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B

13 Biotechnology
and bioinformatics

13.1 Microbiology:
organisms in industry
Essential idea: Microorganisms can be used and modified to perform industrial
processes.

The range of microorganisms
Microbes occur in very large numbers, occurring everywhere in the biosphere,
including some in the most hostile and environments (these microorganisms are
called extremophiles). There are many more different species of microorganism
than there are other forms of life. They exist in four groups (Topic 13.1).

Archaea – the
extremophiles

Bacteria
– the true
bacteria

Unicellular
Protoctista –
protozoa and
some algae

Unicellular
fungi

Prokaryotic
/ eukaryotic

prokaryotes

prokaryotes

eukaryotes

eukaryotes

Domain*

Archaebacteria

Eubacteria

Eukarya

Eukarya

Key definition
Biotechnology – the industrial
and commercial application
of biological science,
exploiting organisms – mostly
microorganisms – to produce foods,
drugs, enzymes, or chemicals.

Key definition
Microorganisms – organisms that
are too small to be studied by the
naked eye.

*The classification of living things in ‘domains’ was introduced in Topic 5 (page 146).
The size of these organisms mostly varies within the range 2 μm to several 100 μm.
However, some unicellular organisms studied by microbiologists are macroscopic, for
example, Valonia ventricosa (a green alga) can be up to 5 cm in length.
Table 13.1 The range of microorganisms

Some microorganisms are prokaryotes (such as bacteria and archaebacteria).
n Some microorganisms are eukaryotes (fungi, protozoa, and algae).
The differences between these two types of cell organization are listed in
Table 1.4 (page 13).
n

Microorganisms are metabolically
diverse
■■ The nutrition of microorganisms
Autotrophic – they make their own organic molecules using an external
source of energy.
n Heterotrophic – relying on a supply of ready-made complex food substances.
There are alternative forms of nutrition within these groups (Figure 13.1):
n

nutrition
provides energy to maintain functions and matter to build and repair structures
or
autotrophic nutrition
manufacture of sugars (carbohydrates)
and other metabolites from CO2 and a source of energy
photosynthetic
microorganisms
use energy from
sunlight to
synthesize
food substances

chemosynthetic
microorganisms
use energy from
chemical reactions
to synthesize
food substances

heterotrophic nutrition
the obtaining of nutrients from complex food molecules
(from other organisms and their products) by the process of digestion
saprotrophic microorganisms
secrete enzymes onto external
organic matter (dead
organisms or the products
of organisms) and absorb
the soluble products (nutrients)

parasitic microorganisms
(pathogens) live on or in
a host organism and feed
on the organic matter of the
host causing harm (disease)

Figure 13.1 Classification of microorganisms by nutrition
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Staining properties of the
walls of bacteria
Bacteria can be divided into two groups, depending on how they dye using specific
stains:
n

Gram-positive species: can be stained with crystal violet, becoming purple;
this colouration is not washed away by alcohol

n

Gram-negative species: cannot retain crystal violet dye in their walls once
alcohol is added.

The significance of this discovery is that the effect is due to important differences
in wall chemistry (Figure 13.2).
n

Gram-positive bacteria have a thick layer of peptidoglycan.

n

The layer of peptidoglycan in the wall of Gram-negative bacteria is much
thinner and is covered by an outer envelope of lipopolysaccharide.

n

During Gram staining, crystal violet binds to this lipopolysaccharide but,
when alcohol is added, lipopolysaccharide and crystal violet stain are washed
away in Gram-negative species.

n

In Gram-positive bacteria, the crystal violet stain becomes attached to the
exposed, thick layers of peptidoglycan of the wall and is retained.

Expert tip
You need to know about techniques
for Gram staining of Gram-positive
and Gram-negative bacteria.

The techniques for Gram staining are shown in Figure 13.2. They can be applied
to a smear of bacteria that has been dried onto a microscope slide. Suitable species
include Escherichia coli and Bacillus cereus.
stage 1

stage 2

stage 3

Bacteria in an air-dried
smear on a microscope
slide appear colourless.

The smear is treated with
crystal violet (a basic stain).
All cells appear violet when
the stain is washed from
the slide.

The smear is flooded with
Lugol’s iodine (a mordant
treatment to combine the
dye to those bacteria with
which it will react).

teat pipette

stage 4

The smear is now treated
with a decolourizing solution
of acetone and alcohol –
this removes the violet dye
from the cells with which
it has not reacted.
Gram-positive bacteria
remain purple.

slide supported
over beaker,
bowl or sink

sterile needle/
inoculating loop

peptidoglycan
(giant molecules of
amino acids, sugars
and peptides)
plasma membrane
cytoplasm

stage 5

Finally the red dye safranin
is briefly added as a counterstain – it is taken up by the
colourless bacteria of the
treated smear.
Gram-negative bacteria
now appear red.
Gram-positive bacteria
remain purple.

outer membrane
of lipid and
polysaccharide
(unique to
Gram-negative
bacteria)

section of walls of Gram-positive and Gram-negative bacteria

Figure 13.2 Gram staining, and the differences between Gram-positive and
Gram-negative bacteria

Why microorganisms are
useful in industry
Many industrial chemicals, enzymes, and drugs are obtained from microorganisms
(mainly bacteria and fungi). This is because these organisms:
n

are small and reproduce at a fast rate
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n

may be grown economically, in fermenters (pages 47–50, this chapter)
throughout the year, rather than being limited to a short growing season

n

can be grown on solid or liquid media; in some cases the media is a by-product
or waste product from another industrial process

n

produce large quantities of product (by-products, metabolites or enzymes)
relative to cell mass

n

in the case of extremophiles, have enzymes that are adapted to function under
unusual conditions (e.g. extremes of pH or temperature)

n

relatively simple to modify genetically (e.g. to produce human insulin, Topic 3,
pages 108–110).

Pathway engineering optimizes
regulatory processes in microorganisms
In organisms:
n

A network of biochemical reactions and enzymes converts raw materials into
molecules required for the cell’s survival.

n

Conditions within the cell and its environment may be controlled and
arranged to enable these organisms to produce valuable substances on an
industrial scale in cost effective processes.

n

Valuable substances include beer, wine, cheese, pharmaceuticals, and other
biochemical products.

Microorganisms are cultured in fermenters.
n

Fermenters are used in the large-scale production of biochemical molecules,
such as antibiotics, enzymes, or mycoprotein (fungal protein produced for
human or animal consumption, Figure 13.3).

n

Within the fermenter vessel, growth of the microorganisms typically occurs
in a liquid medium under aerobic conditions, uncontaminated by other
microorganisms. This requires an enclosed and sterilized vessel.

There are two different types of process:
n

Batch culture occurs in an enclosed vessel, into which an initial, fixed
volume of sterilized culture medium has been placed. This is inoculated with
microorganisms.

Key fact
Microorganisms are used in
industry because they are small
and have a fast growth rate.

Key definition
Pathway engineering – the
practice of manipulating genetic
and regulatory processes within
the cells of microorganisms to
produce metabolites of interest.

Key facts
• Pathway engineering optimizes

genetic and regulatory processes
within microorganisms.
• Pathway engineering is
used industrially to produce
metabolites of interest.

Key fact
Fermenters allow large-scale
production of metabolites by
microorganisms.

During the fermentation, nothing is added or removed, apart from the
releasing of waste gases, but the temperature is controlled.
When the nutrients have been depleted, the product is separated out from
the mixture and then purified.
n

Continuous culture differs in that sterilized nutrients are added and product is
removed at a steady rate throughout an extended period of fermentation.

Key fact
Fermentation is carried out by
batch or continuous culture.

Additions and removals are made through valves, ensuring no
contamination by other microorganisms occurs.
Conditions within the fermenter (typically pH, temperature, oxygen
concentration, nutrients, and product levels) are monitored and
maintained at a constant level.
Under these conditions, the microorganisms are maintained at a peak rate
of growth (known as the exponential phase).

Expert tip
Conditions are maintained in
fermenters to ensure that the growth
of the microorganisms being cultured
remain at optimal levels.
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nutrient
input

motor
pH adjustment

exhaust
gas

viewing
point

culture broth
sensors
stirring
paddles
cooling
jacket
sparger –
disperses air
as fine bubbles

water in
commercial fermenter
capacity:
10 000–500 000 litres

Issues for the commercial fermenter:
1 Can aseptic conditions be maintained?
– effective sterilization procedures with large quantities
2 Are the culture broth and microorganisms adequately mixed in bulk?
– effectiveness of mixing paddles
3 Can the heat generated by the microorganisms be dispersed?
– design and operation of the cooling jacket
4 Can aerobic conditions be maintained throughout the broth?
– sparger design and pressure of air supply to deliver small bubbles
5 Is the anti-foam agent effective?
– prevention of excess foam at the top of the fermenter
6 Is the pH adequately detected and maintained?
– early detection of change and its immediate correct adjustment
7 Do the microorganisms function as anticipated so that yield is maintained?
– regular sampling of the broth for build-up of antibiotic concentration

high-pressure
air (sterile)

harvest outlet

Figure 13.3 The large-scale production of the antibiotic penicillin

■■ Factors limiting industrial product in fermenters
Production by microorganisms in fermenters can become limited by:
n

their consumption of raw materials

n

by the accumulation of waste products.

Changing conditions are continuously monitored by probes (sensors). Optimum
conditions must be maintained to prevent a fall-off in productivity.

Key fact
Microorganisms in fermenters
become limited by their own waste
products.

Key fact
Probes are used to monitor
conditions within fermenters.

Use of fermenters
APPLICATIONS

■■ Mass production of penicillin by deep-tank batch

fermentation
Penicillin is produced in closed fermenter vessels under aseptic conditions.
The industrial fermenter is constructed from stainless steel and has a capacity of
thousands of litres. The sterile medium provides:
n

a carbon source (sugars and organic acids)

n

nitrogen sources (NO3– , NH4+ and amino acids)

n

phosphates

n

trace elements.

Key definitions
Penicillin – an antibiotic
produced by the fungus Penicillium
chrysogenum.
Aseptic – without contamination
by any other organism.

