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3.4.1 Electrophoresis & PCR

Gel Electrophoresis

Gel elect rophoresis is used t o separat e prot eins or f ragment s of  DNA according t o
siz e

Gel electro pho resis  is a technique used widely in the analysis o f DNA, RNA, and pro teins

During electro pho resis, the mo lecules  are separated with an electric current  acco rding to  their

siz e o r mass  and their net (o verall) charge

This separatio n o ccurs because o f:

The electrical charge  mo lecules carry:

Po sitively charged mo lecules will mo ve to wards the catho de (negative po le), whereas

negatively charged mo lecules will mo ve to wards the ano de (po sitive po le) e.g. DNA is

negatively charged  due to  the pho sphate  gro ups and thus, when placed in an electric

current, the mo lecules mo ve to wards the ano de

The different siz es  o f the mo lecules:

Different siz ed mo lecules mo ve thro ugh the gel (agaro se fo r DNA and po lyacrylamide fo r

pro teins) at different rates. The tiny po res in the gel result in smaller mo lecules  mo ving

quickly, whereas larger mo lecules  mo ve slo wly

The type o f  gel:

Different gels have different siz ed po res that affect the speed at which the mo lecules

can mo ve thro ugh the gel

DNA separat ion

DNA can be co llected fro m almo st anywhere o n the bo dy, e.g. the ro o t o f a hair o r saliva fro m a

cup. After co llectio n, DNA must be prepared fo r gel electro pho resis so  that the DNA can be

sequenced  o r analysed fo r genetic pro filing (fingerprinting)

To  prepare the fragments, scientists must first increase (amplify) the number o f DNA mo lecules by

the Po lymerase Chain Reactio n (PCR)

Then restrictio n (DNA-cutting) enz ymes are used to  cho p the DNA into  fragments

Met hod

To  separate the DNA f ragments  in gel electro pho resis:

1. Create an agaro se gel plate in a tank. Wells  (a series o f small rectangular ho les) are cut into

the gel at o ne end

2. Submerge the gel in an electro lyte  so lutio n (a salt so lutio n that co nducts electricity) in the

tank

3. Lo ad (insert) the DNA fragments into the wells using a micro pipette
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4. Apply an electrical current  to  the tank. The negative electro de must be co nnected to  the

end o f the plate with the wells as the DNA fragments will then mo ve to wards the ano de

(po sitive po le) due to  the attractio n between the negatively charged pho sphates o f DNA and

the ano de

5. DNA fragments with a smaller mass (i.e. sho rter DNA fragments) will mo ve faster and further

fro m the wells than the larger fragments

6. T he f ragments are no t visible  so  must be transferred o nto  abso rbent paper o r nitro cellulo se

which is then heated to  separate the two  DNA strands

7. Pro bes  are then added to  develo p a visual o utput, either:

A radio active label (e.g. a pho spho rus iso to pe), which causes the pro bes to  emit

radiatio n that makes the X-ray film go  dark, creating a pattern o f dark bands

A fluo rescent stain o r dye  (e.g. ethidium bro mide), which fluo resces (shines) when

expo sed to  ultravio let (UV) light, creating a pattern o f co lo ured bands
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The process of electrophoresis

Exam T ip

Remember gel electro pho resis is the separatio n o f mo lecules acco rding to  their siz e and

charge (negatively charged DNA mo lecules mo ve to  the po sitive po le). Examiners like to  ask

questio ns abo ut gel electro pho resis, so  make sure yo u understand each o f the different steps

in the pro cess.
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Polymerase Chain Reaction (PCR)

PCR can be used t o amplif y small amount s of  DNA

Po lymerase Chain Reactio n (PCR) is a co mmo n mo lecular bio lo gy technique used in mo st

applicatio ns o f gene techno lo gy

Fo r example, it is used in DNA pro filing (e.g. identificatio n o f criminals and determining

paternity) o r genetic engineering

In the COVID-19 pandemic, PCR has been used in ro utine diagno stic testing to  amplify small

amo unts o f viral RNA

It can be described as the in vitro metho d o f  DNA amplificatio n

It is used to  pro duce large quantities  o f specific fragments o f DNA o r RNA fro m very small

quantities (even just o ne mo lecule o f DNA o r RNA)

Using PCR, scientists can pro duce billio ns o f  identical co pies  o f the DNA o r RNA samples

within a few ho urs, these can then be used fo r analysis

T he requirement s of  PCR

Each PCR reactio n requires:

The target DNA o r RNA that is being amplified

It's impo rtant that the who le geno me is no t required  to  be co pied - o nly specific sectio ns

that vary fro m o ne individual to  ano ther

These sectio ns are identified by adding a primer sequence  that binds to  them

DNA po lymerase  - the enz yme used to  build the new DNA o r RNA strand. The mo st co mmo nly

used po lymerase is Taq po lymerase  as it co mes fro m a thermo philic bacterium Thermus

aquaticus

This means it do es no t denature  at the high temperature  invo lved during the first stage

o f the PCR reactio n

Free nucleo tides  - used in the co nstructio n o f the DNA o r RNA strands

Buffer so lutio n - to  pro vide the o ptimum pH fo r the reactio ns to  o ccur in

