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FOREWORD 

About the Book 

This is a complete Study Book of Biology prepared as per the latest Cambridge 

IGCSE® Syllabus. Cambridge International AS and A Level Biology encourages 

learners to explore their subject in depth. It has been written in consultation and 

with the help of many experienced teachers and Subject Matter Experts (SMEs), 

to help the learners develop not only the subject knowledge, but also a strong 

understanding of some of the key concepts that are critical to mastering the 

subject. 

Copyright & Disclaimer  

© Copyright 2017 by SaitCorp IT Services Pvt. Ltd.   

All the content and graphics published in this e-book are the property of Sait 

Education, a subsidiary of SaitCorp IT Services Pvt. Ltd.  The user of this e-book 

is prohibited to reuse, retain, copy, distribute or republish any contents or a part 

of contents of this e-book in any manner without written consent of the 

publisher. 

We strive to update the contents of our books as timely and as precisely as 

possible. However, the contents may sometimes contain inaccuracies or errors. 

SaitCorp IT Services Pvt. Ltd. is not liable for any errors pertaining to the 

accuracy, timeliness or completeness of the study material. If you discover any 

errors in our content or any other issues, please notify us at 

corrections@saiteducation.com. We will be pleased to rectify at the earliest 

opportunity any omissions or errors brought to our notice. 
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1. Cell structure 

Introduction 

All living organisms are composed of cells. A cell is a small, membrane-bound 

compartment that contains all the chemicals and molecules that help support an 

organism's life. While the number of cells in plants and animals varies from 

species to species, humans contain more than 10 trillion (1012) cells. Cells have 

many parts, each with a different function. Some of these parts, called 

organelles, are specialised structures that perform certain tasks within the cell. 

The different types of cells include:  

 prokaryotic cells,  

 plant cells and  

 Animal cells.   

The size and the shape of the cell range from millimeters to microns, which are 

generally based on the type of function that it performs. The shapes of cells can 

vary widely. Cells can be spherical, flat, concave, curved, rectangular, or oval in 

shape. 

Every living organism is made up of a single cell (unicellular) or many cells 

(multicellular), and all types of cells have certain structures in common like 

genetic material and plasma membrane. Each cell arises only from pre-existing 

cells. 
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 1.1. The microscope in cell studies 
 

Microscope is a device (instrument) that uses lenses to make very small objects 

(that are too small to be seen by the naked eye) look larger, so that they can be 

scientifically examined and studied. It is used to produce a magnified image of 

an object or specimen. There are two fundamentally different types of 

microscope: 

 The compound light microscope, using visible light; 

 The electron microscope, using a beam of electrons. 

Light microscopes 

A compound light microscope is a microscope with more than one lens and its 

own light source. In this type of microscope, there are ocular lenses in the 

binocular eyepieces and objective lenses in a rotating nosepiece closer to the 

specimen. Although sometimes found as monocular with one ocular lens, the 

compound binocular microscope is more commonly used today. 

The first light microscope dates back to 1595, when Zacharias Jansen created a 

compound microscope that used collapsing tubes and produced magnifications 

up to 9X. Microscopes have come a long way since then—today's strongest 

compound microscopes have magnifying powers of 1,000 to 2,000X. Because it 

contains its own light source in its base, a compound light microscope is also 

considered a bright field microscope. Bright field microscopy simply means that 

the specimen is lit from below and viewed from above. With bright field 

illumination, the sample’s contrast comes from its absorption of the light, as 
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opposed to dark field illumination where the contrast comes from the sample 

scattering the light. 

 

Light microscope 

This produces a magnified image of the specimen on the retina of your eye. 

Alternatively, the image can be projected onto a screen, or recorded by a 

camera.In the compound microscope, light rays are focused by the condenser 

onto a specimen on a microscope slide on the stage of the microscope. Light rays 

pass through the specimen on a slide and are focused by an objective lens and 

an eyepiece lens. Light transmitted through the specimen is then focused by two  
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sets of lenses (hence the name "compound" microscope). The objective lens 

forms an image (in the microscope cube) which is then further magnified by the 

eyepiece lens, producing a greatly enlarged image. 