Other features of the fermenter:
n

The concentration of dissolved oxygen is maintained by the delivery of sterile,
high-pressure air, dispersed as tiny bubbles.

n

An external cooling jacket removes excess heat – a by-product of the
metabolism of the fungus that is growing intensively under ideal conditions.

n

The contents of the fermenter are continuously stirred.
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The internal environment, including the pH, oxygen, temperature, and
concentration of substrate, are continuously monitored, so they can be
adjusted if necessary (Figure 13.3).

n

In penicillin production:
n

the batch culture process typically lasts 6–8 days

n

over the time of the culture process, there is a characteristic change in the
amount of fungal mass, nutrients, and secondary metabolite (penicillin)
present (Figure 13.4)

n

at the end of this period, liquor is drained from the fermenter, the mycelium is
filtered out and the penicillin solution is purified

n

the antibiotic is later modified in steps known as downstream processing, in
order to improve its performance as an antibiotic (Figure 13.5). Modifications
to the penicillin molecule are carried out by immobilized enzymes (Topic 2,
pages 55–56).
harvesting of product likely at this stage – after this point,
cost of maintenance exceeds return in additional product
fungal
mass
antibiotic
(secondary
product)

fermenter contents (arbitrary units)

48

nutrients

lag
3
time (days)

6

Figure 13.4 Change in nutrients, fungus, and penicillin during batch culture
conversion of antibiotic to a semi-synthetic form which
is more stable, using immobilized enzyme (pellets)

point of product
run-off from
fermenter

spent medium with
dissolved antibiotic

filtration stage – removal
of all microorganisms
present

concentration
of product

filtering,
cleaning,
and drying

packaging

Figure 13.5 Downstream processing in the production of commercial
penicillin for clinical use

■■ How Alexander Fleming discovered penicillin
NATURE OF SCIENCE
Serendipity has led to scientific discoveries – the discovery of penicillin by
Alexander Fleming could be viewed as a chance occurrence.
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Alexander Fleming was studying the bacteria (Staphylococci) that cause boils and
sore throats.
n

When examining some old bacteriological plates, he found one in which
a fungal colony had accidentally contaminated the plate and become
established.

n

This chance discovery was made in 1928.

n

The fungus was identified as Penicillium notatum.

n

In areas where the fungus was found, the bacteria had died back.

n

Fleming cultured the mould in a broth, and he confirmed that a chemical
from it killed bacteria (i.e. was bactericidal) – he named this substance
penicillin.

n

He found, also, that penicillin did not injure human body cells. He thought
penicillin could be useful as a local antiseptic.

Expert tip
At the time of Fleming’s work, there
were no chemical methods available
for the preparation of concentrated
penicillin. When the Second World
War started in 1939, there was a
rapidly rising demand for an effective
treatment for infected wounds. The
leading figures in the development of
penicillin for this purpose were Harold
Walter Florey and Ernst Boris Chain.
Fleming, Florey, and Chain received
the Nobel Prize in 1945. Both Florey
and Chain had worked on penicillin
and other antibiotics after Fleming’s
initial discovery; Fleming had taken
no part in the development of
penicillin as a medicine.

Figure 13.6 Fleming at the time of the discovery of penicillin, and a
photograph of his Petri dish contaminated by a mysterious mould that had
inhibited the growth of bacteria

APPLICATIONS

■■ Citric acid production by continuous culture
Expert tip
• Citric acid (citrate) is used in preserves, drinks, and sweets, and in other
manufactured foods, mostly as a flavour enhancer and as an anti-oxidant.

Expert tip
Citric acid can be produced in
a continuous fermenter using
Aspergillus niger. Citric acid is used as
a preservative and in flavouring.

• It is a component of cosmetics and pharmaceuticals, where it may be added to
adjust the pH.
• In heavy industries its ability to bind with metals is exploited in various ways,
and it is also used in the tanning of leather.

Citrate is one of several organic acids that are manufactured microbially.
n

Waste carbohydrate liquor, typically molasses from sugar refining, is cultured in
continuous culture fermenter systems with the fungus Aspergillus niger.

n

Citrate is an intermediate of the Krebs cycle (Figure 8.9, page 226), so the fungus
not only produces this acid, but naturally metabolizes it too.

n

Further conversion of citrate is slowed (by the exclusion of Fe2+ ions from the
culture medium).

n

Citrate accumulates and is extracted from the medium that is continuously
withdrawn from the fermenter (Figure 13.7).
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Medium
components:
molasses
salts
water

CO2 out
medium
blending

sterilization
step
circulation of
medium and
mycelium

sensors

selected
Aspergillus niger
strain added to
fermenter during
initial charging

input of air
fresh culture
medium

fermenter (continuous, air-lift type)

heat exchange
to maintain
constant
temperature

reclaim of citric
acid (purified) by
addition of
inorganic acid

calcium citrate
precipitate

provision
of heat/
power to
bioreactor

continuous harvesting
of medium and fungal
mycelium

excess Ca2+
ions added
to filtrate

organic
impurities

methane
to power
house

filtration
of mycelium

anaerobic
digester

Figure 13.7 Citric acid production in a continuous culture fermenter

Experiments showing zone of
inhibition of bacterial growth by
bactericides in sterile bacterial cultures
A mast ring can be added to a pre-prepared bacterial ‘lawn’ of a known species of
bacteria. Each (colour coded) arm of the ring is impregnated with a different antibiotic.
Expert tip
‘lawn’ of
bacterium
under test

In Figure 13.8, there is evidence that
growth of this bacterium is more
sensitive to certain antibiotics (e.g.
CM, A) than to others (e.g. S, I).
Antibiotics are contained in the arms
of the mast ring so that sensitivity
to many antibiotics may be tested
simultaneously.

I

S

PC

S

mast ring

M

PI
T

CM

A

region where
bacteria have
been killed

C
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Figure 13.8 Investigating sensitivity to antibiotics
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When carrying out this demonstration:
n

aseptic techniques are essential

n

ensure the whole of the agar surface is covered with bacterial suspension

n

place the mast ring centrally on the agar, using sterile forceps

n

seal the dish with sticky tape and incubate it, inverted.

APPLICATIONS

The production of biogas
Biogas fermenters (Figure 13.9) can use animal dung and/or agricultural waste,
as well as crops. The material is fermented anaerobically. Simple digesters
normally need to be operated in climates where the contents will be at or above a
temperature of 15°C, for satisfactory fermentation to occur.

Expert tip
Biogas is produced by bacteria and
archaeans from organic matter in
fermenters.

Expert tip
Oil, gas, and coal are known as ‘fossil fuels’, because they were laid down during
the Carboniferous period of Earth’s history. Our current dependence on fossil
fuels generates problems because:
• they are expensive when bought in from sources at a distance
• they are non-renewable sources of energy; stocks will eventually run out
• burning of fossil fuels releases into the atmosphere carbon dioxide gas that has
been locked away for over 300 million years. Consequently, the carbon dioxide
concentration of the Earth’s atmosphere is rising.
To tackle the issues associated with burning fossil fuels, there are good economic
and environmental reasons for developing fuels that are derived from organic
waste matter or from recently grown crops (‘biomass’). Microorganisms are
involved in fuel production from biomass.

A succession of microorganism communities brings about the following reactions:
n

organic waste is converted into a mixture of organic acids, hydrogen, and
carbon dioxide by eubacteria

n

the organic acids and alcohol are converted into acetate, carbon dioxide, and
hydrogen, also by eubacteria

n

bacteria known as methanogens, such as Methanobacterium and certain
archaean species, then produce methane by reducing carbon dioxide with
hydrogen gas:
CO2 + 4H2 ➞ CH4 + 2H2O
and by converting ethanoic acid into methane and carbon dioxide:
CH3COOH ➞ CH4 + CO2

The ‘biogas’ formed is about
n

50–80% methane

n

15–45% carbon dioxide

n

5% water vapour.

The biogas compares well with ‘natural gas’ (from oil and gas fields), which is
about 80% methane. Biogas is used by the local community for cooking, lighting,
electricity generators, and sometimes as tractor fuel. These simple digester plants
may work well, but remain sensitive to pollutants, such as detergents and heavy
metal ions. Consequently, the gas supply may be erratic.
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methane and carbon dioxide
mixture (biogas) collects here
with water vapour

biogas drawn off here
spent organic matter
forced out to this
trough

trough for
addition of fresh
agricultural
waste/dung

drainage point for
condensation

anaerobic
conditions

fermenter vessel
at a favourable
temperature
(about 15°C+)
to maintain
metabolism
of bacteria

Figure 13.9 Biogas plant, in theory and in use

Production of biogas in a
small-scale fermenter
It is possible to design and test a small-scale biogas fermenter:
n

The fermenter can be assembled from a 2 litre plastic drinks bottle.

n

The top of the bottle is cut round where it joins the cylindrical sides of the
bottle, and then trimmed so that it will just slot inside, down the bottle. In
this way, the volume of air present is reduced significantly.

n

A balloon, made from polyester sheet or nylon, is attached to the threaded
neck of the top, making an air-tight connection.

n

The remainder of the bottle is packed with moist, green plant waste (such as
grass cuttings) and the lid with empty balloon slid down onto the plant matter.

n

Pressure should be maintained on the lid, making a tight fit that excludes as
much air as possible – sealed by tape if appropriate.

n

This biogas plant needs to be kept warm, long enough for the plant matter to
decay anaerobically. When this happens, the balloon starts to inflate.

The effect of temperature on decomposition can be illustrated by investigating
identical fermenters that are subjected to differing environmental conditions.
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■ QUICK CHECK QUESTIONS
1

State an intermediate of respiration that is common to the aerobic and
anaerobic pathways.

2

Most ATP in the cells of aerobic organisms is formed during the terminal
oxidative stage. Explain how obligate anaerobes obtain ATP.

3

Figure 13.10 shows the results of an experiment investigating inhibition of
bacterial growth by bactericides on sterile bacterial cultures. Analyse the
results and then explain your conclusions.

‘lawn’ of
bacterium
under test

I

S

PC

mast ring

S
M

PI
T

CM

A

C
region where
bacteria have
been killed

Figure 13.10 Investigating sensitivity to antibiotics

13.2 Biotechnology in agriculture
Essential idea: Crops can be modified to increase yields and to obtain novel products.

Transgenic organisms – the
product of genetic engineering
n

These additional proteins, many of them enzymes, cause significant
change in the growth, productivity (crop yield) or survival potential of the
modified plant. Consequently, this technology has important applications in
agriculture.

n

Many commercially valuable plant species have been genetically engineered
and field trials have been undertaken. The crops most commonly involved are
cotton, tobacco, oilseed rape, maize, potatoes, soya, and tomatoes.

n

Genetically modified crop plants can be used to overcome environmental
resistance (specific unfavourable environmental factors), increasing crop yield.

Increased crop yield is achieved by:
n

n

reducing competition from weed species through the introduction of tolerance
to applied herbicides; weeds are killed without harming the crop plants
engineering resistance to insect pests, so that the crop plant tissue contains a
naturally occurring toxin that is lethal to insects but harmless to other animal
species

Key definitions
Transgenic organisms – produce
in their cells, proteins that were
not previously part of their species
proteome.
Genetic engineering – involves
the transfer of a gene or genes
from one organism (the donor) to
another (the recipient). The result
is a genetically modified (GM)
organism.
Proteome – the entire set of
proteins expressed by the genome
of the individual organism.

Key fact
Transgenic organisms produce
proteins that were not previously
part of their species’ proteome.

Key fact
Genetic modification can be
used to overcome environmental
resistance to increase crop yields.

Biology for the IB Diploma Study and Revision Guide © Andrew Davis and C. J. Clegg 2017

53

54

Option B 13 Biotechnology and bioinformatics
n

engineering resistance to viral disease and to infection by other pathogens in
the crop plant

n

engineering resistance to unfavourable abiotic factors, e.g. the ability of peanut
plants to grow in saline soils that would otherwise limit plant growth.

■■ Techniques of handling recombinant DNA
When plants are being genetically modified, the recombinant DNA may be taken
up into a chromosome or, alternatively, into chloroplast (plastid) DNA
(see Topic 3, page 108).
n

Genes transferred directly into the DNA of chloroplasts will not be present in
the pollen produced by the transgenic host plant in future (pollen grains do
not contain chloroplasts).

n

The transferred gene will not be able to accidentally ‘escape’ into other, related
species.

n

This technique offers an advantage when responding to critics of GM modification.

