot-y pes result from1 genetic var1i; tion in the genotypes 
contro lU ng thi s cha ra.cteri!;ti c a,nd enviro nmeir,ta l factors. 

TherQ is differQntiaL nepr,oductive succgss between the 
d iHe rent ph enoty:pes. In other words. some phenotypes 21 re 
better ;;dd pted to the environm ent, so they surv ,ive tong,er and 
therefore ;re mo r,e like.ty to reproduce more. 

Organ,sms with g:reater reproducti,ve success [eave more 
offspring tha rn those w1th tess re productive success. 

Org.a n,isms with g,reate r re prod ucti1ve success w1 Ll be more 
li kety to pass their combination of aUeles on to thei.r offspri n.g. 
As a resua, the· frequency of particular alleles will i1nicrea.se ,in 
the poputation: 1.e. inatura l se Leet ion has occurred. Evolution 
is a change in the allele frequencies in a population. 

The cP ani,d CV a ltet'2!s of the sheH -colo ur gene resu Lt in sna its 
with pink shells and snails with ye llow sheUs. 

Yellow-shelled snails are more co nspkuous than pi nk ... shQ LL.ed 
snai,ls among beech Utter. Song thr ushes find ye ltow-sheLled 
snails more easily th~ in they find pink-sheUed sna,ils. Fewar 
yellow·-she lled sn@its survlve to reproduce. 

In a beech woodland. pink-sheHed snans have m1ore offspr:i,ng 
than ye llow-shetLed sna lls. 

·In a beech wood:Landl, the fr,equency of the pink alilele wi·Ll 
fncrease and the frequency of the yellow allele w iU deer.ease. 
Pi,nk-shetled snatils are at a select1ve advantagie in beech 
woodlands. 
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o~-------Directianal, stabilising and disruptive 

Frequency 

.. 
" ... 

Frequency 

Phenotypic characteristic, .., 
e.g. height 

Figure 8~3 The graphs sh.OW' variat1ion 
in one characte6stk of a popu lation. 
T1he upper grap 1h shows the range of 
phen oty·pes before natural selection; 
the lower graph shows the range of 
p1hen otypes after d'irectio nal selection 
has occurred. 

Frequency 

l=requency _ mode stays the 

Phenotypic characteristi c, • 
e.g. n,u man birth vvei ght 

Figure 8.4 Stab ilis!in g se lection r~d LI CQS 

the variation of one phe n,otype ,in a 
populat ion. The upper giraph shows the 
range of ph en.otypes before natu: r;al 
select i,on; the lower grap h s hows the 
range of ph enotypes af ters ta bi Using 
select ion 'has occ U!rred. 

selection 
Natura.I selection operates only on phenotypes that organisms possess and 
results in populations being better adapted to their environ1nent. It can 
result in a change in a popul.atio11 from one phenotype to another or it can 
result in a reduction of variation. of a particula.1~ phenotypic character about 
an optin1um modal value. 

Directional selecti1on 
Directiona l selection is usually associated ,vith a change in the 
environin e.nt. It acts against one of the extremes ancVor in favour of the 
other ,extreme in a range of phenotypes, e.g. height. As a result, one or 
more phenotypes b ecomes r.aTer and alternative phenotypes become more 

common (Figure. 8. 3). 

Look first at the upper of the tw,o graphs. It represents a frequency distribution 
of phenotypes in a population. The graph is a nom1tal distribution -Y..ith a 
fairly large standard deviation. The mode (most frequent Yalue) is maTked in 
red. The graph represents the frequency distribution of this population before 
natural se1ectio11 l1as occurred. The lower graph is a frequency distribution ,of 
the population after directional selection has occurred. TI1e standard deviation 
of this ,curve is less than the upper curve and its mode has shifted to ihe righ 
,on the x-axis. Natural selection has caused a change in the allel frec1uencies 
in the popula'tio11 1 fa,,outing organisms Vvith a chamctetistic t,owards the upp r 
end of the range o.f the distribution. 

Stabilisin1g .selection 
Stabilising s l ct1 · n is normally associated with a stable environment in 
\vhich populatio,ns have already become well adapted to the environment. 
It acts .against both extre1nes in a rang 10if phenotypes. As a re:sult 1 variation 
about the mode is reduced (Figure 8.4). ~A.gain, lhe upper graph shows the 
frequency distribution of this population before natural selection . The lower 
graph shows the frequency distribution of the same population aft.er natural 
selection has occurred. This time, the mode is in the same position: this 
is the most advantageous phenotype. Stabilising selection bas reduced the 
variation about this modal value. 

Stabilising selection occurs on bitth mass in humans. Babies Vi.-'ith very low 
or very high binh masses have a h.igher infa:nt mortality rate than those vrith 
a birth ma5s near the mode of the range. 



~ .................................. 
41 

: TEST YOURSELF i 
D1 isruptive selection 

• • 6 Populat1ons of banded snails • • • • also Uve 1n grassland. where • • • • they are preyed on by song • • • • tlh rushes. W h f eh shell colour • • • • - yellow or p~nk - would you • • • • expect to b-e more common • • • • in g rassta nds? Explain your • • • • • answer. • • • 7 Look back to Fig u: re 8 .3 on the • • • • previous page. How can you • • + • tell that the lower cu1rve has • • • • a smaller standard devi1atian • • • • tha·n th·e upper curve? • • • • 
,8 The National Health Serv.ice • • • 

"' [ N H'S) was introduced to the • • • • UK i n1 July 1948. Suggest why • i 
I i 

natural selection on human i, • • • birth mass has had less of • ,I, 
I 
• an effect in th,is country since • i 
i 1948 than before this date. • .. 
' II 
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This is ,vh ere both extretne phenotypes are selected for. You can see this in 
Figure 8.5 . 

selection for extreme phenotypes 

,~t, 
.,. ' 

I ' 
I ' I \ 

· _ 1flOPU fatio n 
· after sel'ecti on 

Ph enotypk characteristic 
Figure 8.5 Disrupt,ive selection. In disr ·uptive selection , 
botlh extremes of the p,h,enotype are setected for. and the 
intermedlate phenotype is selected aga~nst. 

llliii· · · ·················· 

An example of this w,ould be where pale-coloured snails and dark-coloured 
snails are both can1ouflagedl in an environtnent, but intermediate-coloured 
snails ar:e. not. The1e£ore intermediate-coloured snails are more susceptible 
to pt-edators, meaning that snails that are either pale or dark .are more likely 
to survive than the mt,ennediate-coloured snails. 

Natural selection .and sickle-cell anaemia 
Many targie town s and citi es in the UK have s,ickle-ceU 
ana,emia clini cs. Sickle-cell anaem,i,a is ca used by a, 
muta nt atlele of the g,ene -controlling the production of 
~-globulin, one of the polypeptides 1in a haemog lob ~n 
molecule [Figure 8.6). Allthough the m,utant allele 
chang,es only one amino ac1 d in the P-globulin cha1in , 
~ts effect i s st r iking. 

haem groups. 

Figure 8~6 A hae,moglobin m10Lecute cot1sists 
of four poilypept,ides. two a- globutin chains 
and two P-globulrin chains, and fou r haem, 
groups that bind to oxygen. 

When the con centraHon of oxygen is low, haemog lob1n 
molec ules wiith the mutant ~-g lo-buU n cha-ins have 

a.bnormally low solubiUty and form fib res w~th in red 
blood cells. Thrs causes the red blood ceHs to change 
from disc-sha·ped' ce llls to sickle-shaped cells. You ca n 
see these differences ,in Figu1re 8. 7. Tne si1ckile shape 
reduces th e surface area of red blood ceUs. 

Sickle cells are also ta. rgeted fo r destruction, by the 
i1mmune system, so have a much shorter life span than 
normal red cells [abo,ut 1: 5days compared wjth the normal 
120 days):. Both these differences result in anaemia. Sickle 
ceUs a re also liable to get stuck fr, capi{La ries . .so that 
nearby Hssues becom e starved of oxyg.en. 

Sickle cells have a s m,aller surface area and s horter 
Ufe span than n o-rma,l red btood cells. Anaem ia 
occurs whe n the blood cannot CrEff 1ry e nough oxygen. 
Explain why both these differences resuH in anaemia . 

skkte-shaped red hlood ce~I 

normal red blood ce 11 with --
hico n cave disc shape 

Figure 8~7 Red b[ood cells from ~ pe,rson suffer ing sickle­
cell anae1mia . Sic'kle cells have haem ogilobin molecules with 
rl-globulin chains that differ by one a·mi,no ac id from those in 
nor mal disc-shaped cellls. 
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Hav;ng a smaller surface area reduces the volume of 
oxygen that can diffuse into the cells, so the cells carry 
less oxygen than normal cells. leading to anaemia. 
Also. if the ceUs have sharter life span than normal 
cells. this n1eans that, at any tin1e. there will be fe~ver 
red blood cells in the blood. Therefore less oxygen is 
transported in the blood. causing anaemia 

The production of p-g lobu l~ n 'is contro lled by a sing le 
gene that has two alleles. We will call the ~-globulin 
gene Hb and it s alleles HbA and Hb5. Table 8.2 shows 
the possible genotypes and iphenotypes for this 
cha ra cteri1sti c. 

Table 8.2 The genotypes and ,phenotypes assoc1iated with 
si ck'le-ceUL anaemia. 

G~.n~.ty P. ~- . Rh e.ri c,.,Y P-~~: 
HbAHbA AU red blood ce lls have normal 

haemoglobin and, are disc-shaped. 

HbAHb5 T1he red blood cetls contain a mixt,ure 
of norm.a.l and abnormal haemoglobin. 
Pe,ople with th,is genotype ha·ve the sickle-
cell tra-it. but a,re h,ealthy and usually show 
no sy1mpto·ms of si,c,kle-ce ll ainae m ia. 

Hb5Hb5 All red blood cells contain, abnormal 
haemoglobin, whi1ch causes all red blood 
ceUs to become sick.Led 'in Low oxygien 
concentrations. People w,ith this genotype 
have si.ckle-ce ll a·naem,ia. the compli cat,ions 
of wh,ich can shorten their lives. 

2 What does Table 8.2 tell you about the H bA and Hbs 
a'lletes? 
Th~v are codominanl. Yo 1 can lell this because the 

.; 

heterozygote has a different phenotype from both 
the ham ozygotes. Both alleles produce a functional 
protein 
Sickle-c:elll anaemia· can shorten people's lives. Explajn 
why you might expect natu,ral selection to reduce the 
frequency of this allete rn huma1n populations . 
People 1Nlth sicl\le-celLanacmi.3, tNithout meaical 
treatment. are likely to die tn childhood. Therefore they 
are unlikely to pass on their alleles. which will reduce 
the frequency of the sickle-cell aUele in the population. 

Despite its apparent disadvantages. sickle-cell a·naem1a 
i.s commor, among peopte of Afrka1n, M1iddte Eastern 
or southern Med~terra,nean descent. To explain this, 

we need to look at how 1ma:lada i,s s pread. Malaria is 
common in Africa and jn parts of the Middle East and 
the southern MedHerranean. Malari,a is caused by a 
smng le-cetled organism, ca lled Plasmodium falciparum. 
This parasite is transmitted when a femalleAnopfleles 
mosquito bttes and s ucks btood from an irnfected 
person and then injects sailiva. con tar n1,ng severa l 
paras~tes. as she biles another perso:n. Once in the 
blood system of a human host. th e paras~tes enter the 
hosf s red blood cells where they use oxygen in the red 
btood ceUs for thei1r own respi ratio tl . 

4 Suggest how the behaviour of a red blood cell that is 
infected by P falciparum will differ in someone who 
suffers from sickle-ceU anaem·ia and someone who 
does not. 
The P. falc1parum parasite v1ill respire inside the 
cell. usjng up o).ygen. Therefore infected red blood 
cells wiU carry less oxygen. The reductiun in oxygen 
concentration caused by respiration of P. falc iparum 
ea uses the red blood cells of a sickle-cell ana ernia 
sufferer to become sickled. This causes them to be 
destroyed bv the bodv·s immune svstem v\1/thtn about 

J "' "' .., 

15days. As they are destroyed. the P. fa lciparu m 
within them is aiso destroyed. Thls makes people vvith 
the sickle-cell trait less susceptible to malaria than 
people with no sickle-cell condition 

5 In an area where malarra is endem ic, which 
genoty:pe, HbAH b'\ HbAH bs or HbsHbs1 will be at a 
se lec tfve adva1ntage? Explaln your ainswer. 

HbAHtf v1itl be dl an advantage. This ,s br:cau~e Hb5Hb5 

are likely to die prematurely fron1 sickle-cell anaemia. 
v1hereas people i11it h HbAHtf are more likely to die of 
malaria. The heterozygotes have enough norrna I. red 
biood ceUs to avoid the ~vorst syn1ptoms of sic I ie-ceil 
anaemia. and they havP rPsistauce to malaria 

6 What is the probabi!lity that t\No parents~ both of 
who,m have the sickle-cell trait, wiH have a chi ld 
that suffers from sickle-cell anae,mia? Use a genet ic 
diagram to justify your answer. 

phenotype of parents 

g e n.otyp e of pa rents 

gametes 

g,rnotypes of offsp,ring· 

phe11otypes of 
off~pring, 

si clde-cel I trait 

HoAHb5 

HbAHb'lli 

1 

norma·I 

si ckle-ceU trait 

HbAHb5 

Hl:fHb5 HbsHb5 

2 1 
si ckl e-ce~I sic k'le-c:~11 
trait a.naem:ia 

Figure 8.8 Genetic diagram to show the probabitity that 
two parents. 'both of who:m have the sic kte -ceU traiit, wiH 
have a child that suffers from sickle -ce ll anaemia. 

Figure 8.8 shoLJ1s the genetic diagram for v.tork ing out 
the probab~·uty that tv.;o parents v,1;tt-, the sickle-cell trait 
will have a child 111ha has the conditian. The probability 
of two parents who have sickle-ceU trail having a chitd 
with sickle-cell ana en1ta i.s l in 4-. or 25%. 



()~Sp_e_c-ia-t-io-n------------------~ 
Natural selection brings about changes in the aUele frequencies in a 
population (in other words, evolution). This can lead to the appearance 
of new species. 

Figure 8 . 9 shows four closely related species in the taxono1nic fainily 
Canidae. The ti;~o dogs belong to different breeds but are both the 
san1e species called Canis famil.iaris. Different breeds of dog originat,ed 
,vhen hunians bred ancestral dogs that had useful characteti.stics. Jack 
Russell teniers (Figure 8. 9c) Virere originally b:red £or hunting foxes, and 
buUmastiffs (Figure 8.9d) were bred to find and nnmobili..,;;,e poachers. 
Vvhen humans breed anin1a.1s or plants for ilieir useful characteristics, we 
call this artificial selection., or selective breeding. The other animals in 
Figure 8.9, the wolf (Canis lupus; Figure 8 .9a) and the jackal (Cants aurew; 
Figure 8 .9b), are nalurally occuning species. They a1use by evolution, of 
\\rhich natural selection is a part. The fonnation of new species by natural 
selection is called speciation. 

Figure 8.9 The,se animals belong to the s am e taxonomic family. Can~d.ae. a]: A wolf: b) a ja cka t; c) a Jack Russell terrier; 
d] a bu Llmastiff. The different species resu Lted from1 natural sele,ctf on and the different breeds of dogs resutted from ar tificja L 
selection by humans. 
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Figure 8~10 T1his mate fruit fly has very 
short 1(vesti'9~al) w 1ings, whi,ch make him 
less successfu L 1in courtshi1p than males 
tnat have long wing,.s . 

You learned in the first year of your Biology A-level cours,e that organislns 
belong to d 1e same species if they breed together in their natural habitat 
and p1uduce fertile young. So how can one species give rise to another 
du1ing speciation? 

The accumulation of gei-tetic differences is vital for speciation to occur 
by natural selection. Figure 8 .10 shov,,rs a fruit fly, belonging to the genus 
D~osop.hila. You might have seen fruit flies like this on over-ripe fruit in 
your home or around your dustbin in summer. Il'le.re are n1a.ny different 
species of fa1Jit fly: The d ifferences between them are so sn1all that you 
would probably not be able to tell one fron1. another. Ho,vever, the flies can 
tell. Befoi--e mating, male and fe·male fruit flies undergo a courtship ritual. 
The male p erfonns a dance, during ,vhich h e vibnnes h is wings, changes 
his body position and licks the fen'lale. The ,vhole sequence, including the 
response of the [en1ale> is controlled by many genes and is species-specific. 
If a male does not have the correct courtship dance, the female does 11ot 
allo\V him to mate. The male in Figure 8 .10 is han10,zygous for a 1nutant 
allele of the gene for wing length . .As a result, he has vety short (vestigial) 
wings. This will not kill him, but it means that his courtship dance is less 
likely to attract a female to n1ate with l1im. He is less Uke ly to pass on his 
alleles of the gene for "1ng length. 

As a result of gene mutation, the male frui.t fly in Figure 8 .10 ~riJl probably 
die without lea,ring any offspring. H is mutated genes will n,ot be passed on. 
How·ever, suppose these ge-netic changes occun·,ed not in an indiYidual bu't 
in an entire po,pulation that was isolated from another population ,of the 
same speci-es. Vtle no""~ have conditions in which speciation can occur. 

For two populations to becom two different speci,es 1 they have to become 
reproductively isolated. The accumulation of differences in their separate 
gene. pools might eventually resuh in these tv.ro populations not being able 
to reproduce and produce fertile offspring. Repr,oductiv~e isolation may occur 
if a mutation causes one population to reproduce at a different time of year 
rrom the other population . This vlould prevent the: two populations from 
being able to interbreed~ so they would then become different species. 

Allopatric sp eciati on 
AUopatric special.ion is the formation of new species from pop,ulat110115 of 
the same species that are geographically is,olated. To tlnderstand this, let's 
imagine a popul.nion that h as become isolated. This migl1t happen, for 
example, if ,a pregnant rabbit was washed Oll a piece of driftwood from 
the 1nainland. to an offshore island. 1,vThere there were no other rabbits. 
Here, our female \f\rould give binh to a group of offspring. Rabbits do not 
have the same taboos as 11.umans about mating v.rith their brothers and 
sisters; so these rabbits ,vould mature and breed \vitl1. eac·h other~ In a 
short space of tiitie, there ¥lotdd be a population of rabbits on the island . 
Be.cause rabbits are not strong sVvimmers , there would be no interbreeding 
between the rabbits in the island population and those in lhe mainland 
population. We can s-ay that there is unlikely to be gene flow bet,veeJll the 
island populations gene pool and the Tt1ainland population s gene pool. 
Each p opulation of a species lives in a different, though often similar> 
environment. Therefore we would expect different selection p ressures to act 
on local populations. 



You wiU find out about how genes 
mutate in Chapter 1 D. 

Re m e mber that 1mutatrons occur 
at random . 

Gene mutations occur at a constant> low rate in any population. Some gene 
mutations are beneficial, resulth1g in organisms with p henotypes due to 
the beneficial allele of a gene reproducing more suocessfully than otl1ers. 
As a result, the frequency of these beneficial alleles in the gene pool of 
this population wiU increase. In our in1.aginary example~ this process vriU 
happen separately i.n the n1.ainland and island populations of rabbits. Over 
a pe1--iod of tim,e) differences in their gene pools may accumulate. Look back 
to the definition of species that ,ve used earlier. U any of tl1e accuu1ulated 
differences in the two gene pools prevent rabbits from the mainland and 
island populations mating, then, by our definition) w,e now have lwo 
species of rabbit. If any of the .accumulated differ,ences in the two gene 
pools result in hybrids be:tween the mainland and island populations being 
infertile then, again according to our definition, we have tYlO species of 
rabbit, because they are reproductively isolated. 

·····••t•••••••••t• •········································································ • 
: TEST YOURSELF i 
I • 

; 9 Canidae ls th e name of a ta xono1mic group, ca tled a family. Nam1e the ; 
i taxonomlc group represented by a) Ganis and b] famiUaris. : 
I.• · 10 Islands in an archipeta,go often have spec res of a sjngle genus that i : : are uniqu e to each isla,nd and a,lt different from the species on th e : 
• • : mainland. Exp lain why. i 
I + 

f 11 Expla in the di1fference betw·een the terms haploid~ d,iploid and polypto1dy. i 
! 12 Whait are the genetic causes of variation between the different : 
i 1memb ers of a, populatio n? i 
i 13 Gi1ve examples of factors thait m,i:ght lead to some indiv iduals i 
I • 

: surv,iving and others not surviv ing. : 
• • : ..... ,,. ... ,, ................. ,,,, ,, .. ,,. ..... ,,. ......... ,.,.t•11+•"·•·······1'··········"' '"*f••··-------

Remember that i,nd iv1id,uats cannot adapt to a change in the envi,ronment. 
Individuals that by chance have phe1notypes that are, we ll adapted to 
the environiment are more Ukely to survive and pass on their altetes. 
You should never write th ings like 'The species needed to a.da pt so .. .'. 

Sympatric speciation 
Sometimes a new species can arise ,.,vithout two p opulations being 
geographically isolated. An example of how this could happen is the 
evolulion of copper tolerance in certain plants. 
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The evolution of copper tolerance 
The m·ine waste that formed the hi'll shown in Fiigure 
8.11 cointa~ns hi,gh concentrations of copper Ions. The 
fields a.round th e coppery;1aste contained populaHons 
of a spedes of grass caHed bent grass but for many 
years none grew on the hilt 

Seeds from bent grass pta.nts are dispersed great 
distances by the wind . Suggest why no bent grass 
ptant.s grew on the hilt in Figure 8.11 . 
There ~vere copper tons present tn the soil on the hill. 
These a re toxic to bent grass, so it is unable to gro'N there. 

After severa l y,ears, bent g,rass plants began to grO\IV 
on the hiH. Experiments found that th ese plar1ts were 
to!leraint of copper in the soi l. 

Suggest how copper to.Lera nee had ori9i1natedl in1 the 
cop pe r-totera n t pla:nts. 
. .1 ,nutation or..r.urred ,n a plant that made it able to 
grow in the presence of copper. This plant survived. and 
passed on its allele tor copper tolerance to its offspring. 
so this population of bent grass plants 'Nere able lo 
grow on the hiU. 
The genes that enabled bent gra,ss to become 
copper-tolerant spread throu9h the population as a 
result of nstura l selection. However~ the popullations 
growing, in the fields arou nd the hill a,re not copper­
to lera nt. Sugg est why. 
Where copper is pre:ent in lhe soil ic is an advantaqe 
to be copper-tolerant. Hovlever, the allele for copper 
tolerance does not confer an advanlage on plants 
growing v-1here copper is not present. and in these areas 
copper lolerance may actually be a disadvanlag@. 

Figure S.11 Th is hill was formed when waste was tipped 
from a nea,rby copper mi,n,e. 

4 Suggest how you cou ld test whether these two 
poputati,ons have becom,e separa·te spedes. 
You could interbreed µldnts from lhe t1110 diff~rent 
populations to see whether they produce fer tile 
offspring. If they do, then they are the san1e species. 
In this example. the copper-tolerant grass 1s not yet 
a separale species frorn the copper-intolerant grass. 
Hov,1ever. over lime it is possible tnal a mulalion 
might occur in one of the populations lhat affects 
their , ep, oduct ion. For example. one population , night 
develop a mutation that ea uses then, to flowe1 at a 
different ttme of the year from the other population. If 
this occ1..1rs. lhe two populations wilt no longer be able 
to interbreed. At this point v,1e can say that they are 
separare species. 

Genetic drift 
Geneti,c drift lls an effect t.hat can ,occur in small populations. It ,occurs 

when a few individuals, just by chance, either fail to reproduce or have 
more offspring tl1an others. This then changes the allele frequency in the 
11ext generation. A good way to explain this is to imagine that yo,u have 
a bag of jelly babies, with 100 red and 100 gre·en 5'.veets in it. Without 
looking, you remove 10 sweets from the bag. Next you pags t'he bag to a 
friend 1 \Vho does the s~une. If you repeat this a fe,v thnes, andl then look 
at the s,veets each person has) it is likely that the satnples will be very 
different. h might be that you have five r.ed and five green SW"eets~ but it is 
even possible tl1at you have 10 sweets of one colour and none of the other 
colour. If the jelly ·babies you have taken out ,vere real organisms> this 
p1~ocess would have separated them from the rest of the population and 
prevented the1n. from breeding. You can imagine that the allele frequencies 
in the small populations could be very di fferent from the allele frequencies 
in the original population~ just by chance. 



Yo,u do not need to reca lL the 
terms ·genetic bottleneck' or 
"found er effect' . 

Genetic drift niay oocur because of genetic b ottlenecks or the founder effect, 
b,oth resulting from ch an ce events in small populations. 

Northern elephant serus provide an exru11ple of a genetic bottleneck These 
seals were hunted by hun1ans so much ihat, by the end of the 19th century, 
only about 20 seals were left. Their population is tnuch bigger now - hund1~ds 
of thousands - but their genetic diversity (in teID1S of the variety of alleles) 
is still very limitedl because all the present-day seals have arisen. fron1 a small 
number of individuals. 

The occurrence of polydactyly among the Old Amish population of 
Pennsylvania. in the USA provides an example of the founder effect . 
Polydactyly is a genetic condition in \vhich people have additional fingers 
and sometim es toes. In mos't hu1nan pop ub'tions this condition is very rare, 
but in this Amish population it is much ·more con1n1on than in other groups 
of humans. The reason for this is tl1at the Amish population arose from 
about 200 Gern1an ilnnligranits in the 18th century, one or two of wh om 
possessed the allele for polydactyly. U1is is a high frequency of the aUele in 
a very sn1all population. Since then, the Amish people have tended 'to marry 
people Viithin their own population, so a relatively smaH ""3.riety of alleles 
has remained in the gene poet 
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14, Expllair, why genetic drift is i·m,porta,nt in smaH populati,ons but not in 
la rg:e po pu latio n s. 

I 
Ii • i 
I 
I • Ii • 15 In a small regjon of north-west Venezue la there is a1n unusually high 

frequency of a severe inherited neu.romuscutar disorder known as i 
I 

Huntingto.n's disease. Approxiimatety 150 peop:le in the area, during : 
the 1990s had this rare fatal co:n dition a.nd m,any others were at high f 

• ri s:k of develop~ ng it. Th1is d1isease usually does not strike untH early i 
miidd!le age. after most peop le have had their chi,ldren. AH of the j 

• vict i1ms of Huntington·s disease in th is region trace their ancestry to ! 
a single wo,man who moved fnto the area in t he 19th century. She had j 
a very large number of descendants arid there ,js now a population i 
of about 20 OOO people W'ith a high risk of having th,is geneticalty i 
,in heri,ted co nd1t ion. : • 
al Exp lain why the disea.se i1s unusually corn mon in this area. ! 

• bi Huintrn g.to n · s cl js,ease does ,n ot normally show any sym ptoms u ntH : 
• after peopte have had their ch:ildrern . What effect w ill th is have on : 
• 

the frequency of th e Huntington·s alle le in th;is popula.Hon? : 
• 

: •••••••••••••••••••••••••••••••••••••••••••••••••••• •••••••••••••••••••••••••••••••• 41111111 .................... llllllllllfi 
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Practice questions 
I In mice, the allele for black fur colour (B) is dominant to the allele 

for white fur colour (b). T,vo black and two white mice were kept 
in a large cage in the laboratory un der ideal breeding conditions. 
After a fe·w months> there were 149 black mice and 84 ,vhite mice 
in tl1e cage. 

a) Use the Hardy-V'leinberg equation to calculate the expected percentage 
of heterozygous black n1tice in this population. (3) 

b) Give two assumptions that are made when using the 
Hardy-Weinberg equation. 

2 a) Explain the meaning of the tenn gene pool. 

(2) 

(1) 

In a type of stag beetle, the allele [or gold body colour~ G, is dominant o-ver 

that for black body colour, g. 

b) In a stag beetle \Vith black body colour, hevv" n1-any copies of ihe 
g allele would you expect to find in a nucleus taken from 
a muscle cell in the beetles ]eg? Explain your answ r. (1) 

c) In a populati,on o,f stag beetles~ 182 had gold body colour and 
18 had black body colour. Showing your \vorking in each case, calculate 
th frequency of: 

i) the g aUele (1) 

ii) the G aUele. (1) 

a) Hoivea Jors.terian,a and How ea belmor; ana are both 1-'inds o,f palm found 
on Lord Ho~le Island in Aust ·alia. lt is believed that these 
two species evolv,ed sympatricaUy. Explain hov..-, sympatric 
speciation occurs. (4) 

b) Name the taxonomic group represented by: 

i) Howca 

ii) f orsteriana. 

4 Scientists have found a new species of river dolphin in the Araguai.a 
and Tocantins rivers. The scientists have studied its DNA. Tl1.ey say 

(1) 

that its genes suggest that the spectes fanned 2.08 million years ago when 
the Araguaia-locantins basin "ras cut off from the rest of the Amazon. river 
system by huge rapids and ,vaterfalls~ isolating the dolphins from the rest of 
d1e population. 

a) What is a species? (1) 

b) Suggest l1ow this ne~l species of river dolphin has developed from 
ancestral dolphins in the Amazon. (4) 

c) Suggest how studying DNA ·provided the scientists with 
information about how long ago this new species formed. (3) 



II 5 Scientists carried out an h1vesti.gation on a dozen tiny islands in the 
Bahamas. They measured the leg length of a large number of tiny Anolis 

sagrei lizards. In half of tl1e islands, they introduced a larger lizard 
species, v.rhich preys on A. sagreri, but cannot climb trees. W11en they 
:returned to the islands, they found that on the isbnds \vhere the larger 
lizard had been introduc,ed the leg lengtl1 of the A. sagrei lizards 
had changed. Smne had longer legs, enabling them to run faster, ,vhile 
others had shorter legs, enabling then1 to clin1b tTees faster: 

a) i) Why did the scientists introduce the larger lizard to only half 
of the islands? (2) 

ii) What kind of selection was sho\Vll in this example? 
EA-plain your answer. (1) 

b) The scientists released the larger species on to, the islands because 
they knew that, every fe"'' yea1~, the islands are subjected to 
Ro-oding which 'Wipes out all ground-living species. Explain -y,.~h.y 
ihis \Vas important. (3) 

c) In the fe1Ai· n1onths after flooding> w,ould you expect the leg l ngth 
variation in A . sagrei to change? EJi..'Plain your ans,,1ter. (2) 

Stretch and cha Llenge 
6 Suggest hov.1 you c,ould adapt the Hardy-Weinberg quation to 

account for selection pr. ssure against ,one phenotype. 

7 Suggest why the cystic fibrosis allele is relatively common among '\vhite 
Eur,opeans when homozygous recessiv·e infants would have died in 
childhood until modem medicine was available. 



Populations in 
ecosystems 

·······································································································~········ • • i P IOR KNOWLED E i 
• • • • 
: Physical factor.s that may affect organ is!ms are temperatu re. : 
• • 
: avai'lability of nutri ents, am aunt of light. ava i'lability of water and : 
' . : avai labiUty of oxyge n a,nd ca,rbon dioxide. : 
• • : Quantitative data on th e distribution of organ isms ca,n be obta~ned by : 
• • ! r andom sa mpUng with quadra!t s and sa,,mpling a lo ng a tra nsect. i 
; A sa·mp te size should be targ e to ensu.re vaUd ity and rep roducib1iti ty. : 
• • : The mean, med'1ian and 1mode are all figures that can be calculated to ! 
• • 
: help ·in the evalluat ion of da·ta . : 
• • ! Bi,odiversity can relate to a rang e of habf ta,tsl from a· smaH loca l : 
• • 
: h a1bi tat to the Earth. : - ~ 
= Species richness is a measure of the nu1mber of differ-ent species in a : 
~ . 
: community. i 
! An i1 11dex of dive rsity descr ibes tf"l e relationsrl'i p between th e nu mber of i 
: species ~n a co mmu n1ity and th e number of ind ivf dua,ts in each species. : 
• • 
: Fa·rm ing techn'iques redu ce biod iversity. = 
• • • •••••••••tt•••••••••t+•••••••••++•••••••••++•••••••••t+•••••••••t+•••••••••,+•••••••• ........................ ..... 

~R'SEtF'ON'P'Ri'OR''KNOWLi'.D'GE .................................... I 
= 1 How can yo u sa,mple orga ni sms us ing a Une transec t? ! 

I 

2' !Insert th e ri ght word in the table to match f ts def in i1 ti on. i 
Terr., Definition 

ii • • • • 
: i The middle vatue in a se rles of n,um bers. ! ! 
' . 
' I! I I • • 
I! ~ A catcu tated ~centraf value of a set of numbers. To ea lcu late it. 
• • 
I • • • • • you ad d up all the nu,mbers~ then divi1de by how many numbers 
• • • • • • there are. 
• + • • : : 
= = 

The n.um,ber which appears most often •n a set of numbers. 
• • ' ' • • 
II 3 II i Give two w ays in wh·ich fa.r m1ng redu ces biodivers~ty. : - . • • 
···················································~·······························••111 . ........................ .. 

Introduction 
The World Wildlife Fund 0NWF) published its latest Living Planet Index in 
October 2 014. It publishes this index eveiy 2 years. The report immeclia1e}y 
hit the headlines b ecause it sh owed that the world's populations of wildlife.) 
including mammals\ birds\ reptiles\ amphibians and fish .\ have dropped by 
more tha-r1 a half over the past 40 yeal"S. 

The 'J.JWF arrived at th is index by measuring over ]0000 representative 

anin1a.l populations an d foun d that these populations had fallen by 52% 
between 1970 and 2010. The previous report sho"red a drop of 28% 



Sust in i It · The abUity to use resources 
to meet th,e needs of the present without 
corn prorn ,s.ing the ability of future 
generati1ons to meet the~r ,own needs. 

between 1970 and 2009. The populations that had fallen the n1ost were 
those of freshwater fish> down by 76% over this period. 

The Director General of the WWF International explained that this 
issue needs to be dealt mth urgendy over the next few decades. He said 
that 11umans must stop using the natural resources of the planet and 
destroying natural habitats as if they can be replenished, as these actions are 
jeopardising our future . 

In the report) Kuwait ,vas named as the country with 1he ,vorst record over 
the past four decades, consuming most resources per- l1ead of any country 
in the ,vorld. They w,ere closely foUo,ved by 1Qatar and the United Arab 
Emirates. The USA was also named as having a bad track record, alongside 
other countries including Denmark, Belgium, Trinidad and Tobago) 
Singapo,re, Bahrain and Sweden. On the other hand) son1e of the poo,rer 
countries 11-ad better records fo,r ~u. tain hi h ty , including Indi a> Indonesia 
and the Den1ocratic Republic of Congo. The UK can1e 28th of all the 

countries mentioned in the report, but it still use.s far more re.sources pe.r 
head of population than inost countries. 

Figure 9.1 Green turttes ;re found in Kuwait. Hatchli ngs Like these find rt 
.increas1in g Ly difficult to reach maturity and bree,d succe ssfu Lly. G Lo bal s~a turtle 
1nu m bGffs in gem; ral have fa.lilen by 80% ~i nee 1,970. 

Some people 1nay think that worrying .about \vi]dlife populations is a 
luxury ,vhHe there are human populations suffering poverty and disease. 
Howeve·r~ as biologists we 11eed to explain that hu1nan populations are 
dependent on the stability of populations of other organisms. We need to 
find ways of coexisting \vith the. wildlife on our planet and using resources 
more sustainably. 
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o~~~~~~~-o r g an isms and their environment 
Nettles are comitnon Bi1.itish plants. You can find them g1-uwin.g in woods, on 
grazing land, by the sid,es of ponds and streams> and in areas of ivasteland 
in to,vns and cities. FiguTe 9.2 shows a nettle plant. and son1e of the animals 
that can be found on it . 

!Jea cock butterfly 
(.la,Na} 

peacock butterfly 

da,rk g:ree n 
bush cricket 

Figure 9.2 So1me· common animals associated wtth nettles. 

7-spot fadybird 
('laNa) 

A populati n is a group ,of organisms of one speci,e.-S~ occupying a p3rticular 
space at a particular time, that can potentially int rbreed. AU the two-spot 
ladybirds in a n·etd e patch are a population. All the nettle plants are an other 
population. Ac mmunity is all the. populations of different species living 
in the same place at the same time. When 1.;ve talk about the community in 
a nettle patch, ive m·ean the popula.ti,on of nettles, the population of aphids , 
the populations ,of ladybirds and all the populations of other organisms that 
we have not mentioned. such. as the bacteria and mycorrhiza.l fungi that live 
in the soil surrounding the roots of the nettles. 

The community, together wtth the non-living components of its 
environment such as soil water mud and rock, form an ecosystem. 
Ecosystems can vary in scale, from a patch of n tdes or a pond to a 
mangrove forest or an entire coral reef. 

The habitat of an organism is the pl~ce \vherc it lives. The two-spot 
ladybird lives on nett le leaves. 

The set of conditions that surrounds all of the insects in a patch of nettles 
consists of a.biotic factors and biotic factors. 

• Abiotic (physicochemical) factors make up the non-living part of 
the environment. Nettles grow ,vell, for exa11nple; wl1ere there is a high 
concentratiot1 of phosphate ions in the soil Wann) humid oonditions result 
in large numbers of aphids on the leaves. Jihe concentration of pl1osphate 
ions in the soil and the air ten1perature and h1unidity are all abiotic factors. 
Abiotic factors affect population size by affecting intraspecific competition. 
For example, if ,va.ter availability is limited> the population will coitnpete for 
water, and some of the organism s might die. 



• Biotic factors are those relating to the other populations in the 
environment. The numbers of aphids on the nettles will be affected by 
the nu1nbers of ladybirds because ladybirds feed on aphids. Predation by 
ladybirds is a biotic fact or. 

Within a habitat~ a species occupies a 11iche that is defined by a combination 
of abiotic and b iotic factors. Its nich e describes not only ,vhere it is found 
but ,vl1at it does there. We can describe the niche of the two-spot ladybird, 
for example, in tenns of the abiotic features of its habitat, such as the 
ten1perature range it can tolerate, and the position on the nettle le-aves 
w~l1ere it is found. We can. also include in our definition of its niche the size 
and species of aphids that it eats. The total combination of tolerances and 
requi1ements describes the multiple dimensions of the niche of any species. 
Each species occupies its o,vn niche which is different front tha'l of any 
other species in that hab,itat. 

Populatio:ns ,vithin an ecosystem can only reach a certain size. The number 
of individuals in a population \Vill be Hnlited by a.biotic factors or by biotic 
factors such as competition or predation. The maximutn size that a population 
can renlain sustainable in an ecosystem is called the carrying capacity. If 
the populati,on of a species exceeds the canying capacity; its number wiU 
be reduced until it is at or below 'the carrying capacity. TI1-is n1eans that the 
num 1 r of organisms in a population fluctuates around the carrying capacity. 

~ ···························································································= I TEST YOURSELF i 
; 1 Sug,gest r easons why estimates of sea bi1rd num,bers based on j 
i counting breeding birds m,ay not be accurate. i 
i 2 IMatch the words to the1ir defi'nHion. i 
I • 
I I 
I I 
i • 

: : 
: t • • 
I • i 1 Population A Factors relating to the living pa rt of the ! 
i environment, ,e.g . predation ! . ; 
I I i 2 Niche B All the populat1ons of different species that Uve ! 
; and intera,ct to,gethe·r in the sa,me area at the ! 
• • • sa me time t I I 
I I 
I • 

: 3, Com,munrty C The set of conditions that st.irrounds a:n ! 
• • : org,anism, consi1sting o.f abiotic fac tors and f 
: b iotic factors : 
• • • • i 4 Environment O Factors relating to the non- ~iiving or physical ~ 
i and chemica l parts of the Q·nvironment i 
• • 
: 5 Abiotic fa ctors E The hab1tQt of e1n, organism and i,ts role within :it : 
• • • • 
: 6 B iotic fac tors F A group of orgeinisms belonging to the s;;me : 
• • 
: species found in the sa me area at the same ti.mg i 
• • • • : ................................................................................................................... ~ o~-------------c o m petition 
Farmers grow crops for profit. One of the factors 'they take into 
consideration is the nuniber o[ seeds they sow. The number of seeds sown 
per unit area is called the sowing density. Agricultural scien tists have carried 
out research on how so\ving density affects crop yield and weed growth. In 
one inv,estigation they sovved wheat at different densities and 111easu1-ed the 
mass of grain produced by each plant and the mass of weeds. S01ne of their 
resuks are sho,,...-n m the graphs in Figure 9.3. 
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Figure 9.3 Graphs showing the ,effects of sowing density of wheat on a] grain 
yieLd and lb] the mass of weeds per square metre. 

...... ' t ........ 'II!~ ........................... ,., ............... I"' ........ ' ' • " ... "' ,..JI! .. ·"" •• JI! Look first at Figure 9.3a. ¥au can see that at S0\,\,1ng densities greater than 
In r r " if -: m I i n Competition 
between organisms that be~ong to the same 
species. 

100 seeds m-2 the grain yield decreased wilh increasing so¥,,ing density. This 
can be explained in t,enns of inLr~ p ~ifi · ·0111p "'1 i 1 n , or competition 
between organistns that belong to the same speci-es. Th~ more ,vheat plants 
there are per square metre the more co·mpetition there ,vill be for resources 
such as light, v,ater and mine1·al ions. The resources available to each plant wiU 
be fewer. This wiU result in smaller plants that produce less grain. Since they 
are the sam species, with the sa1ne niche1 they c,01npete for the same things. 

lll'!IHl!i!l!•llll•llli-"!lltl!llt-••"•••••Pilll •• l••l!•••••IJl!•••flll4,l! ill ll• 11••1•1111•t,i'-;,o•t1•11t• fl'•t.i, ... 111•t"'jl•\ 

Now look at Figure 9.3b. This is an example of i 11L4.·r~p ~ciH" l.:On pl·titi ,n ~ 

which m·eans competition bet\ve, n diff rent species. In this ca.se, the wheat 
plants are competing with the weeds. The higher the density of wheat 
plants, the fewer the resources there are available for the w,eeds. 

In ifi . m I i n Competition 
between different species. 
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lntraspecific competition 
We will took at so me more data i nvotvi'r,91 sow,ing1 

density. Table 9.1 shows th e resu lts of a trial to fi rid 
the effec t of sowing den.sjty of cotton o.n the m ea.n 

height of the ptants. 

Table 9J EJfgct of sowing dens,ity o,n the me~n height of 
co tton p'la nts. 

M.•i"an number·ot. .~e~n helg.hf~ f 
seeds sown per cotton plarffs/m Star,dard deviation 
he·ctare · 

67000 1.15 ±0.18 

33000 1.27 ±0.11 

17000 1.31 :rO. 11 

1 The cotton seeds rr1 th e first row 1n the table were 
sown at a densHy of 67 OOO seeds per lnectare . 

What wa,s the mean 1num1ber of seeds sowr, per 
sq u1a:re metre? (1 hec tare - 10 OOO square metres] 

2 What do the fiigu res in the fi rst two co lu:mns 
of the tabte suggest about the effect of sowing 
density on th e height of cotton, plants? Suggest a1n 
exp tanabon for your answer. 

Plot the rri format ~o n i·n this tab.le as a gra1ph. 

3 Use yo ur graph to explain whether sowing density 
na,s a si·g,nifica nt effec t on the heJ1ght of cotton 
p[a nts. 

4 W hat does the s tandard dev1ati.on te l,l you? 

5 The sc 1ient jsts who carr ied out this investigation 
planned to repeat ft th e following year on a larger 
scale. Use your answer to quesHon 4 t o sugigest 
w hy. 

. . 
•••••••••••••• (i; .............................. . ........................ ............ . ............ . ......... ..................... . .......................................... ....... .................... . ............ ................... . ..... .......................... .. . 