Cells are the basic units from which living organisms are made. Most cells are 

very small, and their structures can only be seen by using a microscope. 

 

Structure of a generalised animal cell (diameter about 20 μm) as seen with a 

very high quality light microscope. 
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Structure of a generalised plant cell (diameter about 40 μm) as seen 

with a very high quality light microscope. 

Common features of animal and plant cells 

In animals and plants, each cell is surrounded by a very thin cell surface 

membrane. This is also sometimes referred to as the plasma membrane. Many 

of the cell contents are colourless and transparent. Each cell has a nucleus, which 

is a relatively large structure that stains intensely and is therefore very 

conspicuous. The deeply staining material in the nucleus is called chromatin and 

is a mass of loosely coiled threads. The material between the nucleus and the 
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cell surface membrane is known as cytoplasm. Cytoplasm is an aqueous (watery) 

material, varying from a fluid to a jelly-like consistency. These have been likened 

to small organs and hence are known as organelles. An organelle can be defined 

as a functionally and structurally distinct part of a cell. Organelles themselves are 

often surrounded by membranes so that their activities can be separated from 

the surrounding cytoplasm. The most numerous organelles seen with the light 

microscope are usually mitochondria (singular: mitochondrion). Mitochondria 

are only just visible, but films of living cells, taken with the aid of a light 

microscope, have shown that they can move about, change shape and divide. 

They are specialised to carry out aerobic respiration. The use of special stains 

containing silver enabled the Golgi apparatus to be detected for the first time in 

1898 by Camillo Golgi. The Golgi apparatus is part of a complex internal sorting 

and distribution system within the cell. It is also sometimes called the Golgi body 

or Golgi complex. 

Difference between plant cell and animal cell 

Animal cells and plant cells are similar in that they are both eukaryotic cells. 

These cells have a true nucleus, which houses DNA and is separated from other 

cellular structures by a nuclear membrane. Both of these cell types have similar 

processes for reproduction, which include mitosis and meiosis. Animal and plant 

cells obtain the energy they need to grow and maintain normal cellular function 

through the process of cellular respiration. Both of these cell types also contain 

cell structures known as organelles, which are specialised to perform functions 

necessary for normal cellular operation. Animal and plant cells have some of the 

same cell components in common including a nucleus, Golgi complex,  
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endoplasmic reticulum, ribosomes, mitochondria, peroxisomes, cytoskeleton, 

and cell (plasma) membrane. While animal and plant cells have many common 

characteristics, they are also different in many ways. 

Animal Cell and Plant Cell Differences 

Size: Animal cells are generally smaller than plant cells. Animal cells range from 

10 to 30 micrometers in length, while plant cells range from 10 and 100 

micrometers in length.  

Shape: Animal cells come in various sizes and tend to have round or irregular 

shapes. Plant cells are more similar in size and are typically rectangular or cube 

shaped.  

Energy Storage: Animals cells store energy in the form of the complex 

carbohydrate glycogen. Plant cells store energy as starch.  

Proteins: Of the 20 amino acids (which are) needed to produce proteins, only 10 

can be produced naturally in animal cells. The other so called essential amino 

acids must be acquired through diet. Plants are capable of synthesising all 20 

amino acids.  

Differentiation: In animal cells, only stem cells are capable of converting to other 

cell types. Most plant cell types are capable of differentiation.  

Growth: Animal cells increase in size by increasing in cell numbers. Plant cells 

mainly increase cell size by becoming larger. They grow by absorbing more water 

into the central vacuole.  
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Cell Wall: Animal cells do not have a cell wall but have a cell membrane. Plant 

cells have a cell wall composed of cellulose as well as a cell membrane.  

Centrioles: Animal cells contain these cylindrical structures that organise the 

assembly of microtubules during cell division. Plant cells do not typically contain 

centrioles.  

Cilia: Cilia are found in animal cells but not usually in plant cells. Cilia are 

microtubules that aid in cellular locomotion.  

Cytokinesis: Cytokinesis, the division of the cytoplasm during cell division, occurs 

in animal cells when a cleavage furrow forms, pinching the cell membrane in half. 