■■ Different methods of genetic transformation
There are several different methods that can be used to introduce recombinant DNA:

■■ Physical methods:
n Electroporation – an external electric field is applied to cells, leading to the
temporary formation of pores in the plasma membranes. This may allow
recombinant DNA to enter.
n

Microinjection – a needle is used to inject recombinant DNA directly into an
egg cell, while held by mild suction using a micropipette.

n

Biolistics – a biolistic machine ‘fires’ genes into tissues. The recombinant
DNA is coated onto tiny gold or tungsten ‘bullets’. Some cells successfully
take up the genes.

■■ Chemical methods:
Calcium chloride treatment – cells, typically prokaryotic cells, are suspended
in chilled calcium chloride solution and then briefly subjected to ‘heat shock’.
This induces plasmids with recombinant DNA to enter the cells.

n

n

Via liposomes – lipid bilayer vesicles, prepared to contain recombinant DNA,
may fuse with the plasma membranes of cells, delivering the DNA and leading
to the possibility of genetic transformation.

■■ Vectors:
Vectors can be used, such as the Ti plasmid (Figure 13.11) or by the fusion of
protoplasts (Figure 9.16, page 255).

Genetically modified crop plants can
be used to produce novel products
APPLICATIONS

Key definition
Recombinant DNA – DNA that
has been artificially changed,
involving joining together genes
from different sources, typically
from different species.

Key fact
• Recombinant DNA must be

inserted into the plant cell and
taken up by its chromosome or
chloroplast DNA.
• Recombinant DNA can be
introduced into whole plants,
leaf discs or protoplasts.
Expert tip
The only physical methods you
need to know of introducing genes
into plants are electroporation,
microinjection, and biolistics
(gunshot).

Expert tip
The only chemical methods you
need to know for introducing genes
into plants are calcium chloride and
liposomes.

Expert tip
The only vectors you need to know
are Agrobacterium tumefaciens and
tobacco mosaic virus.

Key fact
Recombinant DNA can be
introduced by direct physical and
chemical methods or indirectly by
vectors.

Key definition
Glyphosate – a systemic herbicide
used to kill weeds in crops.

■■ Glyphosate resistance in soya
A gene for resistance to glyphosate has been engineered into several crop plants.
n

The gene is taken from soil-inhabiting bacteria (see below), which were found
to break down the herbicide.

n

When the GM crop is sprayed to kill competing weeds, the crop is not harmed.

n

This approach reduces the amount of ploughing required to keep crops weedfree and makes the land highly productive for the grower.

Expert tip
Tumour-inducing (Ti) plasmid of
Agrobacterium tumefaciens can
be used to introduce glyphosate
resistance into soybean crops.
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Transgenic flowering plants are produced using tumour-forming Agrobacterium
tumefaciens as a vector.
n
n
n
n
n

This soil-inhabiting bacterium sometimes invades plants at the junction of
stem and root, forming a huge growth called a tumour or crown gall.
The gene for tumour formation occurs in a plasmid in the bacterium, known
as a Ti plasmid.
Useful genes, such as that for resistance to glyphosate, may be added to this
plasmid, using restriction enzyme and ligase (Topic 3, pages 108–109).
The recombinant plasmids are reintroduced into Agrobacterium.
When a host crop plant, such as soya, is infected by the modified bacterium,
the cells of the crown gall formed contain the useful gene. When that gall
tissue is later cultured into independent plants, all the plants also carry the
gene for glyphosate resistance.

crown gall
on plant
caused by
Agrobacterium
tumefaciens

bacterium
extracted
tumour-inducing gene

photograph of crown gall formed at soil level
bacterium with Ti plasmid

bacterium with Ti plasmid with
gene for infection of plant cells
restriction enzyme used
to cut the extracted plasmids
and a useful gene (e.g. virus
resistance) from another
flowering plant

gene for infection
of the host plant
tumour-inducing gene cut by restriction
enzyme (inactivating that gene)

cut plasmid and useful gene
annealed by ligase
recombinant plasmid returned
to Agrobacterium tumefaciens

plant to be engineered to
carry the useful gene is
infected by recombinant
Agrobacterium tumefaciens
later
flowering plant tissue (now with useful
gene) is cultured on agar plate with
nutrients and growth hormones

shoots propagated to form
independent plants with
root systems: all the plants
formed are clones, carrying
the new useful gene

plant tissue develops into numerous
shoots of new host

Figure 13.11 Transgenic soya plant via the Ti plasmid of Agrobacterium
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■■ The environmental impact of glyphosate-tolerant soybeans
NATURE OF SCIENCE
Assessing risks and benefits associated with scientific research – scientists need
to evaluate the potential of herbicide resistance genes escaping into the wild
population.
Transgenic glyphosate-tolerant crops were first introduced in 1996, and have
been widely adopted in some countries, particularly in the USA and South
America. Glyphosate-tolerant is also referred to as glyphosate-resistant (GR).
The development of GR crops has been largely restricted to four plants: soybean,
cotton, maize and oil-seed rape (canola). Risks and benefits need to be evaluated
before experiments are carried out, such as the risk of herbicide resistance genes
escaping into the wild population.
APPLICATIONS

■■ Production of hepatitis B vaccine in tobacco plants
Infection of hepatitis B can be avoided by vaccination. The vaccine can be
synthesized in cells of the tobacco plant (Nicotiana sylvestris).
n

The hepatitis gene that codes for the antigen that stimulates the immune
response is introduced into the host plant.

n

The vector used to transfer the gene is the tobacco mosaic virus (TMV)
(see Figure 13.12).

healthy leaves

infected leaves

Expert tip
Genetic modification of tobacco
mosaic virus to allow bulk production
of Hepatitis B vaccine in tobacco
plants.

Key definition
Hepatitis B – a disease of the liver
caused by a virus.

Electron micrograph of TVM, negatively stained with the salt of
a heavy metal (tungsten), leaving the virus particles light against the dark
(electron opaque) surroundings
virus in side view shows
hollow tube construction

end view of virus
In leaf cells most proteins are part of
chloroplasts. When TMV infects cells,
proteins and amino acids are used up
in building new virus particles.
Chloroplasts are broken down and
protein coat of polypeptide
the leaves become yellow (chlorotic) building blocks (capsids)
arranged in a spiral around
the canal containing RNA

3’
position
of RNA
5’

enlarged drawing of part of the virus

arrangement of single
strand of RNA in TMV

Figure 13.12 Tobacco mosaic virus (TMV)

To produce vaccine within the cells of the leaves of the tobacco plant:
n

The TMV is genetically engineered to carry the hepatitis gene coding for the
specific antigen that stimulates the immune response.

n

Once the host plant has been infected with the GM-TMV, the antigen is
replicated in quantity, along with the TMV virus particles.

n

The vaccine is prepared from extracts of the infected tobacco leaves.

Plant viruses commonly enter a host cell when it is damaged in some way, such as
when attacked by aphids.
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APPLICATIONS

■■ Production of Amflora potato (Solanum tuberosum)

for paper and adhesive industries
Two forms of starch are present in potato:
n

Amylopectin (the branched form – Topic 2, page 45): results in the useful industrial
properties of starch (e.g. adhesives, textiles, papers and construction materials)

n

Amylose (the unbranched form): forms a gel which makes ‘dissolved’ potato
starch unstable.

Key definition
gbss – a gene responsible for the
enzymic machinery in potato cells
that catalyses the synthesis of
amylose.

Amflora potato has been genetically engineered to contain only amylopectin by
shutting down the production of the gbss enzyme.
n

This is achieved by the introduction of an additional gbss gene.

n

The additional gene suppresses the expression of the natural gbss gene, by
causing the breakdown of the gbss mRNA molecules while they are on their
way to ribosomes in the cytoplasm.

n

This prevents the critical gbss pathway enzyme from being translated.

This genetic modification of the potato is brought about with the aid of plasmids
from the bacterium Agrobacterium tumefaciens, in a similar way to that shown in
Figure 13.11.
n

The gbss gene is inserted into a bacterial plasmid, together with the nptll gene
(which confers resistance to the antibiotic kanamycin). This is present as a ‘marker’.

n

The modified plasmids are returned to the bacterium and, then, into potato
plant cells (Figure 13.11).

Target genes and the control
of gene expression
A target gene is a gene of experimental study or biological importance. In the
examples discussed so far, target genes are linked to other sequences which control
gene expression. Typically, the additional sequences required are:

Expert tip
• Not all of the extracted plasmids
are successfully genetically
modified, so not all of the plant
cells contain the additional genes.
• By growing the potato tissue on
a culture medium in which the
antibiotic kanamycin is present,
only plants carrying the nptll gene
(alongside the gbss gene) develop.
In this way, the genetic engineer
selects only GM potato plants.

Key definition
Target gene – a desired gene,
transferred by the genetic
engineer.

n

a eukaryotic promoter inserted ‘upstream’ of the target gene; the presence of
this sequence ensures that the target gene is expressed

n

a eukaryotic terminator downstream of the target, to terminate transcription of
the target gene – in effect, a reinforcement of the stop codon

Key facts

a recognition sequence or marker gene, to provide confirmation that uptake of
the target gene has occurred.

other sequences that control its
expression.
• Marker genes are used to
indicate successful uptake.

n

For example, a gene conferring antibiotic resistance can be used to select
transformed plasmids in the transformation of E. coli cells to manufacture
human insulin.

• The target gene is linked to

The same R-plasmid is used in the production of transgenic soya
(Figure 13.11).
Another example of a marker gene is the nptll gene, the use of which is
described in the Expert tip box above.

■■ The role of bioinformatics in identifying target genes
Bioinformatics techniques can play a role in identifying target genes. When the
DNA of an organism has been sequenced, the next stage is identification of genes.
This search process begins with computer scanning of the DNA sequence for the
presence of an open reading frame (ORF).
n

An ORF is a long base sequence, found between a start codon (ATG) and one
of the stop codons (TGA, TAG or TAA).

Key definition
Bioinformatics – the storage,
manipulation, and analysis
of biological information via
computer science.
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n

It is a sequence of nucleotides that contains no termination codons within,
and so can potentially translate into a polypeptide.

n

ORFs typically consist of at least 100 codons (300 nucleotides).

Expert tip

■■ Finding open reading frames

A significant length of DNA for
an open reading frame contains
sufficient nucleotides to code for a
polypeptide chain.

Once a long base sequence lacking any stop codons has been located, the actual
gene within has to be identified. An example of an ORF and the amino acid
sequence it encodes is shown in Figure 13.13.

Key fact

An open reading frame starts with A T G (= Met)
and ends with a stop codon (T A A, T A G or T G A).
3’
5’
ATGCCCAAGCTGAATAGCGTAGAGGGGTTTTCATCATTTGAGGACGATGTATAA

An open reading frame is a
significant length of DNA from a
start codon to a stop codon.

ATG CCC AAG CTG AAT AGC GTA GAG GGG TTT TCA TCA TTT GAG GAC GAT GTA TAA
M
P
K
L
N
S
V
E
G
F
S
S
F
E
D
D
V
(The amino acid coded by each codon is represented by a single letter, here.)