Squirrels and interspecific competition 
There are two species of squirrel in the UK: the native 
red squirrel and the introduced grey squirrel. Red 
squirrels are s ·m,aHer than grey squ rirrels. They store 
less body fat and they spend more time in the tree 
canopy. Scientists have :sugge.sted several hypotheses 
to exp lain why grey sq uirr-els have reptaced red 
squirrels ijn rmuch of Britain . One hypothesis ls that 
grey squirrels a re better adapted to living ~n oak 
woods. Acorns are the fruit of oak trees. They mature 
in the autumn and fall to the ground where squ rirrrels 
can coUect them. Eartler research s howed that 
grey squ:irrre ls a re much better than1 red squ irrels at 
d i1gesti ng acorns. 

The graph in Figure 9.4.shows the relationships 
between the numbers of the two species of squirrel 
an di acorn numbers. 

10----.-......... --.......... .._. .................... ......_ ........ -.-........ ...-.......... _..... ............. 

9 Key 
• red sq ui rrel,s 

.Mi-I,,--~ grey squirrel's .!-

Number of 
squirrels ipe r 

hectare 5 
in tne next 
summer 

1 

3.0 3.5 4.0 4.5 5.0 5.5 
Log number of acorns per hectare 

6.0 

Figure 9at. Graph showi rigi the releiti,ons hip be,twee n nu 1mbe r 
of 21c.orns produced per hectare aind number of squirrels thei 
,followi1ng ; ummer. 

1 Why are the flgures forr the number of acorns given 
on a logarithm 1ic scale? 
A logarithmic. or log. sci3le ~·ncreases in n1ultiples of 
10. On the scale shown here a log value of 3 represents 
1000: a vaiue of 4 represents 10 OOO; a value of 5 
represents 100000 and a value of 6 represents 
1 OOO ODD Using a log scale iels us plot J much iarger 
range of values on a .single ax;s. 
Suggest how the data1 relat1ng to the number of 
a co rris wou td have been co ltected . 
The technique used would have to be based on a 
sampling method. Quadrats were probably used. This 
111ould allow the number of acorns in a glven area to 
be found. This figure could then be converted to the 
nun1ber of acorns per hectare. 
What is the relationship between the log of the 
number of acorns per hectare and the number of 
g,rey squirrels the next summer? 
tf you v1ere to plot a curv1:: ol br::st fit you would get 
a line sloping up~vards. This shows that there 1s a 
po~itive correlation: the greater the iog or the number 
of acorns per hectare. lhe greater the number of grey 
squi,rels the next sumn1@r 
What is the retattonship between, the log of the 
number of acorns per hectare and the number of 
red squ irrels the next sum,mer? 
Plotliog the r.vrve cf best fit thi,.,, ttme gives a Une 
parallel to the x-a,'!iS. This shows that there is no 
con elaUon. 

r Use the information in this section to su,ggest 
how i nte rsp eci fk co m petit ,ion could account for 
the arbsence of red sq,u irrels in most of sotJ thern 
England. 
fvfuch of the native v1oodiand in soulhern England is 
oat Grey squirrels are more successful in oak 1Noods 
because they spend more time on the ground v1here 
acorns fall They can also digest lhe acorns bell er and 
put on mare body fal as a result. A greater an1ount of 
body far prohablJ' enables grey squirre! s to survive over 
~-vinter ,n oak v1oods better than red squirrels. 
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P red at ors and their prey 

When cHscussingi corn petition. be 
sure to say whether ~nterspeciflc 
or intraspecific co mpetition i,s 
taki1ng place~ an.d suggest a fa c to r 
for w hich the orgiani1sm,s might be 

competing . 

Scientists use mode ls t,o help 
them understand the reJlationship 
between the p opula.tion of a 
predator a.nd the popu lati o,n of its 
prey. We \ViU lo,ok at one of these 
models; called the Lotka- Volterra 
model after the l wo scientists who 
originated it (Figure 9.6). 

Look at the part ,of the graph in 
Figure 9.6 bet\veen points A and 
B. It shows the prey population 
increasing. Therefore there 
,villi be more food available for 
the predator population. The 
predators Vlill b,1~eed successfully 
and their numbers will increase. 
¥lith tnore predators, however, 
more prey \vil1 be killed so we 

Predators are animals that kil1 and eat their prey. Figure 9.5 sho\vs a 
spider that is feeding on a grasshopper. The spider is the predator and the 
grasshopper is its pre}~ Obviously, the number of predators influences the 
number of prey: as the number of predato:r-s increases, the nun1ber of prey 
d ecreases. Equally obviously; tl1e n umber of prey influences d1e nun1ber of 

predators. vVithout enough food, fewer predators 'Will survive. 

Figure 9.5 A sp ider with a g,rasshopper in its web. an exa,mpile of a preda,tor and its 
prey. 

t 
Number of 
organisms 

B 

Time 

Fi·gure 9.6 The Lotka.-Vo Lterra ,model predicts that the populat ions of a predator 
and its prey change over time. 

see> betwe.en points Band C; a fall in prey numbers. The1-e is 
110w less food for the predators and their population starts to fall. 



Key 
NumbeTs of prey rise again and 
the pattern wiU be ·repeated. 
We ,Nill ]ook at a piece of 
evidence that appears 10 support 
this U1lodel Figure 9.7 shows a 
grapl1 of changes in the numbers 
of skins of a predator, the lynx, 
and the nu1nber of skins of its 
pre}l, the snovvshoe.11a;re> bought 
fron1 trappers b,y the Hudson Bay 
Compan~ Canada, for the years 
1890 to 1920. 

8Q--.-----,,,-----1 --hares 
---- ~ynx 

The CU'rve: [or the nu1nber of lynx 
skins is different from the curve f,oT 
the number of snov:lshoe hare skins 
in Figure 9.7. There are two features 
t ,o, note .. The peak for the lynx skins 

r 
I , 
' I 

I 
I 
I 

Year a]v.,ays comes a little later than the 
peak for the snov.~shoe hare skins 
and the lynx numbers ai-e always 
lower than th har numbers. This 

Figure 9.7 Graph showing tihe numbers of tyn1x and snowshoe hare skins bought 
by the Hudson Bay Co 1mpany between 1890 a,nd 1920. 

is usually the ca.se for pt:edators and their prey, 
alth,ough there are some e~ceptions. 

The number of sno,,vshoe hare skins purchased ris s 
between 1908 and 1912. During this period lynx 
numbers are low. as sho""·n by the number of skins 
bought by the Company. With fev, predators to kill 
them, snoVvShoe hare numbers there-fore rise. 

Note that, in one population cycle, lynx numbers 
rise after snowshoe hare nu1nbers haYe risen. The 
rise iln lynx numbers is the result of m,ore prey being 
available. Therefore their numbers v.rill only rise after 
snowshoe hare numbers have increased . 

Between 1910 and 1914 the rise in tbe lynx ntunbers 
cause-S a fall in the numbers of snowshoe hares, There 
is therefore less food for the lynx and subsequently 
their numbers fall . 

The changes in the numbers of snow~hoe hare skins 
and lynx 5kins shown in Figure 9. 7 seem to support 
the Lotka.- Volterra model but more recent experimental 
Vlork has shown that the situation is reaUy much more 
complicated than this simple model suggests. Here 
is some information resulting from recent ,ecological 
investigations involving snowshoe hares and lynx. 

High p·opulations of snOVvShoe hares are associated 
,vitb a shortage of plant food ,on which the animals 
feed. When the sno"li\rshoe hare population is at its 
lowest, the plants start to grow again but~ for the 
next 2 or 3yea ·s, toxins in the y,oung shoots are 
thought to delay the next rise in the population o{ 
snowshoe hares. 
When snowshoe hare nu1nbers decrease lynx eat 
other prey animals. There is very little ,evidence of 
lynx dying ,o,f starvatio11. 
Sci,entists attached radio ,coUa.rs t:o lynx. They 
showed that when the numbe:r ,of snowshoe har,es 
was low, the lynx tended to inove a,.vay. In ·One case; 
they trav,eUed as far as 800km. 
There are no lyi1Lx on Anticosti Island in Eastern 
Canada. The population of sno"'rshoe hares on the 
is13nd, ho\veverj still shows a regular population 
cycle. 

What ~le can see. from this infonnation is d1at shnple 
mode}s 3 S\lCh as the Lotka- Volterra model, provide~ very 
useful sta~ting point for analysing population cycles. They 
cannot provide us \vith a comp]ete explanation. 
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~ -·························································································: : TEST YOURSELF ~ 
• • • • 
: 3 Is competition a biotic or an a biotic factor? Explain your answer. = 
• • i I+ Use F1g·u re 9.3a to describe how sowi rn g, d·ensi ty affects grain yield In ; 
! tonnes per hectare. ! 
! 5 A farmer could use the results of this 1nvest1gation to find the ~ 
• • : optimum sow~ng density for wheat What conclusion do you think he : 
• 41 

: wau ld draw? Explain your answer. : 
• • : 6 What ·is the evi.dence that red squ11rrels and grey squ·irrets have : 
• 41 

: similar niches? : • • • • • • 
··~· ················································································ ......................... .... 

ountinq and estimating 
Every lOye.ars there has been a census of all the people living in the UK. It 
is not totally accurate because some people fail to fill in their census forms 
accurately or don\t fill them in at all, but it does give a good idea of the size 
of the UK human population. 

There are other species where we can get a. fair]y accurate figure fo-r the 
population by counting th m . For example, seabirds nesting on the Fame 
Islands off the north-east coast of England can be counted because they 
nest in large co]onies, but the data obtained are much less .aocurat,e than for 
human populations. lu the Introduction to this chapter you le2uned that the 
WWF estimates wo ld "Wildlife populations every 2ye.ars, but again there are 
difficulties in ensuring r,easonable accuracy. 

We can only count aU the animals or plants in a population in a few cases. 
The organistn c,oncerned needs to be large, conspicuous and confined 
to a relatively small area for a couni to be accurate.. if il is n ot possible 
to count every single ,organism, ive need 'to take samples. Ecologists 
usuaUy base their estimat s of populations on samples. They must make 
ce11ain, howev,er that the samples are fepresentative of the population as 
a whole. In order to be sure of this samples must be ]arge ,enough to be 
r,epresentative and taken at random. 

Sample size 

Sa mple size 

Figure 9 .. 8 The effect of sample s ize on the number of s ped e.s reconted . After 
point X the number of spedes do,es not ,increase muc'h mare V\fith increasing 
s ample s rze. The sampte size atX is therefore representative of the community 
as a whole. A larger sample would si:m,piy mean more work. 

The larger the size of a sample, the 
more reliable the data. Data from a very 
large sample; however, cannot usually 
be. coHe.cted in a short peri,od of time. 
When we sample an. area we have to 
strike a balance. Look at the graph in 
Figure 9.8. lt shows that a very small 
sample has very fe\v spe.cies tn it. As 
the sample size increases, the nuinher 
of species that it contains increases. 
There com es a ti:tne when the number 
of species does not increase much n1ore 
however much bigger the sample.. This 
sample size is obviously representative 
of the community as a whole. 
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: Extension • 

• • • • • : Finding the running mean of the number of 1n ore or less constant. At this poin.t, the number of : 

: individuals in a qua.drat as each one is san1pled quadrats san1pled is sufficiently large to be giving a • 
: allov;.~ you to see when the running n1ean becom es representative density for the. whole population. : 
• • ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Random samp1ling 
When you sludied lhe topic of variation in AQA A-!evd Biology 1 Students 
Book Chapter 11 you Iean1ed that, unless san1ples ~Tere taken at random tlre 
results n1ay be biased. The same is true of ecologica] san1ples. They n1ust be 
collected at randon1 or, again, the results may be biased. Quadrats are often 
used to n1ai·k out areas to be sainpled. When we use a qua.drat for sampling~ 
it is itnpo1tant that we use a method that mll result in the qua.drat being 
genuinely placed at randonll in r.he study area (Figure 9. 9). 

1 Set out two measuring tape$ 
(or pieces of string, wrth knots 
at 1 m i nterva Is) at rtg ht a,ng,I es 
to each other. These wi II form 
the a,Xes of a grid. 

2 C noose pairs of random 
numbers. You can. use random 
number tables or you cou1ld 
improvise by usJng the last digit 
of te!epho,ne numbers taken 
from a di recto,ry. 

Figure 9.9 How to place a qua1drat rando·mly. 

Quadrats and transects 

3 These random numbers 
wfll glve you the coordinates 
of. the point where you s hou Id 
place your quadrat 

Two important "'Arays of sampling involv,e qua.drats and transects. Both of these 
are in general used for plants, but they can also, be used for organisms that do 
not move about very much, st1ch as many of those that live on seashores. Table 
9.2 shows ~"'hen and how these techni.ques are commonly used. There are 
th ree different ways that vtc. use 10 describe the distribution of organisms once 
the qua.drat or transect is put in position . These are illustrated in Figurre 9.10. 

Table 9.2 Using q uadr; ts and transects. 

SampLJrig method · Metl,od What. i t.is· u·sed for How. it-' is used 
• ' i. • 

Q uadira t A f rarme. usuea lly 0.5 m2, Studying th2 distr ibut i1on of PL;cQd at ra .ndo,m and use·d to f ind 
or a rod! (15 m Long non-.motile ptants or anirmals popul; Uon density, frequency or percentage 
w ith 110 pins @t 5c,m in @ faiirly uni1form area cover. In som e investigations, such as those 
i nterva Ls, that ea n be involving tlhe effec ts of grrazing. permanent 
pta·ced on1 the ground quadlrats may be used. lhey may remain ,i.n 
to sample org,an isms p~ace for many years. 

Tra in sect A line through a study Usually used where one or more P laced so that it follows t he e nv1ron mental 
area aton g whi ch abiotfc fac tors in the environiment gradient ; fo r exa,mp le, up a seashore or 
samptes are taken gradually vary of if there appears from sunlight fnto shade. This is called 

to be a change in communities a line transect. Quadrats may be used 
from one place to another cont inuous ly along a transect to sample 1n 

,m,ore detait. This 1s cal led a belt transect. 
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a) Popu[ation density 

This q,uadrat measures 0.5 m x 0.5 m. It 
contains six dandelion pl'an1:s. The 
population density of d~ndelions 
would be 24 plants per m2• To get a 
relliable figure you would need to 
co ll;ect the results from ~ large number 
of q~adrats. If a pl,ant lies partly in and 
part:ly out of 1:he quadrat, we normally 
count it •fit overslaps the nortlh or west 
side of the quad rat# and don't count it 
i~ it overlaps the sourth or east S'ide. 

Figure 9.10 Using a,) population density, 
b) frequency and ,cJ percentage cover to 
de scribe the distribution of da ndetion 
plants. 

A ra,ti'o woulld nor,mally be 
expressed as, for exampter 0.44:1, 
but here we have expressed th e 
rati1os using the first figure a lone, 
e.g. 0.44. 

• In an exam, you might be asked 
to reco g nl'ise the type of d a,ta 
you have bee n given and to 

se lec;.t an a pproprra te sta ti stf ca l 
test. 

• Look at Chapte,r 13 on maths 
s kil ls t o fi rnd out m ore a bout 
s tatrs ti cal tests a rid to see a 
w orked example of thi s tes t 

• You won ·t need to do stat1stica[ 
calcula ti ons in a w ritten pa per. 

b) Frequency 

Thi j point quadrat frame ~ being used 
to measure frequency. The pins of the 
frame a,re. lowered. Sup pose three out 
of ten pins hit a dandelion piant. The 
freq,uency of dandelion plants wrll be 
thra@ out of ten, or 30o/o. 

c) Percentage cover 

Percentage cover me.asu res the 
proportion of the ground in a quadrat 
occupied by a particular species. Tihe 
percentage cover of 'the dandel1ons in 
this q,uadrat is approximately 40 % . 

Populatio,ns of the same spe,cies fron1 'tV'r70 ' areas v;,,i th d ifferent abiotic 
conditions can be compared by taking a random sample from both areas. 
Limpets are n10Huscs \"ith a cone-shaped shell that attach to rocks with 
a strong foot . 1n an investigation, students sampled limpets by placing 
quadrats randomly on each section of the shore and n"'teasuting the height 
and bas,e dia1neter of each limpet in the quadmts. After this they found the 
height : base diameter ratio for each limpet (Tab le 9. 4). 

Table 9,.4 Height and base dia,meter of limpets sam,pted on a rocky shore 
,~ v-.cs...:,, ~-·~ -.,,. ·- - --~ >t~-

; I Ul l1::'i 1t~:iU•ld~ = i:{~ • I t J;."'[~• IUTltl[ ::.J.l. I~ 
1-• l" .'l:lt~~ i~ a '"'!: :;..> ~~ ...., lf\j.''" - -·-.... br? .t ,._., .,. V ~ - - • 1, 
l~~ nITTil1,i 1:r:1."i ~ \ n ft~ rrillf1 Ii ,~~ nr.lil't • ~ I 

! ~ ~~!IRl~t-; a--'4~. 
; I" 

~rd.r;i;.•.'"':"'.·. '~~-~ .. ~1::"' ~ --.,-.,· ~-':I r- ~~!'I. '-'~,;;., ,.. ; -' n, '~.!.\ ..... ~~ ~~:.. ---- -. ~ 1 :.n ::.wi11u 111r , JI• -:,:;::i -,~ ~ ;n 1•ril 1 P,1111 r11r:1u ::.n ::..1 rrn 1111n ~ ;: , , . _,. r::t~lf: If•}'] 111111 ,1pQ ~ I 
,; 

-

21.7 49.0 0.44 19.2 57.5 0.33 
21.8 53.6 0.41, 17.4 54.5 0.32 
23.3 42 .4 0.55 25.5 63.3 0.40 
18.2 42.5 0.43 20.5 ,43 . .4 0 .47 

17.9 44.S 0.40 19.6 61.2 0.32 
22. 15 44,,8 0.50 lB.4 58.8 0.31 

17.4 45 .0 0.39 18.6 50.2 0.37 
30.4 56.6 0 .54 14.6 48.0 0.30 
21.5 49.8 0.43 20.6 49. 4 0.42 
l9. 5 50.5 0 .39 ,,,., 42.4 0.35 

21.S Q.,8.7 0.4,Q. 13. 5 46.3 0.30 

23.0 49.2 Oi .47 19.0 53.2 0.36 
23.3 49.5 0.47 18.3 50.5 0.36 
23.0 46 .5 0.49 15.2 49.7 0.3 1 

24.6 54.9 tJ .45 1,4.2 44.5 0.32 

j 

Becau se the students were dealing v.rith 1neasured data the best way to 
p resent it would be .:.3JS m ean heigh t to base diam eter ratios on a bar chart. 
The bars \.vould be different heights in dicating that limpets on the sheltered 
rocky shore had a high er 1nean height to base diam eter ratio than those on 
1he exposed shore~ in other ,vords ~ those on the exposed shore had gro,vn 
'Wider and flatter than those oi--t the sheltered sh ore. You would use at-test 
to find out whetl1er the difference b etween th-e means was sign ificant. 
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EOUIRED PRACTICAL 12 
Investigation into the effect of a named environmental factor 
on the distribution of a give·n species 
This is just one example of how you mig,ht tackle this required pra1ctica1l. 

So·me students dec~ded to investigate the effect of trampling on plant cover by 
placing a transect across a path. They plac·ed a measuringi ta.peat right angtes 
to the pathi inc[uding the vegetation at the side of the pa1th. 

The st,udents- placed a po 1i:nt quad rat at r1ght angles to the measuring tape 
every 10 cm. The point quad rat had ten pins, and they recorded what each 
pin was touching. They wanted to co nvert this to percentage cover~ so they 
muttiiptied the number of pins touchtng a specific plant or substrate by 10. 
Tab le 9.3 s hows the 1r res u tt.s. 

Table 9.3 

Pe rce·ntage caver 
Distance along quadrat/m Bare .soil Rock Grass 
0 D 0 BO 
0 .1 0 0 70 
0.2 0 0 90 
0.3 10 0 70 
0.4 20 10 50 
0.5 20 0 60 
0.6 30 HJ 40 
0.7 40 20 30 
0.8 60 20 10 
0.9 70 30 0 
to 60 41) 0 
11.1 80 20 0 
1'.2 70 1'0 10 
1.3 70 0 10 
1'.4 50 10 20 
1.5 40 10 30 
11.6 30 10 30 
1. 7 30 0 40 
11 .8 40 10 20 

~ 

11 _9 30 0 40 
2.0 10 0 70 
2., 10 0 70 
2.2 0 0 8,0 

2.3 0 D 90 
2.4 0 0 80 
2.5 0 0 9:Q 

They used these data to ptot a kite diagram, which displays the dens i,ty end 
distribution of plant or a,n1ma,l spec1,es 1n a part~cuta,r habita,t. It shows the 
percentage of certarn spedes spread over a certain dtstaince. You can see now 
to ptot a kite dra,giram in Ff gure 9.l L 

Plantain 
10 
10 
0 

20 
20 
20 
20 
10 
10 
0 
0 
0 

10 
20 
20 
20 
20 
30 
30 
20 
10 
10 
10 
a 
0 
0 

Dandelion 
10 
20 
10 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

10 
0 
0 

10 
10 
10 
10 
10 
20 
10 

: . . . . . . . 
i . . . 

. 
l 
] 

~ 
i . . . 
~ . . , . . . 
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Spedes X 

0 1 3 4 5 
'Dristance along t irans-ect/rn 

2 squares !::I i. ,Q o/o S sq1.1 a,res !::I 40 % 
4 squares 1::1 20o/o 10 squares 1::1 50% 
6 squares 1::1 3-0o/o 20 sq wares !::I 1, OOo/o 

Figure 9.11 How to plot a k,ite diagrra m . 

You do not need to recall the d eta tls of how to 
prlot a kite diagra.m. 

For each s ped esl you draw a straig,ht Une. Then you 
choose a scale for your kite, so that the width of the 
k.ite represents th e percentage cover of the sped es. 
Crosses are placed each side of the Une for each 
s ampling point a,long t he transect. The crosses are 
Jo1 ned' w:ith a straig1ht line and then the · kite' ·is shaded . 
In . 

1 Ptot a ser ies of k~te d,iagrams to display the data 
in th e table. Set out the graphs as shown in Fi:gure 
9.12. 

Dandelion -----------------

Plantain-----------------

Grass-----------------

Rock-------------------

Bare earth-----------------

Soi'I 
corn p-action 

Figure 9.12 

Distance a I on g train sect/rn 

Suggest now th e students could measure soH 
c om pa·ctro n. 

3 What are the advantages and d~sa:dva·ntage s of 
us:ing a point quad rat i·in thrs f nvestigationi rath.er 
tharr a quadra t square? 

4 What do th es·e data suggest about the effec ts of 
tra:mpUng on plant cover? 

5 Suggest reasons why trampl'f ng affect s plant cover. 
Look, at Figure 9.1: 3 for some clues. 

Figure 9.13 a] P.iantago major lg,reater ptantarn] . bJ Dandelion 
... . •II••• ••••••• •11• •• ••• •• ••• •• r•• •• r•" , • ., •• •P ••• •• ••••• •II!•••••• •11 r•• .- . ..... , a r a 'I •• ., •• • • •P• • p ••"ii'• •!•••••••• r111• .-a r•• .,. r•• lflll ••••• •II• •p ••'II ii'• •!!•••• •• •1 •II!• .-. r•• r•• a-. ,•• I"•••••••• • "' ii' • • I!!• •I!•••• •• l!I• r•• Ill" r•• . -. ,•• ,,. ••• •• •!• a'i ra• IJI• ••• ••• ••'I• r•• 111• r•• .. ,. ,,.. I"••••• ••• •• 



Figure 9.11. Because whales spend 
most of their time below the s urface 

of the sea they ea nn ot be trapped or 
ea,s i ly 1marked. so sde ntists n,e eded to 
find a method other than observ1ng and 
co untfng the whales 1 n ord,er to est~mate 
the size of whale popu lations. They 
developed a ONA fingerprinting method. 

Mark-release-recapture 
Most anilnals n1ove around (are motile) so it is not usually possible to 
estimate the size of an animal population using a quadrat Instead we use th .e 
mark-rtlease-recaptu1'-e 1nethod. This relies m1 capturing a number of animals 
in an area and marking them 11.armlessly so that they can be recognised again. 
The nlal"ked animals a1~e then released. Some time later a second sa1nple is 

trapped in the same at-ea a.nd the nutnbers of marked and unmarked animals 
in the second sample are recorded. From the data collected the size of the 
population can be estimated. The calculation r,elies on the assumption that 
the proportion of marked animals in a. san1ple (the second sample) is the 
same as the proportion of marked anin1als in the w~hole population. 

This equation uiakes several assumptions: 

• the anin1als all come from the sa1ne population 
• 1narking does not ham\ the ani.n1.al or make it more likely to be seen by a 

predator 
• there is no 1nigration into, or out of the population during the petiod of 

the ·investigation 

Estimating the si,ze of a poputation of grasshoppers 
Here is how we would estimate the size of a popuilaition of grasshoppers: 

Number of grasshoppers ca,ug1ht, marked a,nd re leased - 56 

Nu m1ber of marked grasshoppers in second sample- 16 

To ta l ni u m be r of 91 ra ss hoppers in second sample • 48 
IN umber of marked grasshoppers Number of m,arked grasshoppers 

,n samp'le = f n1 popu1tation 
Totail number of grasshoppers Tota,l number of grasshoppers 

in samp le in popu,la,tion 
16 56 
48 = Tota,l nu,mber 

Rearrangjng this equat 1ion : 
48 

Tota,l number- 56 x 16 
,;; 168 

• there are no binhs or deinhs during the period of the investigation. 
Scientists have modified the mark-r.eJease~rcc.a.pture technique to estimate 
the size of whale populations. 

• Whales cannot be trapped and! they cannot easily be marked. 
• Scientists can use a small boat to approach a surfaced whale. They can 

rem ove a tiny piece of skin from the ·whale. 
• The scientists are able to analyse the DNA from this piece of ski11 and 

produce a DNA fingerprint. Each vrhale h as its own unique DNA fingerprint 

Ecosysten1s are dyna1nic. Thi.s is reflected by fluctuations in populations; 
among other things . Nun1bers of a particular species vary around the 
carrying capacity fron1. place to place and from one time of year to another. 
These variations may result fron1 differences in abiotic factors. They n1ay 
also result from d1anges in biotic factors. 
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Investigating the mark .... release, ... recapture 
method of analysing population size 
Matedals: 

4 or 5 packets of sma ll choco late sweets with a 
co loured sugar c oa,ti rig le. 9. Smar fresl 

paper ba9 
egg CU p 
pla s tiic dish ,e.gi. margarine tubl. 
• T~p aU the coloured sweets 1into the plasttc di15h , 

Take out the red sweets and count them. 
• The coloured sweets represent a populatron of fi eld 

m fee a.rid the red ones represent the mice trapped 
on the first evening that are 1marked a·nd released. 

• T i1p all the 5Weets, including the red ones, i'nto the 
pa per bag and shake th em gently. 

• Use the egg cup to take a sample of sweets from 
the bag wi,thout looking . Tip the samp le into the 
plast ic dish. This represents the mi ce captured the 
second time. 

• Gopy Table 9.5 and use the r esu lts to ea lcu late the 
populat,ion size. 

• Repeat this nine more tim,es so that you can find 
the mean of 110 population estimates . 

• Now that you have estimated the populaition size~ tip 
all the sweets into the plastic dish and cou,nt them. 
Table 9.5 

: 

1 How accurate was the fi rs t estimate that you catculated?i 
2 Was the mean estiimate after 1:() samples m.ore or 

less accurate? 
3 llf thfs was a real populat ro n of m,f ce1 would it be 

fea.s i b te to sample the po pulatf:an 10 days in a row? 
Explain your answer. 

I+ Now think about a vadab le you mi:g ht change. For 
example~ does the number of traps 5et matter? 
What happens ~f one or two of the marked animals 
are eaten by a predator after they are released? 
What happens if two er three of the unmarked 
an i ma ,Ls dJ ei or iif new 1m1ce enter the area? 

Th~nk about how you, can simulate this chan9e. and 
carry out the calculations again. For example, you 

. 
! 
= 
= : 
= : . . 
~ 

can simulate fewer traps by ha lf- f ill iin g the egg c u pj or ~ 
setting more traps by usiingi a sligihtly bigg,er egg cup. You i 
can remove a couple of red sweets to simulate marked I 

= 
animals be,ing k1illed, but reimember that you woutdn"t ~ 

know this had happen1ed 1if you were investrg:ati,ng a real 
population. so your ca lculations would be based on the 
odginal number of ,ma1rked animals. 

5 Based on your ,investiigation. eva luate the use of the 
mark- release- recapture method of estimating the 
size of real populati ons. 

11~... - - ~--- aY'J -:=: 
~ IF.h , , " ' ~11~ 11 ,;ri .. " , ~ .. . ., "!r.1 , " ~ 1 n; . "' .. w· .. "" !ml«' , ,,_ - ,.~ s __ ~ ,, "--'"" 

~i,;~--.. ';·-II " . .,..-,. - ,.a.a~ ,.; " l'I~ _.. ~ • •' , ..... ~.._._'_;lr " I 11JlF.l • b ] ll'\.'ju;j' " • 
r.1 u 1i1 r:JdF.I Mill •[::.Jli l 1 t+., •• , • . ~·;.; I rhillllllltl .. . r• ~ I m ! L:J • 1 f:l i T,lilCU'il f;. I -~ J .. ·._....;':1,c ...:.:<-'!' .,~-:~!"" ~m~ 

1 

2 

3 
4 

5 

6 
7 
8 
9 

10 . 
: 
= Mean, . 
= . 
= •• .-. r-•• •• ••• •• ••-, • ., ... ••• •• r-•• r-• .,., ••• •• ••• •• ••• ••• •• r•• •• r•• •• r•• ••-, •• ••11 ,. .. ,., •• ••• ••• •• r•• •• •••,.,.a, ra, •• ••• r• r•• r•• •• ••• •• ••-, ra-. •11 ••• •• r11• ..-a•••••••• ra, ,. .... ,. ,.. r11, r-•• a11 .... •• r•• ra, •• ••• •• ra-. •• ••• ,.., •• r-•• •• ••• ra, •• ,., r• ••• 11• r-•• r•• •• ••• •• ••• ,-._..,.•••a, r•• r• •• 

~ ····················································································································································: 
: TEST YOURSELF E 
• • : 7 Whi·ch of the foUowi·ng methods would aUow a 
• i quadrat to be ptaced at rando1m? 
~ A Closing your eyes, turnin9 ori the spot and 
• : throwing the qua drat over your s houlder. .. 
: B Placing qua drats a,long a tape at 5 m intervals . 
• i C Pjcking random numbers from a hat to give 
i coo rdk1ates on a gdd. 
! B A sample of 40 trout 1n a fish pond was caugiht ~11 a 
• 
: net Ea ch fish was harmtessly m,arked on one of ~ts 
• : flns. The f~sh were then re'leased back into the pond. 
• 

One week later a second sa mp le was caught It 
contained 17 m.arked trout and 41 unmarked trout. 
Estimate the total number of trout in the pond . 

• • .. • • • • • • • • • • • 
9 Use the infar imation on sa m,pU.ng whale populations. ! 

page 179, to suggest how sc ientists could modify the i 
mark-release-recapture tech nique to estimate the : 

• 
size of a whale population. ! 

10 For the mark-release- recapture method to be 
relrabile , certain assumptions need to be m1ade. 
S uggest what these are. 

• • • • • • .. .. • • • • • • : .......................... ······· .................................................................................................................... ______ _ 
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Ecosystems are constantly 
changing. because of changes 
1n poputatlons, for example as a 
result of predat ion or co 1mpetition, 
and c hang·es rn a biotic factors. 

Abiotic factors such as 
temp·era,ture or water availab1ility 
may vary with the season. or 
chan9e graduaHy over a long; 
period of time. Thf sis partku larly 
seen 1in the case of succession. 

Fore dunes 

f ' 

Yel.low dunes 
o.r mobHe dunes 

. ,. 

Basic ~r~y dunes 
or basic: fi~d' dunes 

Dune sc:ru b 

. , 

Deciduous 
woodland 

Figure 9.16 Succession 1in sand dunes. 

In some places, the populations change over tin1e, creatiu.g a new 
comn1unity. This is called succession. [t is an ecological p rocess resulting 
from the activities of the organisms themselv,es. Over a pe1.--iod of tim,e 
the organism s modify their environtnent. These n1odi.fications produce 
conditions better suited to the gro"\\1-h of other species (Figure 9 .15). 

Figure 9.15 Successjon ls an important ecolog ical process associated with 
s low-Rowing. streams and rJvers. 

Some of the plants in the foreground of Figure 9. lSa have leaves that float 
on the surface. Their roots trap panicles of sik carried in d1e water and 
this fonns mud. As the ,vaU!r becomes shallower, these floating plants are 
replaced by upward growing reed-5 and oth~r plants. 

The first organisms to colonise the bare rock in Figure 9.15b are lichens, 
but they are only able to gro"'~ ,,,..hen wat r is available. Lichens are involved 
in breaking the surface of rocks creating a ·soil1 that accumulates under 
them. This s-oil holds enough \,:oater and mineral ions to allow ne,¥ species 
t,o colonise . As this soil is often ~~shed a"ray, succession is very slow. 
Ultimately though, the lichens will be out-competed by mosses. These, in 
tum, ·wiU be ou t-competed by ferns and species of flowering plant. 

. ' 

- Acid grf!'j dunes 
or acid fixed du,n es 

Dune heath 

Succession in sand dunes 
Sand dunes occur in many coastal areas and 
,can provide a good example of succession. 
Sue-cession is a gradual pr,ocess and th time 
scale involved prevents us from sitting in one 
place and observing successional changes . If 
":re VY"'alk, howev,er, from the .sea shore in to the 
san d dunes we wiU pass thTough differen t areas 
which represent different stages in succession 
(Figure 9 .16). 

We will start nearest the sea on a sandy shore , 
above high tide level Some plants; such as 
sea couch grass and lyme grass, are able to 
colonise and survive in the bare sand. We can 
species suc·h as sea couch grass and lyme grass 
pioneer species because they are the first plants 
to colonise the area. Their roots and shoots 
form a dense network that binds sand particles 
together and) as a resuk, sand starts 10 pile up 
and form the [ore dunes. As the p lants grov.r 
larger their aeriall pans lrap more and 1nore 
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sand. They cannot grow fast enough> however, to avoid being smotl1ered 
by sand when it is piling up at a rate faster than 30cmyear-I. Under these 
conditions they are replaced by n1arram grass. 

Marram grass-dominated dunes are called yellow dunes or mobile dunes: 
yello"7 because there is very little hun1us in the sand and it shows yello,v 
through the marran1 grass ,cover; 1nobile becaus,e they ar,e continually 
changing shape as the wind scours the face and blovvs the sand. This is a 
very harsh environtn ent and few plants can survive in these conditions. 
Look at Table 9. ,6 . TI1is table compares the abiotic conditions in these 
yeUo,v dunes "'rith the conditions in the grey or fixed dunes later in the 
succesSI011. 

Table 9,.6A comparison of some of the ab~otic factors in yellow and grey du nes. 

AbioUc factor Yellow .dunes Grey dunes .. -

Mean w1ind velocity 5 cm ab,ove the dune 12 J 2.4 
su rface/krn, h-1 

Organ ic matter/% 0.3 11.0 

Concentra,tion of s,odium iorns/ppm1 8.5 4.2 

Con centra tron of callc iuim ions/ppm, 637.0 297.0 

Concentraition of nitra:te ions/ppm 48.0 3.so.o 

The high ""ind speed has t,vo important effects. It Vlill pile sand on top 
of any plants growing there and i'l will lead t,o, a high rate of \Wter loss 
by tra11sp·imtion. There is still very little organic matter, so the sand do s 
not retain water veiy weU and nutria'l'ts tend to leach out. Also, ·there is 
lii tle material for decomposers to act on and recycle nitrogen-containing 
compounds. It will d1y out rapidly after min. lmpona.nt soil nutlients such 
as nitrates are in sho,n supplY: but sea spray results in high concentrattons 
of sodium a11d calcium ions, so this lo,wers the water potential of the ss.ndl 
dune. creating osmotic problems for plants. Very few plants can grow her 
but one that does is marram grass. Marram grass has a number of xerophytic 
adaptations that enable it to grow tn thecSe oonchtions (Figure. 9 .17) . 

h i1n ge eel Is I ose ivater in 
dry conditions causing the 
leaf to ro lil inwa.rds. 
tra pp ~ng moist air a.nd 

~ - .....;;::::::;_-...-~~- ..;_--l~~-rredudng water loss 

.,.,_ ___ nai rs trap moist ure and 
reduce water loss 

~-~~ ~~---~ ~~~-----~thkk~~cuticlep~ents 
water I oss by eva poratro n 

Figure 9.17 a) On sand dunes, marram, grass i1s an irmportant species. Hs Leaves grow from a vertical under ground stem, so 
remain above the sand that the w ind deposits on the plants . It also has adaptat1ons that enable ,it to grow in areas where there 
ls often LitHe wate,r avaitable. So m,e of these adaptaUons can be seen in the section throu9h .a leaf shown in b)r. 



J\.1arratu grass illustrates an important biological principle: the more hostile 
the environmeitt, the fewer the species that aTe able to survive and the lower 
the species diversity: In hostile environments, it is generally abiotic facto1--s 
that determine which species a1~ present. 

Now we will go inland to the area of grey dunes or fixed dunes . They 
are called grey dunes because humus in the sand colours th.em grey; 
they also are referred to as fixed dunes be,cause the sand is no longer 
being blown about, so they are n1uch n1ore stable. Table 9 .6 on the 
previous page shows how abiotic factors change and tnany of these 
changes are due to the activity of organisn1s on the yellow dunes . The 
roots of marram grass bind the particles of sand and the leaves act as a 
,vindbreak, reducing "rind-chill and creating shade. The ,vind velocity 
is lower so less sand blov.,s about . Dead n1aterial falls from the marram 
grass and is broken dovvn by soH bacteria to form hutnus. The amount 
of humus is higher, so the developing son retains moisture better and 
the concentration of impo1tant soil nutrients such as nitrates tises. 
Rain is also beginn.ing to leach the soluble sodium andl calciu1n ions 
fron1 the surface. layers of th,e soil. Other plants can now grovl and 
they gradually r,eplace marram grass because they compete better with 
marram grass when the soil has more nutrients . We are beginning to 
~u·rive at a situation where the n"vironment is less harsh. There ar,e 
more species and a greater species diversity creadng n1.o-re complex and 
the ref ore more stable food chains and webs. In ·this environment h is 
biotic factors 1 such as competition, that detern1ine whether particu lar 
species survive . 

The process of succ ssion co,ntinues. The species found on these grey 
dunes may change their ·environment in such a way that they are 
r,eplaced by other species. Woody shrubs start to gro\\-: Hawthorn and 
elder grow an.d shade out the sho,rter v getation. Uhimately \voodland 
dev·elops. Vile have reached a stage that remains relatively unchanged 
ov,er long periods o,f time. This is the climax community. In Britain, 
it is usually woodland of some sort. If you look again at Figure 9 .16 
on page 182 and Y,Ol\ will see that not all successio,n on sand dunes 
follows this pa.tte·rn . The san.d particles tl1at make up the dunes have 
different otigins. \Vhere they ori.gina.te from rocks sucl1- as granite~ 
the soils they produce are more acidic. They support different plants 
and gradually give. ~ray to dune heath dominated by plants such as 
·bracke:n an.d heather. Basic soils ,containing high concentrations of 
calcium carbonate. can also beco1ne more acidic as soluble basic ions are 
gradually leached from them. 

The details of the proce:.sses of succession in slow~flo,'Wing streams ru1.d rivers 
and on bare rock sho\VTI in Figure 9 .15 are diffe1--ent from those on sand dunes 
but the principles are very similar. They are Sllmmarised in Figt\re 9.18 overleaf. 
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Figure 9.19 Or chid- ri eh ,cha Lk grassta,nd 
1is ~d entif ied as a Europea n con se rve1ti o.n 
priority. 

harsh environmental conditions 

only pioneer species adapted to -----­
meet con djti ons ea 11 g rrow fie re 

l1ow d iversi,ty 

shon~ 

pioneer comm unity 

enviro nme nta 11 conditions not so harsh 

many more species -of plla nt ea n grow 
here 

h rgh diversity 

in!land 

dimax c:ommu.n ity 

Figure 9.18 A summary of the prociaSSQS involved ,in success~on. 

Manaqing succes ion 
Succession does not ah,vays proceed all the vvay to a clin1:ax cott1munity. It 
can be stopped by various f9clors often ass,ociated with hun1an activity. 

There is little, if ai-1y, of the landscape of Britain that has not been modified 
by hun,an activit}~ ?vluch of our curren landscape is the result ,of centuties 
of agricultural practice. Chalk grassland is ,on example. It consists of a 
div,erse mixture of grasses and herbs and can support up to 50 species 
,of flovtering plant per square men~e (Figure 9.19) . Th.ere is also a high 
diversity of invertebrates. such as insects and snails. 

At the beginning of the ninete.eruh century more than 50% of the South D0·w11s 
,vas chalk grassland. Today, the figure stands at just 3 % . There are many 
reasons for this massive reduction. Understanding them requires not ,only a 
knowledge ,of.ecology, but also an understanding of other aspects ofbi,ology. 

• Cha]k grassland resulted from sheep gl'azing the thin nutrient-poor soils 
overlying cllalk. A masshre decline in the number of sheep and the resuking 
spread of scrub ms reduced the an10unt of chalk grassland. The bushes that 
form this scrub a]so spread to remaining areas of chalk grassland. These 
bushes) however, are also pan ,of the chalk ecosystem and are important in 
contributing to the overall biodiversity by providing a habitat for many species. 
A balance. needs to be achieved by controlling this process of s1.1cccssion. 

• The d.isease myxomatosis \Vipe.d out large numbers of rabbits in the 
l 9 5 Os. Since then rabbits have become: resistant to the dis ease a11d 
numbers have increase.cl dramatically. They have httle ,effect in contr,olling 
scrub vegetation and tl1eir vvarrens a.ndl overgrazing cause serious erosion. 

• In order to irnprove yield~ many fanneTS have added nitrogen-containing 
fertilisers and .sele.ctive herbicides to field5. Some species have benefited at 
v.he expense of others and there has been a resulting loss in biodiversity. 

• Much of the ,existing chalk grassland is .fragmented. This fragmentatiot1 
causes isolation and makes populations more vulnerable to local extinction 
from disease and predation, because each population has a limited gen e 
pool and there is li.n1ited variation for natural selection to operate on. 

Conse1~vin g habitats su ch as cha]k grassland requires careful manageinent; 
to prevent succession taking place. By grazing sheep on chalk grassland) 
scrub cannot dlevelop; and this maintains a suitable habitat for many 
different species of wild.flowers and insects such as butterflies. 1vlany areas 

of n1oorland are mov.red lo re1nove tree species and preserve the habitat for 
moorland birds and other wildlife. 
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lnve,stigating succession when plant cover has been destroyed 
,n an inves ti.gatiorn, eco log ists compared control plot s 

with plots on whic h t he plant cover ha,d been partly 
destroyed by a llowing motor cycles to be ddden 
over it. The results are s hown in F1gu re 9.20. 

a) C ontroli p lots 

I 1 
Percentage Percentage 

cover cover 

b} Ptots where cover pa rt I¥ destroyed 
by motor cycles 

Key 

CJ bare sand 

D marram grass 

- bird's foot trefoil 

D rest ha.nrow 

D other species 

immediately 1 yea r 2 yea:rs immediately 1 yea,r 2 years 
Time Time after da.ma ge to p1la nt cover 

Fig1.,1re 9.20 A comparison of changes in the vegetatiion of a] control plots and bl plots in1 Which the plant cover had been 
partly· destroyed by motor cyc le s. 

Descr1ibe how the control pilots s houtd have been 
treated. 
In this c,. se. the ,rnportant thlng 1-1as to treat the 
control piols in the sa rne way as the experimental plo s 
mall a~pects @!<cept in riding a motor cycle over them. 

2 What was the purpose of the co ntrol plots.? 
They provide a compa, ,son 1//lth the experim ntat plots 
by shovi11ng what v1ould happen to sirnilar areas of 
dune that v,erp not da rnaged by being ridden ovPr 
Describe the process of successi.on that takes place 
in the contro l plots over t he period covered by this 
in1vesti gaho n. 
The re 1s a decrease in he amount of bare ground 
and a change in plant cover. Tile percentage cover of 
,r,arram grass and rest tiarrov-1 decreases and lhere 1s 
an increase in bird·s foot trefoil and other species. 