Glyoxysomes: These structures are not found in animal cells, but are present in 

plant cells. Glyoxysomes help to degrade lipids, particularly in germinating seeds, 

for the production of sugar.  

Lysosomes: Animal cells possess lysosomes which contain enzymes that digest 

cellular macromolecules. Plant cells rarely contain lysosomes as the plant 

vacuole handles molecule degradation.  

Plastids: Animal cells do not have plastids. Plant cells contain plastids such as 

chloroplasts, which are needed for photosynthesis.  

Plasmodesmata: Animal cells do not have Plasmodesmata. Plant cells have 

Plasmodesmata, which are pores between plant cell walls that allow molecules 

and communication signals to pass between individual plant cells.  

Vacuole: Animal cells may have many small vacuoles. Plant cells have a large 

central vacuole that can occupy up to 90% of the cell's volume.  
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Prokaryotic Cells 

Animal and plant eukaryotic cells are also different from prokaryotic cells like 

bacteria. Prokaryotes are usually single-celled organisms, while animal and plant 

cells are generally multicellular. Eukaryotic cells are more complex and larger 

than prokaryotic cells. Animal and plant cells contain many organelles not found 

in prokaryotic cells. Prokaryotes have no true nucleus as the DNA is not 

contained within a membrane, but is coiled up in a region of the cytoplasm called 

the nucleoid. While animal and plant cells reproduce by mitosis or meiosis, 

prokaryotes propagate most commonly by binary fission. 

Other Eukaryotic Organisms 

Plant and animal cells are not the only types of eukaryotic cells. Protists and fungi 

are two other types of eukaryotic organisms. Examples of protists include algae, 

euglena, and amoebas. Examples of fungi include mushrooms, yeasts, and 

molds. 

Magnification and resolution 

Magnification is the number of times larger an image is than the real size of the 

object (specimen). Amount of magnification depends on the resolution of the 

microscope 
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Units of measurement 

 

Magnification Calculation 

Example: 1 

The nucleus in a photograph of a cell measures 3 mm across. If the magnification 

in the photograph is × 500, what is the actual size of the nucleus? 

Solution: 

 

Example: 2 

A plant cell in a photograph measures 15 mm across. If the actual size of the cell 

is 0.015 mm, what is the magnification in the photograph? 
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Measuring Cells using a Graticule 

 Eyepiece Graticule is a little scale bar placed in the eyepiece of light 

microscope.  

 The Graticule is marked off in “Graticule Units.” 

 Turn the eyepiece so that the Graticule scale lies over the object: the 

width of one cell is 23 Graticule units. 

Electron microscope 

Electron Microscope (EM) is a tool that enables biologists to capture images of 

their specimens at a greater resolution (than light microscope). There are several 

types of Electron Microscopes, and each of these can provide different 

information about the specimen. An electron microscope uses beams of 

electrons rather than light rays. The specimen has to be very thin and must be 

placed in a vacuum to allow electrons to pass through it. The electrons are 

focused onto a screen, or onto photographic film, where they form a magnified 

image of the specimen. 

Magnification and resolution 

Often the term magnification is used when discussing the power of a 

microscope. However, magnification is not the main factor affecting 

microscopes. It is the resolution. Resolution is the ability to distinguish two  
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objects as separate. Imagine a taxi coming towards us at night. Initially we would 

see only a single headlight and at some point we would be able to separate the 

light into two distinct headlights. This is the minimum resolvable distance or 

resolution, and is referred to as the ‘Airy disc’. It is nothing but a diffraction 

pattern created by imaging a point object. The resolution of two objects in a 

microscope depends on them being sufficiently separate so that the diffraction 

patterns do not merge, known as the ‘Rayleigh criterion’. 

  

Ernst Abbe (1873) was able to determine the optimum resolution that a 

microscope can achieve, and the equation for this is known as the 'Abbe 

diffraction limit'. Microscopes are designed to minimize variables so that the 

main limiting factor is the wavelength used to image the sample. All 

electromagnetic radiations (e.g., light, x-rays, radio waves, etc.) have a set 

wavelength. Using a form of electromagnetic ration with a smaller wavelength 
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increases the resolution that can be achieved. Light microscopes can achieve a 

resolution of 200 nm. Super-resolution light microscopy allows some biologists 

to go beyond this limit. However, Electron Microscopes remains the main 

technique used by biologists for high resolution imaging of molecules, viruses 

and cells. 