T he key st ages of  PCR

The PCR pro cess invo lves three key stages  per cycle

In each cycle the DNA is do ubled (so  in a standard run o f 20 cycles a millio n DNA mo lecules are

pro duced)

The PCR pro cess o ccurs in a piece o f specialist equipment called a thermal cycler, which

auto matically pro vides the o ptimal temperature  fo r each stage and co ntro ls the length o f  time

spent at each stage

The three stages are:
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1. Denaturatio n – the do uble-stranded DNA is heated to  95°C which breaks the hydro gen

bo nds that bo nd the two  DNA strands to gether

2. Annealing – the temperature is decreased to  between 50 - 60°C so  that primers can anneal

to  the ends o f the single strands o f DNA

3. Elo ngatio n / Extensio n – the temperature is increased to  72°C fo r at least a minute, as this is

the o ptimum temperature fo r Taq po lymerase to  build the co mplementary strands o f DNA to

pro duce the new identical do uble-stranded DNA mo lecules

Each who le cycle takes a f ew minutes, so  30 cycles can take just a few ho urs and can generate

2  (o ver 1 billio n) co pies o f a gene fro m a single DNA mo lecule, by expo nential amplificatio n

Target DNA sequences can be copied exponentially by PCR to generate billions of copies in a short time

Exam T ip

Yo u do n't need to  kno w the detail o f the three stages and the temperatures the reactio ns o ccur

at during the different stages. Ho wever, yo u must kno w why the Taq po lymerase is used in PCR

(fro m To pic 2.6.3). The main learning po int is that PCR can be used to  amplify very small amo unts

o f DNA into  large numbers o f mo lecules fo r analysis.

31
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3.4.2 DNA Profiling

Use of DNA Profiling

DNA profiling involves comparison of  DNA

DNA pro filing (genetic fingerprinting) enables scientists to  identif y suspects f o r a crime  and

identif y co rpses  because every perso n (apart fro m identical twins) has repeating, sho rt, no n-

co ding regio ns o f DNA (20 to  50 bases lo ng) that are unique to  them

To  create a DNA pro file  fro m the DNA being tested scientists co mplete the fo llo wing in

sequence:

1. Obtain the DNA, which can be extracted fro m the ro o t o f a hair, a spo t o f blo o d, semen o r

saliva

2. Increase the quantity o f DNA by using PCR to  pro duce large quantities  o f the required

fragment o f DNA fro m very small samples (even just o ne mo lecule o f DNA o r RNA).

3. Use restrictio n endo nucleases to  cut the amplified DNA mo lecules into  fragments

4. Separate the fragments using gel electro pho resis

5. Add radio active o r fluo rescent pro bes  that are co mplementary and therefo re bind to

specific DNA sequences

6. X-ray images are pro duced o r UV light is used to  pro duce images o f the fluo rescent labels

glo wing

7. These images co ntain patterns o f  bars  (the DNA pro file) which are then analysed and

co mpared
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DNA Profiling

Use of  DNA profiling in Pat ernit y Invest igat ions

A man may so metimes deny being the f ather o f a child to  evade parenting respo nsibilities

A wo man may no t kno w fo r sure which o f her recent sexual partners is the father o f a child

A child may wish to  kno w definitively who  his/her father is to  be aware o f  po ssible inherited

illnesses  that might affect him/her in future

DNA pro files o f the mo ther and child are co mpared, alo ng with the pro file o f the alleged father (all

three  are needed)

Patterns o f  bands are co mpared  o n all three genetic pro files

Any band that appears in the child's pro file must sho w in either the mo ther's o r f ather's

pro files; if no t, the alleged true father is a different man

Worked example

Who ’s the Father? – Use the DNA pro files o f all 6 peo ple sho wn to  wo rk o ut who  the child’s father

is

Remember, any band sho wing in the child's pro file must be present in the mo ther OR father's pro file,

OR bo th. If no t, that man is no t the child's father.
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Step 1: Lo o k at the child's first DNA band (labelled 1)

The mo ther po ssesses this same band, so  the child co uld have inherited that DNA fro m its mo ther. It

is therefo re needless to  lo o k at whether any o f the men po ssess that band

Step 2: Lo o k at the child's seco nd DNA band (labelled 2)

The mo ther do es no t po ssess this band, so  the child must have inherited it fro m its father. Only men B

and D po ssess this band, so  men A and C are eliminated

Step 3: Lo o k at the child's third DNA band (labelled 3)

As with band 1, the mo ther po ssesses this same band, so  the child co uld have inherited that DNA fro m

its mo ther. It is therefo re needless to  lo o k at whether any o f the men po ssess that band

Step 4 : Lo o k at the child's f o urth DNA band (labelled 4 )

The mo ther do es no t po ssess this band, so  the child must have inherited it fro m its father. Only men A,

B and C po ssess this band, but A and C have already been eliminated

Step 5: Co nclude that B is the f ather

Step 6: Lo o k f o r suppo rting evidence f ro m band 6

The mo ther do es no t po ssess this band, and the o nly man who  po ssesses it is B. T his reinf o rces the

co nclusio n that Man B is the child's f ather

Use of  DNA profiling in Forensic Invest igat ions

DNA pro filing has been used by fo rensic scientists to  identif y suspects  o f crimes