T his i1nvestigation ill·ustrates an i:m portant poi1rit. 
When we ha·lt the process of succession. in this cas·e 
by partly destroying ptarit cover wJth a m,c to r cycte, it 
rarely returns to where H began . 

' Use the results in the bar chart to describe how the 
process of success 1ion is different after the plant 
cover has been destroyed. Suggest an exp lanati:on 
for the difference. 
In a , atu, al ~uccession. marram grass is present 
eat ly in !:iUCcess1on . In the 1nvestigat1on. we are 
starting from a position vvhere species other 
than marram grass are present. although n1ost 
of the plant cover has been destroyed. The sari d 
in the areas frorn L~hich the plant cover has been 
removed is qu Ue different from the sand in vvhich 
lhe marram grass became established initially. 
The sand v.;iU1 reduced plant cover contains more 
humus and n is not so UA.ely to dry out. It also has 
a lower concentration of sodium and calcium ions 
and a higher concentration cf nitrate ions. These are 
conditions in whlch rest harro1N grows better than 
marram grass 'tlou can see quite clearly tiow hurnan 
2cuv,ty has altered che path of succession. 

~ ····················································································································································: : TEST YOURSELF ! 
• 
:! 11 Use you r kn ow ledge of com petH1on t o exptain w hy 
• 
: the use of ni1trog,en-conta inin g fertiU sers on chalk .. 
i grassla nd has res ulted in a loss of biod,iversity. .. 
~ 12 Explain two ways mn w hi.ch farming prevents 
j s uccess ion occurr ing rn fii e ld s. 
• 

• .. 
13 Success jon takes ptace after a fi re has destroyed i 

• 
a la rge area of fare s t Suggest how pla nt sp ec ies ~ 

a re a ble to co lo n~se the area. i ., 
• • • .. .. .. .. .. 
• • • 

~-·················································~··············································~··········································· ......................... ...... 
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Practic questions 

II 

I a) What is species richness? (1) 

b) The graph shows how species richness changes along 
a sand dune syste1n. 

i) Describe the graph. 

ii) Explain the results. 

c) Ho,v would you expect the animal species 
1ichness to change along th.e sa1ne transect f:ro1n 

(1) 

(3) 

20 

PJant 
spec ies 10 
ri:chness 

• 
• 

• 

• • 
• 

• 
• • 

0 to 400 m? Explain your at1s,ver. (2) o--~-.-~---~-.--~--~...----. 

2 If a field is abandoned for a long period of time~ 
succession will ,occur. Over tin1e> changes in the 
cotnpositilon of the plant and anin1al communities "rill occur u11til 

eventuaUy no further change takes place. 

a) What name is given to· the final stable co,mrnunity at the end of 
a succession? 

b) One community is gradually ·replaced by anothe·r during 
.su cc s sion. E,q, lain how. 

c) Explain how th following farming activities 'interfer,e· 'Vith the 
process of succession: 

i) regular gmzing by sheep 

ii) plo,ughing fi-elds each year. 

3 a) \\'hat is meant by an ecological niche? 

0 100 200 300 400 SOO 600 

Di,stahce f.rorn front of fore du,neslr:n 

(1) 

(2) 

(2) 

(1) 

b) In a study of one population of badgers~ 72 animals ,vere trapped 
and marked with a harm]ess dye on their underside. They 'A-~ere th n 
released. One month later, scientists trapped 120 badgers and found 
that 14 of these had been marked vrith dye. Use these figures to, 
calculate 'the size of the badg-er population. Shovl your working. (2) 

c) Suggest two re-asons vthy this ansVrrer may 11ot be completely 
reliable. (2) 

4 a) Give the meaning of these ,e.cological terms: 

i) population 

ii) community. (2) 

b) S01ne s tudents used the mark-release-recapture technique to e.sti.mat.e 
the size o,f a population of woodlice. They collected 9,7 \voodlice and 
n1arked the1n before releasing the1n back into the same area. Later 
they collected 86 woodlice\ 14 of which were marked. Calculate 
the number qf woodlice in the area u11der investigation. Shovt your 
working. (2) 

c) Describe how you \vould use a quadrnl to esti1natc the number of 
buttercup plants in a field measuring 1001n by 50 m. (3) 



II 5 Paramecium ai,reUa and Paramecium 

caudatum are sin.gle-celled protoctists 
that feed on algae. A scientist cultured 
the organisms in flasks containing a 
suitable cultur,e tnedium. He grew 
them S·ep!lrately and together. The 
graph shows the results. 

a) Explain why the two species of 
Para meci u. m \\re.re grown 
sepa rate1y as weU as to get her. (1) 

b) Explain the r,esults when both 
species are gro;,vn t,ogether. (2) 

Popuf,atron 
dens,ity/ 
arbitra ry 'Units 

200 P. aurelia 

150 

100 

50 

0 
200 P. caudatum 

• 
150 -

100 

so 

• • 
• • • 0 

0 
0 0 

mirxed populat1ion 

• 
• • • 

c) Suggest two conditions that the 
scientist would have kept the 
same for these results to, 

o ................... .,........~ ........... ~ .......... ~ ........... ..........., .................... ~ ........... ~ ......... ~ ......... 
0 4 6 

be reliable. (1) 

d) Evaluate the. benefit of laboratory studies like this in understanding 
interactions between organisms in a natural environment. (4) 

II 6 Scientists investigated the effect of a pr datory mite on a herbaceous 
mite. they gt·e~· a population of a herbaceous 1nite that feeds on 
o·ranges in a contain r. They added the predatory 1nite that feeds on the 
herbaceous mite. The popula ion sizes of both mites ,vere measured ait 
regular intervals for a period of just over a year. 
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• size of 
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1 ·s 10 15 20 25 30 35 40 

Ti,memeeks 

a) De.scribe and explain the results sho,vn in the graph. (3) 

b) Explain how you ,vould calculate the pen:entage increase in the 
population of the herbaceous mite between weeks 10 and 24. (1) 

c) Explain two advantages of studying these ti.vo mites in 
understanding the relationship between predators and p1·ey. (2) 

Stretch and challenge, 
II 7 Design an investitgation into the effect of an abiotic factor on the 

distrib1JJtion of a plant species. Plan your investigation to ensure reliable 
results, andl choose a suitable statistical test to analyse your results. 
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The control of gene 
.. 

expression 
···································································································· ·~·········· • • .! PRIOR KN OWLEDGE ! .. . 
• • 
: A gene is a, base sequence of DNA that codes for the amf no acid : 
• 1< 

: sequence of a polypeptide or a functional RNA [including ribosoma[ : 
• l . ·; RNA and transfer RiNA . : 
• • 
: A gene occupies a fixed position 1 called a lacus1 on a particular DNA : 
• • : molecule. ; • • • • 
: A sequenice of three DNA baises, called a trtplet codes for a specific : 
• • 
: amino acid. The genetic code is universal, non-overlapp·ing and i 
• • : degenerate. Also~ three bases in mRNA or tRNA code for one amin,o acid. : 
• • : I n eu ka ry ot e s, much of the nuclear DNA does not code for : 
i polypeptides. There are~ for exa ·m ple. non-coding muilttpte rep eats ! 
• • : of bas·e sequ ences between genes. Even w1ithin a gene onlly so:me : 
• • 
! sequences , caUed exons, code for a·mino aci,d sequ,enices. Within : . ' : the genel. these exons are separa ted by one or more non-coding· : 
• l 
: sequences. caHedl introns. : 
• • • • • • : • • 
" 

• 
The g,enome is the complete set of 9enes 1n a cell and the proteome is ; 
the full range of proteins that a ce ll is able to produce. i 
Messenger iRNA tmRNA) and transfer iRNA HRNA] have specific : 

• 
: stru ctur·es . : 
i Transcr iption is the production of mRNA from DNA. RNA polymerase I . .. 
: is u1sed in joiningi mRNA nu.cleot ides. = . " : rn prokaryotes. transcriptron results directly 1i,n the production of ! 
i mRNA from, DNA. i 
• • • • .. • • • : • • • • • • • • : • 

l1n eukaryotes, transcription resutts in the prod·ucti1on o·f pre-m RNA~ 
this is then spliced to form mR NA. 
Tra ns!lati1on is the prod u ct i.on of ip o ly p ept id es from t he sequence of 
codons ea rr 1ed by m R NA . 
Riboscm.es, tRNA and ATP are ,involved in translation . 

• • • • ,. 
• * • • • • • • • • .. 
• 
i 
• .. • ••••••••••••~•••••••••M••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• '411111111111111111111111~ 

~ ........................................................................................... ! 
: TEST YOURSELF ON PRIOR KNOWLEDGE : 
• • 
: 1 Give two simila r ities and two differences between an RNA and a DiNA : 
• • 
: nu c: leobde. : 
• • 
~ 2 The coding strand of ONA ha1s the following base sequence : ~ 
• • : CGGTACGA. What is the base sequen ce of the mRNA fo r which it : 
• • : codes? : 
• • 
i 3 Put the foHowing sentences in order to describe t he process of i 
• • 
: protejn synthesis. : 
~ A A tRNA mo'Lecu!le brings a specif ic a m11no add to th e ribosome. ~ 
• • ! B RNA poly1merase jorrns the nucleotides together to make a i 
• : mo.Lecute of m,R NA. • 
! C A section of DNA [a geneJ LH'lWfnds and th e hydrogen bonds break. 
• : D The amino acids join by a peptide bond . 
• • • 

• • • • • • • • • • • • • • • 



.. • • .. .. .. 
• • • .. 
• • .. .. .. 
• • • .. .. 
• • .. .. .. 
• • .. .. • • .. .. .. 
• • .. .. • • .. .. .. 
• • .. .. : .. .. 
'i-

E The mRNA leaves th e nu cle us and atta ches to a r ibos ome i n, the 
cytoplas m . 

F RNA nucle otrde s attach to the exposed DNA bases by 
c o m ple m enta ry base pa ~ ring . 

G One strand of the DNA becom es a temptate . 
H The anti codon on the tRNA is co mplem entar y to the codon on the 

mRNA. 
Once the f,ir st tRNA lnas passed on it s a,m ino actrd. i, t leaves the 
rfbosom e and the ribosome 1moves a long the m,RNA. three bases 
art a t fm e . 

J A sec ond tRNA b rri ngs its specif ic amino ac i1d to the r ibosome. nex t 
t o th e f ir st tRNA. 

i 4 What is th e d~ffere nce betwee n a poly pept1de a,nd a protein? . -

: 5 Duri1ng t ra nsc ri pt1on1 the base secru ence of only one of the st rands 
'i-

i of ONA is used to make a molleculle of m R:NA; the ottier DNA strand .. f is not used. Give one adva ntage of a molecule of DNA havfng bot h 
: st ra nds. 
• 

• • • • • • • • • 
' • • • • • • • • 
' • • • • • • • • • • • • • • • • • 
' ' • • • • • • • 
' ' • • • • • • • 
' ' • • • • • • • • 
' • • • • • • • • : ............................................................................. .................................... ~ 

C)~ln-tr_o_d_u_ct-io-n~~~~~~~~~~-

n An organism or cell1 produced 
ais,exuaUy from one ancestor,. to, which ~t is 
genetically identical. 

You might be familiar vvith animals that 'have different body forms durtng 
their life cycle . The cabbage \vhite butterfly is a major economic pest in the 
UK. lts larval stage, the caterpiUar, is a voracious leaf-eater and can destroy 
cabbage crops. The aduh butterfly does not eat plant leaves· instead it feeds 
infrequently on the sugary nectar found in flov.rers. 

Have you ever taken cuttings from. a plant, such as the stein and used 
them to grow new plants? If so, you have created a plant l lnnc, a group of 
gen tically identical pla11ts. Humans have been doing this for hund1-eds, if 
not thousands, of years. Re.search botanists perform a more s,ophisticated 
version of the same process when they isolate individual cells from the root 
Up of a plant and gr,ovl them in tissue culture to produ.ce large numbers of 
genetically identical plants. 

In these examples, we can see ·different body forms \vithin a single species. 
Body form is one aspect oJ an organisms ph,enotype. Although butterflies 
have different phenotypes du1ing their life cycle; their genotype is the same 
at each stage. Similarl~ the genotypes of the root and stem used to make 
plant clones are identical. 

Making clones from animals is not as easy as for plants. As you will see 
in this eh.apter; one reason for this is rhat animal cells lose the ability to 
express ma11y of their genes as they differenriate and 1nature. However; 
some animals have been cloned by removing the nucleus from one of their 
cells and inserting it into an egg cell whose nucleus has been ren1oved. This 
technology is called somatic ceU n uclear transfer (SCNT): we usually refer 
to it as animal cloning. 

You are probably familiar with Dolly, shown in Figure 10.1. She was 
p roduced by a tean1 -of scientists iln Scotland) using SCNT, and is thought to 
be lhe first 1nammal to have b een cloned successfully. DoHy \Vas put do'Wn 
when she ,vas only 6years old. Although sh e had given binh to a number 
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Figure 10.1 Dolly the sheep was t'he first 
mam.mal to be produced by soma,ti c ce ll 
nuclear transfQr. Do you know why she 
wa,s ea Ue d Dolly? 

• ... • ~" ••••• ~ji, , •••• ••••11 •• •••••••••••••••••••••••• ·"'~ i'tll .... ,.Ill, . .... ......... •~i11 ••••••• 

L i o t ~ n A cell tha1t can divide ·to for1m 
on ty one kind of ceU. 

.......... , ...... , ....... ..... "'' ........................ f-11!1 •• ....... , •••••••••••• , ., ••••• 

Plurip t _ nt A cell th~t can m.ature into 
many different kinds of speciaUse,d celll. 

T Jtlf, A cell that ,can matur,e into arry 
l<ind of c:eU type. 

of healthy la1nbs, at th e time of her death DoUy sl1owed syn1ptoms seen 
more cominonly in much older sheep . These included a1thritis ) lung disease 
and obesity. Some of these syn1ptoms are thought: to have resulted from 
problems associated with ceU division and the control of gene expression in 
her body cells. 

In this chapter you \vill learn how genes are controlled at a. cellular level , 
ho\v they are s,vitcl1ed on or off in different cells within an organism . TI1is 
knowledge v.,ill help to ~""[)lain how different body fonns \Vi.thin one life 
cycle and differen t organs within one body are p ossible. 

Stem cells 
Unlike plants> only a small nun1ber of cells in animals retain the ability to 
divide and give rise to ne,tV tissues. Most cells in animal that can divide a1'f. 

only able to produce cells of the same type. These are called u n ipo 1 -- nt 
cells. However, some cells retain the ability 'lo divide and are called 

tern cells and can be found in en1bryonic tissue and in son1e adult tissues. 
Whatever their source, stem cells have three general properties. 

• They can divide. and rene.v.r themselves ,o,ver long periods. 
• They a.re unspecialised. 
• They can develop into oth er specialised cell types . 

Human mbry nic m cells are stem ceUs that exist in all human 
embryos. Thy ar taken from an mbryo that has dev loped following 
in vitro fertilisation of an egg (in an fn vttro fenilisation clinic) and been 
donated for rese rch purposes vtith the informed consent of the donors. 
About 30 cells are removed from the inside of a human embryo that is 
4-5 days old!. These cells are plated into dishes that contain a. coating of 
embryonic mouse skin cells and an appropriate culture medium~ where 
they diviclle. 

Very· small numbers of human adult t m cells are found in specific 
tissues such as bone marrow and the brain. They lie dormant for niany 
years until stimulated to begin to, divide, following an injury. In addition 
to being difficult to isolate) they are .also mo,re difftcuh tio grow in tissue 
culture than embryonic stem cells. Unlike: human embryonic stem cells~ 
adult stem cells can only give rise to a limited number ,o,f bocly lissues: they 
are multipotent. In contrast to, human adult stem cells, embryonic stem 
cells are pluri1 o t t·1 l ; this means, if cultured in appropriate co11di.tions, 

they can develop into most of the. body's cell types. T.his type of stem call 
can divide in u11.li1nited numbers and can be used to n~t human disorders. 
Cells taken from a very early embryo, in the fi:rst 3 or 4 days 1 are I oLipoLt:nt 

and can develop into any kind of cell type. 

The use of e1nbryonic stem cells is oontroversial. In som e countries, 
including tl1e USA, it is currently illegal to use embryonic s tem. cells; even 
for research. In other countries; the use of embl'JlOnic stem cells is currently 
legal but is tigli.tly 1-egulated. In April 2008, members of the European 
Parliament (MEPs) voted to ban across the European Union any research 
involving embryonic stem cells. The following month, members of the UK 
parliament, which is a member of the European Union, voted to continue to 
aUo\V such research . 



T 1m ur A group of one type of ceU that 
ms div~ding r.aptdt)' and uncontroUably. The 
fom1aUon of a tumour mjght r,e,sult fr,o,m 
one, or on~ a few, genetic changes rin a ceU. 

J\.1ore recently, scientists have developed induced pluripotent ste rn ce lls 
(iPS cells). These are made from somatic (body) cells whiclll have already 
differentiated. All cells in an organism contain the sa1ne genes, bu t once a 
cell differentiates so1ne of the genes are 'switch ed off' . The scientists w h o 
developed iPS ceUs found that there were four ge11es expressed in a mouse 
embryo that control pluripotency. They added these four genes to sontatic 
cells and found th at the t ranscription factors p roduced by the genes made 
the cells plurip otent. You wfll learn n1ore about transcription factors later 
in the ch apter. There is a great deal of evidence that thes.e iPS cells a1·e very 
sin1ilar~ if n ot identical, to embryonic s tem cells. It n1ay b e possible in 'lhe 
near futur,e to use th ese cells rather tl1an embryonic stem cells~ to avoid 
th e ethical issues mentioned. ab ove. H owever, a t the n1on1en t th ere is still a 
great deal of testing to be don e, as iPS c,eUs can lead to u unour formation. 
Scientists need to u n der-stand the processes g,oing ,on in the ceHs n1uch 

better before they can be us,ed therapeutircaUy in humans. 

~ ~·~~~·~···············································································~ 
• • : 1 Embryon ic m,ou se skin cells are used in cultu r ir)g human e,m bryonic ! 
• • 
: stem ceUs to provide a surface to which the human cells can atta ch. : 
i Suggest one potenti,arl danger of th is use of mouse cells . ! 
• • 
: 2 Scientjst s hope that trainspllanting cultures of stem ceUs might be : 
j used to repair damaged ti ssues or ta re place maUu n,cti oning tlssues. i 
i a) How ca n t ran splanted stem cells repair or replace malfu n,ctionrng i 
: ' : tissues? : • • • • 
: b) S1uggest one biological adva:ntag e and one birotogica t disadvanta1ge i ! of usi,ng embr yon,ic s tem cells i,n suich transplants. ! 
• • • • 
·····················································································'Wlllllllllllllllllllllllllllllllllt 

()~G_e_n_e_m~u-ta-t-io-n~~~~~~~~~~~ 

Complementary base pairing is essential if transcripti,on and translation are 
to work pro,perly. Table 10.l summarises the pairing relationship betwe,en 
a base in~ DNA 11ucleotide and, 'the bases in c,o·mple.menta.ry nucleotides of 
mRNA a11.d then of tRNA. 

Table 10.1 Complementa 1 ry base pa ir in g is 1important during DNA re pl~cation, 
transcr1iption and t ra nsla,t ion. 

C~m plementary base in Complementary b_ase 
t.'1e co~ on of a nucleotid.e in the anticodon of a 

Base on DNA nucieotide of mRNA- nucleotide of tRNA 
Ad en ine U.raci l Adenine 

Cytos ine Guaning Cytosine 

Guanlne Cytos in e Guan in,e 

Thym1ine Aden ine Ur aci l 

You also learned in AQA A-1.evd Biology l Student~ Book t'hat th ree bases, 
called a codon~ code for one atn ino acid .. Table 4 .6 on page 70 of that book 
sl1ows the mRNA codons that code for eacb amino acid. 

As you also lean1ed in the first year of your A-level Biology course, DNA 
base sequences an.--e copied duri11g DNA replicatio:n. At a rate of about one in 
a million , spontaneous ,errors occur during this copyh1g process. 
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F m - hlf muta ion A rmutation caused 
by the iiddijti on or d@letmon of bases so that 
. aiU of the tr1ptets are chainged from the point 
of mutation. 

Table 10.2 The first two rows of this 
table show th,e am ino acid seq uen ce, 
encoded by part of a molecule of mRNA. 
The mRNA seq uence i1s shown as 
ind ivid ua l codons to 'help you to read the 
code. The table demonstrates the effect 
on th9 encoded am,inio acid sequence of 
; d elGtio n. substitution and insg rt•on of 
thQ basgs shown in red. 

Orig1in21l bas" SQq1uencQ on mRNA 
~ncoded sequence of am~n,o acid s 

m,RNA ba.se seq uence after base deletion 

Encoded seq1ue nee of ami n,o acids 

miRNA base seq uence after base-
s ubstritution 

Encoded sequence of ami·n.o acids 

mH NA base sequence after base, insertion 

Encoded seq1uence of amino adds 

Some of the errors that can occur are outlined belov.r. 

• Base deletion: a base is lost from the DNA sequence. As a result , the 
v.rhole base sequence foUomng the deleted base changes. This is called a 
fran1e--shift n1u talion and resuhs in a new sequence of an1ino acids after 
the deletion . 

• Base addition: a new base is added, ""~hich changes the v!lhole base 
sequence following this addition. This also results in a fran1e shift and a 
ne\v sequence of amino acids after the deletion. 

• Ease substitution: the 'i..vrong; base is included in the base sequence.. 
This n1utation n1ight result in a different amino acid being included in 
'the polypeptide chain. It does not cause a frame shift. 

• Base duplication: an important source of evolutionary change. This 
happens when one gene, or part of a gene, is copied~ so that there a.re 
two copies on one chromoson1e. The second copy can develop ne\v 
func tions by tntU.ation! while the original copy continues to n1ake the 
protein, so there is no· harmful effe,ct on the organism. This is how the 
different kinds of haemoglobin - alpha, beta and feta] - ar-e believed to 
have evolved. Also, in ice fish, which suivive sub-zero ternperatutes in 
the Arctic Ocean , duplication ,of a gene coding for a digestiv,e enzyme is 
beUe·ved to have resulted in the second copy of the gene mutating into an 
antift·,eeze protein. 

• Bas - inversion: this can occur ;..vhen t~"o breaks in the DNA o.f a single 
gene occur. The 'cut' ponion can rotate 1'80° a11d then re-joil1 the 01iginal 
DNA. As this type of mutation usually affe,cts several amino acids, h 
generally results in a non-functional protein being produced. Iiowever~ 
son1etimes it results in a very diffenant protein. 

• Ba ,. translocati n: this can occur when part of a gene breaks o,ff and re­
attaches to another gene. This usually results in the original gene with a 
missing section. and the translocated po,rt:t.on, coding for non-functi,onal 
proteins. However if .an inversion or a translocation occurs in .a proto­
oncog·ne. or a tumour suppressor gene. this may ]ead to cancer. For 
e>i..1Jimplc a faulty tumour suppressor gene may lead to a cell ,vith faulty 
DNA continuing to repli.cate, and translocation of a proto-oncogene 
to anoiher part 1of the :DNA 1nay ,cause the gene to be expressed more 
stronglYi or to pt,oduce a protein that has oncogenic activity. 

Table 10.2 sho,vs the effects that can arise from base deledon
1 
base 

substitution and. base insertion. 

AGA UAC GCA CAC ALJ1G CGC 
Arg Tyr Ala H' 1lS Met Arg, 

AGU ACG CAC ACA UG,C GCX 

Ser Thr Hi.s Thr Cys Ala 

AGC UAC GCA CAC AUG CGC 

Ser Tyr Ala H. l:S Me,t Arg 

AGG A UA CGC ACA CAU GCG 

Arg lle Arg Thr H1is Ala 



Some 1mutatio nis do not cau se 
a change in th e amin o ac id 
sequ ence a t aU. For exa mple~ for 
many amino aci.ds. changing th e 
third base r n a tri plet mea ns th e 
tr f ptet still codes for th e sa me 
a m·i no ac ids. This .is because the 

DNA code is degenerate. 

Mutagenic agents 
Natural mech a11.istns occur Vii.thin cells that identify and repair datnage to 
DNA. Many environmental fact ors increase the rate of mutation . They are 
called mutagenic agents and include: 

• toxic chemicals, for example b,romin e compounds, 1nustard gas (used in 
a large number of conflicts to kill soldier s and civilians) and peroxides 

• ionisi11.g radiation 1 for exan1.ple. gatmna rays and X rays 
• high-en ergy radiation , for example ultra.violet Hght. 

• ••••••••••••••••••• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

TEST YOURSELF 
! 3 a) Look at th e middle two rows of Ta1ble 1 D.2. The fin a1l codon in the 
• 
~ se quen ce i5 incomplete [GCXJ. Why ca n we saf ely identify Ata 
: talan1ine! as t he enco ded amino acid? 
• i bi Use the mi1d:d le two rows to exp lain th e term ·fram e sh1iff. .. i c)l Use the bottom two rows rn Tab le 10.2 to exp lain why a base 
• I 
i 
I 

substitu t:ion do es not cause a fram e sh ift. 

i 4 a) Mutations 1in some cetls are not important. Su9gest why a. 
: i muta ti1on i1 11 the gerie for ha,emog lob in is u1nimportant in a wh ite 
! b lood ce ll. 
I 
I 
I • I 
I 

: • • .. 
+ Ill 
I 

• • • • • 
! 
I 
I • I • I • I 

I : 
• 

bi Ex pla 1in why a, gene m,utati or, ea n have iim po r ta nt ·effects if ~t is 
found ln: 
i) a gamete 
iH a gene contr o l lrng cell divis1ion . 

5 Some peopte are concerned tha·t the aeriails ursed to trans,mlt 
mob ile phone messages emit radiation that increases th e rate of 
mutation. For t h is r ea,son they oppose the erect ion of these aeria l s 
in their ne 1ig hbourhood. Su1ggest what you1 w -outd need to m easure 
to i1nvest ,ig1 arte whether t hese aer ial s 1ncr eased the rate of mutation 
lea:d'i n g to cancer. 

• • • • • 
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Control can occur at everal stages of 
~ 

gene e press1on 
Gene expression involves the following flow" ,of gcneti.c information: DNA 
4 mRNA ~ p·olypepdde. Gene expression can be c.ontr,olled at any stage in 
this flow of information., including transcription and trans]ation . 

• 
1Control of transcription: only some genes are transcribed at any given 

• nme. 
• ,Control of translation: mRNA might be destroyed or its translation by a 

rib osome blocked . 

Contrail of transcription by specific transcription 
factors 
Ev,ery gen e has one or more DNA b ase sequences that control its exp~ession . 
Figure 10.2 sh ows one of tl1ese, called a promoter region. _I\. promoter 
region is located near the gen e i t controls, usually about 100 base pairs 
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before the start of its gene. Figure 10.3 sho,;,vs how a protein) caUed a 
transcription factor, binds to a genes p1~omoter region and, in doing so , 
enables RNA polyn1erase to attach to the start of the gene and begin i ts 
transcription. 

DNA 
molecule 

• 1Jpst:ream' of gene 

, romoter p 
reg ion 

direction of transoiption 

. urn:ti.onar 
gene 

Figure 10.2 Every gene irn eukaryotes is controUed by one or more pro,moter reg ions. 
TlhQ promoter re,gion ties clo·se to the gene it controls and is 'upstream· of it. 

o --
t ra nscription 
factor 

mRNA 

promoter , stim u·lates # 41ip--- RNA polymerase 

Figure 10~3 The role of a transcription factor and a promoter reg ion i'n stimutating 
transcr1ption. The position of a gene encoding a, polypeptide is shown i,n pa,rt of a 
molecule of DNA. In t1he ONA sequence preceding thi·s gene ,ref.erred to a,s ·u:p,stream· 
,of the gene) is a promoter reg,ion . Onty i,f an appropriate transcription factor at taches 
at this promoter reg ion ca.n RNA polymera,se beg:in to tran,scribe the gene. 

he role of 01estrogen in initiating transcription 
Oestrogen is _ mammalian steroid hormone. It is involved in the control of 
the marmnalian. oestrous cycle: it also stimulates sperm production in males. 
Because il is a smaU, hydrophobi,c ·molecule~ oestrogen can diffuse thr,ough 
the plasma membranes of cells. ,once in the cytoplasm oestrogen diffuses 
into the ceU!s nucleus, where it binds to a type of oestrogen receptor; called 
ER alpha (ERa). 

The ER.a oestrogen receptors are transcription factors that can bind to 
the promoter region of up to 100 diffe·rent genes. Figure 10.·4 (overleaf) 
shows one way in which these ERa oestrogen receptors work. In the cell, 
,oestrogen receptors are norm.ally l1eld \vilhin a protein complex that inhibits 
their action. When oestrogen binds to an ERa. oestrogen receptor it causes 
the oestrogen receptor to change shape and leave hs protein con1plex. Tl1e 
oes'trogen receptor can no\v attach to the promoter region of one of its target 
genes, stimulating RNA polymerase to transcribe that target gene. 



You need to lknow how oestrogen 
ca,n stimu late gene transcription, 
but you do not need to knOvV 
a,bout oestrogen-dependent 
breast tumours and impUcations 
for hosp ita l budgets. However, 
you m,i1ght be g: iven 1nformat(on 
on top ics such as this and be 
asked to eva luate it. 

tamoxifen 

0 

oestrogen 

H 

Me 
I 

J
N, 

Me 

Figure 10.5 Ta moxi fen ls ai drug, that 
is use d to trea t nes trogen-de pende nt 
breast tumours. Ta moxifen has a 
sim itar chemical shape to oestroge n. 