Electrons are negatively charged sub-atomic particles that have a wavelength. 

The wavelength of an electron is determined by the de Broglie wavelength and 

is linked to the accelerating voltage (AV) used to form the electron beam. For 

example, an AV of 100,000 volts results in an electron wavelength of 0.0037 nm 

and a resolution that is up to 100,000 times smaller than can be achieved with 

light. While it is possible to achieve sub-atomic imaging with an electron 

microscope, it is not possible to image biological samples at this resolution. 

Types of Electron Microscopes 

There are several different types of Electron Microscopes. These can be split into 

two main categories, Transmission Electron Microscopes (TEM) and Scanning 

Electron Microscopes (SEM). The main differences between these are in the 

optics, how the signal is detected and the type of information we can obtain. 
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Both types of the Electron Microscopes have an electron gun, which contains an 

electron source (a filament that produces a cloud of electrons), a Wehnelt 

cylinder (to form the beam) and an anode (to accelerate the beam). There are 

three main types of electron source; a tungsten filament, a lanthanum 

hexaboride (LaB6) crystal and a field emission filament. Differences among the 

filaments are shown in the table below: 
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The above table shows the comparison of different electron guns used to 

produce a beam in an electron microscope. Both Transmission Electron 

Microscopes (TEM) and Scanning Electron Microscopes (SEM) use 

electromagnetic lenses to focus the beam of electrons. Electrons travel along the 

magnetic field and can be focused in the same way that light is focused using 

glass lenses. Apertures are associated with the lenses and are thin plates of 

molybdenum with several small bores (usually a range of 10-300 µm in 

diameter). Apertures are used in an Electron Microscope to control the 

coherence of the beam, which affects resolution, and the amount of contrast in 

the signal. 
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Transmission Electron Microscopes  

A Transmission Electron Microscope (TEM) transmits the beam of electrons 

through a thin sample onto a screen or a camera/detector. It has a large number 

of lenses. The condenser lenses (2-4 depending on the microscope) are 

responsible for the amount of illumination that reaches the sample and control 

beam intensity or brightness. The objective lens focuses the beam of electrons 

onto the sample and applies a small amount of magnification. The intermediate 

and projector lenses magnify the beam and project it onto the camera (CCD or 

film) or screen to form an image. 

It takes only a few seconds to obtain a micrograph (microscopic image). The 

image is a result of the projected beam intensity: Transmitted electrons are 

detected as light areas in the micrograph; darker areas occur where electrons 

have been scattered or absorbed by the sample, thus reducing the number of 

electrons reaching the camera or screen. This is known as bright field imaging 

and is the most common type of imaging for biological samples. 
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Transmission Electron Microscopes (TEM) are often classified based on the 

accelerating voltage (AV) they are capable of. A routine Transmission Electron 

Microscope for biological imaging should be capable of an AV of up to 120 kV. 

Most thin-section Transmission Electron Microscopes will be conducted using 

80-100 kV. Advanced Transmission Electron Microscope  techniques may require 

instruments capable of an AV between 200 kV and 3 MV, which represent a 

resolution 100,000 to 3 million times smaller than light microscope resolution. 
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Scanning Electron Microscope 

A Scanning Electron Microscope (SEM) focuses the beam of electrons into a small 

spot that scans across the surface of a sample. The condenser lens assembles the 

electrons into a fine beam. The objective lens focuses the beam onto the sample. 

Deflection coils causes the beam to move in a rectangular X and Y direction, 

producing a raster scan across the surface of the sample. The signal is 

transmitted to a computer screen. Reducing the area being scanned, results in 

an increase in magnification. 

 

The image below shows the specimen-beam interaction at an atomic level. The 

main signals that are relevant for the TEM are transmitted and scattered 

electrons. The scattering of electrons creates contrast in the final image.  
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For the SEM, the main signals are the secondary electrons and backscattered 

electrons. 