Samples o f bo dy cells o r fluids (eg. blo o d, saliva, hair, semen) are taken fro m the crime scene

o r victims bo dy (eg. rape victims)

DNA is remo ved  and pro filed

The pro file is co mpared to  samples f ro m the suspect  (o r criminal DNA database), victim and

peo ple with no  co nnectio n to  the crime (co ntro l samples)

Care must be taken to  avo id co ntaminatio n o f the samples

DNA pro filing can also  be used in fo rensics to  identif y bo dies  o r bo dy parts that are

unidentifiable (eg. to o  badly deco mpo sed o r parts remaining after a severe fire)

DNA pro filing fro m a crime scene can also  eliminate inno cent peo ple who se DNA may happen to

appear there
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Using DNA profiling in criminal investigations. Suspect 3 has the most fragments in common with the

crime scene DNA so it is likely that Suspect 3 is the culprit.

Exam T ip

In the exam, yo u will be expected to  interpret the results o f gel electro pho resis experiments

used to  separate DNA fragments. Fo r example, yo u will be given a few different genetic

fingerprints and will have to  match the victim to  the crime o r determine the parents o f children. In

these questio ns, yo u need to  lo o k fo r the mo st bands in co mmo n o r a co mbinatio n o f parents'

fingerprints that co vers all the child's bands.
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3.4.3 Genetic Modification

Genetic Modification

Genet ic modificat ion is carried out  by gene t ransf er bet ween species

Genetic mo dificatio n is a term usually used to  refer to  the transfer o f DNA sequences fro m o ne

species to  ano ther

The key feature o f the genetic co de that makes this po ssible is that it is universal, meaning that

almo st every o rganism uses the same fo ur nitro geno us bases – A, T, C & G. There are a few

exceptio ns

Additio nally the same co do ns co de f o r the same amino  acids in all living things  (meaning

that genetic info rmatio n is transferable between species)

Thus scientists have been able to  change an o rganism's DNA artificially by co mbining lengths o f

nucleo tides fro m different so urces  (typically the nucleo tides are fro m different species)

If an o rganism co ntains nucleo tide sequences fro m a different species it is called a transgenic

o rganism

DNA that has been intro duced into  the geno me o f ano ther o rganism is called reco mbinant DNA

(rDNA)

Any o rganism that has intro duced genetic material is a genetically mo dified o rganism (GMO)

The mechanisms o f transcriptio n and translatio n are also  universal which means that the

transferred DNA can be translated within cells o f the genetically mo dified o rganism

Recombinant  DNA t echnology

This fo rm o f genetic mo dificatio n invo lves the transf er o f  f ragments o f  DNA fro m o ne

o rganism/species into  ano ther o rganism/species

The resulting genetically mo dified o rganism will then co ntain reco mbinant DNA and will be a

Genetically Mo dified Organism (GMO)

Example

A gene fro m the bacterium Bacillus thuringiensis (Bt fo r sho rt) co des fo r a to xin that has

insecticide  pro perties

This gene has useful pro perties in co mmercial maiz e plants (Zea mays), so  has been

transferred into  transgenic maiz e plants  to  make them less susceptible to  insect pests,

impro ving agricultural pro ductivity  as a result
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Illustration of a maize plant that has recombinant DNA (DNA from Bacillus thuringiensis)

Uses of  genet ic modificat ion

Because all genes co de fo r pro teins, usef ul pro teins  can be manufactured by the creating o f

transgenic o rganisms

So me o f the key uses o f genetic mo dificatio n include the genetic mo dificatio n o f:

Cro ps to  increase cro p yield thro ugh resistance to  dro ught, disease, pesticides and

herbicides; o r to  pro vide increased nutritio nal value (e.g. go lden rice)

Livesto ck to  give disease and pest resistance, increased pro ductivity and new

characteristics (eg. go ats that pro duce milk co ntaining spider silk)

Bacteria to  pro duce medicines e.g. insulin. Additio nally bacterial can be mo dified to

deco mpo se to xic po llutants o r carry o ut large scale chemical pro ductio n

Analogy: Essay Writ ing and Recombinant  DNA

Creating transgenic o rganisms  is rather like co pying and pasting so me text fro m o ne o f yo ur

previo us essays into  the o ne that yo u are currently writing

If yo u believe that the essay that yo u are currently writing can be strengthened by the use o f so me

text fro m ano ther essay that yo u have previo usly written, it is a co mmo n practice to  use the
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co mputer’s co py and paste  functio n to  transfer text in o ne blo ck witho ut having to  retype it

This has similar features to  genetic mo dificatio n in the creatio n o f a transgenic o rganism
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Genetic Modification: Enzymes

Gene t ransf er t o bact eria using plasmids makes use of  rest rict ion endonucleases and
DNA ligase

In o rder fo r an o rganism to  be genetically mo dified the fo llo wing steps must be taken:

Identificatio n o f the DNA f ragment o r gene

Iso latio n o f the desired DNA fragment (either using restrictio n endo nucleases o r reverse

transcriptase)

Multiplicatio n o f the DNA fragment (using po lymerase chain reactio n - PCR)

Transf er into  the o rganism using a vecto r (e.g. plasmids, viruses, lipo so mes)

A plasmid is a small, circular lo o p o f  DNA fo und in the cyto plasm o f bacteria, separate

f ro m its main lo o p  o f DNA

Plasmids fo rm part o f the bacterial geno me

Plasmids are extremely useful in genetic mo dificatio n because o f their small siz e  and

their ability to  be manipulated separately  to  the bacterium's main geno me

Identificatio n o f the cells with the new DNA fragment (by using a marker), which is then clo ned

Geneticists need the fo llo wing 'to o ls' to  mo dify an o rganism:

Enz ymes

Restrictio n endo nucleases  - used to  cut genes at specific base sequences (restrictio n

sites). Different restrictio n enz ymes cut at different restrictio n sites

These can create sticky ends

Ligase  - used to  jo in to gether the cut ends o f DNA by fo rming co valent bo nds and

sealing up nicks where fragments have no t quite been jo ined firmly with co valent bo nds

Reverse transcriptase - used to  build do uble-stranded DNA fro m single-stranded RNA

This DNA is called cDNA (co mplementary DNA)

Vecto rs  - used to  deliver DNA fragments into  a cell

Plasmids  - transfer DNA into  bacteria o r yeast

Viruses  - transfer DNA into  human cells o r bacteria

Lipo so mes  - fuse with cell membranes to  transfer DNA into  cells

Markers  - genes that co de fo r identifiable substances that can be tracked

eg. Fluo rescent

such as green fluo rescent pro tein (GFP) which fluo resces under UV light
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An overview of the steps taken to genetically modify an organism (in this case bacteria are being

genetically modi�ed to produce human insulin)
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NOS: Assessing risks associat ed wit h scient ific research; scient ist s at t empt  t o

assess t he risks associat ed wit h genet ically modified crops or livest ock

There are o bvio us benefits  o f genetically mo dified o rganisms being able to  express useful

genes fo r human gain

Nevertheless, there are so me po tential risks  that this techno lo gy may raise, which scientists (and

so ciety in general) need to  evaluate alo ngside the benefits

Fo r example, there was much co ncern that using micro o rganisms in genetic mo dificatio n

co uld spread patho genic disease mo re widely than had been the case befo re

This has led to  intense debates  between scientists and within wider so ciety  abo ut the ro le that

genetically mo dified cro ps can play in the wo rld

This to pic generates a lo t o f  publicity, so me parts o f it better-info rmed scientifically than

o thers

Scientists must ask:

What are the risks o f  an accident  o r o ther harmful effects o f using GMOs in agriculture?

Ho w dangero us  co uld tho se effects be?

Many scienti�c inno vatio ns, like GMO cro ps, appear at �rst glance to  be a great leap f o rward  to

impro ve the fo rtunes o f humans as a species

Ho wever, the science can be used in ways that are mo rally questio nable  (such as rapid

generatio n o f pro �ts)

This can lead to  unexpected pro blems, as set o ut in the po ssible risks sectio n abo ve

It is impo rtant fo r humans fro m all walks o f life, info rmed by scientists, to :

Co nduct ethical discussio ns

Carry o ut risk-bene�t analysis  and risk assessment

Apply the precautio nary principle

When a disco very raises a signi�cant threat o f harm to  the enviro nment o r human health,

there sho uld be an assumptio n that harm will be caused, until evidence is put fo rward to

the co ntrary

Like all o f science, claims and hypo theses have to  backed up with experimental evidence

Experiments have to  be co ntro lled, reliable  and repeatable  in o rder to  draw meaningful

co nclusio ns

One such example is the e�ect o f Bacillus thuringiensis (Bt) to xin-co ntaining po llen in maiz e

plants, o n the distributio n and health o f mo narch butter�y larvae

Exam T ip

When answering questio ns abo ut genetic mo di�catio n yo u sho uld remember to  include the

names o f any enz ymes (restrictio n endo nucleases, reverse transcriptase, ligase) invo lved and

mentio n that vecto rs  (transfer the desired gene) are also  used.
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Genetic Modification of Crops: Risks & benefits

NOS: Assessing risks associat ed wit h scient ific research - scient ist s at t empt  t o
assess t he risks associat ed wit h genet ically modified crops or livest ock

Altho ugh plants and animals have been genetically mo dified to  pro duce pro teins used in

medicine, the main purpo se fo r genetically mo difying them is to  meet the glo bal demand f o r

f o o d

The benefits o f using genetic mo dificatio n rather than the mo re traditio nal selective breeding

techniques to  so lve the glo bal demand fo r fo o d are:

Organisms with the desired characteristics  are pro duced mo re quickly

All o rganisms  will co ntain the desired characteristic (there is no  chance that recessive allele

may arise in the po pulatio n)