oestrogen ___ __, 

pl'asrrna membrane 

1 

0 t=
2
=====~ c=:=====::::::::> nudea r envelope 

0 

cofacto~ 

~~~ 
5 

~----ER(l oestrogen receptor 

-~--protein complex 

gene 

NA polymerase binds and 
begins transcription of gene 

DNIA 

Figure 10.,4A sim·plifi ed su,mm,ary of how oestrog1en stim,ulates the transcription of 
a tairg·et gi,en.e. 
t1'] Oestro·gen dfffuses through the plasma membrane O·f a target cell and then 

diffuses into its nucleuis. 
:(2] Here it attaches to an ERa oestrogen receptor that is conta,ined within a protein 

C·omplex. 
[3l This causes the oestrogen rece·ptor to cha,nge its shape and leave the prote,in 

complex that i1nh ib1its its action. 
[4~ Tine oestroge,n receptor ca,n now attach to the promote r region, of a target 91ene 
(5)1 where it attracts othier cofa,ctors to bind with it. The oe strog1en receptor. wi,th 

combined cofactors. ena,bles RNA po lymerase to trans·cribe its target gen·e. 

Oestrogen receptors, oestrogen-dependent breast 
tumours and hospital budgets 
Many people in the UK develop breast tumours; the vast majority are 
,vomen. About 35 % of breast tumours are associated v.1th over-stim1.dation 
of the gene encoding oestro,gen. They are called. oestrogen-d ep nd nt 
breast tumours. 

For over 20years the main treatment of breast tun1ours has been a drug called 
tan1oxifen. Tl1is dnlg is effec.ti ve because it has a chemical shape similar t,o 
that of oestrogen (Figure 10.5) . This enables !ain.oxifen to bind permanently 
to oestrogen. receptors in tu1nour cells. A5 a result , these tumour cells can no 
longer b,ind "With oestrogen, which they need in order to grow. 

lvlore recentlyl uew drugs have been developed that inhibit an enzyme, 
aroniatase; ~lhich is required for the synthesis of oestrogen. Like tamoxifen1 
these drugs stop tum.our cells responding to oestrogen, so stopping their 
growth. Large-scale clinical trials suggest 1hat aromatase inhibitors> such 
as anastrozole and letrozole, can be eve11 more ,effective in treating breast 
tun1ours than tamoxifen. 

However, 11ot all breast ttunours are stimulated by oestrogen. Tamoxi.f en 
and aro1natase inhib:itors are ineffective against breast tumours that 
are not oestrogen-dependent. A relatively ne,v d1--ug, called herceptin, 
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TEST YOURSELF .. 
! 6 Explain w hy havrng 
: hydroph obic moilec ules 
• f e nables oestrogen to diffuse 
~ through the cell-s urface 
: me mbrane of a ceU. 
• i 7 Oestrogen has w idesprea d 
• 
: effec ts in huma ns, affec ting 
• 
: the rep rod uc tive system~ the 
• : card1 ovascu lar system. the 
• : 1mm,un e system and bone 
• 
i ti ss ue. Use lnformation in the • .. 
: text to sug,gest how thjs ls 
• : possibte. 
i 8 If you were a board mem,ber .. 
i of an NH S trust 1involved i:r, 
• 
: a dec ision about whether • 
! h erce ptiin shou ld' be used to 
• : trea t a. patient wl th brea,st .. 
: cancer, w hat type of ev ide nce 
i w o u ld you ta ke f n to a-cc o U' nt? 
• 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
i • • • • • • • • 
i • • : • • • .. 
• 
i : 
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is effective against some of these ·breast tun1ours because it cont rols 
them in a different way. Herceptin is a tnonoclonal antibody. You 
lean1ed about monoclonal antibodies in the first year of you r A-level 
Biology course. Herceptin works by bindh1g to a growth factor receptor 
that is en1bedded in the surface 1ne1nb1~a.nes of some types of breast­
tumour cells. As a ·result, it inhibits the growth of the tumour cells. The 
type of breast-tumour cell against which herceptin is effect ive is very 
invasive. Treatn1ent of patients with 'this type of b reast tun1our, used in 
conjunction ~rith chernotherap)i"i h as be.en shov;rn to lead to long p eriods 
of disease-fre,e remission. 

However ~ there is one major drawback 'With the use of h erceptin . It 
is very expensive, costing the National Health Service ab out £22 OOO 
p er patient p·er year. NHS trusts have to consider the cost of treating 
patients, since they have a U1nited budge'l and have to balance the cost­
e.ffectiveness of what they can do. Some trus ts have not been able to 
afford h erceptin treatmen t for pa.d ents V.7ith invasive breast cancers . This 
has led to a so-caHed pustcode lottery: depen ding o,n where a sufferer 
lives she niight or n1ight not, be ab le to receive h ercep'li11 treatment. 
As is often th e case, the u se ,of biological advances is dependent on 
decisions n1ade by members of s ociety. 

o~~~~~~~-
c on t r o l of translation by RNA 
interference 
In eukaryotes andl som e prokary'otes t ranslation of m RNA from target genes 
can be inhibited by RNA interference, or RNAi. 

Gene regulation in petunias 

The marn idea that you need 
to remiember from this is tha t 
interfering RNA binds to 1m RNa 
by comple,mentary base pa1irr ing . 

Petunias are popu lar plants tha t are growrii ~n hanging 
ba1s kets in the UK. The purple ~olou r of the fl owers in 
Figure 10.6 ori the next page res ults from a se ries of 
rea ct ions 1n which a whrte pigment ]s coriverted to a 
purp le pigment One of the enzymes in this series of 
reactions is cal led cha lcone synthase. 

In 1990. a group of scient ists reported their attempts 
to produce petunia ftowers with a very deep pu rple 
coto,u1 r. They used ge1netrc engineering tech in icrues to 
insert many copies of the gen e encodi,ng c.hatcone 
synthase into the cetts of petu n j,a plants with pate 
purple flowers. 



Figure 10,.6 Petunia f:lowers show a wide range of collours. 

Use your kriowtedge of how enzymes work to 
suggest why the sci·entists expected the plants with 
the extra genes for cha le one synthase to produce 
deep purple flowers. 
Enzyrnes speed up a reaction by combining 1Nilh 
molecules of substrate to form enzyn,e-substrate 
co,nplexe!:J. ,Nhich break do11-1n to, ele2sr.J molecules 
of the product. lAle can increase the rate at which the 
product ,s formed by adding morE enzy,y,e molecules. 
As a result. n1ore en.?yme-substrate co,nplexes will be 
produced and so the product 1Nilt be formed faster. The 
.;cientists predicted that if they added more genes for 
chalcone syntha ... e to cells of petunia plan ls. more mRNA 
would be transcnbed fron1 them and so more rnotecules 
of enzyme ,,,1ould be made u, the cells of the petunia. 

Instead of deep purple filowers. the transformed 
petunia plants produced flowers that were mottled 
white. The sdentists cou ld not expla i,n this result. 

In 2004, in a totailly unrelated i nvestrgation. a d,iff erent 
team of sc ienti sts reported their discovery of enzymes 
ea lled RNrA-dependent RNA po Lymera,se,s ( A DR.s]. 
These RDRs ca talyse the production of double­
stranded R1N,A [dsRNAL They do this by usrng 
rmolecu les of mRNA that are in the cytoplasm as ai 

temptate to synthesise a complementary stra nd. The 
h.vo RNA strands are held together by hydrogen bonds 
between co t11plementary base pairs. 

2 Whart is unusual about the RNA produced by RDRs? 
You learned in AQA A-level Biology 1 Student's Book 
that RNA n1alecules are single -stranded but the RNA 
motecutes produced by RDRs are double-stranded 
/dsRNA). 

Figure Hl 7 shows what happens when RDRs produce 
a dsRNA m o!lecuile from a molecule of miRNA 1n the 

r.yto p lasm . 

Look at Ffgure 10.7. What is the Hrst thing that 
happens to the dsRNA molecule? 
The asRNA molecule is cut into small fragments 
These fragn1ents are about 23 base pairs long and are 
callee! mall interfering RN f iRNA/. 

Figure 10. 7 shows what happens to the s,iRNA. In a 
reactlon requiring the hydrolysis crf ATP, a1 protein 
complex in the cytoplasm takes up one of these s iRNA 
frag ,ments a,11d separates i·ts two RNA stra nds . 

double-stranded HNA (dsRNA) 

hydrolysis f 
siRNA 

_..._ prote,in 

mRNAbroken 
down 

- ........ - -

complex 

_ target 
mRNA 

V 
m RNA fragments 

Figure 10.7 Small inter fering RNAs [si,RNAs1 ;re 
sma ll doubte-stre:1nded RNA molecub:;~s. They e1re used 
by protein complexes in a cell's cytopl~s:m to break 
down m'RNA. By break~ng down the target mRNA. a 
cell can, controt the expression of the g~ne from which 
thQ m RNA was transcribed. 

Suggest why the hydrolysis of ATP is invotved r ni 

the reaction betweerr, the protei,r, complex and the 
s[H NA it takes up. 
L1he n,an1 reacUons in n1etab0Usrn, the reaction 
between the protein complex and the siRNA requires 
energy. This energy is released ~vhen ATP js hydrolysed 
ta ADP and inorganic phosphate. 
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Look at the protein complex containing the s ~ngJe strand 
of RiNA in Ftgure 10.7. The protein complex uses the RNA 
strand to bind to a molecule of mRNA in the cytoplasm . 
Once it has attached to the 1mRNIA molecule~ the protein 
complex breaks down the 'mRNA molecule. This stops 
the mRNA bein9 translated by the ceU's dbosomes. 

5 To whf ch type of mRNA witl the protein complex 
atta eh? 
The RDR in Figure J 0. 7 used a molecule of mRNA 
to make the dsRNA. One strand of the dsRf\lA must. 
therefore. have a complen1entary base sequence to 
the n1Rl'>JA from v.;hich it ~,vas made. When the protein 
complex separates the tv,o strands of the siRNA. it 
uses this compleff1entary base sequence to attach to 
any of the original mRNA molecules in the cytoplasrn . 
Thus_ the protein complex specifically breaks down the 
mRNA from which the siRl',lA v,1as made 
WlU the base sequence of the si'R NA be com,ptementa ry 
to the whole of the mRNA in Figure 1'0.7? 
The s1RNA ,s a small fragment of the mRNA molecule, 
so ft Vlill only be co,nplementary to part of the base 

sequence of the mRNA Ho1Jvever. this is enough ta 
enable the protein complex to bind with. and destroy. 
the target mRNA, 

'7 The destructiion of mRNA by si,RNA is strmulated w hen 
the concentrat,ion in the cytoplasm of one type of mRNA 
becomes hfgh. Can you use this informat ion to suggest 
how the discovery of RNA-dependent ,RNA pollymerases 
and small interferi,ngi RNA provided an explanation 
for the fai,lure of the first tea,m of sc~entists to produce 
petunia flowers with a deep p·urple colour? 
The hrst team of scientists increased the concentration 
of mRNA encoding chaicone synthase by inserting into 
petunia cells many copies of the gene for the er,zyme. 
A high concentration of mRl\lA encoding chalc.one 
synthase stimulated RORs to produce dsRNA frarn it. 
As a result many more siRf\lA motecutes carrying part 
of the n1RN4 code for chalcone synthase were produced 
by lhe plants. so the n1Rl\JA Vlas destroyed by the 
mechanism in Figure 10. 7. Unwittinqly. the scientists 
had .s im1.ilated destruction of rnRN4 encoding chatcone 
synthase instead of stirnulating more ol it to be 
transcribed lo produce more enz_vrne rnolecules. 

o~~~~~~~-
E pig en tic control of gene e pression in 

Figure 10.8 Th ese are identicat twin 
sisters. whosg DN!A basg sequence is 
id entica L. In this photo they are aged 
78. As twins agG·. 'more and more small 
differencQS ca n be s2e n betwegn them, 
as the re,s,utt of epig enetic imprinting. 
[Note, however: that the difference i1n 
hair colour is a result of ~H3!i,r dye and 
not epigenetic imprinting!] 

eukaryotes 
Epigenetiics in~rolves heritable changes in gene functi,on without changes 
to the base sequence of DNA. Allong with environmen tal influences, it 
explains why identical twins, vlh ose DNA is identical at fertilisation ) become 
increasingly cliJferent from each other as they gel older. Figure 10.8 shows 
two identical t\\-i n sisters. They still look very much alike at 78 . but the small 
differences betw,e,en them are much easier to see now that lhey are, older. 



DNA 

chromosome 

In d1e cells of eukaryotes~ the DNA is wrapped around 
proteins called }1istones. Chemical ' tags] can join on to 
the histone prot:eins and the DNA (see Figure 10 .9). The 

chemical 'tags' affect how tightly the DNA is ,vound around 
the histone proteins. If the DNA is vtound tightly round the 
histone proteins~ the gene is effectively 's,vitched off but if 
the DNA is loosely wound, the gene may be 'S\Vitched on~. 
This system is flexible, so the cp igcno1nc can be diffeTent in 
one cell ·type from another. 

Acetylation of hi stones 
Histone molecules contain the amino acid lysine. Aceiyl 
groups (COCH

3
)may be added to these lysine residues, 

replacing one of their hydrogen ions. This removal of 
positively charged ions causes the histone pro,teins 'lo be 
less tightly ,vrapped around the DNA. A.s a r-esult, the 
enzyine RNA polymerase and other factors needed for 
transcription can bind to the DNA m·ore ,easily. You can 
see this in Figure 10. l 0. Therefore, in m,ost cases 

• adding acetyl groups to the histone proteins (ac tylation) 
stimulates transcription 

Figure 10.9 DNA winds around hi stone proteins to 
form, chromoso,1mes. Chemical ·tags· fsee Figiure 10.12] 
attached to the DNA and the histones affect how tiightly 
the DNA winds around the histones. 

• re1novi.ng acetyl groups fro1n the histone proteins 
(deacetylatio11) suppresses transcription. 

Figure 10.1 O Acetylation of the his tone 
proteins 1makes the DNA less bghtly 
wound round the histone proteins. Thfs 
allows ONA transcri1pti·on to occur. 

, The sum of the chemjcal 
ch.anges t.o th,e histone prot9ins and the 
DNA (but not incluc:Hng changes. to the base 
sequence) of ~n organism. 

Methylation of DNA 
DNA methylation occurs ,vhen methyl groups (CH

3
) are add.ed to a DNA 

molecule, usually to a carbon atom. of cytosine bases where they occur in 
a cytosine.-guanine sequence. This me:thylation suppresses transcription of 
the affected gene, effectively switching the gene off. 

Methyl and acetyl groups are examples of the chemical ~tags' that form 
part of the epigenome. They can be added to chromosotnes as the result of 
environmental factors, such as diet) stress, smoking or exercise. T11.ey can 
also be the result of signals ·from neighbouring oeUs or even from within the 
sa1ne celL Jvlethylarion is an important mechanism. for 'switching' genes on 
and off during embryonic developme11t 1 when cells are d ifferentiating. 

Epigenetic imprinting 
You will ren.1ember that our body cells have two sets of chromosom,es in 
them, one (paternal) set fro1n our fathers and the other (maternal) set 
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Epl en tic Describh1,g ~nher1rted chan,ges in 
the DNA that do not invo~e: a change in the 
DNA base .sequence. 

Figure 10.11 11nhe·r itanc.e of Prader- WiHi 
syndrom e in on,Q fa,mily. 

from our m otl1ers. During the fonnation of oocytes and sperms, DNA 
m ethylation of certain genes occurs; this p rocess is called ep igcnc ic 
hnprinting. This imprinting is reversible. For example, \vhen a woman 
inherhs a chro1nosome from her father, it "rill be epigeneticaUy imprinted as 
(paten1al' . Ho\.\•ever~ ,vh en the daughter passes the sai:ne ch romosome on to 
her child~ i t will have become im printed as 'm ate1n al,. 

Recently~ scientists have found that the sam,e allele or alleles can have a 
different ,effect, dependin g on which parent it was in11,erited from . For 
exan1ple, Prader-Willi syndrome is a gen etic condition that affects one in 
every 12 000-15 OOO peop le. H affects both sexes and all ethnic groups. It is 
caused by inactivation of son1e of the alleles o n chron1.oson1e 15. 

You can see a pedigree sho\.V.ing the inhe:dtance of Prader-\iVilli syndrome in one 
fan-illy in Figure 10.11 . You '\Vill notice that individuals who inh,erit th · defectiv,e 

chromoson1e fron1 their n-iothe1· do not develop Prader-Willi syndrome. 

key: 

male female 

D Q unaffected 

0 0 healthy carr,ie,rs 

• • affected 

······························~························· . .. 
: Exten ion : 
• • • • : Prader-Willi syndro·me causes a wide range of effects, which may : 
• include: .. • 
: • a constant feeling of hunger which leads to obesity 
: • restricted grov,nh 
: • reduce.cl muscle tone 
: • no development of secondary sexual characteristics 
• .. • learning difficulties a·nd behavioural problems. 
• 

• • • • • .. 
• • • • • • • ••• • •••••••••••••••••••••••••• • •••• 

Epigenetics is very important in cancer research . The DNA in human 
tu1n,ours shows changes in DNA methylation and histone protein 
modification. This ,C£'ln cause tu1n.our suppressor genes to be silenced , or 
oncogenes to be activated. Scientists are developing drugs that treat cancer 
by reversing epigenetic changes, e.g. by rem oving acetyl ~tags· on histone 
proteins or removing 1nethyl groups on DNA. 

~ -----····-----·····-----····-----····------····-----····-----·····-----····-----····-----·····-----····-----····-----·····-----····-----·····-----··: =· TEST YOURSELF i 
• • i 9 1H ow does the ped~ gree i ri Figure 10.11 s how that 11 In the ptant Arabidops;s. the FT gene ca uses i 
: Prad er- WiHi syndrom.e r esults from a defec tive 
• 

flowedng. This gen e 1is inh ibited wh en th e FL.C : 
• i chrom.oso m e 1nhedted only from the fath er? prote fn is present. Th e gene that codes for FLC is : 
• j 10 The mule, born whe n a fem.ale horse and male switched off when enviro nme nta l te mp eratures : 
• • 

: donkey breed tog,e the r. looks very differ ent f r om a are cold . bt..1t the gene i1s sw'itched on aga~n whe n : 
• • : h1n ny, born t o a female donkey and a ma le hors e. the envjronmenta l temperature ·is higher. Suggest = 
• • 

: Use your und er s tanding of epig e11eti1c s t o suggest a) th e advantag e of thi s process to Arabidops;s i 
• : why. bi how the FT gene mi ght be switched on or off. ! 
: ........................ ......... ................. ........................................................................................... ............................ Iii 
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Jvl itosis occurs du ring the cell eye le of eukaryotic organisms. The rate of 
mitosis is controlled by two groups of genes 

• proto-oncogenes> ,vhich control cel l division 
• tun1our-suppressor gene--.S> which slow cell division. These genes also 

pron1ote programn1ed ceU death (apoptosis) in cells \Vith DNA dam age 
that the cell cannot repair. 

Gene mutations can occur in both fl1ese two types of gene. A n1utated 
p roto-oncogene > caUed an oncogene stimula.te.s c,ells to divid e too 
quickly: PToto-oncogenes often co de for proteins (gro,vth factors) that 
stimulate cell division by bindin g to receptors in the cell n1embrane. 
They n1ay also code fo r receptors in the ceU men1brane that control 
ceU division. Mutate.cl proto-oncogenes may result in over-production 
of these growth factors , or protein receptors in the cell membrane that 
stimulate cell division even when the gro\.\rth factor is not pr·esent. A 

n1utated tumour-suppressor gene is inactivat,ed, aUowing the rate of 
ceU division ta. increase. Another way in ,vhich tun1our-suppressor 
genes may be inactivat d is if they undergo epigen tic changes > such as 
beco,ming hypennethylated. 

An investigation into tumour formation in transgenic mice 
Ctones of laboratory mice a,re ofte:n used in investigations ,into the causes and effects of tumours. 

What ,is a clone? 
Sc ientiists genetically tra nsformed mice fro1m a sing,le clone to contain 
d~ff.erent oncogenes,, ca lled myc and ras . One group of mice co nta ined on ly 
the myc oncogene. a second conta ined only the ras oncogene and a th ird 
conta ined both the myc and the ras oncogenes. The scientists then recorded 
the age at w hi ch the m ice in each group developed tumours. 

2 What ,is an oncogene? 
3 Exp lain w hy the scientists 1used 

clones 1i:n this experiment. 

Figure 10.12 shows the percentage 
of mice in eac h clo ne that were free 
of tium,ot.Jrs during the course of the 
exper1iment 

I+ For how ma.ny days were a ll the 

mice in this experiment free of 
tu mou rs? 

5 Use the grap h t o co m pare 

th e eff ect s of th e myc an d ras 
on co9eJ11es w hen present a lo ne. 

6 Suggest a n ex pla nat1on for t he 
curve showi,n g m ice wiith both t he 

myc a nd ras onco9enes. 

Percentage 
of mk:~ 
wit hout 5 Q--1-.:......i,.........;--+--'-..;.....,""""'--+-.......... -i--+-+-1--;-;.-+-+-.-;--+-+-f-1-..-;.-.;-.1-i-~ ....+-......-..;.-;..-i 

tumou:rs 

Figure 1 D~ 12 Three groups. of mh: e from a s i ng1e cLo ne were gen eUcalty 
eng1ineered to contaln either myc oncogenes or ras oncogiEmes or bath. The 
g'raph shows th e percentage of 1m~ce in each clone that did not have· t umours. . 

: ............................ ·-..................... ····-· ............................................... ............ ·-· .................................................................................................... ......................................... : 
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environ m enta I factor 
causes epigenet ic change 
or genetic rm,utation 

Figure 10 .12 sh ow s the results of an investigation involving the formation 
of tumours in mice. A tumour is a group of one type of cell that is dividing 
rapidly and uncontrollably. The formation of a tu1nour might result from 
one 1 or only a fe,v, genetic cl1anges in a cell. Tun1ours can be benigu: or 
cancerous. Benign tumours are tumours ,vh ich grow in one place and do 
not spread . Th ey are n ot cancerous tumouTs. Howev,er) depending on where 
they grow, they m ay still be hannful. 

Cancerous tumours have ceUs that can break off and spr,ead around th e 
body, in a p1-ocess called m etastasis. The cancerous .cells invade organs an d 
tissues throughout th e body and secondary tumou1-s develop. These are 
called m e'tastases . 

Cancers are tumours in which some ceUs bre-ak a,vay from the group and 
invade organs and tissues throughout the body. Figure 10 .13 sho\VS that 
the change from 'tun1our ceUs to cancer cells requi res many m ore genetic 
changes. Thus, cancer does not usually result h·om a single gene n1utation. 

fu rther epigenetic chi a ng es 
~nd/or genetic mutati,on,s 

oo~• 0 ~~•• °80~# 8~~000 
O o0oo o0oo -• 
0000 0 0 

o •••eo 
o o•••.a ~~oo • -• •• o • o• 

norm a I' tissue pre-maHgnant 1,esion primary tumour metastasis 

Key O no rma I eel I O pre<a n ce ro u,s eel t O cancerous eel I, w Ith out metastat ic a b i'Ucy e cancerous ce 11 wlth metastatic abi Iii ty 

Figure 10.,13 Heatthy cells become t1umour cells as a res,ult of mutation in one, 

Meat consumption ,and cancer 
The graph in Figure 10.14 shows 
the results of a, ila rge-sca le 
epide miologiica·l study of Armstrong 
a,nd Hill [1975L It shows there is a 
strong Unk betviJeen coto,n cancer 
incider1ce and meat cons,um,pt1on. 

Descdbe th e re taticn,ship show 1n 
by the grap h. 
It shovls that the more meat is 
eaten per person per day, ihe higher 
the incidence of colon cancer in 
women. Ha tlever. this is not a 
perfect correlation. Far example. 
meat consumption in Sv-1eden and 
Hungary is very sin1ilar. yet the 
incidence of colon ea ncer in ,Non,en 
in s~veden t's n, ore than double the 
incidence in Hungary. 

,or a few. g:enes corntrolling ceU division. Many 1m,ore mutations are requ ired for a 
tumour cell to become a ca ncer cell. 

so 

40 

Mea,,n, rnass 30 
of m~at eate,n 

per pe,rson 
p9r day/g 20 · 

0 

Denmark • SW€den 

Ca nada • 

NoM'ay • ,e Neth@'rland:s 
• • Israel • • ~ 1 d' Jamak:a . • ,ce a rn ' 

.• Fin l~nd Puerto Rf.co Genriany 
Yugoslavia • . • . p I d 
• Chi le • 1 

. • - • 

0 an 
• Romani a • Hu ngarry 

• Jspan Colombta 

40 80 120 2.00 240 

• USA 

NewZeaian • 

280 320 
Number of cases of colo,n cancer per 100 OOO women 

Figure 10.14 Meat consumpHon d'nd 1incidence of colon cancer. 



~ Expla1in why the irictdence of co'lon cancer is gi1ven 
per 100 OOO woime n. 
Each country has a different size of population. sa to 
give the incidence of colon cancer in each population 
would be misleading. For exarnpie. the population of 
New Zealand is very rnuch lov,er than the populaUan af 
the USA. Giving the inc;dence per 100 GOO means you 
can con1pare countries even though their populations 
are different ;n size. ft is also useful to look at rates of 
colon cancer among women as the incidence of many 
cancers varies a·epending on the sex of the t'ndividual. 
A journatl:st wrf tf ng for a vegetarian food magazine 
wrote an artkle about th ese data~ under th e heading 
·Here·s th e proof that eating m·eat ca uses ea ncer . 
Eval,uate the jioU'rnaUsf s conclu sion. 
There are many paints thal you can give here. The 
word ·evaluate · rneans give the arguments for and 
against·. You can certainty say that the graph gives 
evidence that rneat-eating increases the incidence 

of colon cancer. as there is a posiUve correlation. 
Hov1ever, this is a correl.ation and does not prove 
cause ana effect. ft is possible that there is another 
ta ctor that causes rn ncer. People who don ·teat meat 
usually eat more vegetables. so it might be that fibre 
and vegetables protect people from cancer: Countn·es 
where people eat a lot of n1eat tend to be wealthier 
than countries where people eat ve,y little rnea t. so 
there might be a factor connected with affluence 
that increases the incidence af colon cancer. such as 
lack of exercise or drinking more alcohol. The rates 
of cigarette smoking are lil<ely to be very different 
bet11,..-een these countrles. The data does not distinguish 
beh1;-'een types of meat. It may be that red meat. or 
processed meat, t's more Ul-ieiy to cause cancer than 
some other kind of meat. The problem ~vith these data 
is that environmental factors will vary between these 
countries, so n-1 eat-eating is not the only variable. 

Sir Richard DoU was the world·s lea ding epide,m io'log,ist in the 20th 
century a.nd proved the ca 1usat relationship betvileen smoking and 
lu,ng1 cancer. Look back at AQAA-levei Biology 1 Studenfs Book to the 
section about smokingil cancer, corre lations and ca usa l relatronsh~ps in 
Chapter 7. 
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Practice question.s 
I Read the following passage. 

Scientists think that some of the genetic changes associated ·with ageing 
may be the result of epigene'lics, which suggests they could be l"Cversed. 

Molecules can attach to DNA1 enhancing or prev,enting gene activation 
v,rithout changing the underlying genelic code. Such epigenetic changes 
are already suspected as factors in psychiatric disorders, diabetes and 
cancer. 

They may also play a. 1ole in ageing. A group of scientists looked at the 
DNA of 86 sets of twin sisters aged 32 to 80, and discovered that 490 
genes linked with ageing showed signs of epigenetic change. through 
a process caUed methylation. They found that these genes were n1ore 
likely to be n1e.thylated in the older iwins than the younger twins. TI1is 
can be triggered by envir,onme.nta1l fact,ors. 

a) What is epigenetics {line 2)? (2) 

b) W11at is methylation (Hne 10)? (3) 

c) Name two enviro,nmental factors that might lead to methylation. (1) 

d) Scientists think that some of th genetic changes ass,ociated "'rith 
ageing might be reversed (line 2) . Suggest how. (2) 

2 Read the following passage. 

A w,oman in Japan has recei'ved the first medical tr,eatment based 
on induced pluripoteiit stem c-lls, 8years after they were discovered. 
The iPS ceUs wer,e made by taking skin cells from the woman>s 
arm and reprognunming them, so they could be transformed into 
specialised eye cells. These were used to treat age-related macular 
degeneration (AMD)) a condition that affects millions of elderly 
people worldVvide and often results in blindness. 

The woman had a patch of the cells measuring 1.3 x 3 millimetres 
grafted into her ·eye. She is one of six people who 'Will ree-ei ve this 
treatment, in an attempt to investigate the safety of stem ceU 
treatinents. 

a) What is the me,aning of pluripoten.t (line 2)? (1) 

b) Exp laiin wJ1y the skin cells must be reprogrammed before 
using then1 for this treatment. (2) 

c) Explain the advantages of using stem cells produced from the 
·woman.is own skin cells, rather than oells fro,m an en1bryo. (4) 

d) Suggest reasons \vhy it is important to investigate the safety of 
s tem cell treatments such as this. (4) 



3 Some kinds of ·breast cancer cells have HER-2 receptors on their 
cell-surface n1embrane. These receptors cause the cells to be 
stm1ulated by a gro,vth factor so that they divide too n1uch. 
Trastuzumab is a monoclonal antibody that binds to the HER-2 
receptors and stops the cells from dividing. 

a) What are monoclonal antibodies? 

b) Explain how trastuzumab stops these cells from. dividing. 

c) Explain why trastuzurnab is not ,effective against all kinds of 

(2) 

(2) 

breast cancer. (2) 

d) Trastuzun1ab is administered by inje,ction into the bloods'trean1.. 
Suggest ,vhy it is not given in the fom1 of a tablet. (2) 

II 4 RNA interference (RNAi) has been proven effective against a human 
disease, r-espiratory syncytial virus (RSV), ,vhich is harmful to 
young children but relatively harmless in adults. Eighty-five heakhy 
adults "''ere given a nasal spray containing either a placebo or small 
interfe.ting RNA (siRNA) designed to silence one of the genes of 
RSV: The adults used the spray daily for 5 days. On day 2, aU the 
volunteers \\>~ere infected with hve RSV. By day 11, just 44% of th,ose 
who received the RNAi nasal spray had RSV infections 1 compared 
Vvith 71 % of the placebo group. The scientists hope to use siRNA 
o·n lung transplant patients soon, and then they want to test it 
o·n infants. 

a) Describe hoVv" s-iRNA can silence a gen,e.. 

b) i) What would the plac bo contain? 

(4) 

(2) 

ii) S11Jggest why the trial ~tas done on adults rather than childre.n. (2) 

) Suggest \vhy siRNA 1night be useful for people who have had 
lung transplants. (2) 

Stretch and challenge 
5 Investigate Angeln1an syndrome and hov.;, it is inherited. Contrast 

the inheritance of Angelman syndrome with the inheritance of 
Prader- Willi syndrome. 

6 Research. the genetic inheritance of tortoiseshell coat colour in cats. 
Inve~tigate Carbon Copy, the cloned tortoiseshell cati and explain 
why she does not look like her clone. 



Gene cloning and 
gene transfer 
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Do you intend to study bi.ology at university? If so 1 a.re you planning 
to use your degree to make a care.e:r? Many graduate biologists do, for 
example your biology leachers. Son:a:e biologists are employed by large 
phannaceutical companies; where they are employed. to develop new drugs. 

In the 1980s1 pharmaceutical cornpanies were attracted by new 
developments in DNA technology; including the genetic 1nanipulatio11. of 
organisms. Some molecular biologists even set up their O\Vfl companies to 
capitalise on their research. The potential profits from tl1is bi.otecl1nology 
indust11r attracted people to invest their n1oney in these companies. They 
believed that buying shares in the. aompanies would give them a better 
re.tun1. on their money than. other types of investulent. This sudden gro\\rth 
in ownership of sl1ares in the biotechnology industry was called the 
'biotechnology bubble'. Biotechnology companies became very valuable in a 
short space of time and some 1nolecular biologists \\7l to had set up their OMl 

companies beanne ve17 weakhy on paper. 



Although tl1e potential benefits of biotechnology ,vere promising, there 
were ma11.y difficulties in conve11:ing research methods into profit-earning 
products. Many of these proble1ns were technical, but some resulted from 
negative public opinion. As a result, the price of shares in these companies 
feU d1--amaticaHy in 1999; the biotechnology bubble burst and investors lost 
a good deal of the tnoney they hadl invested. o~. ~~~~~~~ 
Recombinant DNA technology 

primer 
[ mRNA template 

- A- T-C l 
- l - 1- ! -C-G- C- A C-C-A-U-G 

reverse 
tra ns cr,ipta se 

ne\v strand of DNA (cDNA) 

- A- T-C-G- 1- G- T- G- G- T- A- C 
I I I I I I I I I I I I 

- U- A-G-C-G-C- A-C-C-A- U-G 

Figure 1 t1 Complementary DNA [cDNA] 
is ,made using reverse tra:nscriptase to 
copy the base sequence of mRNA. 

restriction endonudease 
cuts DNA he re 

+ ~ 

I 
nydrogen 

t t 
bond 

I r~rtrktr on 
endonucl~ase 

I I I I I _ restnction 
. 

-,-1-1 ·1-1 • 
~ fragments 

Figure 11.2 A restrktion endo m.Jclease 
c uts DNA into double-stranded 
fragme nts, ca lled restrict1oin fragme nts. 

En tire n1olecules of DNA are> in general, too large to be used in gene 
technology. lnstead> tnolecular biologists use fragments of DNA, v,,rhich 
contain the gene or genes they are in'terested in. They can produce these 
fragments using thr,ee different n1ethods. They use: 

• a reverse transcriptase to convert mRNA to cDNA 
• a restriction endonuclease to cut DNA fragment:s out ,of a large DNA 

molecule 
• a 'gene machine' to synthesise the required piece of DNA. 

We will look at each ,of these n1ethods in tum. 

Using a reverse transcriptase to 
convert mRNA to cDNA 
You leam,ed in Chapter 10 that most cells do not transcribe all their genes. 
Thus, the cytoplasm of a specialised cell con'tains only mRNA transcribed 
from some of the genes in its nucleus. This is because specialisedl cells niake 
a ]at of a limited number of different proteins. his often easier to extra.et 
mRNA from the cytopla.sm of a ceU than to find the gene fron1 which it 
v,;as tra.nscrib d . For example\ mRNA ncoding the mammalian hormone 
insulin ~ill be found in high concentrations in the cytoplasm of 13-cells in 
the islets of langerhans of the pancreas, but in no other cell. 

Molecular biologists can extract this mRNA and make a DNA copy from it 
(Figure 11.1). Purified mRNA is mixed with fre~ DNA nucleotides and an 
enzyme called reverse tran criptase. -Y:ou learned ~bout reverse transcriptase 
when you studied HN in the first year of your course (see AQA A-Ievd Biology 1 
Students Book Chapter 6). This enzyme catalyses a proc,ess that is the reverse of 
trans.cription: DNA is made from mRNA. The DNA fanned in this ·r1ilay is called 
com plementary DNA (cDN'A). The cDNA is single stmnded) but it can be 
·made i!nto double-stranded DNA tlSing DNA polymerase. 

Using a restriction end 1onucl1ease to cut fragments 
out of a large molecule of 01 NA 
Nucleases are enzymes thalL break the bonds linking one nucleotide to the 
next in a DNA strand. An cxonu clease remoyes nucleotides, one at a thn.e, 

fro1n the end of a DNA molecule.. We are n1ore interested in endo nucl eases. 
Figure 11.2 shows how an endonuclease hydrolyses bonds Vliithin the DNA 
n1olecule, producing fragmen1r.s of DNA . 

Restriction en donuclcases (or restriction enzyn1es., for short) are enzymes 
that b1-eak bonds in the sugar-phosphate backbones of both stTands in 
a DNA molecule . As .a result, they produce double-stranded fragtnents 
of DNA) like the ones sho~1. in Figure 11.2. Each restriction enzyme 
cuts DNA only at a particular sequence of bases, callled the recognition 
sequence of the enzyn1:e. 
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A restriction endonuclease can cut a DNA n1olecule in one of two 
ways . Look at Figure 11 .3a. This shows how one resttiction enzyme 
makes a simple cut right across the middle of its recognition sequence. 
Y ... ou can see that this results in DNA fragments with blunt ends. 
Figure 11 .3b sho,vs ]10,v anotl1Ler restriction enzy1ne 1nakes a staggered 
cut across its recognition sequence. This produces fra.gn1.ents ·with 
short single-stranded overhangs. Since these overhangs can form 
·base pairs vtith other con1pletnentary sequences~ they are called 
sticky ends. 

a) Production of bi u nt ends by the res-triction enzyme Alu1 

- B-- B-A- G- C- T- B- 8 

-LLLLLLL! 
restriction 
enzyme Alu1 - 8 - 9 - A-G - C- T- 8- B 

I I I I 
G- A-8-B 

J J I I 
-8-'8 - T- C-

bl,unt ends 
b} Production of stkky ends by the restriction enzyme Eco R.1 

restrict ton 

_i_i_l_i_i-1-1-1-i-1 
enzyme 
Ec,oR1' -r-,-1 A-A-T-T-1-,-1 

- B- 8- C- T- T- A- A- G- 8- B - 8- 8- C- T- T- A- A G- 8- B 

sticky ends 

Figure 11.3 A restrictjon endonuclease produces do·uble-stranded fragme·nts of DNA 
by brea'king DNA motecu'l~s at a specific recog.nition sequence. The ba.ses in1volved in 
the recogn1ition sequence are shown in red . A is adeniline. C Is cytosi ne~ G is guanine 
an.d T is thymine. The symbol B represents other organ,ic bases that are not ~n.volved 
, n the reco gn i,tion sequence. 

The properties of recognition sequences 
What does Figure 111.3 tell us about th e recognition 
sequence of the restrict ion enzymes from these l\No 
ba,cteria? 
The recognition sequence of A lu 1 ls different from 
the recognition sequence of EcoR 1. In fact. every 
restrictlon enzyrne has a unique. specific recognition 
sequence where if cuts 8 DNA molecule 

..... Can you use your knowledge of how enzymes 
work to expta in why each restriction enzyme has a 
spec ifi c recogn ition sequence? 

You sl1ould recall that enzymes are specific. An 
enzyme is specific because only one type of substrate 
can ht into its active site. The activt: sites of restrict Ian 
endonuclease s are specific to particular sequenc. es of 
bases; that is. to specific recognition sequences. 
How long are the recognition sequences in Fi·gure 11.3,? 
In Rgure l 1.3a. the recognition sequence fS only four 
base pairs {4 bpJ long. In FigurP l 1.3b, the sequence is 
only o bp long. Although son1e restriction enzymes have 
recognition sequ2nces that are longer than this. most 
have recagnit1on sequences between 4 bp and 8 bp tong. 

Look carefully at the sequence of ba,ses in th e upper 
a,n,d lower strands of each D:NA fragment shown 
1n Frgure 11 .. 3a and b. What fs the common featu,re 
about their pa,tterns of bases? 
In Figure ~ J .3a. th~ upper ;trand of the recogn1Uon 
sequence reads AGCT I( you read the lower strand 
from rtght to left. il also reads A GCT. Look again at 
Figure 11.3b. The upper strand cf the recognition 
sequence reads GAATTC. which is the same as the 
tower strand ·Nhen read frorn r;ght to lefc. The order 
of bases in one strand af a recognition sequence is 
ahvays the san,e as the complementary strand when 
,ead bacl<wards. Something that reads the sarna 
fon11ards and back1,i1ards ,s cBlled a palindrome. A 
sin1ple pa Un dram e in English is ·never odd or even ·. 
Figure 11.3 shmNs us lhat 1n aadilian to being short. 
recognition sequences a re palindrornic. vVe can no~v 
define £he recognt'tion sequence of a restriction enzyrne 
as a short specific. pa lindrornic base sequence 

5 How could m olecu lar biologists ensure that they 
only cut a s pecrific g:ene out of DNA? 



Provided they kno1N the base sequences at each end of 
a gene. biologists can use restriction endonuctea ses 
'Nith base sequences that are complementary to them. 
As a result. the two restrictJ'on enz_vmes will cut the 
DNA, one at each end of the desired gene. Of course. 
this will only be helpful if the recognition sequences do 
not also occur within the gene. 
Ba cteda ea n be infected by vrruses that i nj'ect th e1 r 
n uctei c ac i·d 1 nto the host ce lt. Suggest one natural 

function of restric tion e ndonucleases ,in bacter ia. 
A bacterium uses its restriction endonucleases to 
hydrolyse the nucleic acid injected by a virus before 
it can be transcribed. In this 1Nay, bacteria protect 
thernselves against viral infection. The bacteriurn ·s 
own Dl\JA is not broken do1Nn because. unUke the 
DNA of the virus. bacterial DfvA contains n,ethyl 
groups l-CH) that protect it from the action of" its own 
restriction endonuc leases. 

Creating a gene in a ~gene machine' 
If the primary sttUcture of a protein is kno"rn, then it is possible to 

synthesise lhe gene required to p roduce the prot-ein using a ·gen·e machine~. 
The an1ino acid sequence required is entered into a ·computer. The triplet 
code for each amino acid is knovln (se,e Table 4 .6 in A~A A-level Biology 1 
Student~ Book. ,chapter 4, Page 70) so the DNA sequenc that Vvill produce 
tha'l prot,ein is worked out. The computer then controls the machine and 
the required DNA sequence is made. The advantage ,of synthesising a gene 
in this vtay is that it does not contain imrons, so the gene can be transcribed 
and translated in proka.ryotic cells. 

o~~~~~~~-
A n al y sing restriction fragments 
Since they are produced by restriction ,endonucleases, the DNA fragments 
produced by these enzyines are called r ~ stri ti n fragi11 nt . o,NA is 
digested by resuiction endonucleases into a number of restriction fragments 
of different lengths. We can find out the nu1nber and size of the restriction 
fragments using gel , lectroph resi · followed by visualisation of the DNA. 
This ts important in many genetic .analyses, such as genetic fingerprinting 
(see page 235) or analysing DNA to find out whether the DNA contains a 
specific allele or not. 

Separating restriction fragments using 
electrophoresis 
Electrophoresis uses a slab of gel made of agarose or polyacrylamide. An 
electrode is placed at each end of the gel and an electric ,current is passed 
through it. A sample containing restriction fragments is placedl in a v,leU 
that is cut in tl1e gel near ihe negative electrode. Since DNA has a negative 
charge, the restriction fragments i..vill migrate through the pores in the gel 
towards th e positive electrode. The smaller frnginents ViiU move faster 
through the pores in the gel than the larger molecules and so " rill move the 
furthest from the V•lelL Figure ]. 1 .4 shows a cross section through a gel with 
restriction fragments migrating through it. The fragments produce bands of 
restriction fragments of different sizes. 
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Figure 11.4 Restriction fragments 
migrate through a gel towards the, 
posi,Hve electrode of an electric fiie Ld . 
The s1maller fra91ments move throu9h 
pores 1n the gel faster than the Larger 
fragments. Thus, bands of restriction 
fragme,nts are formed fn the get 

Figure 1 t5 Ra,d i oactive ly 'la belled 
IDNA has been separated using 91el 
electrophor,esis. After separa,tion by 
etectrophoresi,s, the gel has bee n 
place d in C·ontact with a photographic 
film. After development. the different 
restri cti·on fragments a,ppear as 
dar1k bands on the film. ca lled ~n 
auto rad iog r;;i ph.. 

hydrolysed 
DNA ge!I 

' electrophoresis 

buffer 

0 NA mi grates towards 
the pas itive el ect,rod e 

Visualisation of DNA bands 
DNA is colourless, so, we ·must treat th,e DNA in such a way that ,ve can see 
the bands in the gel after electrophoresis. This can be done using a suitable 
stain. The result is a series of coloured bands in the gel. An alternative is t,o 
treat the DNA "'ith a radi active marker b fore it is digested by restriction 
endonucleases. The fragments can then be seen by placing th gel in contact 
with a photographic film that is sensitive t,o X-rays. TI1e developed film, 
caHed an autoradi graph , shows the DNA bands. Figure 11 .5 shows a 
developed film s hov.ring labelled restriction fragments. Ahemativ ly, the 
DNA 1nay b visualised by adding fluorescent probes that bind to- the DNA 
(see page 23 2) . 

posttion of weil ls 
in ge 1I 

~ ----photographic fi~m 

.,~~~-gel 

leave in dark, then develop 

-~--da.rk bands show position of 
radioactively labeJled bands 
of DNA 

·································· ···································································································· ············••t• 
TEST YOURSELF 

• i 1 What witt be the base sequence of c .ONA made 
: f ro1m a sec tion of m R NA with the base sequence: 
• 
: ACG CGA UCA UGA? 
• i 2 Reverse tra nscdptase can onily beg'in to copy 
• : ,m R NA in the presence of a primer. Use F1 g.ure 11 1.1 
• : to sugg est what a p ri:me r is. 
i 3 Reverse tra nscr~ptase is fo und in some viruses 
• : such as Hl1V. What is rts ro le 1n HIV? 
• 

I+ The recognition sequence of a certain r estrict101n 

endonucleaise occurs s ix ti· ,mes along a mo lecule 
of DNA. How many fragm ents of DNAwH:L be 
produced by the act~on of the restriction enzyme? 

5 Why does DNA have a negative charge? 

6 The a.g:arose ge l used in e lec trophoresis mus t be 
very pure and uniform. S ugigies t why. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
; ............................................................... ............................................................ ............................................... -' 
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G en e cloning 

tempt ate 
DNA I I I I I I I I I I 

1 Denatu ra,t i on of the 
template DNA at 94 °C 

2 Ann ea I ing of the 
oligonudeotide primers 
at 50 to 601 °C 

I I I I I I I 
'-primer~ -• 

I I I I I I 

3 Synth ests of nei.!\f I 
DNA at 74 °C 

I I 

I 
I I I I I 

I 

4 Repe.at the cyde I 
25 to 30 t imes 

Figure 11.7 The basic steps in the 
poly,m erase cha in react,on IP C,R]. 

You learned in Cl1apter 10 that a clone is a group of cells, or organisms, 
that .are genetically identical to each other. Gene cloning involves making 
identical copies of a gene. Tl1ere are t,vo major technologies that enable 
n1olecular biologists to clone genes (Figul"-e 11 .6) . 

One form of gene cloning or D1NA amplification is the polymer ase ch ain 
reaction (PCR ). Because the PCR occurs in a ·test tube, this 1nethod of gene 
cloning is caHed in vitro gene cloning (literally ~in glass\vare)). You are probably 
fan1i1iar with the term in vitro in the ·context of in vitro [ertilisation (IVF). ln an 
IVF clinic, the fertilisation of an egg cell by a sperm cell occurs in glassware. 

cDNA vers ion of gene rnade 
from mRNA 

gene curt from DNA usiny 
restriction endonuc1lease 

,isol'ated gene 

1 
gene inserted ' to living cells 

g,ene do ned by ce:l ls 

in vivo technology 

gene amplified using 
PCR 

gene cloned' using PCR 

in vitro technology 

Figure 11p6 Gene cloning involves 1making1 identicat copies of a gene·. Th is ca n be 
done usrng1 two different technolog ies: in vlvo and in vitro. 

An alternative '\"lay of cloning a gene involves isolating the gene and insetting 
it into a suitable host cell. As the ho,st cell divides~ it replicates the inserted 
gene along v.ith its o,vn DNA. Sine~ this method of gene cloning requires the 
use of living c,ells, it is caHed in vivo gene cloning (in. vivo means 1n life>). 

Using the PCR to ampli fy part of a DiNA molecule 
According to scientific folklore, the idea of ·the PCR occurred as a brainwave 
to its inventor one evening as he drove along the coast of CaH.fomia. \Vhat 
is true is that the PCR has since become one of the most useful tools in 
molecular biology: It is highly likely that you have seen 1he PCR 'pe1Iforrned> 
in TV crime programmes. As long as 1nolecular biologists can design 
primers that mark the beginni.ng and end of a section of D1NA, the PCR can 
be used lo a1nplify a gene or any length of DNA or DN.A fragme.nt. 

PCR involves 1nixing the DNA to be copied (template DNA) with a set 
of reagents in a test tube and placing the tube in .a them1al cycler. The 
reagents include an enzy1ne; short lengths of single-stranded DNA (called 
oligonucleotides) and free DNA nucleotides) each ·with an adenin-e1 

cytosint\ guanine or thymine base. The thermal cycler is an auton1ated 
machine that changes the temperature at ,vhich the test tube is incubated in 
a pre-progra1nmed sequence. Figure 11.7 shows the three basic steps in one 
PCR cycle, ,vhich we will now describe in more detail. 
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Figure 11.8 For each cycle~ the PCR 
produces two molecules of DNA from 
a template molec:ule of ONA. In a short 
ti1me~ many copi es of the template DNA 
ca n be made. 

• Step I: denaturing of the template DNA. The tbennal cycler heats th e 
mixtu1~e to 94 °C. This causes th e hydrogen bonds that hold together 
th e two strands of the template DNA to break do,vn. As a result} the 
tw o indhddual DNA strands separate and can now act as templates for 
building co1nple1nentary strands. 

• Step 2: annealing th.e prun ers. The cycler coofa the rn ixture to bet\veen 
50 °C and 60°,c. This allo,vs hydrogen bon ds to re-fom1. In theo~ the two 
strands of template DNA could re-join at this temperature . Most do not 
because the oHgonucleotides bind to the template DNA strands instead . This 
binding iis called annealing and occurs only at a site on the template DNA 
that has a base sequence complementary to that of the oligonucleotides. 
These oligonucleotides a.re called prhners because the enzyine involved in 
th e next step n1ust attach to one of then1 before it can start to " ro rk. 

• Step 3 : synthesis of new DNA. The cycler raises the temp erature to 
74°C. This is th.e opiimum t,emperature of the DNA polymerase used in 
this step of the PCR. TI1te enzyme attaches to one end of each primer and 
synthesises n e¥l strands that are con1ple1nentaty to the ten1plate DNA. 
At the end ,of this stage the original molecule of emplace DNA has been 
copied and t,vo molecules are in the mixture. The cycler now raises the 
temperature back to 94 °C and the cycle occurs all over again. 

The PCR is usually repeated about 25 times. As a result, over 50 million 
copies of the template DNA are formed. The result of a small number of 
cycles is shov,ln in Figure 11.8. 

Key < < target gene < 
< < < 
< template ONA < < 
< < < 

1 st cycle 2nd cycle :;: rd c.ycl e 4th cycle 
2 copies 4 copies 8 copi~s 16 copj~s 

································································································································~············~········ . . 
TEST YOURSELF i 
7 The enzym!e most co m.m,onty used i·n the PCR i1s Taq bi Ex plain why it is 1i'm,portant that the DNA 

DNA po 'lymerase. Thi s enzy 1me is ex tracted from a polymeras e used in the PC R i's ther,mos table . 
bacteriu ·m. Th .ermus aquaticus. that lives in hot- 8 You have tear11ed a ll:ready a bout th e importance 
w ater sprf ng;s . Many of thi s bac ted u1m 's e nzy mes. of molecular collisions tn ex p'laFning the action of 
including Taq DNA polyme rase, are th ermos ta bte. co mpetit ive inh ~hitors. Use th,is understandi ng- to 

• • .. .. 
+ + 
+ 
+ 
+ 
+ 
+ + 

.. a) What is the adva ntage to th e bac te d um of suggest why it js im,portant to the s uccess of Step 2 

.. + 

: hav ~rrg the r mostabte einzymes? t hat the PCR mixt ure conta1ns a hi gh concentra tion : 
• + 

: of primer. : 
• • 
: ...................................................................................................................................................................... llllllllliii. 



•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • • • : Extension : 
• • 
: How do scientists use the PCR to amplify specific fragments of DNA, : 
: including genes? : 
: So far, our account of the PCR suggests that the whole are too short ,vould also make it almost hnpossible to : 
: of a DNA molecule "rill .be copied in each cycle. In amplify an entire gene during gene cloning. : • 
: eukaryotes~ this would involve ,copying entire chro- As ,ve have seen, sho1-t primers attach at short : 
: moso1nes, which would not be helpful. A ,vhole chro- distances along a DNA molecule. Therefor,e, it is : 
• mosome contains too much infonnation to transfer or • 
• highly likely that short primers ,vould attach to a • 
: to store. Molecular biologists usually wam to amplify DNA molecule at several points within a gene. As : 
: only part of a DNA molecule, for example a gene that DNA polymerase copies DNA from one primer to the : 
: they wish to tnlnsfer from one organism to another or next , only fragments of the gene \vould be copied, not : 
: a gene that they wish to store in a gene library. the ,vhole gene. : 
• • • : During the PCR, DNA polymerase starts replication 
: where it binds to a piimer. It will stop v.,hen it reaches 
: another primer ou the same strand oJ D1NA. The 
: correct design of primers is critical to the success ,o.f 
: amplifying fragtnents of DNA. 
• .. 
• • • 

The pritner is a sequence of nucleotides that attaches 
to template DNA wherever ft meets a base sequence 

: tha is complementa 1' lo its own. It Vv--ould be 
: possible to d sign a primer that contained only two 
: nucleotides but not very useful. A sequence of only 
: tv.to bases, for example CT, is likely to occur a large 
: number of times within a short length of template • : DNA. DNA polymerase starts copying when it 
: attaches to a primer; then moves along th.e template 
: DNA but stops v..rhen it reaches another primer. With 
: primers attached only shon dislances a.pan, this 
: would result in a large number of very small sections • : of amplified DNA. .. 
: It is easy to estimate ho11v~ often base sequences of 
: different lengths are likely to occur along template 
: DNA. For example~ a particular sequence of four 
: bases is likely to occur once in every 4-+ ~ 236 

: nuclcotides1 a particular sequence of eight hases is • : likely to occur once in eYery 4s = 65 536 nucleotides 
: and a particular sequence of 16 bases is likely to 
: occur once in every 416 ~ ·4 294 '96 7 2 96 nucleotides. 
• • • • • • 

You wiU l1ave spotted that a particular sequence of n 
bases is likely to occur eveiy 4" nucleotides in a DNA 

• molecule. Tl1is means that a primer 'With only two • 
: bases is Likely to attach to template DNA every 
: 42 = 16 nucleotides and our PCR "'rould a1nplify 
: fragments of DNA. only 16 nucleotides long. These 

B)' using a variety of ptimers, molecular biologists could : 
• collect an array of DNA &agments. It is n1uch easi.er for : 

tb.em to find a gene in. a DNA fragment than in the entire : 
genome of an organism. lt is also easier for them to : 
sequence an ,organisms genon-ie fragment by fragtnent. : 
For an increasing number of organisms) molecular : 
biologists have been able to determine. the base sequence : 

• of genes and of the DNA at either end of genes. : 

If molecular biologists know the base sequences at 
each end o( a g ne they c n design p1in1ers thai will 
attach to them. Provided the primers do not attach 
vi1tthin the genel DNA polymerase "w"ill amplify th 
entire g, ne plus any bases to e.ith,er side. Genes 
are controlled by promo'ler regions that lie close to 
them. If they wished to, transfer a human gene into 
a ba,cterium, molecular biologists would need t,o 
amplify the gene and its promoter region. 

• • • a 
• • • • • 411 

• • • • • • • • • • • 
If molecular biologists 11vish to transfer a humau gene : 

• successfully into a bacterial cell they w,o,uld need to : 

amplify the gene and i ts promoter and te-rminator : 
regions. Bacteria are prokaryotic ceUs whereas : 
human. cells are eukaryotic. Prokaryoric cells have a : 
mechanism for controlling expression of their genes : 

• that is different from the mechanism in eukaryotes. • 
• Witho\lt its promoter region~ the human. gene might : 

not be expressed in the bacterial cell. Also, i.f the : 
hum.an. gene is cut out of the hu1nan DNA usi.ng a : 
restriction enzyme, it ViJiU still contain i ts introns. U : 
this gene is transferred to bacteria~ the correct protein : 

• will not be made as bacteria do not splice introns out • 
• of the pre-mRNA before translation~ Therefore any : 

human gene that is transferred to bacteria needs its : 
introns removed. : 

• : .................................................................................... . 
: would be too short to be useful. Usi11g primers tha1 
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An overview of in viva gene cloning using bacteria 
Because they are ,easy to culture and increase in number at a ve:ry fast rate> 
·bacteria are often used to clone genes. This involves the following steps: 

• Step I : a fragment of DNA containing one or tnore genes is obtained by 
one of the three methods described on pages 21 i-216. 

• Step 2 : the DNA fragment is inserted into a vector which will transfer it 
into a bacterium. In this case, the vector is a SinaU circular DNA molecule 

called a pl as111id. 

• Step 3 : th.e vector is transported into a b acterial cell 
• Step 4: the bacterium is allowed to multiply. 
• Step 5 : in r,eality, only some bacteria will have successfully taken up 

the plasmid containing the target gene(s) . In Step 5 , these bacteria a;re 
identifi:ed so. that they can be cultured. Any that have. not taken up the 
target gene( s) are destroyed. 

Con"Jert mRNA to 
cD NA using reverse 
transcri p ta se 

Cut g1ene from DNA 
using restrk tion 
en donu cl ease 

Insert gene 1i nto 
plasmid 

Insert p·la sm id tnto 
bacteria, eel Is 

Culture bacteria; 
gene is do ned ea eh 
'time bacteriat ee l.ls 
divide 

Use the PCR to 
rn a.ke copies of gene 

Figure 11.9 ThQ b·asic ste ps 1in jn vi~o ge·n'=! clon ing . Alt'houg,h other cells can be 
used, bacteria are the most comm,on host ceUs for this technology. 

lnserti11g ON A fragments into vectors 
Fragments of D1NA can be produced by any of the three methods sho"'1TI in 
Figure 11.9. Each method has been described in some detail earlier in this 
chapter. H.a\>ing obtained an appropriate DNA fragment] a pro1noter and 
a terminator sequence need to be added. You learned about pro11-101ers in 
Chapter 101 and Mll realise that these are needed for transcription lo start. A 
tennii-iator is a sequence 0£ DNA that acts as a signal for transcription to stop 
at the end of the gene sequence. The DNA fragment, with its p1nmoter at 
one end and ihe terminator at. the other end, must be inserted into a vector 
that will carry it into a target cell. Viruses, including those that infect bacteria 
(bacteriophagcs) can be used.) but plasmids are the i-nost commonly used 
vectors. Plasmids are small ) circular DNA molecules that le-ad fill independent 

existence in many bacterial cells. Each plasmid carries a small ntnnber of 
genes that are expressed in the phenotype of the bacteriun1. For exatn ple) 



waU of ___ 
bacterial cell 

0 

oacterial 
DNA 

oo oo 
0 

Figure 11M 10 Th is bacterkal cell con ta lns 
·m.any ;plasm,ids. They vary in size but 
they a re smaller than t:he bacteriall 
·eh rom,osome·. 

intact--~ 
plasm,id 

open, __ -\ 
plasm,id 

restriction 
endonuclease 

ligated plasmid.·- __ 
with DNA fragmen,t 

Figure 11.11 The cut ends of a ptas1mrd 
and of a ONA fragment are join ed 
tog eth,e r by a1 Ugase ·en.zym e to form 
recombi,narnt DNA. Th,is process is 
much more ~Hicient if the plasm·td and 
DNA f rag me nts have sticky ends rather 
than. blunt ends. 

You need to be a ble to 1nterpret 
informatiran given to you a bout 
any 1meth od of identifying 
transform ed ba cteria but you do 
not nee d to recall any particular 
meth od. 

the ability to sumve toxic concentrations of antibiotics~ such as ampiciUin, 
chlorarnphenicol and kanamycin, is often due to the presence inside the 
bacterium of a plastnid carrying genes for antibiotic resistance. Figure 11.10 
shows that a sh1gle bacterial cell carJ:1. contain many plasmids) each of wl1ich is 
mucl1 smaller than the circular DNA that niakes up the 1nain bacteiial DNA. 

Befor,e it can be used as a vector\ a plasmid must be cut open. This is done 
using a "t-e.striction endonuclease. The DNA fragment cai:--t now be inserted into 
the cut plas1nid. Figure 11 .11 sho,Ns ho\v, under the right conditions> the ends 
of tl1e DNA fragment and of the plasmid join together. This process is called 
ligation and is catalysed by a ligase enzyine:. Some ligases join together D1NA 
fragments and plasmids that have blunt ends. Howe,re.T> ligation is 1nuch n1.ore 
efficient if the plasmid and the DNA fragment have sticky ends (page 209). 
TI1is allo,vs oo,mplementary base pairing to hold the two ends of DNA togetheT 
while the liszase ioins then1 up. lf either the DNA fragment or the plasmid does 

DNA =====- fragment 

not have sticky ,ends, they can be added before 
ligation occurs. 

If successful, the result of this process is a 
plasmid that contains a fragment of foreign 
DNA. Because it contains DNA from two 
sources, the DNA of this plasmid is referred to 
as r c mbinant DNA. 

DNA ilig,ase Tran £ rrin ve t into ]\o t ba l ria 
Mo,st species of bacteria are able t,o take up 
plasmids. There are several methods for 
getting vectors into bacterial cells. Mo,st \Vere 
found by trial and erro·r and exan1iners ,viU 
not e,rpect you to recall any of them. One of 
the earliest n1ethods involves so,aking bactetial 
cells. together \Vith plasmids; in an ice-cold 

solution of calcium chlortde followed by a brief heat shock) during which 
th temperature is raised to 42 °C for 2 minutes. ,Quite why this works is 
poorly understo,od, but the treatment increases the uptake of plasmids 
into the bacteria. Bacteria that ha.ve taken up p1asmids are said to be 
transformed andl, because they contain a gene from another organism, they 
are also said to be transgenic. 

Identification of trans formed bacteria 
When presented in a diagram~ such as Figure l l. l l 1 ihe process for 
producing transformed bacte1ia seems simple enough. In reality; biologists 
cannot see tl1e bacterial cells or the plasmids. They carry out the procedures 
described above not knowing v.,-rhether. 

• any plasmids have re.coinbinant DNA or ,vlrether they have. just juined 
back on themselves (self-ligated) 

• any bactr.erium has taken up a plasinid 
• any bacterium that has t3.ken up a plasn1id has taken up a plasmid 

containing r,ecombinant DNA. Only about 0.01 % of them do. 

Biologists need 1.nethods to identify ,vhich bacteria have been transformed, 
so that they cau grow these> a1~d only the.se 1 in a culture medium. There are 
1nany ways that they can identify transforn1ed bacteria. Most involve the use 
of marker genes on the plaS1nids. 
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Finding transformed bacteria 
Escherichia coU ba cteria are often used ~n gene cilon i ng 

ex pedm ents. Th1s bactedum fs abte to hydrolyse lactose 
into f ts co nstituent m·onosa.ccharides. 

Nam.e the monosacchar1des fo rmed by the hydrolysi1s 

of lactose. 
Glucose and galactose. 

E. coU ·uses a series of e rizymie-controlled react1on.s to 

hydrolyse lactos·e. One of the enzy mes in this series is 
[3-gata,ctosi da se. The enzyme f s n ormatly encoded by 
the bacteria l g.ene lacZ. The ,normal lacZ gene contains 
seg ments that encode d,iffere nt p·eptide portio ns of the 
~-ga La,ctosida se motecule. Some strain s of E. coli have 
a iacZ gene which lacks a segment. caHed lacl'~ that 
encodes t he «-peptide portion of th·e enzyme. 

Does 13-g,a lact osidase have a quaternary structure? 
Justify your answer. 
Yes, bee use- it consists of rnore than one chain ol amino 
:;ct'ds. 

Figure 11 .12a shows a plasmid, catled pUC8. whkh is 
co mmonly U1S·ed as a vector: Th is .ptasmid contains t\No 
genes that are of interest to us: one con fers resistance 
to amp.ic ilUn a.nd the other is the lac?' gene. llf a cell of 
E coU that la.cks the lacZ' gene contai,ns a ·copy of the 
nor 1ma,l pUCB plasmid shown in Figure 11.1 2a 1 it can 
produce norma,t ~-ga lactosidase. F,igure 11 .12b shows 
where a foreign gene can be i·nserted i·nto the pUC8 
pla:smid usin,gi a restdction enzyme ca lled Bam HL Note 
that the recogn it ion sequence of 8amH11 is in the mi·ddle 
of the lac? gene in the plasm i.d. 

a) Normal vector molecule produ~s G-peptide 

gene for res lsta nee 
to aimpici llin 

,._...._ pUCS plasmid 

~ - :recognition sequence of Barn HI 
""'--J "'""""""'-- facZ' gene 

b) Recombinant vector· molecule does not produce Cl-peptide 

lacZ' gene disrupted 

Figure 11.12The plasmid pUCB is com monly use d as a 
vector ~n gene cloning experr1iments. a~ The norm,al plasmid 
w ith tvilo o f Hs genes i ndkated ; b] a re combi na nt plasm id,, 
containing a foreign gene. 

Exp ta.in w hy a cetl of E. coU that lacks the lac? gene 11s 
ab le to m ake ~-gailactos idase if it a lso contain s a copy 
of the norm a l pU CB pla,sm,id, shown in F1gure 11 .12a. 
The norn1al pUCB plasmid contains a copy of the lacZ' gene. 

Having followed the protocol to splice foreign DNA into 
pUC8 plasmids arid then 1insert the ptasmi ds i:nto ceHs 
of£ coll, m,olecular bi,o logi,sts cu ltured the E. coU 1n a 
surta hle medium. 

4 What is a protoco l? 
A protocol is a detailed plan for a scientific procedure. 

Petrj __ ___,. 

dish 

~lpaaa---Whiite 
colony 

"/-- blue 
colony 

Figure 11~13 This a·gar plate was inocula·te,d with bacteria. 
The circles represent colonies of bacteria that have grown 
on, the ag:a1r p Late. The agar conta ins the a nt1ib lo.tic am p11·Ci Lli n 
and X-g:al. Thi.s helps us to identify which bacterta ha,ve taken 
up a transformed pUC8 p lasm,id. 

After so,m,e tiime~ the bi1ologists i,noculated the ba cteria 
on to agar plates conta~ning ampicilUn and X-gaL ,Figure 
111.13 sh 0\/i/S the a ppea ranee of one agar plate after rt had 
been i,ncubated for 48 hours. The c1rciles represent E coU 
colonies that had girown on the aga:r: Each colony is a clon 
of a single E.coli cell that was ab le to grow on the aga·r: 

All the co loniies in FtglJre 111,.13 are clones of cells 
that had ta ken up th e p U ea pla s1m id. Exp la iin why they 
a:re c ton es. 
Because they have au grov,n frorn one original ceU by 
binary fission. 
Before inoculating the bacteri:a on the agar plates~ the 
scrent~sts cultured the bacterra in a surtab le med ium. 
Use your knowledge of gene expression to sug1gest why. 
Some of th@ bactena 1,1o,1ould be unable to hydrolyse 
lactose sa they need to be cuttured ln a rnediurn that 
rontains a suit8ble carbnn source such as gtucc,se . 

l·n addit1ion to a m,piclUi n,, the aga1r contaln ed X-gaL Th is 
is a lactose analogue. It is white but i s broken down by 
P- ga tactosi,dase to produce a btue-colou red prod uct. 

• Use your knowled g:e of enzyme a et ion to suggest the 
meani ng- of ·lactose ana logue·. 
ThJs means it is s,n1ilar 1n shape to lactose. so can fit 
into the active site of ~-gatactosidase and L11ill break 
down to prcduce a blue product. 

8 Which of the co lonies shown in Figure 11 .13 contain 
bacterfa tha t can produce ~-gatactos1dase? 

The blue ci..; lonies 
Use Frgure 11 . 13 and you r answer to Questjon 8 
above to exp la,in how we can identify bacteria that 
have taken up plasmids containing the foreign ge ne. 
These are the •Nh1te colonies as they are resistant to 
arnpiclllin but they cannot break do1Nn X-gal so they do 
not have a functional lacZ' gene. 



Relative advantages of in viva and in vitro 1gene cloning 
We have looked at two metl1ods of cloning genes: the in vtvo method, using 
bacteria.> and the in vih'"o method, using the PCR 

Each cycle of the PCR takes bet~reen 3 and 51ninutes. Nonna11~ 25-30 
cycles are carried out in any one experiment. Consequenfly; a PCR 

experiment takes only a few hours to produce a large gene clone. ln 
contrast, the in vivo method takes several weeks. This gives fl1e PCR such 
a time advantage that you might wonder ~rhy scientists continue to use 
the in vi.vo m ethod at aH. Table 11.1 con1pares the relative advantages of 
the PCR and of die in vi~vo method and explains ,vhy the in vivo method 
continues lo be used. 

Table 11.1 The relat,ive advantages of the PCR and cQU-bas@d methods of cLo·ning gen.es. 

The PCR can copy ONA that has b·e,en pairtly !broiken down. 
Th,is makes it us,eful in forensic scie,nce. 

Partly broken down DNA is not copied. 

Th,e PCR is very sensi,ti:ve. Even minute amounts of DNA, 
such as that conta,ined in a single cellt cain be copied. 

In vivo miethods a re less sensiitive, so ta rge a,m ou nts o,f 
sam,,ple DNA a,re, needed. This makes in viva methods less 
useful ~n forensic work. 

DN!A tha,t is embe,dd,ed in other mate·rial ca n be copied. This 
makes the PCR useful for ana1lysi,ng DNA in formalin-fixe·d 
tissu,es oir ii1n arc haeoto ica l re maJns. 

Unless DNA can be isolated from the medium in whiich it is 
embedded, it cannot be cop ied by in viv:o 1methods. 

Th,e cloned genes are produced in so lution. They cannot be The ctoned genes are already inside ceUs that wHl 
used directly to· manufacture the rote I._n,_t'_ha_t_t_he __ y_, e_. n_c_o_d_e. __ ...... m_·a_in_u_fa_c_t_u r_e_t_·h_e...;..p_ro_t_e_in __ i t_h_at_t_h_e_y_e_nc_, o_d_e_. -------1 

DNA po'lymerase· wiH o,nty copy a gene if it is marked at Once 1incorporated' into its host DNA_ the ,g.ene will b·e cop ied 
ea1c,h end by complementary primers. If we do not know the by the host cell. This miethod can be used to copy genes that 
base se,quences at each end of the gene, we cannot make have not :been studied before. 
approprlate primers. Thus, we cannot use the PC.R to copy 
1enes ttiat have not 'been1 stud'ied before. 

The PCR becomes unretiable wMen we use j,t to copy DNA In vivo methods reliiabily· copy genes up to abo·ut 2 Mbp long,. 
fra merits lon er than about 1 OOO base ~a1irs (111kb )1

• 