Figure 13.13 Examining an open reading frame (ORF)

Key fact

■■ Bioinformatics and the search for similar sequences

Bioinformatics plays a role in
identifying target genes.

or target genes
When an ORF has been identified, a genetic engineer can search through
appropriate databases to see if a similar nucleotide sequence exists in other species.
This is known as a BLAST search (Basic Local Alignment Search Tool, page 74,
this chapter). If the ORF sequence is commonly encountered in other organisms,
it is more likely to represent a gene.
A BLASTx search interrogates a protein database, using the translated sequence
of the ORF, in order to identify a matching protein. In the reverse situation, an
amino acid sequence can be analysed for a tBLASTn search of genomes. This
locates potential genes that could have been transcribed to form the protein.

Key definition
BLAST – an acronym for Basic
Local Alignment Search Tool.

■ QUICK CHECK QUESTIONS
1

Explain why it is that a genetically modified plant may contain proteins that were not previously part of their species’ proteome.

2

Explain the term ‘target gene’ within the context of genetic modification and describe the roles of the other sequences
normally linked to a target gene in order to control gene expression.

3

Outline the nature of open reading frames (ORFs) and their relevance in bioinformatics.

4

From the graphs in Figure 13.14 you can see that, from the outset, the adoption of GR soybean in the US was rapid in
terms of percentage of cultivated land occupied by the crop.
a

Describe the effect of this change on method of soil tillage used for soybean crops in the period 1996 to 2001, and
suggest why it occurred.

b Explain to what extent the data on land tillage for GR soybean crops in 2006 support the idea that further
significant change in soybean crop production had occurred.
c

Outline the risks and benefits associated with glyphosate-tolerant soybeans.
12
area of soybean crop (million hectares)

58

11
10

no tillage
reduced tillage
conventional tillage

9
8
7
6
5
4
3
2
1
0

1996

years

2001

Figure 13.14 An environmental impact of the cultivation of glyphosate-tolerant soybean crops
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5

A length of DNA was sequenced and found to contain an ORF of significant length (Figure 13.15).

TGCCATGCCCAATGTAGGGTCATTTGTTCAACG
ACACGGTTGCTACCGTGAAATTCCCGAGGTTGCG
GAACGTTTCTACGACTTCAGGACGTAAAGAGGGTGAC
Figure 13.15 A short base sequence found to contain an ORF of
significant length
a

How many codons are there before a start codon?

b How many stop codons are present?
c

How many codons are there within the longest ORF?

d How many amino acids are coded within the ORF?
Using the genetic code in Figure 2.39 (page 65), identify the amino acid coded for by these codons:
e

CCC

f

TGC

g GGG
h TCA

13.3 Environmental protection
Essential idea: Biotechnology can be used in the prevention and mitigation of
contamination from industrial, agricultural, and municipal wastes.

Responses to pollution
Pollution results when contaminants that have harmful effects are discharged into
the natural environment.
n

Adverse outcomes can be highly significant for the environment, causing
ecological disruption.

n

Corrective responses to pollution are summarized in Table 13.2.

Bioremediation
microorganisms are used to remove environmental contaminants, combined with physical
and chemical procedures
Physical procedures

Chemical procedures

detergents and dispersants are
deployed on oil spills

contaminants can be burnt, removed by
dissolving, or destroyed by oxidation

Table 13.2 Remedial responses to pollution

Microorganisms are used
in bioremediation
Microorganisms (bacteria and archaeans) have significant impacts on their
environments because of:
n

their numbers

n

their tendency to multiply very quickly

n

their widely varying forms of nutrition and metabolism.

Key definition
Bioremediation – the process of
exploiting microorganisms in the
removal of pollutants from the
environment.

There are four categories of microorganisms based on their environmental
impacts: producers, nitrogen fixers, denitrifying bacteria and decomposers
(Table 13.3).

Biology for the IB Diploma Study and Revision Guide © Andrew Davis and C. J. Clegg 2017

59

60

Option B 13 Biotechnology and bioinformatics
producers

photosynthetic bacteria such as cyanobacteria

nitrogen-fixers

free-living and symbiotic N-fixing bacteria

produce sugar and oxygen from CO2, using light energy
convert nitrogen gas from the atmosphere to ammonia, using
energy from sunlight (free-living N-fixers) or energy from sugar
obtained from a host (symbiotic N-fixers)
denitrifying bacteria

free-living bacteria
reduce nitrates and nitrites to nitrogen gas

decomposers

saprotrophic bacteria (and fungi)
break down dead organic matter and waste matter from organisms
to CO2, H2O and ions

Table 13.3 Roles of microorganisms in the environment

■■ Chemoheterotrophy
Many bacteria belong in the huge group of microorganisms that decompose
organic matter, ultimately enabling the recycling of nutrients for the benefit of the
remainder of the food chain.
Decomposer activity is involved in the removal of engine oils that commonly drip
from machines and engines, cars, and other vehicles. These deposits are normally
degraded by naturally occurring (chemoheterotrophic) bacteria. A wide range of
naturally occurring and ubiquitous prokaryotes and unicellular eukaryotes are able
to hydrolyse and oxidize mineral oil to carbon dioxide.
APPLICATIONS

■■ Species of Pseudomonas and oil degradation

Key fact
Responses to pollution incidents
can involve bioremediation
combined with physical and
chemical procedures.

Key definition
Chemoheterotrophy – form of
nutrition in which organisms
obtain their nutrients from
molecules taken in from the
environment. In this form of
heterotrophy, complex organic
molecules are the source of food.

Key fact
Some pollutants are metabolized
by microorganisms.

Bacteria of the Pseudomonas genus are the most efficient of the hydrocarbondegrading microorganisms.
n

Pseudomonas aeruginosa, which is widespread in the environment, can utilize
crude oils as its sole carbon source.

n

Its efficiency in oil degradation is greatly improved by the presence of a
surfactant.

n

Certain strains of P. aeruginosa synthesize their own surfactants
(rhamnolipids), and this increases their usefulness to the industries concerned
with bioremediation.
P. aeruginosa can also become an opportunistic human pathogen, causing
serious infections.
Pseudomonas putida, however, is an entirely safe microorganism that has a
very diverse metabolism and the ability to degrade a wide range of organic
solvents. It has been used widely in bioremediation work.

APPLICATIONS

■■ Degradation of benzene
Benzene is a natural constituent of crude oil. Oil is a pollutant:
n

Large quantities of oily water are a by-product of oil exploration sites.

n

Many hyper-saline environments, such as salt lakes and salt marshes, have
become contaminated with hydrocarbons released by the activities of the oil
industry.

Key fact
Microorganisms are used in
bioremediation.
Expert tip
Halophilic bacteria such as
Marinobacter are used in the
degradations of benzene.

Key definition
Benzene – a cyclic hydrocarbon of
molecular formula C6H6.
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The presence of salt in these polluted waters inhibits many species of bacteria that
would otherwise degrade the oil. However, species of Marinobacter are halophilic
(‘salt-loving’) organisms that can degrade benzene and other highly toxic organic
solvents.
APPLICATIONS

■■ Conversion of methyl mercury to elemental

mercury
Mercury exists in three forms:
n

elemental mercury (used in thermometers)

n

inorganic mercury ions (such as mercuric chloride)

n

organic mercury (methyl mercury, CH3Hg).

Expert tip
Pseudomonas can be used to convert
methyl mercury into elemental
mercury.

The most toxic form of mercury is methyl mercury. This compound is formed
naturally in the environment from inorganic mercury ions.
n

The conversion of mercury metal to methyl mercury is brought about by
populations of naturally occurring bacteria in wetlands, lakes, and newly
flooded reservoirs.

n

Methyl mercury then moves through aquatic food chains, accumulating in fish
(and in fish-eating birds).

Pseudomonas putida can degrade methyl mercury to methane and elemental
mercury.

■■ Physical bioremediation
Crude oil escapes from damaged tankers and pipelines, seeps from marine and
coastal installations, and is flushed from tankers when ballast water is pumped
out. The oil floats on water as a slick, harming wildlife – including marine
birdlife.
Crude oil contains hydrocarbon pollutants which destroy seaweeds, molluscs, and
crustaceans, when oil slicks are driven onto rocky shores.
Physical methods of remediation include:
n

pumping the surface oil slick (an expensive procedure)

n

re-extraction of the oil.

Chemical methods can also be used, such as the use of dispersants, although
these methods, while removing the crude oil scum from sight, has been found to
do harm to the whole marine food chain. Many dispersants are toxic and nonbiodegradable.
Expert tip
As well as physical bioremediation, oil spills can be dispersed by bacterial
decomposition, because crude oil is biodegradable. This natural removal of
oil slicks may be speeded up by spraying with essential inorganic nutrients,
chiefly phosphates and nitrates, which aid the saprotrophic bacteria, enhancing
bacteriological oxidation.
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Biofilms – cooperative aggregates
of microorganisms

Key definition
Biofilm – microorganisms that
are stuck to each other and,
usually, to a surface; frequently
embedded in and held by a
polysaccharide matrix, secreted by
the cells of the biofilm.

A range of different biofilms and venues have been identified (Figure 13.16).

on aquatic and
marine oil spills –
eliminating
the hydrocarbon
pollutants

lining the inside
water and sewage
pipes – harmfully
causing corrosion
or clogging

in microbial
fuel cells
generating
electricity from
organic waste

attached to the
hulls of boats – the
surface for
attachment of
barnacles

in sewage-treatment
plants – digesting
organic matter

on sand filters –
removing organic
pollutants from
drinking water

biofilms

on roots of
plants – N-fixing
bacteria providing
combined nitrogen

venues
and
consequences
lining the inside
of water-system
pipes (cooling/
heating systems) –
reducing heat
transfer
lining off-shore
gas and oil
installations
pipes – causing
metal corrosion

on the surface
of teeth, forming
dental plaque,
leading to tooth
decay and gum
disease

on rocks and
pebbles – grazed
by aquatic
non-vertebrates
(part of the food
chain)
as layers of
ancient stromatolites
in shallow waters –
diverse communities
of microorganisms

Figure 13.16 Examples of biofilms

Biofilms start to form when free-floating microorganisms, such as bacteria, arrange
themselves in clusters and, then, attach to a surface by cell adhesion structures
called pilli (Figure 1.4, page 13).

Expert tip
Biofilms can also form on the surfaces
of liquids.

n

Sometimes, the communities that form consist of many different species but
may also consist of only a few species or of a single species.

n

Cells signal to each other and, typically, start to form a complex colony.

n

The complexity of colonies lies in the relationships that may develop between
the cells.

n

A matrix may be secreted.

Key fact

n

Pores and channels form, allowing nutrients to reach biomass.

Cooperative aggregates of
microorganisms can form biofilms.

■■ Biofilms – emergent properties
Emergent properties arise from the interactions of the organisms forming the biofilm.
Typically, these properties are not shown by the individual cells on their own.
Emergent properties include:
n

the ability to organize individual cells to form a complex structure

n

the secretion of a chemical, known as extracellular polymeric substance (EPS)
– the matrix that holds the colony together

n

the formation of channels within the colony that facilitate water flow there

n

increased resistance to antibiotics and increased virulence

n

signalling between members of the colony.