  

An SEM image is formed from signals that are emitted from the sample as a result 

of the specimen-beam interaction. Most biological SEM will generate images 

using two types of electrons. Secondary electrons (SE) are low energy electrons 

produced by small energy transfers between electrons from the beam and 

electrons orbiting atoms in the sample. The energy transfer causes the orbiting 

electron to leave the atom and become a secondary electron. An outer orbiting 

electron will then release some energy in order to jump into the gap left by the 

secondary electron. The second type, backscattered electrons (BSE), are high 

energy electrons that have passed close to an atomic nucleus and been reflected 

or “back-scattered” out of the specimen. In addition, there are a few applications 

that require the detection of characteristic X-rays (energy dispersive X-ray 
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spectroscopy) or photons (cathode-luminescence). There are different types of 

detectors to collect these signals. Secondary electrons are low energy electrons 

and only those produced near the surface can be emitted. The interaction 

volume of the electron beam with a sample. In a TEM this will be greater than 

the depth of the sample. In an SEM the depth to which the beam produces a 

signal depends on the accelerating voltage of the beam. All signals are produced 

throughout the interaction volume. The above figure shows the regions from 

which signals that have the energy to leave the sample and be detected have 

originated. Backscattered electrons can be detected from deeper within the 

sample due to their higher energy. 

The signal detectors are not cameras and the resolution of an SEM image 

depends on the spot size of the beam as it hits the sample and the interaction 

volume between the beam and specimen. The interaction volume directly 

relates to the AV of the beam. Biological SEM typically uses an AV of 1-5 kV for 

the best resolution. 

The SEM image is inverted compared to the TEM. Bright areas of the image are 

the result of more electrons being scattered (from topography or heavy element 

staining). Relatively large biological samples can be imaged using an SEM as we 

no longer have to transmit the signal through the specimen. 

Uses of Electron Microscopes 

o TEM is appropriate for imaging either very small samples, such as 

molecules or viruses, or the inside of cells and tissues. The image 

produced is analogous to an x-ray and is a projection through the 

biological sample. Unlike a light microscope and SEM, everything in the 
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image will be in focus due to the relatively large depth of field. TEM 

images are 2D. It is possible to obtain 3D information of viruses or 

molecules using a computerised image processing technique called single 

particle analysis. Larger samples have to be sectioned to between 50 and 

200 nm in thickness in order for the beam to penetrate the sample. A 

series of sections can be imaged and the data assembled into a 3D 

volume, which is called serial section TEM. 3D data of 200-500 nm-thick 

sections of cells and tissues can be obtained using a technique called 

electron tomography. 

o SEM is used to image the surface of bulk samples, such as bacteria, cells, 

tissues and organisms. Atomic contrast can be detected using 

backscattered electrons (BSE) as heavier atoms produce a brighter signal. 

SEM micrographs have an optical illusion that creates the impression of 

a 3D image, however, no z dimension data is available thus making the 

images 2D only. 3D information can be obtained by tilting the sample and 

creating a stereoscopic image. SEM can be used to image sections and 

resin embedded samples, creating TEM-like images and 3D data. This is 

used in advanced SEM techniques such as array tomography, serial block-

face scanning electron microscopy and focused ion beam scanning 

electron microscopy. 

Limitations of Electron Microscope 

Some of the major challenges the researchers face while working with biological 

samples in Electron Microscopes are: 
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Vacuum: The electron beam operates within a fairly high vacuum. This causes 

problems for biological tissue, because the evaporating water destroys the 

structures being imaged. This also means that it is not possible to image living 

tissue with EM. Several protocols stabilise the sample during preparation. 

Samples can be frozen rapidly and imaged in their hydrated state in a technique 

called Cryo-TEM, or they can be fixed with chemicals, dehydrated in solvents, 

stained, embedded in a resin and sectioned. 

Lack of contrast: Biological tissue does not diffract many electrons. Electron-

dense stains or advanced EM techniques are often necessary to visualise 

biological ultrastructure. 

Transparency: The electron beam must be able to get through the sample in a 

TEM. Some samples are small enough that they can be imaged whole, such as 

viruses, but most cells and tissues need to be sectioned into 50-200 nm-thick 

slices. 