~~~--~~~-i-~~~~~~~~~~~~~~~~~~~~~~ 

In vjtro methods lack error-correcting mechanisms. so the 
error rate is higher than 1in ceU-basedl methods. 

Cells have mec han ism s for correcting a riy erro·rs that a re 
maide when copyi1ng gen,es. Th,is reducEis th:e error rate of 
gene copying. 

,.__~~~~~~~~~~~~~~~~~ 

~ ···························································································: r TEST YOURSELF ! 
• • 
: 9 Extra,cts from bacteriall cells wi ll contain the DNA of the bacterium : • • i as well as plasmids. Sug9·est one property of ptasmkis that will J 
; a How them to be se:parated from bacterfal DNA for U'Se later as ~ 
• • : vec tars. : 
• • 
; 10 Complete the tab[e with the names of the enzy1m,es that carry out the i 
• • 
: processes described . : 
• • • • • • t • • • Enzyma Process • • • • . .. 
• • Cuts ONA at a specific base seque nee ' . • • • • • • Makes a si,ngle-s tranded DNA copy of @n RNA S·eq ue nee • • • • 

Jolns a new piece of DNA into a plasm 1id 
• • • • • • • 

• • • • • • • • 
····················································································•tllllll .................... ..... 
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Q i----T-ra_n_s_g_e_n_i_c_o_r_g _a _n _is_m_s_c_a n_ b_e_u_s_e_f_u_l -to-· -

humans 

Figure 11.14 l hese, Large 1nd,u stria l 
ferme nters cont a in a culture of 
tra nsge ni·c bacteria that produce a 
human prote in. Siince the bacteria 
secrete th e hu man protein. iit is 
re la tively simple to ex t rac t H from, the 
cu Ltu re m edlum,. 

A transgenic organism is one that contains a g,ene from anotl1e-r organis1n. 

You ha.ve seen how genes can be transferred into bacterial cells, p:roducing 
transgenic bacteria. When a gene is successfully transferred into another 
organism , the transgenic organism -wil l produce the protein encoded by the 
trans[erred gene. This happens because the genetic code is univeTSal> so a 
gene from any organism can be transcribed and translated by any 
other organism. 

Collecting human proteins from transgenic organisms 
lviany hun1an diseases result fron1 an inability to produce a vital protein. 
FoT exan1.ple) Type I diabetes is caused by failure tto produce insulin 
and. ·haemophilia is caused by failure to produce an ,essential blood-
clo'lting protein. If the gene encoding one of these proteins is successfully 
transferred into a transgenic organism, the protein it produces ,can be 
extracted and used to tre,at patients with the relevant disease. Table l l . 2 
sho\vs a range of organisms that have been genetically modified to produce 
proteins useful to humans on a commercial scale. 

Table 11.2 The ra,ng,e of transgenic organisms that have been used in the 
commercial piroductiioin of hiuman proteins . Many mo·re are at the pre-clinical 
tr ial stage of production. 

Yeast 

Plants 

Cattle, 

Goats 

Pt s 

sin 
Growth hormone 
Insulin 
Alpha-1-a nti trypsin 

Colla en 
Growth hoirm·one 
lnterle uktn s 
Vacdne 
Fibrinogen 

Ant1- th ro1mb~ n 

Factorv:111 

Treat 1m,ent of ,dwa rf1ism 

Treatment of v e 1 diabetes 
Treatm,ent of em,physema 

Treatiment of dwa rfo;m 

Treat,ment of ea ncer 
Pr·event:io n of 1meas les 
Treatiment of bLoo d cllottlng 
disorders 
Treatment of de,ep-ve in 
throm bos1s 
Treat1ment of haem o hHia 

Extraction of the human protein is much easier if the transgenic organism 
secretes it into the ferm.e11tation n1ed:ii.um in w·hich it is gro,ving) or in 
its milk if it is a mammal. Tl1is explains the presence. of microorganisms 
and manmi.als listed in Table 11. 2 . Plants do not secrete large volun.1es of 
protein~ extraction of a human protein from plants is easier if we knovt 
where in the plant it is produoed. Scientists can ensure that a human 
protein is secreted in milk or deposited only in the seeds of plants by 
transferring 1}1e human gene into a specific pan of the genome of the 
transgenic organism. By placing it do1A1nstreau1 of a protnoter controlling 
lactation in mammals) or of a promoter co11trolling seed production in 
plants; scientists control ,vhere in the transgenic organism the human 
protein is made. Producing pharrnaceutical prodlucts using transgenic 
.farm animals (somethnes caUed (pharn1ing') and transgenic plants is an 
increasingly importan t source of nevt drugs. 



Figure 11.15 T h,e d a ma g,e to this 
p Lant 1s ea lled a: gall. It is caused by a 
ba cter1 um . Agrobacterium tumefaciens, 
whi,ch ha,s infected the ptan,t. When, 
A. tumefaciens infects a plant ce Uf it 
injects its own ptas·midj a T- plasmid. 
whi,ch the plant ceU inco,rporates 1into 
its own DNA. By inserting genes iinto 
T- plasmids. biologists ha·ve been ab le to 
transfer fore~g n genes into plants. 

Figure 11.16 Soma people t;ike extreme 
measures f n support of the~r op,nf ons. 
These acUvists are de strroyingi what they 
be lleve to be a crop of tra nsge niic plants 
[GM p Lants}. 

Transgenic plants pro 1duce g,enetically modified 
(GM) food 
In addition to producing hun1an proteins , 1·esearch into gene transfer in 
plants has focused on. in1provi11g plant producth-rity~ In p articular, research 
has focused on two plant c11aracteristics: resistance to insect pests and 
resistance to herbicides. One species of soil bacterium, Agrobacterium 
tum efar.iens, has been especially important in transferring new genes 
into crop p lants. Figure 11.15 explains why this 1Jacterium has been so 
i1nportant. 

A. turn.efaciens produces chemicals that make. tl1e bacterium resistant to 
attack by insects. U 1e genes encoding the production of 'these natural 
insecticides hav,e been successfully transfen··ed fron1 bacteria to crop plants, 
reducing the need to spray crops with insecticides. In 1995 > n1aize was the 
fhst plant to be 111arketecl that had been genetically 1nodified. in this WG)~ 

·~ith potato plants and cotton plants soon foHn\ving theni. on to the n.1.arket 

Today; there are many competing agrochemical companies around the world, 
n1arketing many tjtpes ,o,f iransgenic insecticide-producing crop plants. 

No one has yet produced a plant that is resistant to 'Needs gro\ving around 
·it. In stead , tra11Sgenic plants have been produced that are l'esistant to 
the n1ost conunonly used herbicide, glypbosate (sold com1nerciaUy as 
Roundup) . G]}1:,h osate inhibits an enzyme (EPSP synthase) involved in 
the pathway, v.rhich plants use to make essential a1ni110 acids. Without a. 
functional EPSP syntl1ase, ~teed plants cannot make some of the proteins 
they nee,d and die. Unfortunat,ely, the same happens to crop plants that 
have been sprayed to get rtd of weeds. The solution \Vas to transfer into 
cro·p plants .a bacterial gen that conf rs res-istance to glyphosaJ'te. Such 
herbicide-resistant crop plants (called Roundup Ready) are r,outinely 
gro~n in nuny countries. 

The food pr,oduced by transgenic plants is commonly called genetically 
modified food (GM food). It was hoped that transgenic plants ,vould 
increase crop production and so help to reduce starvation in the world. 
You " rould probably support this aim, to reduce ,vorld starvation, but are 
you in favour of genetically modified food? The issue has ,caused great 
debate in the UK. The gro"'·th of transgenic crops in the UK is restricted by 
government legislation and any food. p roduc,edl by transgenic plants must 
be clearly labelled as GM food. Many people refuse to buy GM food and, 
arc angry when they find that the constituents of p,rocessed. food include 
GM products. Some people., like the activists in Figure 11.16. rake extreme 
action and destroy ·~'-l)erimental GM c rops ·where they discover ·them. 

Peoples concerns about GM foodls tend to fall into one of three categories. 

l Does eating Gfvl foods har1n us? Some people are ,vonied about 
eating 1G1vl foodsi and the major UK supennarkets do not sell them. 
Hov,tever 1 son1e people are concern ed that meat and animal products~ 

such as milk an.d .eggs 1 can be sourced from animals tha t have been 
fed GM animal feed. 

2 Do GM plants adversely affect the environment? 1vlany people 
are concen1.ed about the damage that pesticides 1night do to natural 
con.imunities. Some people point out that the use of herbicides see1ns 
to have increased where h erbicide-resistant GM crops have been grow,i. 
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You need to be able to discuss 
aspects of 9enetic e n gf neeri n 9~ 
but you do not need to recall any 
part1'cular exam ples. 

Others m-e conce111ed that horizontal gene transfer, whe1,-e pollen from one 
S]Jecies cross-pollinates another plant species, might result in plants other 
thau. the GM crop gaining the transferred genes for herbicide r,esi.stance. 

3 Does globalisation disrupt local enterprise? These concen1s are about 
the dominance of large) multinational con1panies and the effect of their 
behaviour on small fanners, rather than about tl1e science of genetic 
111odification. The seeds of geneticaUy modified plants are produced by a 
small number of n1ultinational companies. They sell these seeds as pan 
of a package· the farmer must agree to buy seeds, feniliser and pesticides 
fron1 'the same company. Tying in to a single provider increases the risk 
to the fan.n ers of changes in co·mp~ny policy or of changes in political 
·relations betviteen countries. 

You nnght like to discuss the GM issue in class, including ,vhy people in 
so1ne count1ies appear to be less concerned about 1GM crops and GM fo,ods 
than p eople in the UK . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• • 
i TEST YOURSELF • + • 

41 
I 
I 11 Unlike euikaryotic cellsl baicterial DNA does not 

conta in i1ntro ns. 
al Suggest the advantage of transforming 

bacteria by inserting compte,m,enta ry DNA 
[cDNAl rather than a copy of the orig~nal gene. 

b]I Suggest one a,dvantage of using transgenf c 
yeast rather tha n1 transgenic bacteda to 
produce human proteins. 

12 llni a1dd~tion to the ONA fou nd in plant 
chrom,osomes, ch toroiplasts contai,n th-err own 
DNA. Genes conferr ing resistance to r n sec tiici des 
and herbicides a,re commonly inserted into 
the DNA of eh lo ro plasts, rather tha n i' nto the 
tra.nsgenic pla nrs chromosomes. Suggest why 
this technique redu,ces the risk of forei,9n1 9enes 
pa,ssing from1 one plant species to· another by 
cross-polli nation. 

0 Gen therapy may be used to overcome 
the effect of defective gen -
hiany people object to the concept ,of producing transgenic humans yet 
this is what gene therapy d,oes. The aim o.f gene therapy is to treat an 
inherited disease by proi,.iding the sufferer ,vilh a corrected copy of their 
defective gene. The process of putting a c,orrectcd gene into a cell is called 
transf c tion and the cell that has received the ne,v gene is said lo have 
been transfected . There are two approaches to gene therapy: soma.tic cell 
therapy and genn ceH therapy . 

• 
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: Extension • • • • .. 
• • • • • • • • • • • • • • • .. 

Somatic cell therapy 
During somatic cell therapy, copies of a functional 
gene are inserted directly into the body ,cells of 
sufferers. In some cases, body cells are removed~ 
copies of the functional gene inserted into then-1 and 
the transfected cells put back in tl1e same patient's 
body. This works well ,vith blood diseases, such 
as leukaemia> where cells from the patients bone 

• • • • • • • 
marrow are exlracted, transfected and replaced. In : 

• other cases) v.~here large numbers of body cells cannot • 
• be removed safely; tl1.e genes are inserted directly into : 

the .affected tissu.cs. This technique has been u sed to : 
treat lung dise-ases , sucl1 as cystic fibrosis. : 

\lectors are needed to transfer genes into the cells 
of a sufferer. Retroviruses are often used as vectors 

• • • • • • 



• • for bone n1arrow because they have been found to • 
: t1--ansf ect a large nun1ber of stem ceUs successfuHy. 
: Viruses, kno-wn as adenoviruses) have also been 
: used as vectors for treating cystic fibrosis , as have 
: liposomes: small droplets of lipid that fuse \vith the 
: surface u1embranes of epithelial c,ells in the lungs 
• : (Figure 11 .1 7). 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • 

' surface membrane of-·~".:'.:==~~ 
lu:ng epi~helial cell 

' DNA released into 
,lung epitheliaf cell 

• • Figure 11.17 The corrected gene for cystic fiibrosi,s can • • be -ca,rried into the epithel1ial cells of the lung·s by small 
: droplets o·f li pid. called liposome·s. A liposome is able to 
: fuse with the surfa,ce mem,brane of a lung epitheUat cell, 
: reteasing1 its DNA into the ceU. 
• • • • When stem cells from bone maroow are transfected 
• • and replaced in the marr,ow of patients. all the different 
: types of \\i~hite blood cells produced from them contain 
• • • • 

the added gene. This provides a long-term treatment 

for blood diseases, such as leukaemia. \Vhere ste1n cells 
cannot be used; the effects of the couected gene last 
only as long as the transf ected cells remain alive. This 
explains ,vhy gene therapy to treat cystic fibrosis must 
be repeated ev,ery fev;r weeks. 

A tten1.pts have been made to use gene therapy to 
treat cancer. As you know from Chapter 10) cancers 
can result from activation of oncogenes or fron1 
inactivation of tumour-suppressor genes. Gene 
therapy has been used to insert corrected copies of 
active tun1our-suppressor genes into cancer cells 
and lo attempt to prevent the expression of an 
,oncogene in cancer cells. The success of this research 
is currently han1.pered by a lack of vectors that vnU 
ensure the genes are taken up by cancer c,eUs. 

Germ cell therapy 
In germ cell therapy, a corrected gene is insetted 
into an egg cell that has been fertilised using in vitro 

fertilisation (IVF) techniqu s. Once fettilis.ed lhe 
embryo is allmved to develop before being re-implanted 
into the mothers uterus. lf gene transfer is successful, 
mitosis will ell:>"'Ure that eveiy ceU in the embryo contains 
a ,copy of the co1Tected gene. As an adult, the transfected 
individual \vill pass on copies of the corrected gene to 
her or his offspring. Cons quentlr: germ cell therapy 
provides a treatment for an inherited condition that no,'t 
o,nJ.y lasts the lifetime of the suffer r but also crosses 
generations. 1Genn cell tl1erapy is currently iUegal 
in humans. 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • ill 
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O~~~~~~~-M oral and ethical issues 
~ --·······························: 

: 'TEST YOURSELF i 
• • 
: 13 So matic cell th-erapy ls m,ore ! 
• • 
: successful in treating diseases : 
• • 
: caused by a recess·ive a ltete of : • • 
: a gene than those caused by a : 
• • • • : dom1ria1nt allete. Sugg.est why. : 
• • i 14 Some people a·re co nce rned f 
• • 
: that the techn iques oif : 
• • : germ ce ll therapy co uld be : 
~ . 
: mis use d. Sugg,est one way in : 
• • 
: which th e techn ,iqu es co u Ld : 
• • : be m,isused. : • • • • : 15 How co u Ld th e techn iques of : 
• • 
: gerim ce ll therapy be used to : 
• • : prod 1u ce cattle that secrete a : 
• • 
: hum an protein 1n the:ir mHk? : 
• • • • 
· ·········· ··· ····· · ·······'4111111111111111111111111111111 .. 

As a biology student~ yo·U. shotdd be able to recognise and discuss some of 
the moral and ethical issues raised by DNA technology. It would be wrong 
for this book to su ggest that there is a G.correct' response. You must. make up 
yo·ur own. mind. 

However; you ~ri.U be expected to discuss the controversial issues raised by 
gene cloning and DNA technology using appropriate scientific terminology 
and understanding. Tl.1ree examples of how you could sho,v your biological 
knowledge and understanding are given below. 

You might express concern that producing transgenic animals causes the 
anhnals to suffer. 

• As a biologist, you should be able distinguish betwee11. the effects of a 
foreign gene in an anin1al and th e procedures involved in producing 
transgenic animals . Although the presence of a foreign gene does not 
appear to cause suffering\ d1e manipulations involved in producing 
a transgenic animal might do so . For example) animals produced by 
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It is never a g,ood idea to use 
the expression · p layirn g at God', 
si·nce t h~s shows no bi o log iica l 
knowledge or understanding. 
Remember that a good sc ientist 
uses evidence from reliable 
sou re esf and not u n substantiated 
o pinions~ when, form u (a ting a.n 
argrum,ent. 

so1"J1atic cell nuclear transfer (page 190) suffer a relatively high rate 

of birth defects and even the healthy ani1nals appear to suffer &om 
pre1nature ageing. 

• You might use Dolly the sheep as an exan1ple of premature ageing. If 
so> you should make h clear that she was not a transgenic animal. Her 
pre1na.ture ageing was associated with the somatic cell nuclear transfer 
technique rather than any foreign gene. 

You 1night express concen1 about the use of geneticaUy n1odified plants to 
improve crop productivity: 

• As a biologis t~ you should not justify this concern using statements 
such as, ' this harms the environn1ent'. You can show knowledge 
and understanding of biological concepts and principl,es by giving a 
specific example o[ how a GM crop· could cause dan'lage. For example> 
you could say that horizontal gene transfer be't\Veen bacteria could 
result in th e foreign gene for herbicide resistance being transferr,ed 
from the GM cr,o,p p I.ants to weed plants and that this w,ould cause 
the ~leeds to, become an even greater pest. You n1ight also recall 
that foreign genes are often ins,erted int,o th·e DNA of chloroplasts to 
reduce the likelihood of their ho.rizontal 1ransfer to other plants via 
pollen. 

You might express concein .about th use of gene therapy to cure human 
diseases. There is no easy a11sv.ler to problems such as this, but you can give 
a balanced argument that inc]ud s biological knowledge. For e. 'lample, you 
might argue that: 

• it is u11re-aso,nable to object to th management of cystic fibrosis using 
liposomes in respiratory inhalers to insert functional versions of th gene 
into the lung cells of suffer,ers 

• if bone n,an:ow transplants are acceptable it is difficult to reject the 
correction o.f blood disorders by htserting functional genes into blood 
stem c,eUs 

• germ cell therapy has been beneficial in producing cows that yield 
milk with less fat and mo·rt protein. Ho,wever. since this type of genetic 
manipulation involves changing the genotype of this anhnal and of future· 
generations of this animal in a directed v.ray; it would be unacceptable to 
use. it ·with humans. 



Practice questions 
I Scientists have isolated a gene that codes for the p rotein that a type of 

spider uses for making a 1Neb. They have inserted the gene ilnto a very 
early goat embryo. TI~e n1odified goat p rodu.oes the spider- "reb protein 
in its milk. The protein is very use fu 1 for n1e dica1 a.pp licatio ns ~ such as 
treating nerve damage and repairing wounds. 

a) Describe hov,r the follo"ring ar.e used in genetic engineering: 

i) a vector (1) 

ii) restriction endonuclease. (2) 

b) i) Why is it iinportant that the gene is inserted into a very early 
embryo? (2) 

ii) De.scribe how the DNA inserted into the goat cells produces 
the spider web protein. (6) 

c) One animal rights O·rganisatio·n described this example of genetic 
engineering as 'an unethical use of fam1 animals'. Do you agree 
with this statement? Give reasons for your answer. (4) 

2 G neticaUy r::ngineered insulin can be used to 
treat diabetes. The figure shovls some of the 
stages in genetically engineeti ng insulin. 

a) C,otnplete 'the tabl to, give the names of the 
items being described. ( 4) 

l1tem D'escription 

The term used for the smaU circula1r 
p1iece of DNA 
The name for the stru cture labeUed A 
The enzyme used to cut the DNA 
The enzyme ,used to attach the human 
gene to the circular DNA 

b) What is a mark,er gene? (1) 

c) Erythropoietin is a glycoprotein used to treat 
some medical conditions. It is produced by 
geneticaHy modified animal cells. 

i) Give t,vo differences between an animal 
ceU and a bacterial cell (2) 

ii) Explain ,vhy a glycoprotein~ such as 
erythropoietin, cannot be produced using 
b~1cterial ceUs. (2) 

3 Some scientists v.ranted to carry out the PCR on. a sample of DNA. They 
put the 0 1NA they \Vanted to copy in a test tube together i.vith two types 
of primer. 

a) What else should be added to the tube for PCR to be successful? (1) 

b) Why are t,vo diffevent primers needed? (1) 

small circ1Jl1ar 
piece of DNA 

gene 

I 

huma:n 
DNA 

I 
I 

cut 

bacterium 
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c) Starting with just one DNA molecule, what is die 1naximum number 
of DNA molecules that \\rould be p1~esent after six cycles of PCR? (1) 

d) One cycle of PCR involves heating the mixture and then cooling it 
again. What happens during the heating stage of the cycle? (2) 

II 4 Some scientists have devised a test to detect an anitnal parasite, 
Sarcocystis, in meat. This parasite can cause hann to humans if it is 
present in undercooked meat that is then eaten by a human. The t,est 
involves PCR, using primers that bind to certain genes in Sarcocysti.s. 

II 

a) lvieat \\Till contain DNA from dlle animal and n1ay also contain 
bacterial D1NA. Explain why this kit will detect Sarcocystis DNA~ 
and not any other DNA prese11t. (1) 

b) i ) The PCR uses DNA polymerase .enzyme. Why is this enzyme 
needed? 0) 

ii) Tii.e DNA polymerase eru:yme is heat-stable. Explain the 
advantage of this. (2) 

5 The Mediterranean fruit fly is a serious ag1iculitural pest tha'l causes 
ext: nsive damage to crops. It can be contr,olled by insecticides and 
biological c1ontrol but these are not always effectiv,e. 

N,ow scientists hav genetically , ngineered flies by adding a female­
specific gene into the insects. TI1is st,ops females dev,eliaping to 
reproductive maturity. Th male Oi,es a_r, · rele-ased into th envi.ronmenrt 1 

v,lhere they mate \Vith Vrlild females. Howev,er, they pass on the female­
specific gene to their offspring 1 ,ensuring that ,only males develop int,o 

adulthood. 

a) Suggest ho,v this ne,v gene could be inserted into an insect 
zygote. (4) 

b) If a chemical repress,or is added to the food supply of the 
genetically modified f111it flies 1 the female-specU1c gene is 
inactivated. Suggest the ad,11antage of trus. a) 

c) Evaluate this use of genetically engineered Mediterranean 
fruit flies. (4) 

Stretch and challenge 
6 Discuss the concerns that many people in the UK have about genetic 

modification. To what ex.tent are these concerns justified? 



Using gene 
technology 
, .............................................................................................................. . • • i PRtOR KNOWLEDGE ! 
• • • • 
: • Restriction enzym es cut DNA at .specifi c base seq uences. : 

• 
• The polym.era se cha in react~o n ca n be used to make many cop ies of a : 

• 
se quence of DNA. : .----

• A m11xtu re of pleces of DNA of different lengths can be S·eparated : 
l : • • ; usi n,g ge l e ect rop h ores~s. ; 

• : ........................................................................................................... ~ 

~ ···························································································= 
; TEST YOURSELF ON PRIOR KNOWLEDGE i 
f 1 Fragm.ents of DNA move toward s th e posi1tive electrode in gel i 
i electrophoresi1s. Explain why. i 
i 2 Nam,e the enzy 1me u1sed in the PC R. i 
! 3 What ar e prim ers used for in the PCR? i 
• • 
=·····························••1••••··············································•• illllllllllllllllllllllll~ 

I ntrod u et ion 
en m is the term for all the genes in an organis1n. The Human Genome 

Pl·,oject (HGP) \Vas an international, collab,orative research programme th .t 

aimed to compl tely map and understand all the genes in a human being. 

The Human ,Genome Project was launched in 990. It started in the USA 
with collaborators from several other countries. ln the UK 1 scientists in 
Cambridge had been WO·'rking for several years on mapping the geno,me 
of a nematocle ~~,onn that is 'Widely used in r,esearch. Alth.ough il ,,. .... as 
not complete 1 they recognised that they had the technology to be able to 
achieve this . In the UK, the Sanger Institute near Cambridge provided the 
B,ritish contribution to the Hlunan Genome Project. Laboratories all over 
the ,vorkl ,vere allocated different sections of different chromosomes lo 
sequence. 

One key decision 1nad.e by these scientists was that all th e data generate.d 
would be shared publicly befote being published. This aUo,ved data to be 
shared as quickly as possible. Because this was a publicly funded project; 
they wanted to make sure that aB in.fonnati.on discovered could lead to as 
many benefits for h u1nans as possible without commerr:ial interests being 
involved. 

On 26 June 2000 a draft sequence of the human geno1ne ,vas published. 
In 2003) the International Human Genome Sequencing Consortium 
announced they had completed the detailed referertce l1uman genome vtith 
99.99% accuracy. This work involved huge nun1bers o f scientists fro1n 20 
institutions all over the world. 
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Figure 12.11i1he Wel lco me Truist fu nded the building of the Sangier 
Insti tu te near Cambrid,ge to provide the 8ri t ish1 contr·ibutjo,n to the Hu man 
Genome Project. 

Genome projects 
The finished sequence of th human genon-iie \Vas ,o,v r 3 billion l tt rs long. 
Scientists we.re surprised to find that the human geno,m·e contains only 
about 25,000 genes, which was a great deal fewer than they had expect d . 
Ho·Vi.rever, the scientists still needed to find out the prot · m . This is the 
full range of proteins that a cell is able to produce. 

Applications of the Human Genome Projrect 
Scientists also need to ,vork out ho"v to use this sequence to improv.e 
human health and cure diseases. In the human ge.nome, scientists have 
identified a number of genes that can incr ase the likelihood of people 
developing certain types of cancer and other diseases 1 such as Alzheimer's 
disease . It is hoped that, in time, it ·will be possible to· understand the causes 
of inherited diseases) c1nd to find effective n·eat1nents. 

Sequencing of gen 1omes 
Scientists at the Sanger Institute near Cambridge, as well as sequencing one­

third o f tb.e human genome~ have sequenced the genomes of 1nany other 
organisms. These include organisms that are used i.n genetic researchi such 
as zebra fish.~ roundwonns and the plant Arabidopsis, and organisms that 
cause disease, including parasites such as Plasniodium , which causes 111alaria. 

One of the 1nost severe forms of malaria is caused by Pirumodfum Jalciparu.m. 

Scientisls hav.e sequenced hundreds o[ different P. falciparum parasites. 
These genon1es are then exmnined 'by computers to find differences between 
the sequences. Scienti.sts can then identify the genes tl1at sho,v the most 
variation between parasites. This indicates the genes that are under the 
greatest selection pressure, so d1ese can be investigated further to find 
out whether they code for proteins that function as antigens that could be 
targeted for a vaccine. Sin1ilarl)~ scientists are investigating whetIL1er specific 
gene. variants are associated with drug or insecticide resistance. They are aiso 
trying to find human genes associated vtith protection against severe malaria. 



Rem,ember that you learned 

a bout the immune response rn 
the first year of your course I see 
AQA A-level Biology 1 Student 5 
Book Chapter 6). 

Identifying genes that n1ight be a suitable target for a vaccine is just the first 
stage. Scientists need to work out the protein that the gene codes for. Then 
they need to inject that proteiu into people living in areas ,vhere 1nalaria 
is common, to see ,vhether they produce antibodies against the protein. 
Scientists at the Sanger Institute are wo1~king with centres in Africa and Asia 
to ca1TY out these tests. lt may be som.e years befo1·e an e ffective an ti-n1alaria. 
vaccine is readily available, but se,quencing DNA enables scientists to focus 
their e ffons on the most likely targets. 

One reason why scientists can sequence so many g,enotnes is that sequencing 
methods are improving rapidly. Most of the processes involved are 
automated. Data from sequences can b e fed into huge banks of computers 
that are programmed to con1pare sequ,ences from different organisms . 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

: TEST YOURSELF 
• 
~ 1 The scientists 1involved in the Human Genom·e Project decided tnat all 
J the data generated wou ld be shared .publicly before being, p1ublishe dl. 
; Evatuate tnis decision . : 
: 2 Expta~n why a g,ene for an antigen that shows a great deat of variation 
i 

i, 

i 
t 
• : • • • 

• ; is like ly to be under a higri se lec tion press ure. 
i .•.... ;,. .••••.•.•..•••..••.••••.•.••••••.••••••.. .••••..•. ; •. , .............................................. ...... 

·····························································~························ • : Extension • • • • • 
DNA sequencing 

: DNA sequ ncing finds the base sequence of 
: genes that hav,e not been studied before. The 
: inethods for doing this are all based on the use of 
• • dideoxyribonucleotides. Look at Figure 12.2, which • : sho,vs molecules that you might recognise. M,o]ecule 
: a) is ribose ~ the five-carbon sugar found in ·every RNA 
: nucleotide. Molecule b) is deoxyribose~ the five-
: carbon sugar found in every DNA nucleotide. Note 
• • that it bas one 01..'Ygen atom less than ribose, hence 
• : the name deoxyribose (see Chapter 4 
: in AQA A-level Biology 1 Student's 
: Booh). Now look at molecule c). 
: Can you see h ow this differs fTom 

: ribose and de.o1'..y7ribose? lt has one 
• • less oxygen atom than deoxyribose • • • and iv.to less than. ribose: this is 
: di deoxyribose. 
• 

join up ,vith phosphate and an organic bas to form 
a nuc]eotid . During DNA replication, a nucleotide 
containi.ng dideoxyribose (a did · ynucl tid ) 
can pair with~ deoxynucleodde on the tetnplat 
strand that has a complementary bas-e. Ho,wever, 
DNA polymerase stops r,eplicating DNA when it 
encounters a nucleotide containing dide,o.xyribose on 
the developing strand. This is the basis of the chain­
termination technique for se,quencing DNA. 

C~20H OM 

I / 0
'- I 

/H H"-c C 

1"-1 1/1 
H C-C H 

I I 
OH H 

: Just like ribose and deoxyribose, a) ri bose b) deox yri bose c) d ideoxyri bose 

: a molecule of dideoxyribos.e can 
• 

Figure 12.2 A m,olecule of a) ribose . b] deoxyribose ;nd cl dideoxyribose. 

" • • • • • • • • • • .. 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
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• Figure 12.3 The prin ciples i1nvolved • • in the use of an auto,mated 
a} 

• • DNA s eqiuence,r. ai The tength 

s iin gle--stra nd ed ID NA vector 

_____,,..,..,.,_ ...... , _______ _J_, ___ - - . 
pnmer: __ __...11 .... 11 1...-11 

• • • • • • : of single-str anded. DNA to be 
: sequenced js cloned into a vector 
: and a priimer added. b] DNA 
• po'lymerase attaches to the pri m1er • • and begins DNA replication, 
• • adding nu cteotides w ith bases 
• • that are complementary to 

b) 

c} 

DINA p o.lyme r ase 

d eve lqpi ng !DNA strand 

A A A A A 

• • • • • • • • 

: the ba,ses on, the re corn bi na nt 
: DNA. c] The DINA poLym,erase 
• inserts a d~deoxynucleotide 

__ ...................................... ._ __ ~----· 

• • • • • • 

• • end re plication of t 1he cha,i n • • terminates. dJ Prov ided the ratio 
: of normal fdeoxynucleotid es] to 
: di,deoxynu cteotides ·is h,1gh enough. 
• chain s of onQ to seve.rat hundred • • nucleotides are prod,u1ced1

• • • • • • • 

d} 

Key 
• ddNA 

-ve 

......+---sep a,rated DNA frag:ments 

• • • • • • • • • • • • • • • • 

• • capillary tube used in·-----1 termj,na ted wi1th .ddNA 

• • • • • • • • • • • 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

e lect ropho res is 

Automat d DNA sequenci11g 
Figure 12.3a shows a single-strand d version of the 
DNA V-le ,vish to s quence. lt has been cloned into a 
v,ector, ,vhicb in tbds technique is usuaUy lhe D1NA of 
a bacteriophage called Ml 3. A short oligonucleotide 
has been annealed to the DNA to act as a primer. 