Key fact
Biofilms possess emergent
properties.
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n■ Biofilms and resistance to antimicrobial agents
The microorganisms growing within the biofilm become highly resistant to
antimicrobial/antibiotic agents (hospital infections are frequently caused by biofilms).
n

The EPS matrix between the cells plays a key part in this resistance, since it
provides a physical barrier to the entry of the agent.

n

Additionally, within a biofilm, the cells may be active but not necessarily engaged
in cell division. Many agents deployed against microorganisms have their impacts
on the dividing cell, and so fail to harm these inner parts of the biofilm.

Key fact
Microorganisms growing in a
biofilm are highly resistant to
antimicrobial agents.

The discovery of the structure of biofilms
NATURE OF SCIENCE
Developments in scientific research follow improvements in apparatus – using
tools such as the laser scanning microscope has led researchers to deeper
understanding of the structure of biofilms.
The discovery of the structure of biofilms resulted from an improvement in
apparatus.
n

Confocal scanning laser microscopy (CSLM) uses an extremely fine laser
beam, combined with an optical scanning system.

n

The instrument permits relatively thin films and structures to be observed at
depths of 1 μm or less.

n

During each observation, any structures (such as cells lying above and below
this plane of focus in a biofilm) are not visible at all. The combining of views
obtained from the optical sections observed as the plane of focus is changed,
layer by layer, creates a three-dimensional picture.

n

Application of this instrument has led to the discovery of the complex, threedimensional structure of many biofilms (Figure 13.17).

A Complex biofilm in development

1 simple biofilm – single
layer of cells

B Scanning electron micrograph of the tip of a
single bristle of a used toothbrush ( 800)
Here, bacterial cells have secreted:
• signalling molecules that attract other bacterial
cells to aggregate together
• molecules that aid the adhesion of the colony
• metabolites molecules exchanged with others.

2 multilayered biofilm – cells
embedded in extracellular
matrix

pore and
channel

3 visible microbial mat
with pores and channels –
channels possiby created
by action of grazing protozoa
Complex, three-dimensional, resistant colonies of cooperating bacteria have been created.

Figure 13.17 A complex biofilm in development
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Environmental problems caused
by biofilms
Potential environmental problems caused by biofilms include:
n

Expert tip
You need to be able to evaluate data
or media reports on environmental
problems caused by biofilms.

contamination of surfaces in food production
once Salmonella bacteria, for example, get into a food processing facility
and form a biofilm on surfaces, it is very difficult, if not impossible, to kill
them

n

clogging and corrosion of pipes

n

transfer of microorganisms in ballast water.

Quorum sensing
Cells cooperate and interact in different ways. Quorum sensing is behaviour that is
a function of population density.
n

The cells that are present when colonies enlarge communicate using molecules
as signals.

n

When signalling molecules bind to these cells, they trigger the expression of
genes that are not active in populations of low density.

n

This behaviour allows component cells to ‘sense’ the size of the population, to
trigger further gene switching and activation within cells and to coordinate
movements of cells.

Key fact
Microorganisms in biofilms
cooperate through quorum
sensing.

Expert tip
Quorum sensing does not occur in
low-density populations because the
concentration of signalling molecules
is insufficient.

Key definition
APPLICATIONS

Use of biofilms in trickle filter
beds for sewage treatment
Sewage contains large numbers of microorganisms – many harmless saprotrophic
ones – but also pathogenic bacteria. Treatment of sewage to produce water that
is safe to return to the environment involves the metabolism of vast numbers of
microorganisms.

Sewage – the fluid waste of human
communities, consisting largely of
used water, faeces, and urine.

Key fact
• During treatment, sewage is

•

Sewage that is not treated, and allowed to flow into water bodies, can cause
eutrophication. Sewage treatment plants can use biofilms to address this problem:
n

A trickle filter system is made of a rock bed up to 2 metres deep.

n

The rocks contain a biofilm of aerobic bacteria.

n

Sewage that is sprayed onto the rocks – the spraying process adds oxygen to
the sewage water.

n

The aerobic bacteria in the biofilm digest the organic matter in the sewage.

■■ Roles of aerobic, saprotrophic microorganisms in

sewage
Oxygen is delivered to bacteria in biofilms (Figure 13.18), effectively bringing
about the oxidation of organic matter and so purifying the liquor.

•

•
•

separated into liquid effluent
and solid matter.
Solids are anaerobically
digested to break down the
organic matter.
Solid matter is converted to
methane and carbon dioxide,
and to solids that are usable
as soil fertilizer (or that are
disposed of by burning).
Liquid effluent is converted to
clean water.
Liquids are cleaned by the
aerobic metabolism of a
mixture of bacteria, fungi
and protozoa, known in the
industry as activated sludge.
The concentration of oxygen in
the liquor must be maintained
throughout the process.
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filter bed

revolving
sprinkler arm

filter bed of clinker with
activated sludge organisms
to further filter beds
(process repeated
until water is clean)

liquid effluent in

revolving arm and pumps
driven by electricity
generated by burning
methane from anaerobic
digestion of sludge

*Biofilms line the clinker in
the clinker beds and they are
present around soil particles
and plant root surfaces.
It is the bacteria of these
biofilms that bring about
effective treatment of sewage
provided aerobic conditions
are maintained.

reed bed

reed plants growing
vigorously (Phragmites
australis)
range of organisms (and
microorganisms) present

liquid effluent in

air in roots by diffusion
through air spaces of
aerial system of reed
plants – and out into
solution around roots,
where aerobic conditions
exist in effluent

tank filled with layers of
aggregate and topped with sand
in which reed plant roots grow
to further reed beds (process
repeated until water is clean)

Figure 13.18 Use of biofilms in the treatments of liquid effluent

Bacteriophages are used in the
disinfection of water systems
Bacteria of biofilms are extremely difficult to eradicate. Environmental problems
caused by biofilms in water systems are a major problem, including:
n

clogging of water pipes, so reducing their diameter and lowering water pressure

n

reducing sulfur-containing compounds to sulfuric acid, where anaerobic
conditions arise; the acid quickly corrodes the pipes.

While the bacteria in biofilms are difficult to attack using disinfectants
(disinfectants attack surface members of a biofilm colony, but those within remain
unharmed), they are vulnerable to viruses.
n

Viruses are disease-causing agents.

n

Viruses that are specific to the species of bacteria present may quickly spread
through all members of the biofilm.

n

The viruses that parasitize bacteria are known as bacteriophages.

n

Inside their host cell, viruses function as endoparasites and the bacterial cells
are quickly destroyed.

n

The use of bacteriophages specific to the biofilm bacteria present, together with
chlorine disinfectant, has been effective against these biofilms in water pipes.

Biology for the IB Diploma Study and Revision Guide © Andrew Davis and C. J. Clegg 2017

65

66

Option B 13 Biotechnology and bioinformatics
■ QUICK CHECK QUESTIONS
1

Explain what is meant by the term ‘bioremediation’. What different forms of
bioremediation exist?

2

Explain how bacteria can be used to remove oil pollution.

3

What are biofilms? What are their ‘emergent properties’?

4

What environmental problems are caused by biofilms?

5

Explain how bacteriophages can be used in the disinfection of water
systems.

13.4 Medicine (AHL)
Essential idea: Biotechnology can be used in the diagnosis and treatment of
disease.

Key definition
Medicine – the science and
practice of the diagnosis, treatment,
and prevention of disease.

Innovations in technology have improved
diagnosis and treatment of diseases
NATURE OF SCIENCE
Developments in scientific research follow improvements in technology –
innovation in technology has allowed scientists to diagnose and treat diseases.
Diseases include:
n

conditions caused by invading organisms that live parasitically on or in the
body; these invading organisms are pathogens

n

conditions caused by unfavourable environments, such as cardiovascular
disease, malnutrition, and respiratory disease

n

genetic disorders, also known as inherited diseases.

New methods of diagnosis need to be accurate and relatively simple to execute,
giving speedy results that allow treatment to begin early in the course of the
disease. If the disease is infectious, the spread of the pathogen to others can be
prevented or reduced, for example.
Innovations in technology has allowed scientists to diagnose and treat disease, e.g.
the discovery of penicillin to treat bacterial infections (Topic 6, page 174;
page 49, this chapter).

Detection of the presence of pathogens
Infection by a pathogen can be detected by the presence of two different factors:
n

by its genetic material (RNA or DNA)

n

by its antigen.

An example is the adaptation of the polymerase chain reaction (PCR; Topic 3,
page 104) for use in clinical diagnosis.
n

In the presence of genetic material of a pathogen, the addition of primers with
the same nucleotide sequence results in rapid duplication of pathogen-specific
genetic material.

n

Samples extracted from a patient are tested in this way for the presence of a
specific pathogen.

Key definition
Antigen – a substance capable of
binding specifically to an antibody
and triggering an immune
response.

Key fact
Infection by a pathogen can be
detected by the presence of its
genetic material or by its antigens.

The presence of DNA of a pathogen can also be detected by the use of DNA
probes in a microarray (see pages 68–69, this chapter).
These technological developments (see Nature of Science above) allow quick
diagnosis – a critical feature in the cases of diseases and conditions where
prolonged delays may lead to patient death.
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APPLICATIONS

CASE STUDY: USE OF PCR TO DETECT DIFFERENT STRAIN
OF INFLUENZA VIRUS
PCR (Figure 3.24, page 104) is the method by which genetic material is quickly duplicated.
The technique can be adapted for the diagnosis of an RNA virus, such as influenza:
n■ purification of a sample of RNA from the cells of the patient
n■ conversion of this RNA into a strand of cDNA by the enzyme reverse transcriptase
n■ addition of primer sequences specific to the inﬂuenza virus; several strains of this virus exist, so the primers chosen need

to reﬂect this range
n■ if the mRNA present in the patient’s sample was viral RNA, then the cDNA will be amplified
n■ addition, at the amplification stage, of a ﬂuorescent dye that exclusively binds to double stranded DNA derived from viral RNA.

If fluorescence is detected after the amplification stage, this is a positive test for the presence of the RNA virus in the
patient’s cells.

CASE STUDY: THE ELISA DIAGNOSTIC TEST FOR THE
ANTIGENS OF A PATHOGEN
The ELISA test detects the presence of antibodies to the antigen of a pathogen.
n■ Antibodies are made in response to an infection by a pathogen.
n■ An enzyme-linked immunosorbent assay (ELISA) diagnostic test detects the presence of such antibodies

produced in a patient’s body.
n■ This molecular method of detection has the advantage of discriminating between specific pathogens.

The steps to this test are described below and are illustrated in Figure 13.19.
step 1
antibodies are fixed to
the inside of a plastic well

step 3
preparation of the
antibody coupled to
an enzyme is added

the antibody part of
the conjugate molecule
binds to the antigen
molecules (if present)

step 2
the solution to be tested
is added

any antigen molecules present
bind to the immobilized
antibody molecules

step 4
the substrate solution
is now added

enzyme part of any conjugate
molecule retained turns the
colourless substrate solution
coloured

well is
rinsed
out

+ substrate

The presence of a coloured solution in the plastic well is evidence of a positive test for a particular
antigen. How many were positive?