The desired characteristic may co me f ro m a different species/kingdo m

Co mpanies that pro duce genetically mo dified (GM) seed are very skilled  at explaining the

benefits o f their use

The co mpanies make claims abo ut impro ved cro p yields  and reductio n in the use o f chemical

pesticides/herbicides

These claims make go o d sense  at first, in a wo rld where a rapidly gro wing human po pulatio n

needs a reliable supply o f fo o d

Pot ent ial benefit s of  GM crops

Pest-resistant  cro p varieties can be created using genes that pro duce a to xin

This reduces insecticide use o n the cro p

In turn, there is less effect o n no n-pest insects such as bees in the vicinity o f the cro p

Less plo ughing and spraying o f the cro p is required, so  less machinery (and fuel to  run it) is

required

Cro p shelf -lif e  can be impro ved, so  there is less wastage in the supply chain

This makes the land used to  gro w tho se cro ps mo re pro ductive

Cro ps can be made f ro st-resistant  o r dro ught-resistant , allo wing farmers o n relatively po o r

agricultural land to  gro w cro ps and earn a living

Cro ps can be enriched  eg. with vitamins, to  increase their nutritio nal value

Herbicide-resistant cro ps can be created, so  that use o f herbicides eliminates co mpetitio n

f ro m o ther plants

Mo re o f the cro p can gro w as it is no t co mpeting with o ther plants fo r sunlight, space, so il

nutrients etc.

Disease-resistant varieties  can gro w which again, increases cro p yields

Pot ent ial risks of  GM crops
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Many peo ple o bject to  the use o f GMOs in f o o d pro ductio n due to  a lack o f  lo ng-term

research o n the effects o n human health

It is unkno wn whether it will cause allergies o r be to xic o ver time (altho ugh there has been no

evidence to  suggest this wo uld o ccur to  date)

Organic farmers have claimed that the po llen fro m GM cro ps may co ntaminate nearby no n-GM

cro ps  that have been certified as o rganic

Enviro nmentalists are co ncerned abo ut the reductio n in bio diversity  fo r future generatio ns,

caused by mo no cultures  o f GM varieties

There is a theo ry that agricultural mo no cultures are no t sustainable  witho ut heavy use o f

fertilisers

 Cro ps with less genetic diversity are mo re vulnerable to  extinctio n

GM cro ps may beco me weeds o r invade the natural habitats  bo rdering the farmland

Herbicide-resistance genes co uld transfer to  weed plants resulting in "superweeds"

GM cro ps that pro duce to xins may cause harm to  no n-target species like the Mo narch butterflies

The antibio tic-resistance genes that are co mmo nly used as marker genes  in genetic

mo dificatio n co uld transfer to  patho genic o rganisms that wo uld then be untreatable with

antibio tics - "superbug"

Tampering with viral geno mes co uld result in a co mpletely no vel animal virus  that can affect

humans o r cause existing o nes to  beco me mo re harmf ul to  the ho st

This is o nly an issue if the patho gens are able to  escape the lab and enter the wild

Over time mutatio ns may o ccur in the inserted genes  that cause them to  have unwanted effects

o n o rganisms

3.4.4 Cloning

Cloning

Clo nes are gro ups o f genetically identical o rganisms, derived fro m a single o riginal parent cell

A clo ned cell is a cell that is genetically identical to  the cell that it o riginated fro m

Sexual repro ductio n pro duces a z ygo te  when gametes fuse

In a single birth, this z ygo te is no t clo ned and will itself repro duce sexually as an adult

Identical twins are clo nes o f  each o ther as they are fo rmed fro m o ne z ygo te splitting into

two  parts, which each develo ps into  an embryo

Clo nes fo rm naturally  and arti�cially

The simple gardening technique o f taking plant cuttings  relies o n clo ning

Other o rganisms are manipulated to  f o rm multiple clo nes  when gro wn co mmercially eg. large-

scale gro wth o f cro p plants, to  ensure a unifo rm cro p and go o d cro p yields

This ensures that desirable characteristics  appear in the pheno types o f every o rganism
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Cloning: Natural Methods

Many plant species and so me animal species have natural metho ds o f clo ning

Asexual repro ductio n is much less co mmo n in animals  than in plants

So me small animals repro duce asexually by partheno genesis  eg. aphids

The o ther naturally o ccurring incidence o f clo ning in animals is identical twins

Nat ural cloning in plant s

Many metho ds o f clo ning do  no t require seeds  as it is no t sexual repro ductio n that is o ccurring,

it is asexual repro ductio n

A well as runners, plants can pro pagate asexually using tubers, rhiz o mes, bulbs, suckers, and

o ffsets

All mo des o f natural plant clo ning co ntain mo dified stems  that can generate meristem tissue

Po tato  tubers  are swo llen mo dified ro o ts that fo rm eyes  o n their surface

Eyes can spro ut new gro wth (called 'chitting')

The starch sto red in the tuber fuels the early gro wth o f the new plant

Ginger fo rms rhiz o mes, a mo dified stem that gro ws ho riz o ntally undergro und

New gro wth stems fro m no des in the rhiz o me, fo rming new stems  and adventitio us ro o ts