DNA polym rase is added to the recotnbinant 
D1NA, together '\vith a mixture of deo"'-ynucleotides 
containing each of the four bases: adenine, cytosine, 
guanine and thymine. Under no,nna1 circumstances 
the DNA polymerase attaches to the primer and begi.n.s 
the process of replicating the recombinant D NA. The 
new strand starts to gra.v.r as free nucleotides fo nn 
hydrogen bonds with co1nplement:;ny bases in the 
starting strand (Figure 12.3b) . 

Ho\vever, also p resent in the mixtu re of nucleotides 
are some dideoxynucleocides. \Vhe.n , by chance

1 

D1NA p olymerase inserts one of lh.ese instead of a 

deoxynucleotide, DNA replica.lion stops. If the ratio 
of deoxynucleotides to dideoxynucleotides is high 
enough\ we end up witli complem,entary chains of 
D1NA varying in length from a single nucleotide to 
several hun dred nucleotides. Figure 12.3c sho~rs ho,v 
this its possible> using j ust one of the fou r types of 
cli.deoxyn11cleotide (ddNA). vVl1enever ddNA fon1.1s 
a coJ1nple1--nenta:ry base pair ,vith thymine on the 
recombinant DNA stran d, replication stops . 

+ve 

Each type ,of dideoxynucleotide is labelled Vv·ith a 
differ nt fluorescent dye. The dideoxynucle,otides 
carrying adenine (ddNA) are labeUed with a gre, n 
fluorescent dye, ddNC with a blue dye, ddNG ·with a 
yellow dye and ddNT v.rith a red dye. 

• • • • • • • • • • • • • • • • • • 
At the end of the incubation period, the newly formed : 

• DNA fragments are detached fro,i_n the te1nplate DNA • 
• and tl1ese ne~· single-stranded chains are separated : 

by size, using a. special type of electrophoresis that : 
takes place inside a capillary tube (Figure 12.3-d). The : 
resolution of thi.s technique is so high that it separates : 
strands that are different in length by a single nucleotide. : 

• • Wben illuminated by a lascr beam~ each of the four : 
dideoxynucleoci.des fluoresces . The ,colour and position : 
of the auorescencc is reru:l by a detector ,vhich then : 
feeds thls information into a com puter\ which either 
stores the data for future analysis or produces a 
printout ; like th e one in Figure 12 .4 ) overleaf . . An 
automated sequencer can read almost l 00 different 
DNA sequ ences in a period of 2 hours . 

You will retneu1ber that the gen ome is the DNA 
sequence of an organism. Scientists have found. t:he 

DNA base sequen ce of 1nany differen t organisms; 
including humans. You will also remember tl-1at genes 
code for proteins> and. W·e already krnow the triplet 
sequences (codons) that code for each a1nino acid . 

• • • • • • • • • • • • • • • • • • • • • • • • • • 



• • • Figure 12.4 As the rep'Ucated 
: fragments of DNA are 
: separated. they pass through 
• a1 laser and fluoresce. The • • fluorescence detector ·reads ' • • • • • • 

the fluorescence and sends 
the data to a corn puter 
for anailysrs. The coloured 

: p ri nto ut shovvs th e base 
: sequence of the DNA sample. 

• 

ea pi rl a ry tube used 
in el ectrop ho resi s 

laser 

movement 
of labe'Ued 

detector 

.. ,., 
" " 

J L \ J \ i \ 

D 
pdntout 

computer 

• • • • • 
0 NA fragments 

• • : Tit:is means \lire can work out 'the primary structure. 
: of the proteins that the genes code for. The structure 
: of the prot,eins that a cell's DNA codes foT is caUed its 
: proteome. Knowing the proteon1e can be very useful, 
: for example in identifying potential antigens to use. 
• • as targets for vaccines. Scientists trying to develop a • : vac,cine against malaria have sequenced the genome 
: of many different malaria parasites. They compare the 
: results. The genes that show the greatest va1iation must 
: b those that are subjected to th greatest selection 
: pressure, so these a.re the b st targets for a vaccine. 
• • • • • • • • 

H,o\v,ever, it is not ,easy to " 'ork out the ,entire 
prot ome of an organism fron1 sequ . ncing the D1NA . 
You "'·ill remember that co1np lex organisms sue h as 

: humans have a great deal oJ non-coding D1NA and 
: regulatory genes and it is not always easy to identify 
: these from the DNA that codes for proteins. 
• • • • • • • • It 

Int rpretin the .r ults . f 1nanual DNA 
• s quenc111g 

The manual method is similar to the aut,omated 
method above except that : • • II 

• • a separ~te run is 1nadle for each type of 
d.ideo1!..)TIUcleolide - ddNA, ddNC , cldNG 
and ddNT 

• • • • • : • after incubation) the four mixtures are placed 
: in separate wells of a gel and separated by gel 
: electrophoresi5 
: • the dideoxynucleotides are labelled with 
• • radioactivity; rather than with lluorescent dyes 
• : • a Southern tnmsfer of the gel is rnade and an 
: autoradiograph made from it. 

Reading the DNA sequence is relatively easy. 
Figure 12 .S sh ows part of an autoradiograph . 
For each dideoxynuc1eotide base, it shows bands 
that are DNA fragm.ents for which replication 
was terminated. As you knov-r, the band that has 
1noved the furthest is the smallest fragment. This 
will be a fragm·ent wh re replication stopp ed at 
the first base . 

]n Figure 12 .5 the fragment that has moved furthest 
is in the d.dNA track. This is the smallest fragment 
that was produced when a dideoxyribonucleotide 
stopped DNA polymerase fonning a ne.,v strand 
of DNA. The smallest fragment of DNA that could 
be formed is a single nucl otide. By chance, a 
dideoxynucleotide was the first to be inserted into 
then Vl DNA strand and its presence stopped DNA 
polymerase inserting any more nucleotides. We have 
now found the first nucleotide that is incorporated 
inlo the ne~· DNA strand. It carries adenine. 

The next smaUest fragment is in the ddNC track. This 
is a frag1nent of DNA that is only l\\i·o nucleotides 
long and it carries cytosine. The first two bases in 
the test DNA are adenine and ,cytosine. The fragment 
vvhich has moved the third furt.hest is in the ddN,G 
track. This fragment stopped DNA replication. 
because it carries the ddG nucleotide. So our third 
base is gl1anine and ihe base sequence of the test 
DNA be.cnmes ACG. By repeating ~Nhat we have done 
so £ar1 you should find that die base sequence is 
. ACGCATGTTC. 

• • C) • • tD 
• ::s 
• 0 
• 3 • • t.D 
• ~ • 0 • ~. • m • n 
• tt • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
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• • 
: Figure 12.5 The wells at the top 
: of this au to rad iog,ra p h contained 

: a sa mp,Le of a react1ion mixture lddNAI lddNC I lddNGI I ddNT I I weU contafning 
• that had been incubated with I sampfe of reactron 

• • • • • • • • • direction of I b d dideoxynucleotides containiing mbrture incu ate · 
• eilectrophoresis 1 · h d'd I ·d • 
• adenine (ddNAl. cytosine lddNiC]. I wit I eoxynoc eotl' es • 
: [ i [ ) I containing adeninet : 
• guan~ne ddNGi or thymrne ddNT, I cytosine, guanine or • 
: respectively. Below each well ls thymine : 
• the track of the separated DNA • 
: fragiments produced by DNA - bottom of : 
: rep Licabon i:n the pre se nee of ea eh autoradiograph : 

: dideoxynucleotide. The DNA seq uence : 
• of the newly synthes ised DNA ~s • • • • read by 'identifying the d ista nee each • • • • fragment has moved. starting with • 
: the one that has moved furthest. : 
• • •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

0--, ------­
Using labelled DNA probes and DNA 

tl •I "-"!.I••~-· •.1 L• lilo•' •• 1 •,t tl! 1ol i..fi4 'It,, loii• •JI.I!!••• •IP 1.•1 ••.,_, • .II' 'loll! L9 .I •• t 9:-' "1-' •• I !I• 9 • •••"!.,'!.II II 

· I" h ridi tintt Tihe proc,ess o,f 
combin~ng two c-omp!e1m,enta1ry s~ngle­
stranded DNA 1molecules and allowing th,em 
to form a1 sing!e doubte-stranded 1molecole 
through base pairing. 

hybridisation to locate specific alleles 
of genes 
If we know at least pan of the base sequence of a harmful allele of a gene, 
we can use 1\1. hybri<l i -~ ti, n to find out if this allele is present in DNA 
samples. Be.fo,re hybridisation, the test DNA is treated using techniques you 
learned about in Chapter 11. Let1s re"Vi.se these techniques. 

First, the DNA is extracted from the sample of cells taken from a patient. 
After purification, the test DNA is amplified using the polymerase chain 
reaction (PCR) . TI1e test sample "Nill only contain a few ceUs 1 fo,r example 
cheek c,ells., c lls from the amniotic fluid or cells from the umbilical cord. 
These cells only yield a s1nall a1nount ,o,f DNA. Vile need a large amount ·of 
DNA for analysis so the PCR is used to produc,e this extra. DNA. Of course, 
'the PCR produces DNA that is identical to the test DNA. 

The amp lifted test DNA is then digested using a restriction endonu.clease. 
Whole DNA molecules are too long to be analysed successfully in one go. 
This is why the test DNA is dige-Sted using restriction c.ndonuclease. 

The restriction fragments are then separated using gel electrophoresis. Since 
DNA has a negative charge, DNA frag1nen1s migrate to lhe positive electrode 
of an electric field. The gel through. v.rhicJ1 they move has fine pores. Small 
fragments of DNA move faster through these pores than large fragments. As 
a re.sub, the fraginents are separated~ v.rith. lhe smaUest neare·r the po.sirive 
electroru\ forming hands in the gel. 

In the final preparatory stage the DNA fragn1ents on the nylon 
m,embrane are treated to break the hydrogen bonds holding tl1e D1NA 
1ogeth er. Hyd1--ogen b onds between co1npl-en1e~ntary base pai rs hold 



D pro A piece o,f stngl,e-strand!ed DNA 
that has a specmc base seq1u:enc,e that is 
complementary to a specific base sequence 
of a specm c aU@le (of a gene). 

Figure 12.6 A labelled DNA probe ca n 
be made which has a se quence that is 
compleme ntary to part of tn,e ha,rmfu:t 
allele but not to the, normal aHele of a 
ge ne,. Once the DNA pr,obe has a·ttached 
to a fragment of the harmfu La llele we 
ca n find i1t i1n t1he separated restriction 
frag1ments. 

together the lwo p olynucleotide chains i11_ a DNA molecule. W h en 
these bonds are broken, the nylon n1embran e cnntains bands of single­
stranded DNA fragments. These fragn1ents anneal with any strands of 
nucleotides that have complementary base sequences. This is \.vhe1~e 

labeHed DNA probes con1e in. A D NA probe is a piece of single­
strau ded. DNA that is con1ple1nentary to a specific base sequence. The 
DNA probe is attached to a fluo,rescent OT radioactive label. This is 
caUed la belling the probe. 

At least pan of the base se,quence of the harmful gene is knovm. This enables 
us lo produce single-stranded DNA probes 1vith a complen1entary sequence 
using a gene machine. These probes \vill anneal to any complementary DNA 
fragment on the nylon filn1. This is the proc,ess of DNA hybridisation. If the 
DNA probe is labelled, its position can be found . Figure 12 .6 sl1ows how 
a DNA probe Vvill attach to a co1nplementary base sequ ence if it is present 
in the test D1NA and how1 if labelled , w~e ca11 find the hybridised DNA aft,er 
electrophoresis of the restriction fragn1ents. 

' 

marke,r l-
____ .._ __ DNA probe 

----------- test DNA 111 L 11111 hydrogen bo,nds test DNA 

-............ -----
no I abeJled DNA 
fragments 

probe does not 
bind to test DNA 

,.,_ __ a ga rose 
gel -............. -

probe binds to 
part of test D~ 

~ - ......... ,_-labelled DNA 
fragment --

We can use Figure 12 .6 to explain how DNA hybridisation ,enables 
biologists to locate the. harmful allele of a gene· in a sample of DNA 
taken fr,om) for example, cells in amniotic fluid . Since the restricti,on 
fragments wer,e made from the entire DNA in the sampled cells, one 
of ihem v.riU contain all or part 1 of the gene in. question; for ,example 
the gene for J3-globulin. The sequence of bases thal is different in ihe 
hannful allele is k110\Vl1. The labelled DNA probe has a. base sequence 
that is complementary" to that part of the harmful allele. If the label 
anaches to any of the bands of restriction fragments on the nylon 
membrane, the DNA fragment in that position n1u e;t be from 'the harmfuJ 
allele. If no label attaches to any band) the DNA does not contain the 
harmful allele of the ger1e . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
= TEST YOURSELF 
• i 3 Use your know ledge of natura l se lection to s ugg.est 
i why the genes 1n a pathogen that show m,ost 

i var iation are good targets for a vacdne. 
i I+ Suggest how DNA probes are made. 
• : 5 Before a DNA probe i1s added to DINA on a nylon 
• 
: membrane~ the DNA on the membran e is made 
• 
: s ingte-stra nded. Exp lain w hy. 
' • 

• • • • • • 
6 Jf the DNA probe. co,mp lementary to the base ~ 

sequence fo und 1n a ha,rmfu l a lle le. does riot bind i 
to a person·s DNA on a membrane, this is not 1 OOo/a i 
proof that t he pe rso n does not carry a harmfut ~ 
allele. Exp lain why. : 

• • • • • • • • • • • 
: ........................ . ........ . .................................................................................................................................... 111111115 
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counselling 
DNA sequencing) DNA probes and DNA hybridisation are important techniques 
used in DNA analysis. Many hunian diseases result fron1 mutations of genes, 
which give 1.ise: to, alleles. that are useful in one context but not in anotheT. 

Sickle-cell anaen1ia results from an allele of the gene encoding P-globuHn> one of 
the two 'types of polypeptide in a haetnogl6bin tnolecule. ln areas of the ;,,rorld 
where m.abria is endein ic, l1eterozygotes for this gene are at a selective advantage 
because they are resistant to 11.1.alaria. ln count1ies where there :is currently no 
malaria> for exan1ple the UK> heterozygotes are at a clisa.dvantage because son1e 

of their children n1ight be homozygous for ihe sickle-cell allele. These children 
\ViU suffer uncomfo1table and life-threatening symptoms. 

Gene probes can also be used to test DNA from cancer ceUs to detect certain 
aUeles. This can lead to targeted therapy for that specific mut3tion. Some 
cancer drugs only \\'~,ark on cancer caused by a specific mutation. Another 
use of gene probes is io find vthether a person has a gene that n1-ake.s the1n 

1nore likely to develop a particular kind of cancer. For example., women 
with the BRCA.l and BRCA2 alleles are at higher risk of developing breast 
cancer than other wo1nen. 

A couple intending to have children might be concerned if they are aware 
that there is an inhelited disease, such as sickl -cell anae1nia, in their family. 
They might take medical advice about the risk of having a baby \\-ith the. 
inherited condition. This advice is called en tic couns llin . ln the pasl, 
gen tic counseHors were .able to us the so1t of information in ,Chapt r 7 to 
work out the chanc,es o,f an affected baby being born. For ,example 1 you can 
use yo,ur understanding of monobybrid inheritance to work out that the 
chances of t,vo people \vho are both heter,ozygous f,or the sickle-cell allele 
having a baby \\rtth sickle-cell anaemia is l in 4 (a probability of 0.25). 

Samples of the amniotic fluid that sutTounds a d veloping fettis may be taken. 
This fiuidl contains cells from the fetus. Feta! DNA can be analysed using ge.1.1.e 
probes to find out \vhether the fetus has a specific genetic condition. A couple 
who are at risk of having a child with a genetic condition 1 such as cystic 
fibrosis\ may opt for h1 vitro fertilisation OVF). This means creating a number 
of embryos, which can be tested using gene probes. Healthy embryos can be 
selected and implanted into the mothers uterus. 

•• •• ••• •• •• , •• ••• •• ••• .... •• r•, •• ••• . , ••• •• ••• •• ••• •• ••• """ •• .... •• """ •• ••• •• ••• •• ••• •• ••• •• ••• """ •• ••• •• ••• •• ••• •• ••• •• ••• •• ••• .... "" ••• .--. "C 

Breast cancer and ovarian cancer 
Each year i1n the UK about 200 OOO ca:ses of breast cancer and about 
2.50 00 cases of ovarian cancer are d iagnosed. Research has show n that 
about 10°/a of these cases are inherited . At least two genes are invollved ~n 
th e develop1ment of breas t cancer: BRCA1 [BReast CAncer 1] and BRCA2. 
Norma lty, the BRCA1 and BRCA2 genes control cell growt h but mutatf ons 
in t hese genes increase the r ,isk of breast and ovar ian cancers. 

1 What type of gene is BRCAI and BRCA2? 
We each have two copies of th e BRCA1 an d BRCA2 genes. inher.itf n.g one 
from each parent. Someone who cardes one of the mutant alleles of 
either gene ha s an tncreaised risk of developi1ngi breast cancer. 

2 What does this t e ll you abo ut th e natu re of th e m.utant aaeles of the 
BRCA1 and BRCA2 g-enes? 
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Table 112.1 shows data about the risk of a wo man devetop~ng breast 
cance r and ovarian can cer in the UK. 

3 Th e r is k of developing cancer f n t he middle co lu m n of Tabte 12.1 is 
s how n as a rangej whereas the risk in the r ig,ht- ha nd colum n is s hown 
as a s ing le vatue. Sugges t w hy. 

I+ ·Give two co nc lu s io ns a bout th e e ffect of carrying a mutant a lle le of a 
BRCA 9ene on the ri sk of deve lopi:ng breast ca ncer. 

5 Sugg1·est w hy the r isk of devetop1ing br east cance r is higher than the 
ris k of develop~ng ova ri1an ca ncer. 

Table 12.1 Th e ri sk of develap1ng cancer a1mong wome n who a·re ca rriiers of 
one miutant aUele of t he BRCA1 gene or BRCA2 gene co1mpared with tha t of 
the general popu Lat'ion. 

1Carrier-:of one. mutant:a llele Genera l 
< ' 

·Ri~k ~f dev.e~opJog !lf l}_~~~J 4?-r BflP~?. 9.~,n-~l.o/o populatio_n/.o/o .. 
- - - - . . • L - - - .- -. -

Breast ea nce·r by agie 50 33-50 2 

Breast ca·ncer by age 70 56- 87 7 

Ova,ria n ·cance r by ag·e 70 27-4-4 <2 
,...," ,..., ,. ... M't ri, r1 .. .. ., ,.., .. .... ..... r" ,.,..., .. ., ,.,.. ,..i, r•• r1, ,. ., .... .... ., ri,-1 .. .. ... '!,i i, ,. . ..... ., ,. ,. .. ,..., ... ., r--, .. ,.., ,. ...... ., ,. ..... .... ..,., ,..,_ r ... .. ., ,.,. .. ,..., r•• M .. .... "" '" .. ., ,.., .. ...... .,., ,i .. ,..'! .. .,,. ... ,..i, ,. ... r1 r•1t ,,, .. """ ri,• .. .. ....... "" ,. ... .. ., ,. ... 

Genetic counsellors not only advise people a.bout their chances of having 
a baby ,vith an inherited disease or about their chances of developing an 
inh rit d disease, such as cancer. later in life. Th y also p rovide , motional 
and medical support to the affected families. This is need,ed becaus 
the r sults of screening tests provoke difficult decisions. For exam ple a 
'Woman who finds that she is carrying a child \\-ith an inhe1it,ed dlis,ease 
n1ight have to make ad cision about carrying her pregi1.ancy to fuU tenn 
or having an abortion. Similarl~ a woman i.vho finds she has an increased 
risk of developing b reast cancer might have to decide to have her healthy 
b,reasts surgically removed so they cannot later develop cancer. None of 
these decisions is easy 'lo make and affec'ts not only t 1e person making the 
decision but other members ,o,f their families as \vell. 

It is likely that shortly after yotl were born~ a drop of blood was taken 
from your heel This ~pin prick' procedure collected blood that could 
be u sed lo test for the presence of common inherited disorders, such as 
phenylketo,nuria. This represents a simple form of medical sc.reening. 
Advances in DNA technology h ave resulted in much more s,ophisticated 
m,edical screening procedures. Using the techniques you lea.m,ed about in 
Chapter 11 it is now possible to analyse DNA taken from. scrapings of cells 
fro1n inside your cheek, cells taken from the amniotic fluid surrounding an 
embryo in its mothers tnenls or cells from the umbilical cord connecting 
the embryo to its placenta. 

·································· ··································~······················· . . 
: TEST YOURSELF • • • • • .. 
• • • • • ... 
• • • • • • • • • • 

• 
7 Is ,it a lways usefut to be ab le to sc reen a person for a lle tes th at mig ht ~ 

• lead to hea lth prob lems? : .. 
8 Wha t are the argu1ments for and aga in st sc reening men fo r the BRCA1 : .. 

a r:,d BRCA2 genes if the re Is a f am i,ly history of breast cancer? : .. 
: ••• •• ••••••••• ••• •••••••••• • ••••••••••• ~ . .. . ........................................... 411111111111111111111111111111111111f 



>­c.o 
0 
-J 
0 
z 
% 
(.J 
w 
1-
w 
z 
UJ 
a, 
C!) 

z -~ 
::., 

N 
~ 

o~-------Genetic fingerprints 

lane A lane B 

a:utoradiograph 

!Figure 12.8 The banding patterns 
produced after the two sets of DNA 
shown in Flg,ure 12.7 have been 
digested using the same restriction 
endonuclease. Lane B contai ns Longer 
DNA fragments than Lane A because the 
DNA of B conta,in,ed m.ore repeated base 
seq.uences than the DNA of A. 

You have learned that an.v one of our chromosotn,es carries the same 
J 

genes in the same order. Consequently~ you might expe,ct that we 
would get the san1e pattern o[ restriction fragments if we us,ed the same 
restriction endonucleases to digest copies of the same chromosome 
[ron1 two different people. ln fact, w·e Vi,rould not; we Vilould get different 
patterns of restriction fragm,ents. The reason for this is that, in the non­
coding regions of our DNA, each of us has different repeated sequences 
of bases . These repeated base sequences include variable nu1nber 
tandci-n repeats (VNTRs ). Because the length of these repeated base 
sequences is dlifferent in different people , ·w,e can use th,em to identify 
the. source of DNA in tissue samples . This is the basis of classic.al 
genetic fingerprinting. VNTRs are chromosomal regions in which a 
short DNA se,quence (such as AG,cn is repeated a variable number of 
times end-to-end at a single location (ta.nd,en1 repeat) . Everyone has 
these tand.em repeats, but a variable nun1ber of repeats. How~ever, the 
number of tandem repeats that a person has is inherited, and so they 
could be used to identify biological parents. 

Figure 12. 7 shows how~ the distance between the recognition sites of a 
res1riction endo,nuclease on lVlO sa.1nples of DNA varies if the number 
,of repeated sequences varies . As a result of these differences, DNA 
fragn1ents o.f different lengths would be produced by digestion of these 
tw,o DNA molecules iAi·ith the r stricti,o,n endonuclease. Figure 12.8 
shows ho,v these different lengths of DNA would produce differ,en·t 
patterns of restriction fragments a(ter electrophor,esis. The important 
idea to grasp is that only identical tVvins have the sam pattern of non­
coding, r p·eated base sequences and s,o only they would produce th 
same pattern o,f restriction fragments. 

A 

recognition sites of 
restriction en don u cl ease 

DNA strand 

l 

additiona I repeat sequences 

repeat 
sequence 

i 

Figure 12. 7 Ea eh b;·nd rep.resents pa rt of a DNA miotecu Le tha,t lh~s been taken 
fro ·m the s.ame cnromosom,e Loca t1ion from two diff~rent peop le. A and 8. The 
recognltion sites of ~,n endon,uclease ~re shown on, each DNA molecule. The 
recag n1tioin sites ar,e fu r ther e:ip;rt in. B becaus; the non-codi ng re ·gions of this DNA 
contain more repeated base, seq uences. 

Genetic fing1erprinting by hybridisation with labelled 
probes 
This is the classical med10 d for genetic fingerp1t nting. You have come 
across the techniques involved earlier in this chapter. If the sample 
of DNA is very small , n1ore copies are n1ade using the PCR. A sample 



of DNA is digested into restriction fragments using a r,estriction 
en donuclease. The restriction fragments are of different lengths, 
depending on the number of repeat sequences within them) and are 
unique to eacl1 individual. These frag1nents are then separated using gel 
electrophoresis and a Southern b]ot is prepared from it. Radioactively 
labelled probes with the con1ple1nentary base sequence to the repeat 
sequence are added to tlte bl ot. The probes reveal a labeUed band 
wherever they hybridise ,vith a rest1iction fragment containing th e 
r,epeat sequences. Thus ~ each band in the fingerprint r,ep1esents a DNA 
fragment tl1at contains th,e repeat sequence. Figure 12 .8 sho\vs the 
genetic fingerprints of two people. The pattern of bands is different 
because the lo,cation of the repeat sequences \}tas d iffer--ent in tl1e t,vo 
sets of DNA. 

The veiy first repeated sequence to b e used in ,classical genetic 
fingerprinting had the base sequence GGGCAGGABG, \\"he.re B represents 
any base. This sequence \\·as repeated a different number of 1imes in the 
non-c,oding regions of the DNA sainple.s used. 

Figure 12.9 shows the results of the very first analysis that led to a 
criminal receiving the dead1 sentence in the USA. A young couple 
had been murdered v.,~hile they slept in their car. Their bodies were 
discovered the next day. A post mort,em sho,v,ed they had both 
di,ed ·Of gunshot wounds and that the wotnan had be.en raped. On·e 
n1an was later arrested driving the couple's stolen car. Un der police 
questioning he identified a friend W"h.o had been with him ou the n ight 
of the murders. 0 1NA from the sem n found in th woinan~s body 
an d a DNA sample from each suspect was digested using the same 
r,estriction enzym e and the restriction fragments separated using gel 
electrophoresis . If you loo,k at Figure 12.9. you w1iU s,ee that the genetic 
fingerprint ,of the sen1en does not have the same pattern of reslriction 
fragments as suspect l but d,oes have the same pattern as suspect 2. 
On die basis of this evidence, suspect 2 v.ras found guilty of rape and 
murder and given a double· death sentence. The jury at the time was 
told that the chance ,of an innocent person showing the same p·attern of 
restriction fragments was about l in 9 b iUion. At the time of the triat 
the human population of the world \Vas less than 6 billion. 

suspect 1 semen sample suspect 2 

Figure 12.9 The resuUs of the fi rst repeated se,quence a nalys~s which Led to a 
criminal receivi.ng the death sentence. The g:enetic fin gerprint of suspect 2 and of 
the seme n taken from a murdered woman show that he was the rapis t. He was 
co nvicted of rape and murder and received: a double death se ntence. 
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The Bains family 
Mr Bains first settled in England f n l 990. Two years later. he a,ppti ed to 
bring his wffe and four children to join him . The immigrati1on author1ties 
needed to be sure that the children were entlHed to come into England and 
so they carded out genetic fingerprintf ng on the whole familly. F11gure 12.10 
shows the resuUs. 

lane 1 lane 2 lane 31 lane 4 lane 5 lane 6 
Mr Bains Mrs Bains 

Figure 12.1 O The g,e netic f,i nge r,pr,ints of the ,Ba Ins fa m ity mem b,ers. 

Mr Bains had been mairr~ed before. Sadly, Mis first wife ha,d died g1ivrng 
b~rth to th eir son. So·me years later, Mr Ba in s remarr,ied and he and his 
new wife ha,d two daughters. They also a,dopted ainother son. 

Look at la,nes 1 and 2 1in Figure 12.10. They show the separated 
restriction fragments of Mr and Mrs Ba,in s. Exp la1in why the tvvo 
paitterns of restrict1ion frag1ments are different. 
This is because thr: aifterenl DNA sa,npte.s have different nurnbers of 
repeats of th sequencP 

L Lane 6 of Figure 12. 10 shows the restr ict ion fragments from Mir a,nd 
Mrs Bains· adopted son. Expla in why this conc lusion is va,Ud. 
His banas dun mati...h eith r of Mr or Mrs Bains's bands. so he c.annot be 
their biologic at child 

3 Use Fi.gure 12.10 to identify Mrs iBa in,.s· .step.son. Exp la in you r answer. 
All the band=i in c1 child s DNA must match those ;rom either the mother 
or the father. This is true for the band5 in lanes 3 and 5 showing these 
contained the DNA from Mr and Mrs Bains· daughters. Some ot the 
bands in lane 4 match those of Mr Bains. suggesting he is the biological 
father: The bands chal CJo not match £hose of Mr Bains do nol match 
those of !vfrs Bains either. These bands rnust represent Dl\lA from 
fi.1r Bains · first wde. Sa lane 4 is the DNA from Mrs Bains · stepson . 

DNA pr,ofiling1 by PCR of variable number tanidem 
repeats (VNTRs)I 
A n1ore powerful technique has replaced the. classical fingerprinting 
technique. This involves D N.A profiling. 

As ,ve have seen~ variable number tandem repeats (VNTRs) are found in the 
non-coding regions of our DNA. VNTRs are repeated blocks of base seq-uence.s 

such as GCAT or GC. ln our ov1n genon:1e) the i-nost co1nmon repe,at is a 
sequence of nvo bases> cytosiI1.e and adenine, repeated benveen 5 and 20 



times) for example CACACACACACACA. The nunilier of repeats in any 
one VNTR is variable; in a single population) there might be as many as ten 
different versions of one VNTR. In DNA profiling, the diffe1ient versions of a. 
selected number o.f VNTRs are detennined. 

Using prin1ers that anneal to the DNA to ,eacl1. side of a particular repeat 
sequence, the PCR is used to make many copies of the D 1NA containing these 
VNTRs. After amplification by the PCR> the DNA fragments a1-e separated 
using gel electrophoresis. Normallly~ DNA profiling is carried out using several 
selected VNTRs> so that many more bands are present in the gel. 

Just as "With the autotnated sequencing technique described earlier, the 
VN.TR &-agn1ents can be labelled with fluo,resce11t dyes and separated 
using capillary electrophoresis. Scanners 'read' the sequences and feed 
the data into a comput,er which compares them with sample material. 
This technique i.s n1uch more sensitive than the standard test and is novl 
commonly used by tean1s of for,ensic scientists. Figure 12.11 shows tl1.e 
type of printout from an automated scanner. 

Figure 12..11 The printout from an automated DNA profiler. You might have 
seen thi s type of DNA fingerprint in a fil1m or TV progra,mme about crime scene 
1i nves ti gato rs. 

· •1•1••••··~•11•11•••••••1•1111~······~111•1~··••••~111111•••••·~11•11••••••••111111~·····~·· • 
: TEST YOURSELF i 
; : : 9 Why m,u,st the ONA probes used be radi·oactive or filuorescent? : . ' 
: •••••• , ••••••• •••• , •••••••••••••••••••••••••• •••••• ••••••• , ••••••••••••••••••••••• • • !!1111111 .................... llllllllllili 
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Practice questions 
I Scientists in South Africa have used genetic engineering to create 

a vaccine for fam1 animals that p ro tects tl1em against several different 
diseases. They have taken a gene that codes for an antigen of Rift 
Valley virus and inserted it into a sn1allpox virus. Then they added 

a gen e that codes for an antigen of lumpy skin virus and inserted that 
into the sn1aUpox virus. 

a) i) What is a vaccine?· (1) 

ii) This vaccine ·1h-iH produce immunity to three different diseases. 
Explain hov.r. (5) 

b) Suggest the advantage of adding the genes for these antigens into a 
live virus, rather than injecting the· animal \vith the antigens alone. (2) 

2 a) Describe how a genetic fingerprint is produced. (6) 

Son1e blood was found on a broken ~'indow at the scene of a 
crime. The police found four suspects. They carried out genetic 
fingerprinting on the crime-scene blood, plus blood samples from 
each ,of four suspects. TI1e results are shovm in the diagram. 

cnime 
scene 
DNA S1 

-
S2 S3 S4 

-

b) Which suspect d,oes the crime-scene D1NA co,me fro,m? Explain 
your answer. (2) 

c) It has been sugges tedl that a blood sample should be taken from 
every person in the country, and the person5 genetic fingerprinl 
found . This could be stored on a national database. Any cri1ne-scene 
gen.etic fingerprint could then be compared to this database. Do 
you think this j.s a good idea? Give reasons for your ansviter. (4) 

3 A test can be carried out to find out whether a person)s DNA carries 
a gene :mutation that can cause tumour formation. This mutation is 

. 
recessive. 

DNA is taken from the patient and the section where tl1e gene is foun.d 
is copied many times using the PCR. The D1NA is incubated with a 
restriction enzyme. If the n1utated allele is p resent .it is cut by the 
restriction enzyme. If the normal allele is present it is not cut by the 
restriction enzyme. The diagram shows possible. results. 



1 2 3 - - ----- -- ---- ------

4 -
--
-

'Lane 1 Standard ladder 
tane 2 Control1 or normal DNA 
Lane 3 M uta.te d DNA for tumour ce lls 
lane 4 Carrier for the mutation (one 

normal DNA a r1d one mutated DNA} 

a) i) Ho~' is it possible to amplify only the section of DNA that 
carries ithe gene being investigated? 

ii) Lane l conta.i.ns DNA fragments of different knovvn lengths. 
Suggest why this is used. 

iii) Draw a cit"Cle around the short,est pi,ece of DNA 011 the gel. 

b) Lane 2 contains DNA from a person ,vho does not carry the 
mutated allele. Explain the results. 

) Lane 3 contains DNA from a person who has a tumour caused 
by the mutated allele.. E>..-plain the. results. 

d) uplain the results for lane~-

Stretch and challenge 

(2) 

(2) 

(1) 

(2) 

(2) 

(2) 

II 4 It has been suggested that a child~ geno,me should be sectuenced at binh. 
This would e.nable the pare·nts and the child t,o be aware of harmful 
alleles~ for example thos,e that predispose to cancer, and to make lifestyle 
choices to reduce exposur,e ·to lisk factors. Evaluate this pr,oposa.l, giving 
reasons to support your point of view. 



Developing 
mathematical skills 

During the second year of your Biology A-lev,el course you VJi.ll be practising 
and dev,eloping the skills you learned in your first year, as ,vell as lean1ing 
so1ne ne,v ones. 

U.sing units 
In any measurements or calculations, using units correctly is cd tical. Just as 
for 'the first year of the coursei you need to, be familiar Vv'ith the. comm,on units 
used in bi,olog;J and be confident convening between units [or example from 
millimetres to micrometres or fro,m cubic centimetres to cubic millimetres. 

There a.re a thousand millimetres (mm) in a metre (m)~ a. thousand 
micrometres (µm) in a millim,etre and a thousand nan,ometres (nm) in a 
micrometre. There are also a thousand cubic tnillimetres (mm?) in a cubic 
centimetre (cm3) and a thousand cubic cen'timetres in a cubic decimetre (din.3). 

Since these are the units you ar,e most likely to need to convert between, the 
cnl le of thousands I is a helpful one. But there are s o,me· important exceptions 
such as the centimetre. There are, of course~ only 100cm in a metre and 
10mm in a oe:11 timctre. 

Avoid using m1ixed units such as m inutes an,d seconds. Convert th e whole 
time to seconds. 

Sometimes units are combined) for example in a rate such as how fast 
oxygen is being produced (mm3rninute-1) or ho"iAi~ fa.sl an animal is moving 

(cmsecond-1). It is easy to forge·r to combine the. units when you give 
an answer .following a rate calculation. Sixty is the imponant number to 
remember for converting units of time. There are 60minures in an hou r and 
60 seconds in a minute. 

For some rates, tl1e first unit is a count such as the number of indli\iiduals 
in a ,quadrat or the number of beats in a heart rate. In this case) the correct 
units are number of beatsminute-1. 

Son1etimes three units are con1bined, su ch as when givi11.g figures fo r gross 
and net primary production (kJ m -2 day-1 or kJ i:n-3 day-1 dependin.g on 
whether it is a ten·estrial or aquatic habitat). 
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Round,irng shou ld be done us~ng 
the ru1le that below half i1s 
ro unded down and half or more is 
rounded up! so 1.24 becomes 1.2 
and 1.25 becomes 1.3. 

When you do celcu lations~ you 
should not round any num bers 
used i 11 the ea le u1lat ion, o n,ly 
ro und the answer. 

a) 

b) 

2 SA- 4n:r 
- 4n: X 42 
- 4,c X 1'6 
-64 

SA;;;;; 6 s2 

... 6 (42) 
= 6 (16} 
;;;; 96 

Figure 13 .. 1 Calcu tati ng the 
surfa ce area of a] a sphere 
and b) a cube . 

circumferences 
You need to be confident with arithmetic calculations for finding the size 

and surface are~ of biological structures such as cells, organs and vvhole 
organisms. You also need to be able to give answers in the correct. units and 
Vilith tl1e appropriate number of decin1a] places. lt is also very useful to be 
able to recognise \vhen your answer is outside of the expected Tange so that 
you realise -v.rhen you may have madle a mistake. 

Calculating areas 
Areas of rectangles are calculated by n1ultiplying the lengths of the two 
sides "',hereas areas of circles are. calculated by multiplying the square of the 
l"adius by it. Area calculations could be. used to find the area of the field of 
view of a microscope, the area o f a di.sc cut ou t from a leaf o t the size of the 
area in \vhich some random quadrat samples have been taken. 

o, imal pla ·e and r unding 
Wh,et1 you carry out calculatio,ns like finding the area of a disc cut out from 
a ]eaf, th answer sbo1Nn on your calculaior ,viU often include a number of 
cL cin1al plac s. This is the number of figures after the decimal polnt. 

U ing i -Ri 1cant fi.-ur 
You will remember from A~A A-level Biology 1 Sttulen.t"s Book that significant 
figures in a nuinber include all the non-zero digits~ any zeros betw,een non­
zero digits and, in nu1nbers containing a decimal point, all zeros wrinen to 
the right of the digits. The number ,of significant figures in a measurement 
gives an indication of its uncertainty. 

If you ,\:-ere calClllating the area of part of a tneadow in v;,.,.hich you had 
carried ·Out some ·quadnu sampling, you might measure two sides of the 
area ,vith a tape 1.neasure. Lets assume you measured one side as 40. 50 m. 
and the other as 35. 7 5 m. When you mubiply the two· to get 144 7 .87 5 m 2 

on your calculator, you should only give the area as 1448 m2 be,cause the 
two original measurements ,vere both to four significant figures. 

Calculating areas of cubes and spheres 
Different sized cubes a.r,e often used to ca,mpare imaginary ,organisms of 
different sizes. TI1e. surface area of a cube is calculated by finding the area of 
one side and multiplying that by six, because i t has six sides. So a cube of 
side length 8mm has a surface area of (8 x 8) x 6 ·= 384mm2• A cube of side 
length l6m1n has a surface area of (16 >< 16) x 6 = 1536mm2• Notice that 
although the side length has been doub]ed~ the surface area has increased 
four times. You should always estim.a.te roughly what the answer s·hould 
be for a calculation like d1d.s so, that you can spot if your answer is different 
fro1.n what you are ,expecting and look for your mistake. 

In the same. way that cubes can represent different sized organisms, spheres 
can be used to represent cells of different sizes. You need to remen1ber that 

Area of a sphere = 4 x TI x radius2 

Again 1 this n1eans that if the radius of a oell is doubled1 the surface area 
increases by a factor of four. 
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Figure 13.2 Ca,lculati ng the 
vo,Lume of a}' a sphere and 
b] a cube . 

You sh outd keep a lll your ur, its the 
same in caku lations like this to 
avo,id dec imail place errors . 

Calculating volumes 
Being able to calculate the volu1nes of cubes and spheres is also useful. 

Volu1ne of a cube = breadih x width x height 

Volume of a spher,e = _i_ x rr x r3 

3 
Apart frotu calculating the volumes of cubes and sphe.n!.s) you sb.ould also 
be able to calculate the volume of a cylinder. This is the cross-sectional area 
of the cylinder n1ultiplied by its height. 

Vo lu1ne of a cy Under = ( n x ,..1.) x .h 

This is useful when using a respiron1eter. The volume of gas taken up ,or 

produced is measured ·by finding ho\\'~ far a bead! of coloured liquid n1oves 
along a capillary tube. The gas in the tube forms a cylinder shape, so the 
volun1e of gas taken up or produced is equal to d1e distance moved by the 
bead of liquid multiplied 'by the cr,oss sectional area ,of the capillary tube lu1nen 
(AQA A-level Biology 1 Stude1it~ Booh, Chapter 14 , page 24 2). 

The cross-sectional area of the lumen is n x r2. So to fmd the,; oluine of gas 
taken up or produced you need to knovv the radius of the capillaty tube (or 
its diameter so y,ou can halve it). Th radius of the capillary tube \\-iU m ost 
probably be in millimetres, and you should also measure the distance the 
bead ,of coloured ]iquid moves tn n1iUimetres so, the answer will be in mm3. 

If you have thned how long the bead of liquid to,ok to move this distance, 
you could giveth answer as a rate by dividing the distance by tim in 
minutes. The approprlate units \vould then be mm3 minute-1. 

Calculatjng circumferences 
R member that the circumference of a circle can be found by multiplying 
the diameter by n. 

o--~~~~~~-u sing ratios and percentages 

When using sta nd ard form~ there 
can on~y be ,o,ne dig,1t t o th e left 
of the dedmal point so 240 OOO 
must be wdtten as 2.4 x 1105, not 
as 24 x 104 or 24.0 x H)3. 

Standard form 
You. wUl remember fro,1.n AQAA-1evel Biology 1 Student's ,Book that standa1~d 
fo1m is a ~ray of using povvers of 10 to describe very large or ve1y small 
numbers. Standard form for small n1Jmbers moves the decima] place to the 
rigln. If you measured the length of a resting skeletal muscle sarcomere as 
2.2 µm, that is 0.0022 mm .. ln standard form) this becomes 2.2 x 10....3mm. 

Standard form for large rnunbers move.s the decimal place in the. opposite 
direction. U you found that a gro,ving population of yeast ceHs contained 
240000 cells p er cubic centimetre) 240000 in ordinary form becomes 
2.4 x 105 in standard form~ in other words, the decimal place is actually 
five places to the right. 

Standard fonn avoids having to write out all the zeros in S1.nall or large 
numbers. However) you must be very careful to keep the same number of 
significant figures when converting numbers to and fiun1 standard form. 
A value of 0.0040 indicates that the value is exactly 0.004 rather than a 
rounded value. The last zero is a significant figu.re as weU as the figure four 
so 0.0040 has two significant figures . 



You need to understand that it 
matters wh[c h way round the 
mu m.berrs are written i'n a ratio. 

If you ,vere converting 0 .0040 to standard form~ you would need to include 
the last zero by writing it as 4 .0 x 10-3 . Both significant figures are shown in 
the standa1·d form. 

R.atios 
AQA A-1evel Biology 1 Student~ Book described how ratios can be used to 
relate one attribute of something to anotheT. For example, C: N ratios are 
helpful in describing the composition of organic n1.aterial. Organisms that 
decompose organic material use carbon-containing biological n1olecules 
as their r,espiratory substrates. They use nitrogen-containing biological 
molecules for prot,cin and nucleic acid synthesis. 

Jvlicroorganisms use far tno1"e carbon-containing con1pounds as respiratory 
substrates than they use for protein and nucleic acid synthesis. Since they 
use about 30 parts of carbon for each part of nitrogen, a C : N rat io of 30: 1 
promotes rapid composting. If the C : N ratio is greater than this, it means 
there ism.ore carbon and less nitrogen. 1£ ihe C : N ratio is lower than this 
it 1neans there is less carbon and 1n,ore nitrogen so the soil inicroorganistns 
have n-i,o,re nit r,ogen than they can use. 

urfac ar a to . olun1e ratio are us,ed Vr-~hen cotnpa.ri.ng the rate of heat 
loss to their su1Toundings in man,mals o.f different sizes gen rally. Smaller 
mammals have a high surface area relative to their volume so lose heat 
more quickly. 