Figure 13.19 The steps to an ELISA diagnostic test
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To carry out this test:
n

The antibodies are fixed to the surface of the inside of a plastic well (step 1).

n

At the same time, a preparation of the same antibodies, coupled to an enzyme, is produced.
The enzyme is one that will catalyse the production of a coloured product when a colourless substrate
solution is later added.

The following steps are then carried out:
n

The solution to be tested (obtained from the patient) is added to the well, e.g. a urine sample.

n

Any antigen molecules present in this sample will bind to the immobilized antibody molecules in the well
(step 2).

n

The conjugate preparation (antibody coupled to enzyme) is added to the reaction mixture; the antibody
part of the conjugate molecule will bind to the antigen molecules (if present) that have bound to the
immobilized antibody molecules (step 3).

n

The plastic well is rinsed out, washing away any unbound conjugate molecules.

n

The colourless substrate solution is now added (step 4); the enzyme part of any conjugate molecule retained in the well will turn the substrate solution coloured.

n

After a fixed time interval, the enzyme-catalysed reaction is stopped by addition of an inhibitor.

Interpretation of the results of an ELISA diagnostic test:
n

The presence of a coloured solution in a plastic well is evidence of a positive test.

n

Some of the 48 samples tested in the tray in Figure 13.19 are clearly positive.

Expert tip
You need to be able to interpret the results of an ELISA diagnostic test.

Detection of genetic disease
■■ Genetic markers
A genetic marker is associated with a predisposition to having a genetic disease.
n

Markers that are part of a coding sequence contribute to the disease,
whereas markers that are non-coding sequences are genetically linked to the
responsible gene.

n

Non-coding markers must occur very close to the defective gene (to avoid
separation by crossing over), if they are to be useful in diagnosis.

Genetic markers are used to study the relationship between an inherited
disease and its genetic cause. Predisposition to a genetic disease can be detected
through the presence of markers. Detection of the marker is likely to involve the
techniques of PCR and DNA profiling.
In order for a marker to be useful in diagnosis, the inherited variation must be
polymorphic. Presence of a marker may indicate an increased risk of developing a
specific disease or disorder. Examples of marker genes:
n

BRCA 1 on chromosome 17

n

BRCA 2 on chromosome 13.

Expert tip
BRCA stands for ‘breast cancer associated’, and an individual with inherited
mutations in either of these BRCA genes has a higher risk of developing breast
and ovarian cancer.

■■ DNA microarrays
DNA microarrays are small, solid supports, typically made of glass, silicon, or
nylon, each about the size of a microscope slide.

Key fact
Predisposition to a genetic disease
can be detected through the
presence of markers.

Key definitions
Genetic marker – a gene or
DNA sequence (such as a single
nucleotide polymorphism, SNP,
or tandem repeats) with a known
location on a chromosome.
Polymorphic – there are a number
of possible genotypes at the locus
for any specific marker.

Key definition
Microarray – a collection of
microscopic DNA spots attached
to a solid surface.

Key fact
DNA microarrays can be used to
test for genetic predisposition or to
diagnose the disease.
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n

DNA probes that correspond to thousands of different genes are attached to
the surface in a regular pattern of rows and columns.

n

Each dot on the array contains a single-stranded DNA sequence that is unique
to a given gene.

n

The DNA to be tested originates as mRNA that is expressed by a particular
cell.

n

By the action of reverse transcriptase, this mRNA is converted to cDNA. As
the cDNA is being synthesized, it is simultaneously linked to fluorescent dye.

The microarray is used to measure changes in expression levels of individual genes
from cells under investigation.
n

The DNA probes of the microarray are exposed to this cDNA.

n

Any complementary sequences present will bind to the fixed probes.

n

The microarray is rinsed free of any cDNA that has not hybridized and
become bound.

n

The microarray is exposed to laser light that causes fluorescence where there
has been hybridization between cDNA and a DNA probe, and the results are
recorded.

n

The brighter the light emitted, the higher the level of expression of a
particular gene in the cell from which the original mRNA was obtained.

A full human genome microarray has as many as 30 000 spots. Others are made
with clusters of genes that relate to particular conditions, such as cancers.

Analysis of a simple microarray
A DNA microarray might be used to investigate the level of gene expression in a
cancerous cell, compared to that in a healthy (control) cell. The steps to such an
investigation are:
n

mRNA is extracted from the cancerous cells and the control cells.

n

cDNA is created from both samples of mRNA, that from the cancerous cell
being tagged with a red fluorescent dye and that from the control cell being
tagged with green fluorescent dye.

n

The two samples are then mixed together and hybridized to the microarray
(Figure 13.20).

n

At each probe location, the red- and green-labelled cDNA compete to bind to
the gene-specific probe.

n

When subsequently excited by laser light, dots will fluoresce red if they
have bound more red than green cDNA; this will occur for genes that are
expressed more strongly in the cancerous tissue compared to the control
tissue.

n

Conversely, dots will fluoresce green for genes that are expressed more strongly
in the control tissue.

n

Yellow dots indicate equal amounts of red- and green-labelled cDNA have
bound – meaning the level of expression is the same in both tissues.

The analysis is undertaken by a fluorescence detector (microscope and camera) to
produce a digital image of the microarray.
n

A computer quantifies the red to green fluorescence ratio of each spot.

n

The degree of difference in expression of each gene between the cancerous
and the control tissues is calculated.
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normal
tissue

diseased
tissue

competitive hybridization of
red ( ) and green ( ) cDNAs

Key fact
Metabolites that indicate disease
can be detected in blood and
urine.

extract mRNA
mRNA

green
label

reverse
transcribe with
fluorescent
labelled ddNTP
substrates
cDNA

red
label

microarray
CTAGCGGT
GTACACGGTT
GTCAACGTCA
CCCTAGCG

mix and hybridize to microarray

each spot of DNA
represents a
different gene

Figure 13.20 Microarray analysis of
differential gene expression (the
use of labelled ddNTP as a marker
of cDNA was introduced by Dr
Frederick Sanger – see Topic 7,
page 203)

Metabolites that indicate disease
Examples of genetically inherited metabolic disorders are shown in Table 13.4.
Disease

Cause

urea cycle
disorder

deficiency of the enzyme responsible infants are irritable and lethargic
for removing ammonia from the
rising ammonia levels in the blood
blood – a step in the cycle by which
poor muscle tone and, eventually, coma
urea is formed
commonly goes undiagnosed

alcaptonuria

defective enzyme for the breakdown
of the enzyme tyrosine

homogentisic acid accumulates in the blood and is excreted in the urine

mutation in HPRT gene on the X
chromosome

build-up of uric acid in all body fluids, leading to severe gout and kidney failure

Lesch–Nyhan
syndrome

Effect (symptoms)

this acid causes damage to cartilage and heart valves, then the formation of kidney
stones
leads to life-long mental and physical problems

Table 13.4 Examples of diseases that can be detected by the presence of
metabolites

Tracking experiments
The movement and reactions of specific metabolites in the body can be
investigated by means of radioactive ‘labelling’ of molecules. For example, the
technique can enable researchers to discover how a particular protein interacts
with a target tissue.

Key fact
Tracking experiments are used
to gain information about the
localization and interaction of a
desired protein.

n

Radioactive atoms are attached to a protein.

Key definition

n

The movement of the protein can then be tracked using PET scans (positron
emission tomography): a scan that uses radioactive tracers for detection.

Transferrins – glycoproteins that
are present in the blood plasma.

APPLICATIONS

CASE STUDY: TRACKING TUMOUR CELLS USING
TRANSFERRIN LINKED TO LUMINESCENT PROBES
Transferrins bind free iron in biological fluids very tightly but reversibly.
n

When a transferrin protein carrying iron makes contact with a specific transferrin receptor on the surface of a cell, it
binds.

n

The transferrin–iron complex is transported into the cell across the plasma membrane by receptor-mediated endocytosis.

n

Subsequently, the transferrin is returned to the cell surface, ready for a repeat of this activity.

This feature can be exploited to track tumour cells:
n

Transferrin is far more readily taken up by tumour cells than by surrounding healthy cells.

n

If a luminescent dye is linked to the transferrin molecules, their movements can expose the presence of tumour cells in
otherwise healthy tissue by the use of photomicrography.
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Biopharming

Key definition

Microorganisms were initially genetically modified biopharming (e.g. human
insulin obtained from genetically modified bacteria – Topic 3, pages 108 and 109).
Today, biopharming uses genetically modified animals and plants to produce
proteins for therapeutic use.

Biopharming – technique that
uses genetically modified animals
and plants to produce proteins for
therapeutic use.

Key definition
Antithrombin – a small glycoprotein molecule that occurs in the blood
plasma.
APPLICATIONS

CASE STUDY: BIOPHARMING OF ANTITHROMBIN
The role of antithrombin in a healthy body is to inactivate several enzymes of the coagulation system.
n

Patients with an over-active coagulation system are lacking antithrombin.

n

An over-active coagulation system tends to produce blood clots within the circulation, leading to blocked vessels.

n

Antithrombin has a short ‘half-life’ of only about three days, so if there is a deficiency in its synthesis the adverse effects
could arise rapidly. If this event occurred within, for example, a woman who was giving birth, there would be a risk of
formation of a dangerous blood clot.

Genetically engineered antithrombin, known as ATryn, is now commercially available to treat such people. This
pharmaceutical is extracted and purified from the milk of appropriately genetically engineered goats. The steps to
engineering the synthesis of ATrym are summarized in Figure 13.21.
Production of ATryn-secreting transgenic goats
Eggs obtained from fertile does.
Eggs genetically modified by microinjection of ATryn gene plus additional sequences:
• promoter sequence to ensure that protein is expressed
• signal sequence to ensure protein is produced on ribosomes of RER, so that it is
secreted from the cells into the milk.
GM eggs are fertilized in vivo and then reimplanted into a surrogate doe.
Offspring born normal and healthy – and transgenic.
Adult GM goats are fertilized and after birth of their offspring their milk is
collected.
Figure 13.21 Biopharming of
antithrombin – the steps

GM goat’s mammary gland expresses a high level of different proteins during
lactation, including therapeutic protein in addition to many standard proteins.
Protein content of milk separated. A single GM goat typically produces 3 litres of
milk/day, and yields up to 3 kg of therapeutic protein/year.

Genetic disorders, gene therapy
– and a role for viral vectors
Many genetic disorders are caused by a mutation of a single gene. Genetic
disorders generally affect about 1–2% of the human population.
Gene therapy can be used to treat genetic disorders.
n

Somatic therapy: an example of gene therapy in which the targeted cells are
cells of the body.

n

Germ-line therapy: the missing gene is added to egg cells. In this case, the
introduced gene would eventually be present in all body cells.

Key definition
Gene therapy – an application of
genetic engineering to overcome
the effects of genetic disorders by
introducing a correct, working
copy of a gene directly into the
genome of a patient’s affected cells.