The sectio n used in co o kery is the rhiz o me

Onio ns and garlic fo rm bulbs  that can gro w adventitio us ro o ts undergro und and leafy sho o ts

abo ve gro und

Suckers  are gro wths that appear fro m the ro o t systems o f many trees and shrubs, which can

pro vide meristematic tissue fo r vegetative pro pagatio n

Examples are po plars, cherries and plums

Offsets  are small, virtually co mplete daughter plants that have been asexually pro duced o n the

mo ther plant

Examples are tulips  and lilies
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An example of natural cloning in plants with runners that form adventitious roots

Ident ical t wins

An egg is f ertilised by a sperm as in a singleto n birth

This fo rms a z ygo te

The single z ygo te undergo es a few cell cycles (mito tic divisio ns) to  beco me an embryo

This is why identical twins are referred to  as mo no z ygo tic

At the embryo  stage, the embryo  splits in two ; the exact causes o f this kind o f split are no t well

understo o d

The two  embryo s that fo rm are identical (have exactly the same geno type) and develo p in utero

(i.e. in the uterus) to gether

The result is the birth o f identical o ffspring, always o f the same gender, with identical

pheno types

Because no n-identical twins  are fo rmed fro m separate eggs and sperm, they are no t clo nes
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Identical twins are natural clones when a zygote splits into two parts and each part develops into a

separate embryo

Exam T ip

Altho ugh identical (mo no z ygo tic) twins share the same geno me at the mo ment when the embryo

splits, identical twins are no t clo nes  in the true sense o f the wo rd. Because mutatio ns  o ccur

with every cell cycle, Twin A will po ssess slightly different DNA base sequences to  Twin B at the

time o f birth. The o lder the twins get, the mo re their geno mes beco me dissimilar as mutatio ns

accumulate. They will still lo o k very alike thro ugho ut their lives unless there are large differences

in their enviro nments as they gro w up.
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Cloning: Animals

The pro cess o f embryo  twinning (so metimes called splitting o r fragmentatio n) pro duces

o ffspring that are clo nes o f  each o ther but no t o f their parents

It has been a ro utine pro cedure carried o ut to  bo o st yields o f  livesto ck and pro mo te

desirable characteristics  since the 1980s

The key step is the deliberate divisio n o f  the embryo  into  two  half embryo s

Bo th halves co ntain cells that are pluripo tent

The embryo  is split at aro und the eight-cell stage

These are then inserted into  a surro gate mo ther fo r gestatio n and birth

The surro gate gives birth to  identical twins

In so me cases, embryo s are split into  single identical cells, each o f which can be implanted into  a

separate  surro gate mo ther animal

Altho ugh embryo  twinning guarantees desirable characteristics in the o ffspring, it is no t po ssible

to  predict ho w many o ffspring will be pro duced within a herd o f  livesto ck, so mething o f vital

impo rtance to  a farmer

Embryo twinning of cattle by splitting the embryo
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T herapeut ic cloning

This is a technique designed to  use clo ned cells to  replace dead o r damaged cells  that cause a

lo ss o f functio n in an individual

Embryo s are clo ned as in repro ductive clo ning, but the embryo s are remo ved and subdivided

Each individual embryo  cell is pluripo tent and can be cultured and artificially differentiated  into

any type o f specialised cell

In theo ry, any specialised cell can be derived by this metho d

Crucially, specialised cells with the same geno me as the sufferer can be clo ned and

replaced

An example is replacing specialised brain tissue in sufferers o f Parkinso n's Disease

At present, there is a lo t o f  po tential fo r therapeutic clo ning but little clinical pro gress  has been

made

Cloning: Using Di�erentiated Cells

Metho ds have been develo ped fo r clo ning adult animals using di�erentiated cells

It wo uld be desirable to  clo ne a di�erentiated cell because by then it wo uld be easy to  assess

the o rganism's characteristics and whether any o f its traits were desirable eno ugh to  clo ne

Pluripo tent cells can develo p into  any specialised cell, but it is di�cult to  predict whether,

o nce di�erentiated, they will display desirable characteristics

Di�erentiated cells are mo re di�cult to  clo ne because certain genes have been permanently

switched o � (tho se genes will never be transcribed again) as the cell has develo ped its

specialised ro le

Ho wever, pio neering wo rk o n Xenopus (the African clawed fro g) in the 1950s invo lved:

Remo val o f nuclei fro m Xenopus tadpo les' so matic cells

It was signi�cant that the so matic cell was already fully di�erentiated eg. a skin cell

Insertio n o f these nuclei into  enucleated Xenopus egg cells  (eggs who se o wn nuclei had

been destro yed by UV radiatio n treatment)

This resulted in embryo s that grew, divided and di�erentiated into  f ully-f unctio ning live

tadpo les, and ultimately, adult Xenopus fro gs

Whilst this wo rk was successful, clo ning mammals fro m di�erentiated cells pro ved much mo re

di�cult

The wo rk o n Xenopus fro gs laid the platf o rm fo r the �rst mammal clo ned by nuclear extractio n

It wasn't until the 1990s that the �rst large mammal, Do lly the sheep, was clo ned successfully
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Cloning of Xeno pus frogs by nuclear transfer from a differentiated cell