A sphere of radius 10 mm has 

Volume equal to j x n x 103 = 4188. 79 mm3 

A surface area equal to 4 x 1t x 102 = 1256.64mm2• 

This means it has a surface area to volume ratio ,of 1257 : 4 l 89 > "~lhich 
simplifies to ] : 3.33. The ratio is simplifi d by mald.ng the first number 1. 

so th second number is 
1

z1s
7 

x 4189 = 3.33. 

A larger sphere of ra,dius 20mm has 

Volume equal to j x rr x 2Q3,. 33510.32mm3 

Surface area equal to 4 x n x 202 - 5026.54mm2. 

It has a surface area to volume ratio of 5027 : 33 510, which simplifies to 
1 : 6.67 by dividing both numbers in the ratio by the first one. So the larger 
sphere has a sn)a}]ler surface area to volume ratio. 

In genetics, you \\!ill come across phenotypic ratios. Th ese relate the 
proponion of one phenotype to the proportio11 of another. For ex.c1.mple~ if a 
pair of fn1it flies had 160 offspring and 120 had red eyes and 40 had white 
eyes\ the ratio of red : white ,vould be 3 : 1. 

F1ractions 
Fractions are used to describe the portion of a value that fits into different 

categories. For example, you might find that ~ of the sunlight hitting 

some leaves is reflected by the shiny surface or~ of the woodlice you are 
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watching have n1oved to a more humid a1·ea of a c·hoice chamber after 

Sntinute.s. Fractions are useful for description, but tl1ey are often convert,ed 

into decimals or a perce:ntage to n:1.ake them easier to work with. You 

probably already realise that 1 = 0.33 as a decimal) or 33% as a percentage. 

You may need to do this for genetic crosses . If! of the offspring are a 

particula1~ phenotype that is the same as 25°k. 

Percentages 
You will com,e across percentages and especially the idea of a percentage 
change. quite often in biology. You ,viU remember from AQA A-level Biology 1 
Student~ Book that convening data to percentage values aUows a valid 
comparison of data from populations of diffetent size. This year you wi.U also 
com e across the idea of percentage cover vlhen sa1npling \\rtth quadrats (see 
page 270). 

Calculating perc ntage chana . 
P,ercentage change is oft.en used when considering changes in population 
siz,e. An increase in the number of individuals in a population in a year may 
be expressed as a percentage increase. This is the additional individuals as 
a percentage of the number in the 01iginal population. lf a population had 
1300 individuals in ,on year and a year later contained 1576 the 

. . 1576 - 1300 
percentage increase 1s 

1300 
x 100 = 21 .2%. 

Remember that you should ah~lays try to estimate n answ·er to check that 
your calculated value is appropriate, rather than simply accepting it. ln 
this cas , the increase in the population is 276 compared to an original 
population of 1300 so an a11svler of roughly a fifth, or 20% seems 
realistic . 

P re nla.. rror 
"'then you 1nake measurements in practical work) the uncertainty in the 
measurement can be e'1..i,ressed as a percentage error. The percentage 
error in the m,easurements obtained from different pieces of apparatus 
can be calculated by dividing the uncertainty by th.e measured value and 
multiplying by l 00. 

If a vo,lume of 25 cm3 measured with a me-asuring cylinder has an error ,of 
±0.5 cm3, then the percen.tage error for this piece of apparatus is O.? x 
100;;: 2%. 25 

If a mass of 0.120 g measured using a balance has an error of ±0.001 g then 
the percentage error is 0.001 xlOO;;::: 0.833%. 

0.120 

Oi--D-ea_L_i n_g_w_i_t h-o-rd-e-rs-of_m_a g-n-i-tu_d_e __ _ 
Drawings and images of small structures such as ceHs and organelles 
are often larger than reality. ·1,11icrographs (photograplis taken using a 
microscope) are magnified thousands of times. The magnification. of the 
micrograph is usually given as a -magnification factor such as x lO OOO. This 
tneans that the image is 10 OOO times large1~ than the object really is. You 
might be asked to calculate d1e actua] size of soi-n,eihing in t'he image, such 
as the ,vidth of a rnitochondrion or the diameter o[ a cell Tl1e method for 
doing this is always the same, regardless of the object or the magnification. 



sarcamere 

Figure 13 .3 Etectron mi crog rap h of 
myof,ibri Ls (mag nification ap proxrrmately 
X 10000). 

I I 
100µm 

Figure 1J.I. Electro1n micrograph of a 
Paci n ian corpusclle with scate bar. 

Number of 
cel'ls (,log sc.;tle} 

1-0 OOO 

1000 

100 

J\.1easure 1he length of the structure in the itnage in 1niUi1netres. To convert 
it to mic1~ometres, multiply by 1000. This is the image length. To find tlu~ 
real length of the structure 1 divide the image length you have found in 
1nicro1netre.s by the n1agnification you have been given using the formula 

. . size of image 
S1ze of real obJect = magnification 

This will give you a re.al length in microm'.etres. Tty this for the length of the. 

sa1·comere. in Figure 13.3. For microscopic st ructu1"es 1 micrometres are the 
appropriate unit to use for the answ-er. 

Always convert yo.ur measured length in m iH1metres to ·micro metres by 
muHip lying, by a thousand before doing anyth ing else. Do not ·meas ure 
1in cent i,metres. Always measure the image in mi lUmetres. Th ~s helps to 
avoid decima l place errors. 

To calculate the n1.agnifica'lion of a structure, use the forn1.u la 

. . ! - . • • size of image 
MagnHicat1.:on = . f 1 b. stze o rea o ~ect 

You should realise that magnifi.cation is hov.,.· big something looks (its image 
length) compared 'With how big it really is (i ts real length). The answer 
should be given in the fo·tm x2000 rather than just the number. 

If there is a seal - bar on the micrograph, this ls th real Ieng h 
(see Figure 13.4). Measure it \oVith your ru]er in nliUimetres and convert to 
n1icrometres, Then divide your measurement by the r al length, th value 
on the scale bar. This gives the magnification factor. 

Using logarithm.s to dea1l with order.s of magnit1ude 
Sometimes you may be faced ""ith a. very large range of numbers to plot 
on a graph. If you have a n1iAture of ver>' small numbers and very large 
numbers. it is difficult to work out a suitable sc.ale for your axis. To fit the 

large numbers on you n.eedl a scale that nrieans the smalJ 
numbers are impossible to plo,t accurate!}~ 

In this son of situation , using a logarithmic; or log1 scale 
on the graph is a useful approach. You may see graphs 
l~ke this used for plotting the numbers of yeast in a 
cubure. over several hours. The numbers increase yery 
rapidly fro1n a small number of yeast cells in the first 
place. 

Figure 13.5 shows a graph that uses ai log scale. You 

11 2 3 4 5 6 7 8 g 1i0 

can see that the numbers on tl1e y-axis are not evenly 
spaced. The number of cells at each time inlerval has 
been converted to a logarithm before being plotted. This 
1neans that the wide range of valu es 1nore easily fit ant o 
the same scale. 

Ti me.llnou rs 

Figure 13.5 Yeast cell 1numbers plotted on a logarithmic sca le. 



!!) 
.....I -~ 
u, 
.....I 
~ u -
~ z 
LI.I 
:c 
~ 
z 
C) 
z -D. 
0 
....I 
w 
it 
C 

M .... 

o-, -------
Using symbols and equations 

Table 13.1 The meaning of so me 
sym1bo'Ls used in equations. 

Symbol Meaning 

- · is equal to 

< is less than 

<< is much Less than 

s is less than or eq ua L to 

> is greater than 

>> is m'uch g,reater th~:m 

~ is more than or equaiL to 

Qc is proportional to 

~ is roug:hlly similar to 

You need to kno"'7 the meaning of t'he mathematical sytnbols shovrn in 
Table 13.l and when lo use them. 

In questions sometimes you Vlill need to rearrange an equation in order to 
find the answer. This was done ,vith the magnification factor equation in 
the previc)us sectinn. Magnificatio,n = size of image/size of 1.--eal object can be 
rearranged as Size of real obj,ect = size of image/n1agnification depending on 
what you already know and ~That you need to find. 

Two equations you wiU have seen in Chapter I and Chapt,er 8 are 

OT 

and 

or 

N = I - (F + R) 

Net production of consumers= chen1ical energy in ingested food­
(chen1ical energy lo,st i.n faeces+ heat lost to the environment) 

Frequency of hon1ozygous dominant phenotypes + frequency of 
hetevozygous phenotypes+ frequency of homozygous recessive 
phenotypes = l 

These can be both rearranged depending on which values you know and 
wliich you need to [ind out. If you know the net production, the chemical 
energy lost in faeces and the heat lost to th environment~ you can find the 
chemical energy in ingested food (e.g. I= l\f + F + R). 

Using the Hardy- Weinberg equation, if you are given the frequency of black 
rabbits where black is the d,ominant allele you .are being given p2 + 2pq. 
The frequency of '"~hite rabbits is q2 = l - (p2 + 2 p,,q) . 

There are a few equations that you need to be able t,o, rearrange. Often i t is 
only necessary to put the known values into the equation to calculate an 
anS\\-"er. An example is the 1nark-releasc-recapture equation (see page 180)) 
N ~ ~1 1 x n2/n3 where. n1 is the number initially marked 1 n2 is the number 
caught in. the second sample and n.3 is ihe number re-caught. 

Another equation you may need to use is the equation to calculate pH from 
the hydrogen ion concentration of a solution. 

In this equation, square brackets n1ean concentration. You would need lo 

find the logarithm of the value you are given for the concentration using a 
calculator. Reversing the sign would give you the pH. You may also have tn 
use your calculator to calculate values such as~ Vilhere y is a power. In this 
case) it might be to calculate how many bacteria v.1ould be present in a culture 
after a certain time. Tl1e number of bacteria doubles every generation. If there 
were 12 OOO bacteria in a culture and they divide every 15minutes) you. could 
find the number ofbacleria you would expect after Bhours: 

Nun1ber of generations = 8 x 60/15 = 32 



Your calculator wiU have a p ower function, usually a key called :x!, which 
you can use to do these calculations. Fo1~ this example you would type 2 xY 

32 which v,,rould return the answer of '4'. 29 x 1 Q9 , ·,vhich is tl1e number of 
ceUs one cell would give after 32 generations. You would then 1:nultiply 1his 
by 12 OOO. The nu1nber of bacteria after 8 hours would be 5.15 x 1013. 

0---------------P lot ting and using graphs 

If you are drawing. yo ur own 
scattergram. you should try to 
use a s imilar sca le on each ax1s 
so that the resu tts a re sprea,d out 
equa lly in both directions. 

You shou ld a lways remem:ber that 
just because t\No variables are 
corre'la ted~ 1t does n ·t mea n that 
one causes the other. 

Drawing a graph helps you to se,e the relationship betwee.n 't1h10 va1iables 
n1uch n1ore clearly than looking at data in a 'table. The two types of graph 
you ,vill see n1ost frequently are scattergran1s (also called scattergrap.hs) and 

lin·e graphs. 

Scattergrams 
You ,vill already know about scattergrams from your first year: Scatt.ergrams 
are used to look for a corr,eladon benveen two vatiables (se.e AQA A-level 
Biology l 5tuden t~ Booh~ Chapter 14 , page 248). However, a scattergram can 
only indicate if there is a correlation. lt cannot teU you if the correlation is 
significant or not. A Speaimans rank correlation test is required for that (see 
Chapter 14, page 254) . You Mll know that when you draw a scattergram you 
should ensure that you label the axes and include units. Someone else should 
be able t,o look at the scattergran1 and know exaccly what it shows vn.thout 
any further explanation. Plot each point as a dot \\rith circle round it~ ,or a 
cross (x). Draw (or imagine) a line of best fit if asked to. 

orr lation 
If your line of best fit slopes u1)wards, you can say that th·ef is a p itlve 
c rrelati 11 between the two variables. In other wordls 1 as one variable 
increases, so does the other. If your line of best fit slopes downwards. you 
can say that there is a n ati · c rrelati 11. In this case as one variable 
increases~ the other decreases. Sometilnes the line ·Of best fit is horizontal. 
sometimes it is vertical and so,m times it is completely impossible to draw a 
line of best fit. In these cases, all y,ou can say is that there is no c,orrelation. 

Line 1graphs 
You will have come across a lot of line· graphs by now. You use a line graph 
to show measured results for a dependent variable when you alter an 
indepe.ndent yartable in an experiment. You might draw line graphs for the 
growth rate of a population or for the rate of photosynthesis at different 
light iniensities. 

When you draw a line graph the independent variable is plotted on the 
x-axis, a11d the dependent variable is p lotted on the y-rns. The axes 
should be labeUed and you should include units. So1neone should be able 
to look at the graph and know exactly \vhat it shows 'Without any :further 
explanation. 

To choose a. suitable scale~ make sure all the points you need to plot \.viU 
fit on the graph. Avoid a scale ~rhich i11.volves parts of grid squares on rhe 
paper. Using whole squares is beu.er. This makes it e-asier to plot points 
accurately~ You should plot the individual points as clearly and accurately as 
possible. Use .either a dot ,vith a circle aroun.d i t ~ or a cross (x). You can 
draw either a smootl1 curve or straight lines joining the points. 
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t 
Rate of 
reaction 

Substrate concent ration • 

Figure 13~6 Relationship between 
the rate of reaict i,on and substrate 
concentratiion when the· enzyme is in 
excess. 

Fig u re 13. 7 R ~ te of c arr b on d tox id e 
1u pta ke at d ifferer,t light inte nsities for 
s un and shade plants . 

You should or1ly draw a sm,ooth curve if you feel that you can confi den tly 
predi ct ~ntermed~ate vailues. Otherwise, j,oin the 1ndi1v:idua!l po 1ints with 
straj g ht lli nes. 

You should have learned to recognise the other sorts of curv,es you usually 
see in biology. You will already h ave seen some curves that are linear, others 
tl1at reach a plateau and sotne that are exponential. 

• L ines on Urie graph s a re called curves even if tney are stra igint 'Lines. 
• You sho 1uld not draw Hnes beyond th e range of the data collected. 

Line:ttr relationsl1ips 
An example of a Un ear relationship is that be't\veen the rate of a reaction and 
substrate concentration when the enzyme is in excess. Pr-o·vided the enzyme 
concentration retnains in excess, the line mll continue as a straight llne. Graphs 
like this show a linear la tionship \.vhich is desctibed by the ,equation 

y=mx+c 

Vllher,e m is the gradient and c is the int re pt on the y-aads. Figure. 13.6 
shows a line graph ,vith a linear relationship like this. In this case the 
int re, pt value is z ro. 

Sometimes 1 if it is not zero you "will ne,ed to read off the intercept value. 
The it1tercept value is wh,e , the line ri aches or crosses the y-axis . 

An example of a graph v,ith intercepts is shoVvn in Figure 13 . 7. The graFh 
shows th effect of light intensity on the rate o.f carbon dioxide uptake by 
two different plants. \".ou need to be able to see that they intercept for the 
linear or straight p·an of each. line is -2 arbitrary units. 

On this graph there are a.lso intercepts on the x-9.Jds. vVhen the Hght 
intensity becomes so low that the rates of photosynthesis and respiration are 
balanc,ed, the plant is at the compensation point . There is no net uptake of 
carbon dioxide. You could find the light intensity at lhe intercept; in other 
words where the line crosses the .x-a:xis. 

10 

8 -

6 

Rate of uptake of 
C02/arbitraf)f uinits 

4 

2 

0 

sun plant 

shade plant 

-2-----~~~~~~~~~~~~~~ 

0 200 400 600 800 1000 
light ·irnte nsfty/µmor ph oto,n s m- 2 s-1 

Notice that the inte:rcept is different for shade- tolera:nt species and species 
tlllat prefer full sun. 



t 
Rate of 
reactron 

X ~ point .at whlch enzyme concentration 
or some ot:her factor becomes l:im lting1 

. . 
increasing 

concentrat ion does 
not affect reaction rate 

Substrate con centr ati on """ 

Measuring rate of change 
You Vilill already have done son1e practical wo1~k involving 
enz;.rmes. You ,vill kno\v that if the ,enzyine con ce11trntion 
becomes the lin1iting factor, the curve will reach a plate-au. An 
exan1ple of this type of curve is sho\.vn in ·Figure 13.8. 

Another line graph in which ihe curve flattens off is sho,vn 
in Figure 13 .9 . H,ere, note that the x-a2ds sho,vs time -rather 

than substrate concentra tion and the y-axis sho"rs tlu~ 1nass 
of the p roduct rather than rate. InitiaUy, after an enzyme is 
added to some substrate, the reaction is fast because there 

Figure 13~8 Wll en the en2ym1e concentra.tion becomes 
the liim it ing fa ctor. the curve flatte ns off. 

is plenty of substrate to fonn enzynie-substrate con"lplexes. 
Once son1e of the substrate has been used, the reaction 
begins to slo~7 down. 

t 
Mass of 
p·roduct 

/µg, 

A B Time/minutes 11 

3 mlnutes 

Figure 13.9 The .progress of an enzyme ­
caitatysed reacti,on. 

You will recall that you can find the initial rate by dravring a tangent at 
the start ,ef the curve. A tangent is a straight line that matches the gradient 
on the cun·e. The rate can be f,ound by n1,eastuing AB and BC and then 
ca]culating BC/AB. TI1is gives the rate at which product is formed per 
n1inute. So if SOpg o( product were forn1ed in 3 n1inutes, the rate would be 
SO = 16.7µgminute-1. 3 . 

Dra1w a ta n,gent by pla,d:ng a ru:ler on a short pa rt of the sta rt of the curve. 
Start from the ori,gii.n and match the gradient. Make sure the ru ler 1s 
positioned carefully. A slight cha nge can aUer the position of the ta11g1ent a, tot. 

Interpreting data from a sample 
of measured values 
As y·ou kt1aw, ,vhenever a sample is taken from a larger group , 'the sample 
should be representative of the group as a whole. Wl1-en these sorts o.f data 
are coUected. a large number ·of observations or measurements is made and 
so summarising the data is often helpful. Biological data from samples can 
be summarised in a variety of ways) often called descriptive statistics. 

Ar'ithmetic means 
One vtay of su1nmarising satnple data. is by finding the mean. You 'Will 
already have calculated m,ean values in practica] \Vork and \YIU already 
know that the mean is fo11nd by adding up all the measuren1en.ts. and then 
dividing this total by the number of n1easure1nents. 

sum of aU n1easurements 
Mean= . 

number of tneasurements 

Standard deviation 
You wiU also know~ fron1 last year that a mean becomes tnore useful if 
a standard deviation is a]so given with it. You will recall that standard 
deviation is found from the formula 

~ (x - x)2 

S.D = (n - 1) 
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where ~ tneans 'the sum of~ (x - i) is the ,difference between any 
measurement and the mean and n is the number of measure1.nen.ts. To do 
the calculation, you need to find the difference between each measure1nent 
a11d the mearn, square it and then add all the squared values together. Then 
divide this by one less than the number of tneasuretnents . 

Standai-d deviation can be calculated manuaUy, by using a scientific 
calculator or by using spreadsheet software. 

Range, median and mode 
Other ways of sumn1atising the data are the range , the rnode and the 1nedian. 

The range is tl1e differ,ence behveen the highest and lu,vest values. Range 
and stan dard deviation are both measures of dispersion [or a given set of 
data~ but they both have advantages and disadvantages. Range- is easier and 
quicker to calculate, but it is hea\'ily influenced by outlying values at the 
extremes of the range. An outlier can increase the rai1tge significantly but the 
outlier is just on e result in the v.1hole s,et of data. The range -simply uses the 
highest and lovlest values so takes no account of the rest of the data. In this 
situation, standard deviation can be more useful. It takes longer to calculate., 
but it takes account of all of the re.su Its in a set of data and so enables a 
better compatison of the dispersion of t,vo sets of data. 

As you saw in AQA A-level Biology l Students Book, the median is the iniddle 
va]ue of the data arrmged in rank order. The mode is ·the value that appears 
most ,often. 

Frequency tables and histograms 
One ~ray of summarising data is a frequency table (see AQA A-level Riology 1 
Studenfs Book Chapter 14, Page 252). A frequency table is made by dividing 
the observations ,or measurem nts into a number ,of cla s s . 1Classes are 
either categories or ranges of measured values to which observations can be 
aUocated. The class fr qu ncy ·Or number of ob·senrations or meas-urements 
in each class can then be tallied up. 

You ViiU remember the difference between histograms (also called histographs) 
and bar charts from AQA A-1evd .Biology 1 Student~ Book. A histogram is plotted 
whe-n the frequency table sho"NS measured d.ata. Counted data in categories 
would. have to be plotted as a bar chart. ln a bar chart the bars are each 
sepa:ra:t,e.d by a spaoe because ihe data are in discrete categorie.s. 

0 Statistical tests 
During your A-level Biology course you have to choose one of three 
different. .statistie:1.l tests to analyse the data you collect in different practical 
situations. You will need to, be able to recognise the type of data presented 
in a question, suggest hovt it co,uld be presented on a graph and say 
which of the three different statistical tests best applies to the data. Using a 
statistical test in this way is called infe rential s tatistics. 

Vilhy do scientisls use statistics? Look at a roadside verge in early spring 
and you ,viU almos'l certainly see dandelions in flower. Examine a particular 
length of verge more closely and you will see that most of the dandelions 
are growing near the road. 

If you were to carry .. out a transect, you 1uight find that the dandelions are 
less co1n1non further from the road and otl1er species are mor,e ntune1~ous. 
How can you CA'Plain. this observation? Perhaps the road was treated v.rith 



Figure 13.10 Dandelions grow1ing 
near a roadside. 

salt during the "\Vinter and dandelions can tolerate high salt concentrations 
better than other plants. There is another explanation, however, that has 
ve1y little to do Vlith biolog}~ Maybe the dillerences in. distribution of the 
various species is simply due to chance. It could be that you just picked 
an area where there ,vere 1nore dandelions growing closer to the road. A 
statistical test can help you ju dge how likely it is that there is a significant 
difference in the density of dandelions nearer or further away fro1n the road. 

As biologists, v.re accept that we can never cotnpletely rule out the effect of 
cl1ance. There is still a Stnall prob·a·bility that the disttibutions you observed 
were due to chanc,e. But it seems quite reasonable to say that the probability 
of diffe1:ent densities of dandelions nearer and further from the road arising 
due to chance is so low that \.\re can safely reject chance as an explanation . We 
need a cut-off point and, for biological investigations, \Ve normally accept this 
as a probability of 1 in 20 or 0.05 (p = 0.05). If there is a probability of less 
than l in 20 (p < 0. 05) that the higher dandelion density n,ear the road could 
have a1isen by chance, there is another explanation. ln this case we could say 
that it might be the salt from the road. 

Different statistical tests for different purposes 
A statistical test is a to1ol and, lik · all tools, you don't need to know how it 
·,~,..orks 'lo use it. Wl,at you need to be able to, do1 however, is to select the 
right lool fo1r the right job . 

The practical Vlork that you are likely to carry out this year could generate 
data that you 1uight ne,ed to look at in different ways. It is likely that you 
\ViU want to do one of th follovving. 

• See if there is a. significant difference bet\v-een the means of two, variables: 
suppo·se you Vlere investigating the effect of temperature on th growth o( 
duckvv"'eed. Y:ou could pr,esent the data as a line graph or a histogram. But 
you might also want to see if there \vas a significant difference betv.reen 
the me· n numbers of duck~eed plants v.rhen the plants were kept at two 
different temperatures. 

• See: H there is a significant corr lation between. two variables: if you 
inv,estigated the number of stone.fly larvae at dif:ferent points in a stream, 
you could plot the data as a scatterg1.-a1n. But you 1night also want to 
see if there ,vas a significant correlation benveen the number of stone.fly 
larvae and the velocity of the water. 

• Investigate data that fall into distinct categories. Suppose you were looking at 
whether 1naggots 1nove.d t:o light or dark .conditions or offspring of a genetics 
cross matched a cenain ratio. You could plot the data as a bar graph. But yo1, 
might also vvant to know if there is a significant difference between the data 
you have collected and th.e data which your ·hypothesis predicts. 

Each of these situations requires a different stati.st.ic~l lest. The decision 
chart in Figure 13.11 sh ould help you to choose which one to use. 

Making the decision over which test relates to your data is very important. 
The way you plot your data on a graph and w hich statistical test you use are 
closely linked. 

The rnull hyrpothes;s 
Each of the statistical tests that you ,vi.U use is based on what is called a null 
hypothesis. It i.s very important that you understand ,vhat a i-1ull hypothesis 
is and v,lhy it is used. Suppose you had a table of data sho,ving the 
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You wiU not be asked to ca rry 
out sta,ti stica l ea le u lat ions in 
written exams, Instead yo·u cou ld 
be asked to suggest whet sort of 
grap h or what sort of statt sti ea l 
test ·is most a1ppropriate fo ir the 
data and why. 

'The re i1s no d iff ere nee in the 
resu lf is not an a cc:e pta bte null 
hypothesis. Yoo must m erition 
both va rira btes. 

If you a.re 9iven th e resutt of a 
s tatis t ica l test, or just t he p vatu e, 
you rn eed to be a ble to interpret 
what t hi s means. 

Measurements 
The investigation involves 
roUecting data that are 
measurements. 

Start 

I 

The investigation is looking 
for cot relation betwe ern 
measurements of different 
variab1les from the same 
somple. 

The investigation is lookiir-19' 
for d irf:fe ren ces betvveen 
mean va lues . 

Sp rman' r nk 
corr lation t oc:t 

' 

' . 
S ud n "s t 

Frequencies 
Tlhe investig·ation involves 
co II ecti ng, data about the 
number of individuals in 
particular categories. 

x2 test 

Figure 13.11 Declsi on chart t,o he Lp yo u C'hoose the a pprop rtate statisti ea l test. 

distribution of aphids on the upper surface and the lo,ver surface of netde 
leaves. In this exampl , your null hypothesis could b : 

The~ Js rio difference b. twee-ti the numbers of aphids on the upper surfac.t and on 
th lower su~jace of nett'fe leaves. 

You can then use th results of a statistical test to come to a conclus'ion 
about ,;,vhether or not to accept the null h)1:>0thesis. 

• lf the test indica~es that you should accept th nuU hypothesis i then all 
you can say is that the~ is n,o signifi,cant difference in the numbers of 
aphids on the different surfaces .and that the differen,ces you found could 
be explained purely by chance. 

• If d1e test indicates that you should reject lhc null hypothesis, then you 
can say that the probability that the differences in numbers of aphids on 
the upper and lowe.r leaf surfaces are due to chance is low and you can 
sugge5t a biological explanation. 

Calculating the test statistic 
10nce you have set up your 11.uU hypothesis; you can carry out the test 
you have selected. As a biologist, carrying out statistical tests is like using 
a recipe book to cook a n1eal. lf you work methodically; and can use a 
standard scientific calculator~ there is nothing to Vlon·y about. Remember 
that calculating test statistics 'Will no t he required in written exams but you 
may need to do a statistical calculatio11 following practical work. If you look 
in the section at the end of this chapter, you v..iU find ,~.rorked exan1ples of 
the three tests that you need to be able to use-. 

Interpreting the resu lts of a statisti,cal test 
,Calculating the test statistic gives you a 11un1ber. Wnat does this nui-nber 
mean? You always need to interpret this number in terms of probability. 
You can. then make a decision as to ,~lhether to accept or reject your null 

hypothesis. In order to do thi.s 1 you need to look up the valu e that you have 
calculated in a table to find the prob1Jbility levet or 'p value). 



It i,s th e difference between 
r e.sults that ~s si1gnif~cant or 
non-.sf gnifica nt. You shoutd never 
j ust w rite that "the results are 
s f gn ffi canf. Yow m ust sa1y w hat ft 
'is that is sign if i ea nt and refer to 
the va,ria bles invo lved. 

Biologists use a probability level of 0.05, (often "\Vlitten asp = 0 .05) against 
wl1.icl1. to interpret 1}, t test or correlation coefficient values. The p value 
is like a hurdle, which is set to detem1ine if the results might simply have 
been obtained by chance. 

If the probability is less tl1an 0.05 (p < 0.05), then the difference between 
the tn.ean values, or the difference b etween the obser,red and expected 
results or the correlation 1 can be regarded as statistically significant. The 
null hypothesis can then be rejected.. If the probability is 0 .05 or greater 
than 0 .05 (p > 0 .05) , then t·he null hypothesis must be accepted. 

If you look at the ~ollowing worked examples of each of the statistical tests, 
you will see how the test statistic has been interpreted in ea.eh case. 

Worked examples of statistical tests 

Using Spear1nat1's rank correla tion test 
You should choose this test ,vhen you vnsh to find out if there is a significant 
correlation bet,veen two sets of variables. You n eed b t\veen 7 and 30 pairs of 
n1easuren1ents such as th,e ni.trate data in Chapter 2 (page 42). 

• Start by producing a null hypothesis. 

Your null hypothesis is that there is no cot-relation between the total mass 
of nitrogen added to the surrounding fields and the me.an c,onoentration of 
nitrate in the stream. 

• 
1Calculate the correlation coefficient. 

Stan by ranking th total mass of nitrogen and the m,ean concentration of 
nitrate (Table 13.2) . Note that when tw·o or mori values are of equal rank, 
each of the va]ues is given the mean of 'the ranks that would otherwise have 
been allocated. 

Table 13.2 Ra·nik va tues of tota l mass of nitrogen added! to tthe surround ing field:s 
and the mea n, concentration of ni1 trate i1n the stream. 

Total-mass of. Concentration of Dif ference in 
nlt'rogen/kg ha .. 1 Ra nk n ltra te/ mg dm-3 Rank ran k I.D) 

-

41i 1.5 1.2 1 0.5 

411 , .5 1.3 2 0.1s 
51 3 11.S 3 0 

56 4 1.8 5 1.0 

'3 o - 5 11.6 4 , .a 
69 6 11 .9 6 0 

72 7 2.0 7 0 

Calculate th e difference between the rank values (D) and square this 
diff e.reJ1ce ( D2) . 

Find the sum of the squares of the differences : ;:D1 = 2.5. 

No,v calculate the value of the test statistic> Rs.~ fro1n the equation: 

,vhere n is the number of pairs in the sample. 

= l - 0 .04 
=0.96 

• Interpret the value of Rs. 

1)2. 

0.25 

0.25 

0 

1 , 
0 

0 
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• l'n an exam you might be Sl'sked 
to i,nterp ret al given va lu.e of R s· 

The value of Rs M U ahvays be bet\veen O and +l or -1 . A positive value 
indicates a positive correlation bet\,v,een the variables co11cemed. A negative 
value shows a negative con~e]ation. 

Table 13.3 sho,vs the values of R5• Look in the iable under the correct 
number of pairs of 1neasu1~em ents for our data. You had seven pai1""S o[ 
values, so the critical value is 0. 79. 

Your calculated value of~ is larger than the critical value so you reject 

your null hypothesis and say that there is a significant correlation bet\ve,en 
the total mass of nitrogen added to the surrounding fields and the mean 
concent ration o f nitrate in th e stream . 

Although in this case you have identified a significant correlation between the 
variables concen1ed , you stiU have to be careful about the conclusions you 
dnnv. A correlation between these variables does not necessarily n1ean that the 
application of fertiliser causes pollution in the strean1. 

Table 13.3 Cr·itiica l va lues of Rs. for different numbers ·of paired va lues. 

5 1.00 

6 0.89 

7 0. 79 

,8 0.74 

9 0.68 

10 0.65 

12 0.59 

14 0.54 

l6 0.51 

18 0.48 

U ing th - chi--quar _d l e t 
You should choose this test to d termine whelher the data you obtain 
is significantly different from what you would have e:,,..i,ected. The null 
hypothesis in the w,oodli.oe exa1nple from ,Chapter 3 (page 54) v.rould be 
that there is no significant difference between the number ,of 1,.voocUice going 
to the dark side and the number going to the light side. 

0 represents the observed results. l f you add together the numbers in the 
light and dark fro1n ih e 10 trials you will find that there were 61 woodlice 
on the dark side and 39 in the light. lf the null 'hypothesis is 'true you 
would expect equal nunmers on each sidle, Le. 50. This is represented h1. the 
equation by E. Table 13.4 shows the results of the calculations. 

Table 13.4 Usi1ng the chi -sq,ua red [x.21 test to determine wh.ethe r the results are 
statisHca Lily significant. 

Observed res u tts 10 )1 39 61 

Expected results [El 5.0 50 

(0 - £)2 1: 21 121 

[O - E)2/E 2.42 2.42 



Now~ taking the sum of the values fo-r the light and dark sides, you will 

You may need to work out the 
number of degrees of freedom in a 
given lnvestigation, 

find that X,2 ~ 4 .8-4. You no,v need to look up the values for x2 in a table of 
critical values (Table 13.6, below). Since there are only nvo categories, light 
and dark, there is only one degree o[ fre,edo1n. The critical value for rejecting 
the null hypothesis with one degree of freedom at a probability level of 0 .05 
is 3.84, so you can have over 95% confidence that there is a significant 
difference in the number of woodlice moving to the dark . In. other words, 
the probability of getting these reS1cdts by chance is less than 5%. 

lE 
Using the x2 test in e1xamining genetic 
crosses 
Data from genetiic crosses are often categori c. for 
exa ,mple data from the inheritance of the hum,an ABO 

blood group. You should ctiaose thi s test if you wish 
to chec k tha,t th-e numbers of offspring obta ined from 
a ge n,etiics cross a re a close enough match to the 
expected raiti o. 

Geneti c ist s i1nvest igat ed' the ABO blood group 
phenotype of chitdren born to a tairge number of 
pare nts. For each pair of pa rents, the lb lo od group 
genotype of one was heterozyg,ous 1A110 and th e oth-er 
was heterozygou,s 181°. The genetk i.sts expec ted the 
blood giro ups of child ren 1in the investigatio n to be A, B~ 
A B a n d O i1 n a ra ti o of 11 : l : 1! : t 

Explain why the genetic ists in,volved a large nu,mbe:r 
of parents 1in th1is investi·gation. 

1~ l rge nurnb~r of parents v1as 1nvotved so that the 
results voutd be reliable 

' Explain why the genetic ists expected a ratio of 
1 ~ 1 ~ 1 ~ 1 in the offspriing. 
Tht s is the ratio that 11,ould be predicted by a genetic 
diagram from a cross be 1Neen parents of these 
genotypes. 

Tab le 13.5 shows tbte resu.lts the genetkists obta:rned. 

Table 13 .. 5 The resu lts of an 1investigation into the 
i1nheri1tance o,f hum;n btoo,d groups. 

Blood Observed Expected 
group JO) (El (0 - El (0- EJ2/E 
A 26 

8 31 

AB 39 

0 24 

2 -l: IO- £12 X - E 

:, Copy the tab le a rid use th e pred'iction of th e 
geneti-cists to co,mp lete the co lu ,m,r1 s howing th.e 
ex pected number of ch~ldre n with each blood group 

[E}. Explai1 n how you arrived at your answer. 
The expected number ,s found by aading up the tot al 
number of offspring (120} and then dividing by 4 fas the 

offspring are expected in a 1: J: 1: 1 ratt'o). The ansvler 
is 30% for ea eh blood group. 

Calculate the veilues for!O- El, IO- fl2, [O ~ El
2 

and 

~IO-E-P . 
~ E • Enter these va Lues 1n your copy of Table 13.5. 

Blood Ob~erv~d · .Ex p.e.~te~· (O~-
group lO) ' lE] (O-·El . , z 

(,o·.- · E) .. EF·JE 
- -- - -- --

A 26 30 4 16 0.53 

B 31 30 1 1 0.03 

AB 39 30 Q 81 2. 7 ' 

0 ?A - ; 30 6 36 1.2 

120 : 4.4,~ 

Note that ~vhen {0 - EJ 1s calculated the rninus sign 
can be ignored/ because in the next stage the resuil is 
squared. 

The g1eneti,cists caku lated a va1lue of x.2 • 4.46 . They 
looked u,p their cakulated valu,e of x2 in a probability 
tab le. Tab le 1'3.6 shows part of thi·s table. 

Table 1~t6 Values of x.2 at three probability leve·ls. 

1 2.71 3.84 6.64 

2 4.61 5.99 9.21 

3 6.25 7.82 11.34 

4 7.78 9.49 13.28 

r: How ·many degrees of freedom were therein the 
geneticists· data? Exp tai.n your answer. 
Three degrees of freedom. Degrees of freedon1 = 
f number of categories) - 7 and there are four categories. 
What does the ca lculated va lu e of i tea us about 
the results o f th is invest igatiion? Exptain your 
answer. 
In bialogy fNe use a probability of p = 0. 05. The critical 
value or x1 is 7. 82 for 3 degrees of freedom. The x2 

value of 4.46 is less than the critical value of 7.82. 
Therefore 'Ne must accept the null hypothesis. 
State a n,uU hypothesis for th1is analysi,s. 
The null hypothesis 1s that iht" s genetic cross gives a 
1: 1: 1: 1 ratio of phenotypes in the offspring. 

: 
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Th rs exa m ple s hows how to wor k 
ou t at test ma nualty but there a,re 
plenty of on'Line prog ram m es tha t 
wHl ea lcu la te the va lu e for you. 

You do not need to reca 'll the 
form uta for the t test. 

Standard devta,t ion is the square 
root of the va,r iance. 

Usi11g the t test 
You should cIL1oose this test to compare the means of two samples of 
tneasured data to see 1Nhether they are significantly diffe1~ent. 

The t test \vill tell you "rhether there is a significant difference bet,veen the 
1nea.ns of two san1tple.s) or not. 

where 

.i1 is the mean of sample 1 
x2 is the mean of sample 2 
n.1 is the nuinber of subjects in san1ple 1 
n.2 is the nutnber of subjects in sample 2 

51 is the variance of sample l, :I:(x1 - 'ii)2 

n1 

51 is th·e w1iance ,of sample 2 , l:(x2 - x"2)
2

. 
n2 

Thinking about the example of limpets in Chapter 9 (page 177), first y,o,u 
need to, calculate the variance of each sample. 

Table 13.7 

' · .S~elhfre_d ,st,_o)~e. 

·X1 .~,~-~, 
0.4,4 0 .01: 3 

-
0.41 0.043 

0.5 '5 0.097 

0.43 0.023 

0.40 0.053 

0.50 0.047 

0.39 0.063 

0.54 0.087 

0.43 0.023 

0.39 0.063 

0.44 o.rn3 
0.47 0.02 

0.47 0.02 

0.49 0.037 

0.45 0.003 

X1= 0 .. 453 n1 = 15 

Now you calculate t. 

51 = l:.(x1 - xJ1 
n1 

= 0.002358 

(~1 '7' X1 H· 
0.000 17 

0.00185 

0.00 941 

0.00053 

0.00281 

0.00221 

0.00 39 7 

0.00757 

0.00 0'53 

CL00397 

0.000 17 

0.00040 

0.00040 

0.001:37 

(100001 

L= a.03537 

·t;.~p.osed sho.~ · 

,X2 
.x . -.. 2~ ·~1 . (x2~ x2I~ 

0.32 D.O 1' 9 0.000361 

0.32 0.029 0.000841 

0.40 0.053 ,0.002601 

0.47 OJ21 iQ.014641 

0.32 Oi.O 29 0.000841 

0.31 0.039 0.001521 

0.37 0.021 .0.000441' 

0.30 Oi.049 0.002401 

0.42 D.071 CL005041 

0.35 0.001 [].000001 

0.30 01.049 0.002401 

0.36 [l.011 ().000 121 

0.36 0,.0111 OJJ00121 

0.31 0.039 fL001521 

0.32 0.029 0.00084i 

X2 = 0.349 n2 = 15 l: = o.033695 



It rs the difference betvveen 
resu lts that is s1ig n ifii ea nt or 
non-sj,gniflcant. You should never 
just write that 'the results are 
significant'. You must say what it 
is that is sign ificant arnd refer to 
the variables invotved . 

52 = L(X2 - "xi)2 

n2. 

= 0.002246 

= 5.397 (3 d.p.) 

You now need to look up this calculated value of ,t on a table of t values 
(Table 13.8). 

Degrees of h--eedom == (n1 + n2) - 1 = 29 

Table 13.B Table oft values . 

o,uv .. _·---;.~.;--------,is·~--~~-t.~ ......... :(l'."7rr--'Y~L)--------[ 
~, gr;,~~~ ... J9IUJS<1Qf .~ ... ~Y:~-
of ~ 
~~ ~-,.- .. -.~ ~ <~ t~17~ -~~,~~-·~--·.r. <-,-~,ro~\r:,O.-t:.(; -~-ffl;"~ ~?- -:... ......... -1~-~-~~ l 

.• !feeab"!~ .. t!liJl~l q:i lJ!lP~.~i~~i 1Loio~J,~~~!li!l1~ -:~~ .uro~~~1~ (p~OEjl~·-
28 11.34 3 1.70~ 2.048 2.467 2.763 3.674 

29 1.31 1 1.699 2.043 2.462 2.756 3.659 

30 1.3 10 1.697 2.042 2.457 2.750 3.646 

For p = 0.05 a11d 29 degrees ,of freedom, the critical value oft is 2.043 . 

Your calculated va]ue ,oft is 5.937, v-,•hich is higher than this value. 

Therefore, you must reject y,our null hypothesis. There is a significant 
difference b et\veen the mean height: base dia.n1eter ratio of the limpets on 
the two shores. 1Can you suggest a hypothesis to explain this? 

The limpets 011 the e'l!..-posed shore hav,e a lower height : base diam ter ratio 
than those on the sheltered shore; which means they have a greater area ,of 
<foof to, hold them against the rock than the limpets on the sheltered shore 
of the same height. This means they can gtip on to the rock beuer and are 
less likely to be washed off by waves. Also 1 a smaller height and wider base 
makes them more streamlined v.rhen v;;raves hit them, again making it easi,er 
for them to, stay attached to the rocks. 



Developing practical 
skills 

Alongside developing your knowledge and understatlding of bio]ogy, you 
are expected. to become familiar with a range of appara'tus and competent 
in a number of practical techniques. You will have already gained some 
experience of these apparatus and techni,ques during routine practical 
work and this year you will gain more. Your teacher will p:robably include a 
number of different p-ractical investigations and activi'lies in the course but 
th r, ar a further six specified r,equired practical acti.vities that you must 
complete. Together with the six you carried out last yea1\ w1itt,en papers will 
ass ss your knowledge and understanding of the apparatus and techniques 
in son1e of these practicals. A list of the core practicals is given at the end of 
this chapter. But you can demonstrate your comp tence in these practic~l 
techniques during any of th practical \Vork you do·. 

Making quantitative measurements 
You will already kno'"'· from the first year of your course that maldng 
and recording quantitative measurements is a key practical skill. The 
measurements you are most likely to make include time volume 1 length 1 

mass 1 temperature and pH. Hovt-ever; if you have already used instrum,ents 
s11cl1 '15 a. colori·meter you ,viU have come. across some less familiar 
measure1nents. A colorimeter measu res the op-tical density of a solution. You 
may a]so l1ave come a.cro,ss less familiar units such as micrometres (µm) or 

·micrograms (µg).This year you vdU see further ne\v units such as millivoks 
(mV) or unfamiliar combinations of units such as micrograms per square 
metre per day (1tgm-2day-l). 

Q.ua nt:itat.fve results 1r,volve :m aki ng m.easurem ents and record~ng 
numbers. Quai liitatrve results. such as those you record ff using rea.gents 
to id enti1fy bio log1ica l mo lecu les. a re desc ri ptive. Th ey simply tell you if a 
pa rt ,ic ula r substance is present or not. rather tha n how m uch is present. 

Appropriate equipment is required to give a suttable a1nount of resolution 
when making quantitative 1neasurements. If you are trying to find the bio1nass 

of some stnall animals such as freshwater sl1rimps~ a balance reading lo O .1 g or 
-even O .01 g would. be mo1"e suitable ihan. one reading lo just the nearest I g. 