One technique used in gene therapy is the use of viral vectors for the delivery of
healthy genes.
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n■ RNA retroviruses as gene vectors
An RNA retrovirus introduces into the host cell a strand of nucleic acid (RNA),
together with the enzyme reverse transcriptase. Here, the RNA of the virus is
transformed into double-stranded DNA and, then, this genetic material becomes
permanently inserted into the infected cell’s genome.
A genetically modified retrovirus has been used as a vector to integrate a new
gene into the patient’s genome. However, a possible unintended consequence may
be that the arrival of an additional gene may activate other genes already present.
For example, the effect of insertion may be to trigger the activation of protooncogenes with the result that a fatal cancer infection is caused at the same time
as the inherited genetic disease is cured.

n■ Double-stranded DNA adenoviruses as gene vectors
In an adenovirus the genetic material consists of DNA. When these viruses
infect a host cell, the viral DNA does not integrate into the host genome
and it is not replicated during host cell divisions. There are several different
adenoviruses that commonly infect humans, causing a range of respiratory,
gastrointestinal, and eye infections.
The arrival of these viruses in the body tends to trigger an immune response.
Investigation into the use of adenoviruses in gene therapy has had to focus on
those viruses that trigger a minimal immune reaction.
A related virus, known as adeno-associated virus (AAV), is a DNA virus that
infects human cells but that does not generally cause disease, and generates little
or no immune response.
n
n

n

The AAV are vectors that are currently the most frequently used in
experiments to deliver practical gene therapy (Figure 13.22).

n

If a safe AAV virus can be engineered to carry the gene for a specific protein,
and can add this gene into the cells where this gene is needed, then relief from
some of the symptoms of a genetic disease could be achieved.

n

The treatment would have to be regularly repeated, as body cells are replaced
at a steady rate during life.
viral
DNA

new
gene

Key fact
Viral vectors can be used in gene
therapy.

viral
DNA

modified DNA
injected into vector

vector binds to
cell membrane

vector is
packaged
in vesicle

vector injects
new gene
into nucleus
vesicle breaks
down, releasing
vector
cell makes protein
using new gene

Figure 13.22 Gene therapy using an adenovirus vector
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APPLICATIONS

CASE STUDY: GENE THERAPY TO TREAT SCID

Key fact

Severe combined immunodeficiency (SCID) is a rare genetic disorder caused by
the absence of functional T lymphocytes.

Viral vectors can be used in the
treatment of severe combined
immunodeficiency (SCID).

n

SCID impairs both B-cell and T-cell responses (Topic 11, page 283).

n

The outcome for the patient is an inability to resist the most trivial of infections.

SCID is triggered by a mutation in the gene for the enzyme adenosine
deaminase.
n

Adenosine deaminase is most active in the lymphocytes.

n

The role of the gene is to convert the molecule deoxyadenosine (naturally
formed in the breakdown of DNA) to deoxyinosine, which is harmless.

n

In the presence of a defective ADA gene, toxic levels of deoxyadenosine
build up in lymphocytes.

SCID was the first human illness to be treated by gene therapy – in 1990. The
normal healthy gene was transferred into the defective lymphocytes of two
young patients. These individuals continue to participate in ongoing research, to
date. The steps in their treatment were:
n

extraction and isolation of samples of their defective lymphocytes

n

sustaining these cells in in vivo culture

n

delivery of the healthy gene to these cells via an appropriately genetically
modified (but non-virulent) retrovirus

n

reintroduction of the GM lymphocytes into the patient’s blood circulation.

■ QUICK CHECK QUESTIONS
1

Explain what a ‘genetic marker’ is and outline its role in the detection of
genetic disease.

2

Describe the way a microarray can be used to investigate the level of gene
expression in a cancerous cell.

3

By means of a concise table, identify the potential advantages and dangers
of using viral vectors for human gene therapy.

13.5 Bioinformatics (AHL)
Essential idea: Bioinformatics is the use of computers to analyse sequence data in
biological research.

Databases as sources of molecular
information
NATURE OF SCIENCE
Cooperation and collaboration between groups of scientists – databases on the
Internet allow scientists free access to information.

Data are collected from around the globe, having been produced for different
purposes and by many different groups, with the intention of sharing the
information. Free access to data allows the growing body of knowledge to improve
our understanding of molecular, cellular and organismic function.
n

Before modern computational power, local databases and coordination of
databases from various locations around the world would not have been
possible.
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n

Via the Internet, scientists can upload a nucleotide sequence of a recently
discovered gene, or a section of a gene.

n

Scientists can use databases to infer the function of the translated protein
of specific genes. This is done by comparing sequences between similar
and different species, using the vast range information found in dedicated
databases.

Expert tip
Bioinformatics is a discipline that
integrates:
• genomics – the mapping of
genomes

Databases, by their easy access on a global scale, allow cooperation and
collaboration between groups of scientists.

• proteomics – examination of the
entire set of proteins expressed by
a genome

The body of data stored in databases
is increasing exponentially

• biotechnology – the exploitation
of biological processes in industry
and the genetic manipulation of
organisms to produce a desired
protein, tissue, or organ.

n

The use of databases has led to
n

discoveries that have improved crops

n

identified genes which are linked to diseases

n

advanced pharmaceutical treatments.

Many databases can receive data from any institution, group, or individual
researcher and so the amount of genomic information needing to be stored is
currently outpacing computational power.
The pace of data accumulation is exponential; for example, the information in a
database called GenBank is calculated to double every 18 months, the bulk of data
being provided by sequencing centres around the world. Increasingly, scientists use
databases not only to find out DNA sequences, but also to find translated proteins
from known DNA sequences and to deduce their functions.

This integration has led to the
development of powerful techniques
that allow scientists to find out
essential information about
nucleotide and amino acid sequences,
and to compare functions of genes
and proteins. Scientists can make
such comparisons both between
organisms of the same species and
also between organisms of the
different species.

Some of the main current databases are for sequencing nucleotides and for
sequencing proteins.

■■ Databases for sequence of nucleotides
n

International Nucleotide Sequence Database (INSD). This has three branches:
DNA Data Base of Japan (DDBJ)
European Nucleotide Archive
GeneBank from USA.

n

European Molecular Biology Laboratory (EMBL). This is supported by 20
European nations and Australia.

■■ Databases for the sequencing and functioning of

proteins and enzymes
n

Swiss Model. Located in Switzerland. This database contains protein models.

n

Enzyme Portal. Located in Europe and integrating data from EMBL and the
European Bioinformatics Institute (EBI), this database contains information
related to enzymes and their catalytic function.

n

Protein Data Bank (PDB). This combines data from PDBe in Europe, PDBj in
Japan and the Research Collaboratory for Structural Bioinformatics (RCSB).

BLAST searches
BLAST (see Topic 3, pages 79–80) searches can identify similar sequences in
different organisms.
BLAST is a database that uses powerful algorithms in order to allow the user to
find similarities in the sequences of nucleotides in nucleic acids, or in the sequence
of amino acids in a protein.
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n

This sequence analysis tool allows for the comparison of information about
nucleic acids and proteins within the same organism or between different
organisms.

n

The program finds matches between the sequence of interest (the ‘query’)
and other sequences by dividing the query sequence into shorter lengths and
searching its database for matches.

n

Each result is presented according to the level of relevance (degree of match)
to the sequence of interest.

n

Results can come from similar or different organisms.

In order to assess relevance, BLAST assigns scores for nucleotides or amino acids
located in the same position, resulting in a numerical value that is greater if the
number of matches is large.
n

When analysing protein sequences, the system also gives high values for partmatches of non-identical but similar amino acids – amino acids that belong to
the same group, such as non-polar, polar or with same ionized R group.

n

By comparing the percentage of similarities in amino acid sequences, it is
possible to identify organisms in which a similar protein is located. This
can establish evolutionary relationships between organisms that express the
same or a similar protein, and a cladogram can be produced (Topic 5, pages
152–154).

Molecular relationships revealed by BLAST can inform scientists about how a
protein (or a protein family) may have changed through evolutionary time in
different species.
n

Such studies may also give clues as to the possible function(s) of a newly
discovered protein.

n

These studies may potentially lead to the creation of a map showing how
different proteins interact and function in a cell, indicating a protein
interaction network, giving a better understanding of the biological functions
of proteins inside cells.

Expert tip
An analysis of amino acid sequence
is preferable to an examination of
the sequence of nucleotides, due
to degeneracy of the genetic code,
where by more than one triplet (or
codon) codes for the same amino
acid.

To determine the interactions between proteins or to make comparisons between
their sequences, the primary structure of proteins is used (Topic 7, page 215),
rather than the sequence of nucleotides that encoded for the proteins. Thus, a
similar sequence of amino acids indicates that a similar function is performed by
two proteins.
n

By identifying homologous sequences of amino acids, scientists are adding
more knowledge to databases, allowing them to infer the functions of proteins
in many different organisms.

n

BLAST helps this research to take place by storing new sequences,
facilitating interrogation of the stored sequences and even by allowing
scientists to save queries for future use when more sequences have been added
to the database.

There are five different BLAST programs that can be used to find different types
of homology (Table 13.5).
BLASTp

compares sequences of amino acids

BLASTn

compares nucleotide sequences

BLASTx

compares the translation products of a nucleotide query

tBLASTx

compares a sequence of amino acids against sequences of nucleotides

tBLASTn

compares the translated sequence of a nucleotide sequence against the
query sequence of nucleotides, so as to determine the gene locus

Table 13.5 List of five different BLAST programs
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BLAST can also be used to deduce the function(s) of a protein by comparing a
nucleotide sequence or an amino acid sequence with data from other organisms,
using an open reading frame (see pages 57–58 earlier in this chapter).
The different BLAST searches presented in Table 13.5 can be used in different
ways.
n

Once a nucleotide sequence of interest is identified, BLASTn can be used
to find similar ORFs in other species and BLASTx will give the possible
translated products from these ORFs.

n

If the query is a sequence of amino acids, BLASTp finds matches for this
sequence from other organisms, presenting first those proteins with the
greatest number of identical amino acids in the same position.

n

A search using tBLASTn can be performed in order to find genes that can be
used to translate the protein of interest in multiple genomes.

Key facts
• BLASTn allows nucleotide

sequence alignment while
BLASTp allows protein
alignment.
• Databases can be searched
to compare newly identified
sequences with sequences
of known function in other
organisms.

Exploring chromosome
21 in a database
n

Chromosome 21 is the smallest human autosome.

n

Down’s syndrome results when non-disjunction of chromosome 21 happens
during meiosis (Topic 3, page 88).

n

The positions of most of its genes, or loci, have been located; it became the
first almost completely sequenced human chromosome.

n

It contains more than 400 genes and 400 million base pairs (bp), of which
70% have been identified.

The following instructions allow further exploration of chromosome 21:
1 Access the following web page: http://www.ensembl.org/Homo_sapiens/
Location/Chromosome?r=21
2 The first column shows a diagram of the chromosomes, including the position
of the centromere and protein coding regions.
3 To find out information about different protein coding regions, click on the
red bars in the second column.
4 How many genes are only found in humans, and how many are found in older
primates?

Model organisms are useful for
studying gene function
Model organisms can be used to study the way in which a gene controls a
function, enabling researchers to then apply the findings to other organisms, such
as humans.
These model organisms include:
n

bacteria, such as Escherichia coli (E. coli)

n

mammals, such as the mouse (Mus musculus).

n

plants, such as Arabidopsis thaliana, used widely for investigating crops and
other plants.