Somatic Cell Transfer

Product ion of  cloned embryos produced by somat ic cell nuclear t ransf er

This is the metho d made famo us by Do lly the sheep, clo ned in Edinburgh, UK in 1996

Its full name is So matic Cell Nuclear Transf er (SCNT)

Do lly made headlines as being the �rst livesto ck animal to  be created f ro m a clo ne

Three separate animals are required:

The animal being clo ned  (by do nating a cell)

The female to  do nate an egg cell

The surro gate mo ther

Ho w the pro cedure is carried o ut:

The animal to  be clo ned do nates a so matic (bo dy) cell

In Do lly's case, this was an udder cell

The egg cell is extracted fro m the egg do no r and enucleated  (its nucleus is remo ved by

suctio n and discarded)

The nucleus fro m the udder cell is injected into  the enucleated egg cell

The hybrid z ygo te cell is no w treated to  enco urage it  to  divide  by mito sis

The embryo  is implanted into  the surro gate mo ther fo r gestatio n and birth
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Reproductive cloning of animals by somatic cell nuclear transfer
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3.4.5 Skills: Genetic Modification & Biotechnology

Cloning Plants

Design of  an experiment  t o assess one f act or affect ing t he root ing of  st em-cut t ings

Stems can be cut so  that ro o ts develo p  fro m the cut end o f the stem

This is a way o f clo ning plants artificially, used ro utinely by gardeners and ho rticulturalists

In mo st plants, a stem cut belo w a no de  is the ideal place to  cut

A no de is the po sitio n where leaves branch o ff the stem

Leaves belo w this po int are remo ved

The bo tto m sectio n o f the stem is inserted into  co mpo st  o r water

Co mpo st must be sterilised  befo rehand by heating

Co mpo st sho uld be well watered and aerated

Ho rmo ne ro o ting po wder may assist the pro cess o f ro o ting

A plastic bag with ho les cut in it is used to  co ver the plant, to  prevent excessive water lo ss

Ro o ting takes a few weeks until the cutting is ro o ted independently in its so il

The success o f  ro o ting is variable  and can be tested by experimentatio n

Worked example

Design an experiment to  assess the effect o f adding ho rmo ne ro o ting po wder to  a plant cutting

befo re ro o ting.

Step 1: Decide the independent variable

This is what I, as a scientist, alter. This is whether to  use ho rmo ne ro o ting po wder o r no t when planting

o ut cuttings

Step 2: Decide the dependent variable

This is what I will measure at the end o f the experiment. This will be the mass o f ro o t matter fo rmed by

the cuttings. The ro o t matter will be remo ved using a sharp scalpel and weighed o n an accurate lab

balance

Step 3: Ho w will the amo unt o f  ro o t f o rmatio n be measured?

This can invo lve cutting away all the ro o t material and weighing it

Step 4 : What variables sho uld be kept co nstant f o r a valid investigatio n?
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Species o f plant, brand o f co mpo st used, mass o f co mpo st used, the sterilisatio n metho d o f the

co mpo st used, po t siz e, length o f cutting, appro x leaf surface area present, light intensity,

temperature, siz e/material o f the plastic bag, siz e/number o f ho les in the plastic bag and time taken

fo r the gro wth o f plants

Step 5: Ho w many different types o f  plants sho uld be used?

A plant species sho uld be cho sen fo r ro o ting experiments that fo rm ro o ts readily in water o r a so lid

medium. Basil plants (Ocimum basilicum) are readily available, inexpensive and fo rm ro o ts easily

Step 6: Ho w many cuttings sho uld be used f o r each treatment

Ideally, three repeats (minimum) fo r each treatment. This allo ws repeats fo r the identificatio n o f

ano malies and calculatio n o f a reliable mean

Step 7 : Draw o ut a blank results table to  f rame the results

This helps to  refine the experimental design befo re lab wo rk starts

Blank Results Table

Step 8: Data pro cessing

Ho w will I pro cess the data I generate to  give meaningful co nclusio ns?
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Calculate a %  change in the mean mass o f ro o t material fro m using no  ro o ting po wder to  using

ro o ting po wder

Step 9: Impro vements to  the experiment

Drying the ro o t material in an o ven at 50℃ to  determine the dry mass o f ro o t material. This remo ves

variatio n caused by po ssible fluctuatio ns in ro o t tissue’s water co ntent

Co nduct mo re repeats to  impro ve the reliability o f the data

Perfo rm experiments o n different plants o r by using a different brand o f ro o ting

po wder/co mbinatio ns o f plant ho rmo nes
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Analysis of DNA Profiles

In fo rensic investigatio ns, samples o f cells o r bo dily fluids co ntaining DNA have to  be taken fro m

all victims, witnesses  and suspects

Care must be taken no t to  mix up/co ntaminate  samples

Defence lawyers o ften seek to  scrutinise the accuracy o f DNA sampling because the

identificatio n o f a sampling erro r can invalidate evidence  and result in an acquittal

The same pattern o f bands in a specimen left at a crime scene and a po ssible suspect is o ften

eno ugh to  co nvict  that suspect

In paternity investigatio ns, analysis is mo re co mplicated because each band fo und in the child's