Figure 14&2 A colarrmeter mea,sures the 
optrcal density of coloured solutions. 

Figure 11,..1 Di g,ital ba,lance be~n g used to weigh f resh~1ater shrimps. 

You may need more specialised instruments io mak some measurements. 
This year~ you '"ill probably come across different instruments. The pH ,of the 
\vater in a stream might be measured using a pH met "r whereas a Ii ht meter 
might be used to measure the light intensity in a wood. Ar spi m -ter or a 
ph t -ynth met r measures the volume of gases involved in gas e,,.,'"Change. 
You might have allr.eady used a col rim ter, which measures hov., much light 
can pass through a. coloured solutio,n (Figure 4.2) . 

lf you have used a co]o1imeter you will know that it needs to be zeroed~ rather 
like a balance. before making measurements. Zeroing a balance is do,ne with 
nothing on d1e ba]ance, but a colorimeter is zeroed using a clear solution, often 
\Vater, caUed a blank Samples are placed in·to a colo1imeter in rectangular 
plastic tubes called cuv-eues. Just as it is important not to spill material or 
solutions onto a balance pan to avoid errors, it is important to avoid spilling 
drops of liquid on the outside of 1he cuvette. This is because drops of liquid can 
cause en·ors by scattering the light. Kno"'ring and avoiding likely causes of error 
,v.ith each piece. of equipment helps to ensure accurate 1.neasurements. 



Put the blank ba ck into the 
co lor11m eter every so often 
between measu re 1ments and 
check that it stHl reads zero. If 
not. re-zero it. Thf s ensures that 
all of your m,easurements re1ma in 
as accurate as po5sib[e. 

Phot osynthes is takes a 
whii le to respond to cha nged 

environmental fact ors. A sens~ble 
precaution is t o wait a white for 
the plant material to adjust to the 
new conditi ons before starting to 
make measurem ents. 

Most colorimeteI"S have a m ethod of placing coloured filters in the path of 
the ligh t. This is because light of a particular ,vavelength is n1ore suitable 
for measuring the optical density of solutions of particular colouis. For 
example) red light is most suitable for 1neasuring the optical density of blue 
Benedict's reagent after it has reacted with glucose. ln general ) the filter that 
gives the highest optical density reading :for a solution of a certain colour is 
the best one to use. 

A respirometer measures the voluine of oxygen used by living 1naterial 
during respiration. h WoTks by measuring h ow far a bead of coloured 
liquid in a capillary tube travels along a. scale in a certain tune. The bead of 
coloured liquid moves because as oxygen is used up the p ressure inside the 
apparatus falls, provided a carbon dioxide absorber is present inside. Leaks 
at the joints of a respiron1eter or changes in the room temperature o,r air 
pressure can cause errors in the volu111e tneasur,ements. 

Once r,e.spirometers are working without leaking, i t is best not to, disturb 
them. They sometimes have a three-way tap and a syringe to enable the. 
b ead of coloured liquid to be pushed back to the start. This enables r,epeat 
readings to be tnade without having to reassen1ble the apparatus eve!)' time. 

A photosyntl1on1eter measures the voluine o[ gas produced by plant 
material du1ing photosynthesis and can be used to illv,estigate the effect of 
variables like temperature and light intensity ,on the rate of photosynthesis 
in aquatic plants or alga·e (Figure 14.3). 

Figure 11..3 A photosynthometer bei ng used to 
1measu re the vol,ume of gas pro duced by ptant 
rmate ri at duri n9 photo.synthesis. 

Colle,cti11g the gas produced by pl1otosynthesising plant materia] can 
be done ,vith a simple upturned tube but this does not allow volun1e. 

1neasuren1en1ts. It is better if the gas can be collected in a graduate.cl 



container or collected and then pulled along a capillary usi.ng a syringe. The 
length of tl1e bubble of air can then be Ineasured. The volun1e of gas used 
or p roduced in respirometers and photosy:nthometers is calculated from 
1he dista11ce the be.ad or bubble l1as moved ) in the san1e "ray as you " rill 
have already seen for a poton1eter (see Chapter 14, page 242 in AQA A-.!eve:l 
Biology 1 Student~ Book) . 

0--------Using glassware 

If you are making up a dHution 
seri es~ the votume in each of 
your tubes or beakers should 
end up the sam e. Line th em up 
and compare the position of the 
meniscus i1t1> each. They should 
line up exactty. If they do not~ you1 
have ma,de a measu1r ir1g error. 

Figure 14.& The m·eniscus 
formed by coHec ting carbon 
dioxid,e gas in a grad uated 
fer me ntaNo n tu be. 

1 

2 

3 

4 

M,e-asuring volumes aocurately using glass,vare such ~s measuring cylinders 
is a key practical skill for both years of the course . This year, you ~ill need 
to make a dilution series of a glucose solution to produce a calibration 
curve for a colorin1.et,er. Selecting the appropriate size of measuring 
cylinder depending on the volume to be m easured is crucial. The smaHer 
graduations on the. measuring cylinder, the bett,er the resolution of the 
measurement can be. But obviously the total volume [equired has t,o, be abl e. 
to fit into th·e measuting cylinder selected. Ensuring that the fuU voiutne is 
drained out of the mea$urlng cylinder is als,o impo,rtant, as is the need to 
avoid splashes and spiUages, which lead to error. 

Using a pipette accurately to deliver a fixed volume of reagent to a solution 
is another practical skill. lf you ·\ver,e making a calibration curv to find th 
concentration of glucose in an unknovn1 sample wi.th a colorhn,eter, you 
would ne·ed ·to add exactly t1~e same volume of Benedict's reagent to each 
glucose dilution. Ca re fu l use of a gra d uatedl pipette or syringe is vital if the 
volume of Benedict~ reagent is to be properly controlled. 

Reading the positio,n of a 1n ni ·us accurately is also unportant for accurate 
volume measurement You may need to do this to, measure the volume. of 
carbon dio,xide produced by respilingyeast ce]ls. Fermentation tubes allow 1he 
carbon dioxide produced to be collected and measured. This can be done by 
placing uprumed ignition tubes in a yeast culture. These hav,e no graduations) 
but the volume of gas pr·oduced can still be compared qualitatively. 

Altemativ,elyl specialised pieces of graduated glassware can be used which 
allow the volume of gas to, be m,easured quantitairtvely. The correct ,vay to 
do this is to Hne up the houorn of the meniscus: w ith the graduation mark, 
at eye level (Figure 14.4). 

0--------Using an optica l microscope 

Even ff yo u a re going to look a,t 
your material under high power~ 
always start by fc11:us 1ing, on tow 
power. It Is ea si1er to see what yo u 
are look~ng at us ing Low power 
and when you changes to the 
high powe r objective. it shoutd 
be ro ugi h.ly fo cused already. Thi s 
also he lp s to p,reve nt da mage to 
the lens. 

From your V{ork last year., you wiU know that the optic.al microscope 
is a vttal tool for biologists because of tlu~ small size of 1nany biological 
structures. Tissues, cells and organelles a.re aU too small lo be seen in any 
detail ·by eye so their images n1.ust be magnified. Optical microscopes work 
by directing light through a thin layer of biological material supported on 
a g]ass slide. This light is then focused through several lenses so an image 
can be seen through an eyepiece. You can switch from low to high power hy 
ro tating a different objective lens into position. 

You "Will .almost certainly have used an optical microscope several times 
by now. You \\Jill know that any mate·rial you are going to Look at using a 
microscope has to be eith er transparent or really thin to allow light to pass 
1hrough it. Some 1naterial might already be thin en ough ~ such as the very 



Figure 14.6 Tubes conta1i1ning 
homogenised leaf ttss;iue berir,g ptaced in 
a centrifugs. 

thin leaves of n1oss which allo\v you t.o see th.eir chloroplasts (Figure 14.Sa.). 
Other 1naterial such as pea leaf tissue might need to be sliced very thinly 
using a sharp blade. A drop of a culture of yeast under .a cover slip will be 
spread out into a very thin layer so that individual yeast cells can be seen. 
Cutting animal tissue into a thin enough slice is tnuch more difficult~ so 
you "Wi.U probably look at prepared slides of material such as skeletal muscle 
(Figure 14.Sb). 

Figure 14.5 a) C.hloroplasts visible in the cellls of a moss Leaf using a lign,t microscope; 
bJ skeletal m uscte fibres. 

Thin layers of n1;ate1ial quickly dry out and shrivel up in the heat of the 
microscope lamp. This is why a drop or two of water is usually added 
beneath the cover slip to prevent dehydration damaging the cells. 

Isolating organelles 
Isolating chloroplasts f,or microscopy; or for use ln olher exp rtm,ents, 
r quir. s the. use of a centrifuge. Plant material such as chopped spinach 
leaves is h m nis d in a cold solution wi.th the same ~rater potential 
in a blender. It is filtered to remove larger pieces of tissue and the filtrate 
is then centrifuged for several minutes (Figure 14.6) . The nuclei are 
compacted down into a pellet at the bottom of the centrifuge tube. 
The supematent is carefully poured into a second centrifuge tube 
and centrifuged at a higher speed for several minutes. This time; the 
chloroplasts form a pellet. 

The supernatant can be poured off a·nd the pellet can be re-suspended in 
an isotonic solution . The chloroplasts can then be observed using an optical 
microscope. They could also be used to make a chloroplast extract to 

investigate their debydrogenase activi.tj~ 

()~M_a_k-in_g_d_r-aw-·-.-in_g_s~~~~~~~~-
Making drawings remains an i1nponant way of recording d1e results of 
practical \Vork 1·his year where the outcome of a11 investigation is descriptive 
rather than quantitative. You will remember that the purpose of biological 
drawing is to make a clear scientific record of what you have obsen1ed 
rather than an artistic interpretation of the material. This means line 
dravrings in pencil with no shading and no use of colour. 

The itnponant things are shape, proportion andl scale. The structures dra'WTI 
should be the sa1ne shape as those you oh.serve, the pa1~s of the dra\ving 



should be in proportion to one another and the drawing should be large 
enough to show the details clearly. lf you are dra,ving individual cells such 
as skeletal muscle cells using an optical microscope, remember that you just 
dra\.v two or three fibres as exan1ple.s. If you are drawing tissues) such those 
in a section of a root with mycorrhizae1 remember that you should drav-.r 
a tissue niap (see Chapter 15~ page 260 in AQA A-level Biology 1 Student's 
Book), rather tl1an atten1pting to draw all of the individual cells. 

Sometin1es you n1ight n1ak e drawings frou1 electron n1icrographs (see 
Figure 14.7) . 

Mitochondria p~vide 
A fP far eyna~c .aciivity 

Po&t-eynaptic ----­
tneiml;,rams 

P,-s..,e,ynapt,c:: --~ 
me11ml,r ne: 

v~eicl.H contffi rdn!J ~-lr-!~c 
neurotnniem:itt&-

Syn ptrc ---­
olek ie very n rrow 

Figure 14.7 Ain ele·ctron m:ic1ro,graph of a synapse together with an annotated drawi.ng of the image. 

All dra,wi,r,gs should have a title 
and some i ndi caition of scalle or 
magnifi cabo n. If draw,ing imagies . . 
seer, using a m,1croscope or 
microgira ph. the drawing should 
show the magn1fi ca1tion used to 
observe the material. 

Annotating dnrwings make-S them much more useful. Annotations 
are la.be.ls ,vit h meir,e inf onnation than just the name of the structure . 
You might include the name of the structure but, quaUy; annotations 
can just be descriptive or they might include measurements. Exa.mples 
of annotation are shov;n for features or the synapse in Fig-ure 14. 7. 
Remember that, for clarity; you should try to avoid label lines crossing 
each other or too much of lhe drav.ring. Label lines should be straight\ 
drawn in pencil) using a ruler. 

0 -----------------------------1 dent if yin g biological molecules 
Being able to identify which biological molecules are present u:1 material 
fro1n organisms is a useful pan of investigating ho,v they work. You wiU 
recaU that there are some simple chemical tests that you can use to identify 
some of the biological molecules that are present in materials or solutions. 
This year\ you may use Biuret reagent and Benedict's reagent to analyse 
turine' samples from 'patients~ with different clinical conditions. Both 
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Figure 14.8 Lea f discs tested for s ta,rch 
after bei ng 'kept in di ffQrent condrti ons. 

You need to learn both the co lour 
of the test reagent a,n·d t he co lou r 
of a po siitive res'u tt. 

reagents can be used to produce a c alibration curve (see Chapter 6 ) 

page 112) fo:r a colorim eter to allo,v the concen tration of protein or glucose 
in an unknown solution to be found. You may also use iodine solution to 
fin d out if discs cut fron1 plant leaves and kept in different conditions hav,e 
been carrying out photosynthesis. 

Table 14.1 The four chemi,cal tests for biologi,cal molecules and the ir posit ive results . 

I n1tiat colour 
- -

·testlor Reagent Positive result:: 

Prote 111 Biure t reagent Pate blue Violet solution 

Red ucj ng sugar 
Benedicr s Blue Red preciptta te reagent 

Starc h Iod ine solution Orange Dark blue solutton 

l fpi d Et ha nol Colo,urle ss Clo udy w hite suspension 

Biurel reagent and iodine solution are simply added to the sample. A few 
drops are all that is needed. The colour change sho,ving a positive. result 
becon1.es apparent immediately if either protein or starch are present. 
Benedict>s reagent n1ust be heated for a. fe"'r n1it1utes wid1 the samp]e to 
sho\v a positive result. A fevl drops heated to 80°C fo,r several minutes ,vill 
give a positive result if r,educing sugar such as glucose o,r maltose is present. 
The test for lipid is k-no~n as th·e ,ctnulsion test. A v,o]um,e. of ethanol equal 
to the volume of the sample is added and the n1ixture shake11 welL The 
m:ixtur, is then poured carefully into wat r. If lipid is present, a c]oudy 
white suspension is fo1med. 

Benedict~ r agent ca11 also, be used to test indirectly fo,r non-reducing 
sugars. If the sample gives a n egative result when tested but a non-reducing 
sugar such as sucrose might be in the sample) then add a few drops of acid. 
warm and repeat the t,est. A positive result the se,cond tiine around indicates 
that non-reducing sugar is present. 

o~ ~~~----~---s e pa rating biological molecules 

Labe l your spots w ith penc il 
ra t lhe r t han pen and beneath the 
orig,in line. 1Pe n1cil will not rrun 
when the ptate or paper is a1dded 
to the solvent a,nd the labels w i,ll 

be out o·f the way b elO\A/ the ti1n e. 

Chromatography is a way of separating mixtures of biologi.ca.l molecules. 
If you have already done some chromatography1 you mll knoVr'" that it is 
carried oul on paper or on thin layers of s,olid media such as alumina on 
glass or plastic plates. A mixture of compounds> such as the photosynthetic 
pigments isolated from plant leaves1 is very carefully pipetted onlo an origin 
line one smaU drop at a time. In beh~leen each drop; the spot is dried. 
A smaH but concentrated spot is slowly buih up on the origin line with 
repeated addition. of drops and drying between each one. Some 20 or 30 
srnall drops can be applied to the one spot. 

vVhen the leaf .e}(tracts h ave been spotted onto the origin line; the plate or paper 

is held vertically in a s1nall volun1e of chromatography solvent. The origin 
line should ahvays be higher ilian the level of the solvent otl1erwise the spot 
dissolves in the solvent rather than 1noving up the plate or paper. 

The solvent slowly moves up the paper or the solid 1nedium on the plate. 
Th is may take several hours. As the solvent moves 1 the differen t pigments 
are carried up with it. But they do not all move at the same rate. Those that 
move faster travel fu rther up th.e plate or paper so the di.ffe1~eut pigments 
separate out into a series of individual spots such as those in Figure 14.9. 



Figure 1&.9 
Pigments isolated 
from plant 
leaves sep·arated 
by th i n-taye r 
eh roma togra p hy. 

I,"" ... . ... ·- .... 111• ....................... ~- •• ,. .................... , ... ,. .......... I!~ •• --- •••• 'i!"I .......... . 

1l t r l _ A solution that wiU conduct 
electrfc ity. 

Electrophoresis is another separation technique. It separates mixtures 
of biological compou11.ds on a gel by applying a voltage across the gel. 
Diffe:rent cotnpounds move at different rates across the gel depending on 
their size and charge. Electrophoresis can be used to separate 1nixtures of 

proteins or fragn1ents of DNA. 

An agarose gel is n1ade by pouring 1nolten agarose into a mould fitted 'tVith 
a plastic comb that fonns holes or wells in rhe gel. The gel is allowed to set 
and the plastic comb· is ren1:oved carefully. 

Check that your s.o 'Lve nt is shatlow enoug,h to rema~n beilow the height of 

the origlin trne when you. stand your plate or :paper i:n it. Otnerwise your 
spots wi:Ll si mply be washed off in to the solvent. 

The gel is placed into an electrophoresis tank. An I c troly1~ solution is 
added to the tank so that the gel is submerged. Mixtures of DNA fragments 
in solution are pipetted carefuUy into the vveUs. A power supply is 
connected to electrodes at each end of the tank so that .a voltage is applied 
across the gel. DNA fragments are negatively charged so they \vi.ll mov,e 
towards the positive electrode. This means that the positive wire must be 
co,nnected to the tank at 'the end fu rthest from the weUs. 

Pipettin19 a clear solution into weHs in an a:l1most tran sparent gel is very 
tricky. If the solut,ion of DNA fragments has a 'load ing dye added, it is 
easier to see what you are do in 91

• 

DNA fragments of differ, , nt sizes will m,ove towards the posithr,e electrode 
at different rates. This may take several hours. Wh n the sep,aration is 
complete, the gel is developed using a stain such as methylene blue that wiU 
show up the positions of the bands of different sized .fragme.nts of DNA. The 
patterns of bands for different mu..1'.ures can then be compared . 

Figure 14.10 A developed electrophores ,s g,el. 
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()~U-s-in-g--liv_i_n_g_o_r_g_a_n_is_m_s-.------------~ 

You shou ld avo,id usi1ng the same 
an ima l repeatedly because 
fat igue or learni1 ng m,ay a lter its 
behavi ou,r: 

If you use live anim als such as niaggots 01~ woodlice to investigate animal 
moven1ent responses you m ust n1ake sure that they a1~e not harmed during 
the investigation. Woodlice can be used in choice cha1nbers :and maggots 
can be placed itn trays to investigate. taxes an d kineses. The ,effect of factors 
such as light or humidity on th eir rate or direction of 1novement can be. 
discov,ered. 

Figure 1&.11 Woodlke in a choice-cha,mber experi1ment. 

If you carry ,out investigations on other men1bers of your class, fo,r example 
measuring pulse rate or to measure skin sensitivi.ty or muscle fatigue~ you 
should be very carefu] to avoid injury. Any exercise should be planned 
car,efully and done in a suitable locati,on to prevent accidents. 

o~~~~~~~-u sing aseptic techniques to grow 

...... ......... ...... ....... , ..... -· -· ............. ·- -·- ........................................................... ..... .. 
T r di A measure of the doudhies:s of a 
s uspensJon. 

I I 

m1croorgan1sms 
1Growing bacteria successfu]ly re,quires sterile conditions so that the culture 
is not contaminated by ,other microorganisms that you are not investigating~ 
especially potential human pathogens. It is also important that none of 
your culture gets into the environ1n,ent. Appr,opriate procedures to ensure 
aseptic techniques (see AQA A-level Biology l Studentl Boohl ,Chapter l.5i 
page 2 63) should be: foUowed. 

This year you may grow bacte1ia or yeast in a broth culture to follow thei'r 
population gro,\'1:11. In both cas,es, the Lur idiL of ihe st~spension can be 
used as a. \\ray of measuring the number of cells in the culture. The turbidlhy 
is a measure of how cloudy the suspension is. As the population reproduces 
and groV1..rs1 i t becomes progressively n1.01~ cloudy. A turbidity meter; or a. 
light sensor or e.ve11. a. colorimeter can be used to m,easure how much lig11t 
can. get through the Sllspe.nsion at fixed time intervals f ollo\vin g inoculation. 
This would allow a population grov..1:h curve to be plotted. 



Figure 14.,12 Yeast cultures at different stages of 
pop,utation growth . 

o~~~~~~~-
D is sect in g animal or plant organs 
Observing bio,]ogical mat,eria.l frequently requires that it be cut op nor 
sectioned so the internal sU'.'Uctures are visible . To see the disu.ibution of 
ch]oroplasts in the different tissues of a leaf, thin cro,ss sections have t,o be 
cut. These acti\'ities requir the u se of sharp instruments suc·h as scissors 
and scalpels. Cutting should ahvays be done away fro1n you and your 
fingers, and on a suitable surface to avoid damage t ,o, the wo,rk bench. Sharp 
instruments are better than slightly blunt ones because they require less 
force 10 cut an d there is therefore less risk of them slipping suddenly. 

()~U-si_n_g_s_a_m_p~li-n-g-te_c_h_n-iq_u_e_s~~~~~ 
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M il M An ·organism that mov,es around; in 
contrast, non-motile~ ,or sessile, organisms 
rem1ajn in th,9 same place. 

This year there are also some outdoor practi,cal skills yma need to develop. 
You should 'kno·,v ,vhich sampling techniques to use to e-Sdmate the size ,of a 
population or to investigate the distribution of o,rganisms. lt is much easier 
to appreciate how the techniques work and their p otential probletnS H you 
have tried them out for yourself. 

The number o,f individuals in a population cannot normally be co1.n1ted 

easily. There are usually too many individuals for tltis to be practical. 
Instead , a sample of the population is used to calculate an estitnate of the 
population size. How you do this depends on ¥lhether the organisms are 
non-motilej slo,v moving or 1nut i k·. In general ~ animals move around 
whereas plants stay still. However) lhere are some animal species such as 
b<3Jmacles that are sessile and some that move very slowly such as snails. 
The population size of pla11ts sessile and slo,v-movi11g animals can all be 
estimated in the same way; but n1otile animals require a different approach. 

The popula1ion size of plants~ sessile or slow-moving animals in a given 
area can be estimated using randorrdy placed quadrats . It is imponan.t 
that the quadrats are placed at random to avoid bias~ which ,vould result 
in an over- or under-estimate of the population size. For exau1ple., this 
n1ig}1t happen if you sul)consciously positioned your quadrats where 1h,e1~e 

were more of the organisms or if you positioned your quadrats in places 
that ,veve easier to get at. 



The mark- release- recapture 
method 1ma,kes some 
assumptions abo u,t th e 1marki1ng 
and t he population and you 
s houtd be aware of how tilkely 
th ey are to be true w hen you use 
thi s method. 

A gi.id is set up across the area and random coordina.tes are generated 
using random number tables, dice or the random-number generator on a 
calculator. Quadrats are then placed at th ese coordinates. 

Figure 14.13A quadrat being u1sed to sample a poputatio.n of 
perrwi nkles. 

The nun1ber of individuals in ,each quadrat are count d . The samp,le must 
be r pr sen tat iv of the population as a ""·hole. You can use a runnin. 
m an to d cide when enough quadrats have b en used. \Vhen the mean 
number of individuals per quadrat stops changing the sample can be 
r garded as representative. 

The me-an number per qua drat is kno1Arn as the p pulati n den ity. This 
is usually expressed as ihe nuniber per square metre. The density is then 
multiplied by the number of square metres in the whole area to, give an 
estimated popula don size. 

If the population is mobile, the mark-releas,e-recapture method should 
be used. A sample of 'the population is caught or trapped and marked u1. 
soine way so that they can be recognised as having been ,caught. They are 
then released and aU01ved to mix in 'With the rest of the population. After a 
suitable time has been allo'A.-.ed for them to mix, a11other sample is caught or 
trapped. The technique relies on the fact that the marked i11dividuals 'Will be 
more diluted in a larger populat.ion. 

The ide~ is to see h ov.r many marked individuals tum up in the second 
sample. You can then use the tnark.-rele.ase-recaptu.re equation to calculate 
the population estimate (see Chapter 9 > page l 80). 

If you wan t to find out where in a habitat a particular species is found, you 
Mll need to set up a transect . A transect is .a Hne sel out across the habitat 
along which sa1nples are laken. lt is often marked with string or a tape 
measure. A belt transect is a narro\v strip of the habitat perhaps O.Sm or 
1.0 m wide"\ alongside the line. Quadrats of the same mdth are placed in the 
strip at intervals along the line and the abundance of one or more species can 
be found at each sampling point. Using a belt transect lets you discover if a 
species is found more in one part of the habitat compared lo another. 



Using a g,rid quadrat of a hundred 
squares red u.ces the subject ivi t; 
of measurf ng percenta,ge cover. 
Each square occu,pied by that 
sped es counts as 1 °/o cover. 

Figure 14~15 Percenta9e cover ca,n be 
used to measure the abund~nce of i;D 

grass species. 

Frequency and ,percentage cover 
used together can t ell you different 
things about the difstdbutfon of a 
species in a habrtat 

Son1e species are easily counted to find their abundance. Bu t some species 
are ve1--y difficult to count) perhaps because 1hey are very tiny and there 
are llarge numbers) or perhaps because it is not clear which individuals a1-e 
v,,rltich . In this son of situation) you can measure abundance by using the 
techniques of frequency or percentage cover. 

:Figure 11..11. Quad rats plaiced along a transe,ct ca n be used to find the distribution 
of a speciies in a ha,bi tat. 

Percentage c,o,v,er invo]ves making an ,estimate of th percentage area of 
the qua.drat occupied by the species. If you judge that it occupies about a. 
quaner of the quadrat the percentage cover is 25%. Obviously this is a litde 
subjectiYe so it is a good idea if the same person in a group always makes 
the estimate and some practice, 'With this skiH h,elps. 

Another way to measure abundance is by finding the frequency o,f the 
species. This is the proporti,on of samples that contain that species. I( the 
species is found in th1·ee out of 10 quadrats 1 the f-requency is 30%. All you 
have to do to find the frequency is record if the. species occurs or not at the 
sample p oint and cal culate peroentage of samples at which t.b.e species is 
found. 

Frequency tells you ho\\r common a spe,cies is J but it does not give 
information on how mu,ch of the species is present. Percentage cov,er 
te lls you how much space a species occupies i n a sample) but does not 
give any information about how often it may be found in the whole 
habitat. 

These t,;.vo measures of abundance arc related. The more space a species 
occupies; the more Hkely it is to b e found in. m ore than one sample. Using 
the ti,vo together can give inforn1.ation on ho\v species are distributed in a 
habitat. A species with a high frequency but a low mean p en:entage cover 
occurs as si.ngle plants almost everywhere in. the habitat. On. the other hand ; 
if you find a species with a low fr,equency but a high mean p ercentage 
cover; it \Vould indicate that the sp ecies was found in groups but only in. 
certain parts of the habitat. 
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oi-----------using digital technology 
Measu1ing human pulse rate can be done with a pulse sensor linked to a 
datalogger that can record the data for a specified time period and enable 
graphs to be produced veryr easily: When counting your own pulse rate > or 
that of a partner, it is easy to miscount. A pulse sensor avoids this problem. 

The turbidity of a broth culture of n1icroorganisms could be measured at 
fixed tin1e intervals using a turbid.Hy n1eter or light m·eter connected to a 
d.atalogger. In the same way, d1e changes in environmental factors such as 
light intensity or te1uperature in an outdoor location could be recorded at 
fixed intervals during the course of a day: The p ractical skills you will need 
to develop are those relating to positioning the sensors, setting up the tin1e 
intervals for th,e particular da'talogger. and dovvnloa.ding the data for analysis~ 
along 'Vith presenting and analysing the data and writing conclusions. 

Computer programs that model the effects of genetic drift and natural 
selection are very helpful for illustrating how aUele frequencies ,vill change 
in large and sn1aU populations. The advantage of a sitnulation is that i t 
can model the even'ts over many generations in a sho·rt space of tin1e. You 
,vill need to, choose th conditions that you want to investigat and run 
the program a number of times while changing the conditions, t,o s,ee what 
happens. 

Required practical activities in Year 2 of 
AQA A-level Biology 

Processing and presenting data are i,mportant skiills. M:a·ke sure you know 
about these and other sk. iHs developed in the required practica:ls. 

7 Use of chro1natography to investigate the pigments isolated from leaves 
of different p lants, e.g. leaves from shade-t,olerant or shade-intole.rant 
plants or leaves ,o( different colours (see Chapter 1) 

8 Investigation int!o, the effect of a named factor on the rate of 
dehydrogenase activity in extracts of chloroplasts (see Chapter I) 

9 Investigation into the effect of a named variable on tl1e rate of respiration 
of cultures of single-celled organisms (see Chapter I) 

LO Investigation into the effect of an environ1nental variable on the 
movement of an a11.imal using either-a choice chamber or a maze (see 
Chapter 3) 

I I Production of a di]ution series of a g]ucose so]ution and use of 
colorimetric techniques to produce a calibration curve with wl1ich to 
identify the concentration of glucose in an unknown 'urine~ sample (see. 
rChapter 6) 

12 Investigation into ihc effect of a named environmental factor on the 
distribution of a given species (see Chapter 9) 



Exam preparation 

The advice you \\!"ere given in tl1e exam preparation chapter of AQA A-level 
Biology 1 Student-~ Book, Chapt,er 16, stiU applies at A-level, so do read this 
through again. 

Now you have reached the second year of your course, y,ou niay be statting 
to think of the volume of vlork you need to revise . Don~t get anxious about 
this: what you need to do is to prepare for revision ~lell in advance. This is 
because the exam is testing your general skills and understanding fto,m the 
,vhole course, s,o, last-minute revision is of little benefit. You nee.cl to prepare 
for th exam from the first \\'~eek of your Biology course . .As you finish each 
t,opic, make succinct revision notes. Us whatever form h lps you learn. 
Many p ·ople find annotated diagrams, spider diagrams and flovv charts 
much more useful than pages of ,,rriting. You may find that using coloured 
pens and coloured paper or small pieces of card helps. Then, having made 
these notes 1 go, ,over the1n regularly. 

The exam 
Your A-level exam wiU consist of three papers. 

Paper 1: written exam1, 2 hours 
• 91 marks worth 35% of total A-leve] marks 
• 

1Content from sections 1- 4, including relevant practical skills. This 
may involve syn,optic questions that make li.nks between these different 
topics. 

• Long- and short-an swer questions, 7 6 marks 
• Extended-response questions~ l 5 marks 

Paper 2.: written exam, 2 hours 
• 91 marks ~ worth 35% of total A.-level marks 
• 

1Contcnt from sections 5-B, including relevant practical sl"ills. This may 
involve synoptic questions d1at make links between all the topics you 

have studied over ihe whole of the A-level course. 
• Long- and short-answer questions) 76 marks 
• Comprehension question 1 15 n1arks 

Paper 3: written exam, 2 hours 
• 78 marks; worth 30% of total A-level marks 
• 

1Content fron1 sections 1~81 including relevant practical skills 
• Structured questions, including practical techniques, 38 marks 



• Critical analysis of given experimental data 1 15 1narks 
• One essay fi~m'll. a choice of two titles, 25 1narks 
• Remember~ sections 1-4 are the topics covered in AQA A-level Biology 1 

Students Book, andl sections 5-8 are the topics covered! in this book. 

Assessment objectives 
There are three different assessment objectives de.scribing the skills that will 
'be tested in the examinations. 

• A01 l (35% of total marks): den1onstrat,e knowledge and unde1"Standing of 
s,cientific ideas, processes, techniques and procedures. These are the only 
n1arks that ,vill benefit fron1l revision shortly before the exan1. 

• A012 (35% of total ma:rks): apply kno,·~lledge. and understanding of 
scientific ideas 1 processes, techniques and procedures 
- in a theoretical context 
- in a practical ,context 
- ·\vl1en handling qualitativ,e data 
- vthen handling quantitative data. 

• A03 (30% of total marks): analyse, i.ntetpret and evaluate scientific 
infotmation, ideas and evidence, including in relation to issues to 
- n1ake judgements and reach conclusions 
- develop and r fine practical design and procedures. 

A02 and A03 skills are those you need to develop throughout the course. 

The ;,veightings of ·these assess1nent objectives a.re shown in Table 15.1. 

Table 15.1 Weight,ings of A- level assessmient objectives. 

A01 44- 48 23- 27 30-35 
A02 30-34 52-56 35-39 40-45 
A03 20-24 19-23 31-35 25-30 

In addition, the speciftcation states that: 

• 10% of the over.all assessmen'l of A-level Biology Vvill contain mathematical 
skills equivalent to level 2 (higher-tier GCSE) or above 

• at least 15% of A-level Biology ,vill assess knowledge 1 skills and 
unde1-standing in relation to practicaJ work. 

These are the (rules' thal exa1niners must follow \vhen setting examination 
papers. They represent ihe 011.ly thing that you can predict about the series 
of examinati.on papers you witll sit. 

The most important thing for you to understan.d is that; even if you learn 
your work tl~.oroughly and can recall all the facts; this will only help you to 
achieve up to 35% of the marks. Therefore, i.t is vital that you can: 

• apply your knovlledge and understanding to conteXILs that you have not 
been taught 

• deal with questions that contain material you have never seen before 
\Vithout panic) because e..xaminers deliberately give you unfamiliar 
contexts to test your skills 

• analyse, interpret and evaluate information you have never seen. before. 



Your tnathematical skills will also be tested. This means you need to go 
through the mathematical skills chapter in this book; and ensure you 
understand everything in it. ln addition, you need to have a thorough 
understanding of the practical techniques you have experienced, and be 
able to apply them in a new situation. This means going through all the 
practical techniques in this book, and, once again, ensu1ing you understand 
the rationale bel1ind all of then1. You should be able to evaluate practical 
designs and n1eithodology as well '{ou should recognise different kinds of 
data> and be ab]e to present them in a b:ible or graph, as well as interpret the 
data. So you must make sure you really understand everything thoroughly. 
Then check your understanding by doing tl1e questions in this book and 
any past paper or sped111en questions that you can find . Mark your ,vork 
using the exam boards 1nark scheme, and n1ake sure you mark your anS"\Ver 
very stricdy. 

Command words 
As you were told in A~A A-level B'io,fogy l Students Book~ be very careful to 
learn what the key command words 1nea11, so that you answer the question 
in the intended way. Be par1icularly careful ihat you know the difference. 
between 'describe' and ~ex-plaint. 

Common pitfalls 
If you are asked to do a calculation, you wiU often be told to, show your 
,vorking. This is so that, if you make a mathematical error, you can be 
credited for your ~"orking. Too many students do not shov.,.· their working, 
so they fail to gain 1narks if their answer is wrong. 

Avoid starting an answer with ·tt,. For example ; if the question is 'Give 
tw,o differences between active transpo·rt and facilitated diffusion) and the 
candidate anS\\'~ers ·It does not use ATP, the ~tlminer does not know what 
~if refers to. If the answer is 'Facilitated diffusion does not use ATP but 
activ transport does' the ansv.r, r is perfectly clear. 

o--~~~~~~-
P rep a ring for the essay question 
The essay is ~,...o,rth 25 1narks out of a total o·f 78 on paper 3, so you 
should allow no more than. 40minutes to answer h . It is important to 
plan, but don't spend a lot of tim,e on a lengthy plan. Don't spend too 
long selecting the atppropriate topics. A good essay will cover a breadth of 
relevant examples. Where plant examples .are relevant to· the title of the 
essay; remember to include them. Try to choose topics that you studied at 
different times in your course. 

Planning 
Si1ppose you were p lanui11'.g the ess~ 'The importance of transport in livin g 
organisml. There are dif[erent ways you could do this. 

One might be to think of different aspects of biology> as shown in Tab]e 15.2. 

Table 15.2 Thinkin9 about tran5port in different areas of b~ology. 

- . 

Cells and biochemistry Physiology 
ProteJns made and transported by RER 
to Golgi to veskle to secretion 
Transport across membranes 

Transport of water in plants 
Translocation fn the phloem 
Transport of oxygen by haem1oglobtn 



One meth od of planning n1ight be to 1nake a spider diagram, as sho,vn in 
Figure 15.1 . 

proteins made and transported tra.nspoirt of water 

by RER 1:o Golgi to vesicle. t.o, / in plants 

sec ret1on "- · 
transport of substances in 

living organ isms "' 

/ "' translocation ir 

transport of oxygen by / the phloem 

haemog I ob in transport ac r~s me m:branes 

Figure 15.,1 A s p,ider d,iagTa,m o utliin1ing tran sport 'in different area,s of bio Logy. 

Whichever m ethod you use, before starting to ,;,.vrite you should: 

• decide whether each of the topics in your plan is sbictly relevant to the 
essay tttle and delete those that are not 

• decide Vlhether there is a logical order of topics. If the.re is, write y,our 
paragraphs in that order. 

Writing 
Remember that you need to write as much relevant detail as possible 
about f-ive topics, in just 3Sminutes (assuming you have spent Sminutes 
planning) so there is no time to ,vaste. 

Do not ~"aste tilne ,vith an introductory p ragraph saying what you are 
going to cover. There ar no marks for an introduction~ so go straight into the 
first paragraph. cone ,va.y in vvhich transpott is important in living o,rganisms 
is . . . \ \\Then you have done the first paragraph it is a good idea to start the 
second paragraph similad}~ as in: ~Another "ray in vvluch transport in Uving 
,organisms is important is .. . '. It doesn't matter if .all the paragraphs stan 
similarly. and an advantage of doing this is that it reminds you of the essay 
title be~o,re you ~·rite e~ch paragraph~ so it helps you to stick strictly t,o, the 
ritlc. If you include anything that isn't relevant even if its reaUy good bio]ogy1 

you 'will not gain high marks. Vvhen you get to the end, just finish ~t the end 
of the last bi.olo,gy topic. Don)t waste tin1.e by \\-Tiling a fi.n~l Fara.graph such 
as 'So you can se,e. there are many ways in which transport in living organisms 
is important~ and I l1ave talked about some of -rhem ... ·_ 1-his w,onl gain you 
any more marks 1 and you run the risk of being penalised for irrelevance. 

In this exa1mp le the essay title refers to th e im
1
porrtance of transport in 

living organ is ms. So a1 studenit who 5i rmply describes tran5port in liv~ng 
organi sms is not answering th e essay tiHe. Therefore, if your essay 
Irnc ludes tran sport of water in th e xy le ,m, you need to m1ake su re you are 
saying how this is f m,portan t and not simp ly how it happens. 

You must use appropriate technical tenns h1l your essay. Avoid tenns 
like 'signals1 when you should say 'nerv,e impulses'\ 'levels' instead of 

'concentrations, and expressions sucl1 as ·,enzymes being killed' or ·energy 
being produced1

• Write in sentences and 1nake sure you express yourself well 

It is very important that the essay is written in continuous prose. This 
means you should not use bullet p oints or sub-headings. 



Ideall)~ your essay needs to include some. information that is beyond A-level> 
shov.nng that you have read beyond the specification. lf you have answered 
son1e of the Stretch and challenge questions in this book you tnay have some 
knowledge that goes beyond A-leveL Similarly, if you read New Scientist 

magazine, or other science tuagazines~ or regularly check the science items 
on the BBC News \vebsite> you n1ay have some additional infonnation . It is 
a goo.d idea to flag this up in your ess11y by writing, 'In a 1·ecent New Scientist 
article I read that ... '. However, n1ake sure it is relevan t . Don't be so ke,en lo 
show off your additional reading that you include something that does not 
relate to the essay title. It is not enough to add general background material 
that anyone would know fron1 watching a natur.al history progrannne on TY. 
Additional n1aterial must be A-level standard or higher. 

How is it marked? 
Examiners are given guidelines fa r marking the essay. 

The exa1niner reads the essay and annotates it , indicating recall and 
understanding that is appropriate at A-level, errors, irrelevance, poor use 
of language and information that goes b eyond A-leirel. Then they read the 

descriptors for each of the five <levels; and decide ,vhtch one fits the essay 
best. The descri.ptors for each level represent the 1niddle mark at that lev,el. 
If the essay doesn1t completely (i't any of the descriptors~ the examiner us,es a 
'best fit' approach. 

Once the examiner has chosen the level, they then decide on which mark 
to alloczue ,v·ithin thzn level. The mark iwill be to,vards the top of that level 
if it is b t ter than th·e descriptor, or towards th bottom of that level if it is a 
litde worse than the descriptor. 

Here are so1ne ,essay titles that you might like to plan. 

• The biological impon ance of proteins 
• The importance of water in biology 
• ,Cycles in biology 
• The importance of biological polymers 
• How the shapt of molecules is imponant to their biol,ogical function 
• Hovv substances a.re transferred between living organisms and their 

' environment 

0 Answering the comprehension question 
Tl'lle:re will be a comprehension question \Vorth 15 marks 011 paper 2. It wiU 
contain a passage for you to read that will relate to your A-level studies but 

wHl bring together a number of different topics. It presents these topics in 
a conte.xt that you are unlikely to have seen before. This question is mainly 
tesling A02 and A03 skills and not A:O 1. 

The first thing you should do is to read the passage carefully and che.ck 
that you understand what it is telling you. Then read d ie questions 
quicl<ly: This ¥.iiU give you an idea of the parts o [ the pa1:,sage you need to 
focus on especially. Then read th e passage again~ carefully. Once you have 
understood the passage') start ansvvering the questions. A line reference is 
given for each question, so n1ake sure your answer relates to that pan of the 
passage. You are asked to use information from the passage as well as your 
own knowledge to answer the questions> so n1ake sure you do this. 
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procedures and evaluating data 
You will be asked about one or tnore of the required practical activities that 
you carried out. When answering, give details that demonstrate you actually 
can-ied out these activities. For exan1ple, if you are asked how you carried 
out a Benedict's test for Teducing sugar) dont say that you 'wam1ed' the 
solution. This is too vague. Give the app1--oxi1nate temperature you used, or 
say you 'boiled) the solution. If asked to dev;se a procedure , rather than just 
saying 'repeaf the investigation, suggest how many times. Say what results 
you would record, for example, a colour change, time taken for something 
to happen or a tneasurement you iwill make. U1,en say ,vhat you would do 
'With the results , for example plot a graph or cany out a statistical test. 

You nught findl a question that provides inforn1a.tion about an investigation 
carried out by a student. When evaluating such an investigation1 consider 
the studenes methodology carefully. 

• Did th,e student keep all th ·variables constant except the one under 
investigati.on? 1£ not vtould this affect the validity of the conclusi,o,n? 

• Did the student use a large enough sample size, carry out sufficient 
repeats or continue th study fo[ a sufficient length of time? 

• Did the student use an appropriate control group to make the 
investigation valid? 

In complete contrast, paper 3 canies a 15-tnark questiou that provides 
information about an investigation ,carried out by professional scientists. 
When ansv.,., ring this question" you l't'lUSt assume that th pr,ofessi,onal 
scientists used appropriate methodology, so the above list beco,m,es 
·1Televant. ln this question, you might be asked to justif}'" aspects of the 
methodology to show your o~n understanding of scientific investigations. 
For exam·ple: 

• if the study was carried ,out on anim__als, could the conclusion be appHed 
to humans? 

• \cvhy was the C·Ontrol group used by 'the scientists appropiiate? 
• v.rlua.t ,vas the importance of a double-blind clinical trial? 
• can cause and effect be inferred from a correlati,on bct'~veen two vartahles? 
• ho~~ does the result of a s tatistical test., or the use of standard errors, help 

you make a valid conclusi,o,n? 
• hoVi.-' could the scientists decide an appropriate n1unber of repeats/ 

s21mples? 

Hope-fully you ,vill reaJise by 110\v that success iu. the exan1 depends on 
skHls you have acquired over the 2 years of your .A-level Biology course., 
and not simply 011 revising notes for a few ~.reeks before the exam. Frotn 
the start of your course) rnake sure you can carry out the m.ath,e1natical 
techniques required and; when you carry out a practical investigation in 
class, make sure you underslan.d. the reasons for everything you are told to 
do . If you think scientifically throughout the course; you will find it n1uch 

easie1· to perform ,veU when you take your writ ten exam.sat the end of 
2 years~ study. 

We hope you have enjoyed the .A-level Biology course a11d found this book 
useful. Good luck~ 
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