Studies, performed in vivo using model organisms, are extremely valuable as they
can predict similar effects in closely related organisms.

Key definition
Model organism – a non-human
organism that can be used to
understand simple and complex
biological functions by analysing
different types of data, according
to different variables that are
manipulated or controlled under
laboratory conditions.

Expert tip
The use of model organisms is made
possible by the universality of the
genetic code and commonality of the
basal biological processes performed
by almost all living organisms, such
as oxidative phosphorylation during
aerobic respiration.
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Name and type of organism

Example of its use

Key fact

Caenorhabditis
elegans

nematode

understanding organ development and
programmed cell death, or apoptosis

Drosophila
melanogaster

insect (fruit fly)

a high homology with human cells, means that the
fruit fly is being used to study Parkinson’s disease
and Alzheimer’s disease in humans

Gene function can be studied
using model organisms with
similar sequences.

Danio rerio

vertebrate
(zebra fish)

embryos are transparent, allowing non-invasive in
vivo imagery to obtain data about the circulatory
system; also useful in the understanding of the
process of metastasis

Arabidopsis
thaliana

angiospermophyte
(flowering plant)

first plant to have had its genome sequenced; used
in a variety of studies, such as understanding floral
production and the effects of environmental stress
in plants

(soil roundworm)

Table 13.6 Some of the most common model organisms used

How BLAST and sequence alignment
is used to compare sequences
from different organisms
Using BLAST, scientists can select a protein or a genomic sequence in order
to compare evolutionary and physiological relationships between organisms
belonging to different species.
When a scientist wants to compare sequences from different species, the program
finds similarities between them based on the numbers of hits, indicating the
presence of homologies.
n

The algorithm used by BLAST is based on the probability of finding similar
matches in a database; matches are presented as hits with p values.

n

Probabilities are influenced by the size of the database consulted, as well as the
size of the sequence entered as a query.

n

The values presented by BLAST are called ‘expected values’ or ‘E values’.
Results close to 1 indicate that the alignment could have occurred as a
result of chance.
An E value such as 2 × 10e–54 would be considered as a homology, indicating
a low probability that the homology could be the result of random
correspondence (i.e. when the E value is low, there is a high probability of a
meaningful positive homology between the species of interest).

Expert tip
Although a low E value indicates
a biological relationship, the result
depends on the information accessed
at a particular time, as well as on the
particular database searched. For
this reason, there is no set value that
determines whether an E value is
significant or not.

Key fact
Sequence alignment software
allows comparison of sequences
from different organisms.

CASE STUDY: USE OF SOFTWARE TO ALIGN
TWO PROTEINS
A query can be performed using the amino acid sequence of human growth hormone somatotropin (GH1). The aim is to
compare the sequence within two species: Homo sapiens and Gorilla gorilla (western gorilla).
1

The protein sequence, containing 217 amino acids, is entered using the required format (called FASTA or BLASTp). This
allows the program to recognize the query automatically and to perform the search.

2

All the information, including the symbol >, is copied and pasted into the BLASTp searcher.

3

A list of species is provided in the row ‘Descriptions’ – this can be altered as the default value is 100 species per query.

4

By selecting two species, options for alignment are activated. The ‘Graphics’ link will open a sequence viewer,
displaying an alignment between the protein in the two species.

5

Once the sequences are aligned, two red dots indicate the amino acids that do not coincide.

6

If more species are included, it is possible to compare the level of relationship between them, based on the differences
shown up by the program. The higher the level of similarity, the more closely related the species.
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APPLICATIONS

CASE STUDY: GENE KNOCKOUT TECHNOLOGY IN MICE

Key definitions

Gene knockout uses a model organism, such as the mouse (Mus musculus).
Researchers knock out or destroy the function of a particular gene and observe
the effect on the phenotype.

Gene knockout (KO) – procedure
that produces an organism with
one non-functional gene, allowing
researchers to investigate the
function of that gene.

In order to knock out a gene:
n

a stem cell is used in which the gene of interest is replaced with a
homologous non-functional sequence

n

the cell is fused with an embryo, creating a chimera

n

the adult mouse is bred until a pure breeding offspring is obtained

n

once homozygous mice are obtained, it is possible to study the function of
the knocked out gene.

Chimera – an organism with some
cells that are genetically different
from other cells in the body.

This technique has been used to create the p53 KO mouse, which has a mutated
version of the p53 gene.
n

Normally, the p53 gene translates into a protein that regulates the cell cycle.

n

When the protein is absent, tumour cells are created, increasing the risk of
bone cancer in mammals.

Another example of this technique is the Methuselah KO mouse:
n

Increased longevity is shown in mutants, allowing researchers to study the
complexity of ageing.

n

This has led to prevention of human ageing diseases and better treatments.

This technique has led to an understanding of metabolic disorders, such as those
leading to obesity in humans. Mice have been used to investigate the genetic
origin of such metabolic disorders (Figure 13.23).

Figure 13.23 A mouse that has a knockout gene (left) compared with a
normal mouse (right); the mouse with the knocked out gene showed an
increase in body fat and developed metabolic-related disorders, leading
to obesity
A development of this technique is used to produce KO organisms from
embryonic stem cells (ESC), reducing the necessity to breed a homozygous
strain, and providing evidence of how the same gene (or a similar one) might be
involved in genetic disease in other organisms.

Sequence alignment and phylogenetics
Results of BLASTn or BLASTp searches can be used to study evolutionary
relationships between multiple species by applying a multiple alignment of a
known sequence.
n

BLASTn results will show matches between several species based in the
number of similarities in the sequence, allowing researchers to create a
phylogenetic tree.

Expert tip
Classic phylogenetics is based mainly
on the morphology of organisms,
whereas molecular systematics
(cladistics) is based in the molecular
alignment of sequences and is
a preferable method for testing
hypotheses.
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13.5 Bioinformatics (AHL)
n

Owing to the degeneracy of the genetic code, different results are obtained and
further analysis can be performed using BLASTp or tBLASTx.

n

With these results, a functional site of a protein can be compared to create an
evolutionary relationship tree or cladogram.

The results of such searches constitute molecular evidence that, in conjunction
with morphological and physiological evidence from the organisms, can give clues
to evolutionary relationship – particularly if two organisms are geographically
separated or do not belong to the same genera.

Key fact
Multiple sequence alignment is
used in the study of phylogenetics.

Expressed sequence tags (EST)
EST is an expressed sequence tag that can be used to identify potential genes.
mRNA sequences are used to obtain EST that constitute a portion of the
organism’s transcriptome.
n

The enzyme reverse transcriptase is used to create cDNA from mRNA
molecules.

n

Near the 59 end of an EST there is a sequence of nucleotides that is conserved
across species, whereas the sequence of nucleotides near the 39 end is unique.

n

When a gene is identified using an EST, its location on the chromosome can
be mapped. EST mapping libraries may contain more than 4 million ESTs.

APPLICATIONS

■■ Discovery of genes with EST data mining
Databases of expressed sequence tags (dbESTs) contain information from more
than 1400 different eukaryote species. These dbESTs:
n

contain data which scientists have collected by obtaining cDNA from
transcribed mRNAs in developed tissues or a differentiated organism.

n

are used to identify gene products: the technique is a fast and valuable way to
comprehend functional genomics.

Key definitions
Expressed sequence tag (EST) – a
small section of complementary
DNA (cDNA) that corresponds to
a gene transcript.
Transcriptome – the set of all the
organism’s RNA molecules.

Expert tip
ESTs with a length of between 200
and 500 nucleotides are used in the
discovery and determination of genes
and their sequences.

One example of the application of EST is the discovery of enzymes related to
production of scents and other volatile compounds in different plants.
n

Arabidopsis thaliana is commonly used as a model organism for angiosperms
(pages 76–77, this chapter), because this plant grows fast and easily under
laboratory conditions.

n

A. thaliana produces only a small amount of barely detectable scent, so is not a
suitable plant for this investigation.

n

By investigating scents from selected orchids, scientists have been able
to discover several fragrance-related transcribed products using EST and
comparing the sequences with dbEST: this has allowed them to find
evolutionary relationships between species belonging to this group of plants.

Using software to construct a simple
cladogram for related organisms
via DNA sequences
DNA sequencing can help us understand the evolutionary relationships between
species. In addition, we can analyse how species have changed over time.
Relationships are estimated by analysing differences in the nucleotide sequences.
The greater the difference between two sequences of nucleotides, the more
distant (less related) the species, and vice versa. The rate of mutation can also be
calculated, in order to find out how distant two species are evolutionarily.
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Option B 13 Biotechnology and bioinformatics
The following procedure can be used to create a phylogenetic tree:
1 Open the NCBI website (www.ncbi.nlm.nih.gov/) and from the list of
‘Popular resources’, click on BLAST. Then, under the menu ‘Basic BLAST’,
select ‘Protein blast’.
2 In the box ‘Enter query sequence’ insert the protein sequence of interest.
3 To do this, open a second window with the BLAST homepage. Here, any
protein sequence can be obtained by selecting the ‘List all genomic BLAST
databases’ link. A wide-ranging list of genomes can be found here (vertebrates,
invertebrates, protozoa, plants, and fungi are on the list).
4 Select one organism from the list. Click the search icon (a magnifying lens), which
is located under the heading ‘Tools’. This will lead to the NCBI Map viewer’s
webpage where all the chromosomes for the selected organism are presented.
5 Select one chromosome, in order to see its ideogram in a new webpage.
6 With the loaded ideogram select ‘pr’ for the protein sequence and click the
link; a new webpage will open. Select FASTA link, as this is the language that
BLAST will identify.
7 Copy the FAST version of the protein and paste it in the box ‘Enter query
sequence’.
8 Click on ‘BLAST’ at the bottom of the page.
9 Select as many organisms as required to create the phylogenetic tree. Choose
some related and some distant organisms; for example several primates and
a dog.
10 On the ‘Sequences producing significant results’ menu, select the ‘Distance
tree of results’ link.
11 The highlighted organism is the one that provided the protein sequence used
as the query. Hovering the computer mouse over a node reveals more about
the organism or group of organisms in that particular node – this can be
expanded or compressed. Also, it is possible to change the view of the tree to
rectangular, radial and force views.
Further presentations are possible using the ClustalX and PhyloWin software,
where the BLAST tree can be downloaded as plain text.
■ QUICK CHECK QUESTIONS
1

If scientists have deduced the amino acid sequence of a novel protein,
explain how they can determine whether a similar protein is found in other
organisms.

2

Distinguish between BLASTp and BLASTn, when used to investigate
sequence alignment.

3

Outline how the percentage of nucleotide or amino acid sequence
similarities is used as an indicator of the evolutionary relationships between
two species.

4

Explain why it is important to use the primary structure of a protein rather
than the nucleotide sequences when finding out similarities between
different species.

5

Define the term ‘model organism’.

6

Describe how a named model organism is used to investigate an example of
gene function in a different organism or organisms.

7

Outline the way scientists knock out a gene. Use a model organism to
illustrate your answer.

8

Describe how BLAST can be used with multiple sequences in order to
provide a phylogenetic relationship between several organisms.
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