DNA pro file must be fo und either in the mo ther's o r the father's DNA

If a child displays a band that is no t displayed by the mo ther o r the man who  is presumed to  be

the f ather, a different man must be that child's father (see page 3.4.2 DNA pro filing)

Worked example

Paternity Investigatio n: Who ’s the Father? – Use the DNA pro files o f all 6 peo ple sho wn to  wo rk

o ut who  the child’s father is

Remember, any band sho wing in the child's pro file must be present in the mo ther OR father's pro file,

OR bo th. If no t, that man is no t the child's father.
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Step 1: Lo o k at the child's first DNA band (labelled 1)

The mo ther po ssesses this same band, so  the child co uld have inherited that DNA fro m its mo ther. It

is therefo re o f no  benefit to  lo o k at whether any o f the men po ssess that band

Step 2: Lo o k at the child's seco nd DNA band (labelled 2)

The mo ther do es no t po ssess this band, so  the child must have inherited it fro m its father. Only men B

and D po ssess this band, so  men A and C are eliminated

Step 3: Lo o k at the child's third DNA band (labelled 3)

As with band 1, the mo ther po ssesses this same band, so  the child co uld have inherited that DNA fro m

its mo ther. It is therefo re o f no  benefit to  lo o k at whether any o f the men po ssess that band

Step 4 : Lo o k at the child's f o urth DNA band (labelled 4 )

The mo ther do es no t po ssess this band, so  the child must have inherited it fro m its father. Only men A,

B and C po ssess this band, but A and C have already been eliminated

Step 5: Co nclude that B is the f ather

Step 6: Lo o k f o r suppo rting evidence f ro m band 6

The mo ther do es no t po ssess this band, and the o nly man who  po ssesses it is B. T his reinf o rces the

co nclusio n that Man B is the child's f ather

Forensic Invest igat ions
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Using DNA profiling in criminal investigations. Suspect 3 has the most fragments in common with the

crime scene DNA so it is likely that Suspect 3 is the culprit.

Assessing the Ecological Risks of GM Crops

Analysis of  dat a on risks t o monarch but t er�ies of  Bt crops

The bacterium Bacillus thuringiensis (o r Bt fo r sho rt) pro duces a natural pro tein to xin that has

insecticide pro perties

Many gro ups o f insects are killed by this to xin including, bees, �ies, beetles  and butter�ies

This causes co nsiderable co llateral damage  to  the surro unding eco system

Farmers gro wing co rn (maiz e) have to  spray their cro p with insecticide to  prevent insect pests

such as co rn bo rers

Co rn has been genetically mo di�ed to  express the Bt to xin gene in all its tissues including its

po llen

This impro ves yields  and greatly reduces the need f o r cro p spraying, so  has bene�ts to

the farmers

One species a�ected by Bt toxin is the monarch butter�y (Danaus

plexippus) 
D. plexippus larvae feed o n milkweed that gro ws in the vicinity o f co rn cro ps

Milkweed that beco mes dusted with po llen that is spread by the wind fro m transgenic co rn

can po iso n the mo narch butter�y larvae, leading to  a reductio n in numbers o f  the butter�y

This e�ect can be investigated by experimentatio n to  examine the e�ects o f gro wing

transgenic Bt to xin co rn
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Experimental set-up to prove the effect of Bt toxin-containing pollen on monarch butterfly larvae

T he Effect o f  Vario us Po llen T ypes o n Mo narch Butterfly Larvae Results Table
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A graph showing the results from the experiment

Result s summary
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The results sho wed that the larvae no t dusted with po llen ate mo re o f the leaves

Of the larvae dusted with po llen, the o nes dusted with no n-GM po llen ate mo re o f the leaves

The survival rate o f the larvae dusted with GM po llen was the lo west o f all three

The mean mass o f larvae at the end o f the study was do uble fo r no n-dusted larvae than fo r tho se

dusted with GM po llen

These data sho w a stro ng link between the use o f  Bt to xin GM cro ps and co llateral damage  to  a

neighbo uring animal species

Considerat ions f or experiment al set up

Co ntro l variables  wo uld be:

The siz e/age o f the larvae at the beginning o f the experiment

Same siz e/area o f leaves used in each experiment

Same species o f larvae/milkweed

Same temperature/illuminatio n/gro wth medium

Same availability o f water

Five repeats  were co mpleted per experiment fo r reliability

Erro r bars  were co nstructed in the data to  demo nstrate a lo w likeliho o d that a link between GM

cro ps and mo narch butterfly po pulatio ns co uld have o ccurred by chance

Exam T ip

Drawing a blank results table  befo re any experiment is a go o d idea fo r a few reaso ns:

1. It helps the scientist to  design the co rrect siz e and sco pe o f the experiment

2. It may pro mpt the scientist to  perfo rm an experimental variatio n that he/she hadn’t tho ught o f

when setting up the initial investigatio n

3. It is neater and mo re systematic fo r reco rding experimental results; hands can get quite

messy when co nducting experiments, especially where plants and so il are invo lved!
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