Charging: Biological samples are non-conductive, which can create issues when 

bombarded by a negatively charged electron beam. The samples can be unstable 

and drift, blurring the image, or create distortions in the signal, all of which are 

features of an accumulation of negative charge or “charging”. Heavy metal 

staining will help prevent this and in a SEM a conductive coating is applied to the 

sample to dissipate the charge. 
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1.2. Cells as the basic units of living organisms 
 

Prokaryotic Cell  

The Prokaryotic Cells are the simplest type of cells were most likely the first type 

of cells that formed on Earth. Organisms with this cell type are known by the 

term prokaryotic organisms or prokaryotes. Bacteria, blue green algae and E.coli 

are few examples of this category. Prokaryotic cells are single-celled organisms, 

with the absence of a membrane-bound nucleus. They consist of capsule, cell 

wall, cell membrane, cytoplasm, nucleoid, ribosome, plasmids, pili and flagella. 

 

  

Prokaryotic Cell General Features 

 The size of a cell ranges from 1-10 microns. Few prokaryotic cells vary in 

their size. 
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 All prokaryotes are single-celled microorganisms. Often cells aggregate 

together to form colonies. A colony of prokaryotic cells often make 

changes to their surrounding environments in order to benefit the 

individual cells. 

 The shape of the cell includes spherical, rod and flat shaped organisms. 

 The main components of the organic compounds in a prokaryotic cell are 

macronutrients (such as carbon, hydrogen, oxygen, nitrogen, 

phosphorus, and sulfur) that make up important biomolecules, including 

proteins and nucleic acids. Prokaryotes need nutrients in small quantities 

to perform cellular functions, including certain electron transport chain 

reactions. These nutrients are known as micronutrients (e.g., iron, 

manganese, chromium, and boron).  

 Prokaryotes can use different sources of energy to assemble 

macromolecules from smaller molecules. Phototrophs (or phototrophic 

organisms) obtain their energy from sunlight. Chemotrophs (or 

chemosynthetic organisms) obtain their energy from chemical 

compounds. Chemotrophs that use organic compounds as energy 

sources are known as Chemoorganotrophs, while Chemotrophs that use 

inorganic compounds as energy sources are called Chemolithotrophs. 

 Prokaryotic organisms reproduce asexually, which means that they do 

not need a partner to reproduce. Most reproduce through a process 

called binary fission where the cell basically splits in half after copying its 

DNA. This means that without mutations within the DNA, offspring are 

identical to their parent. Prokaryotes can also exchange genetic material 

by transformation, transduction, and conjugation. 
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Structure and Functions of a Prokaryotic Cell 

Capsule 

It is the slimy outer coating of the cell wall. It is composed of the polypeptide. 

The main function of the capsule is to protect the cell from getting dry. The 

capsule also helps in protecting cells from external pressures. 

Cell wall 

It is a tough, rigid structure which maintains the shape of the cell and protects 

its internal organelles. It provides rigidity, tensile strength, structural support, 

and protection against mechanical stress and infection. It is the middle layer that 

is present in between the capsule and cell membrane. 

Cell membrane 

The cell membrane, also known as plasma membrane, is a thin semi-permeable 

membrane that surrounds the cytoplasm of a cell and separates the cell from its 

environment. It is of about 5-10 nm in thickness, which helps in the secretion of 

proteins and elimination of waste products. Its function is to protect the integrity 

of the interior of the cell by allowing certain substances into the cell, while 

keeping other substances out. The cell membrane also serves as a base of 

attachment for the cytoskeleton in some organisms and the cell wall in others. 

Therefore, it also serves to help support the cell and help maintain its shape. 

Moreover, it regulates cell growth through the balance of endocytosis and 

exocytosis. In endocytosis, lipids and proteins are removed from the cell 

membrane, as substances are internalised. In exocytosis, vesicles containing  
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lipids and proteins fuse with the cell membrane, which increases the size of the 

cell. Prokaryotic cells, plant cells, animal cells, and fungal cells have plasma 

membranes. Internal organelles are also encased by membranes. 

Cytoplasm 

It is the liquid membrane that is present in between the cell membrane and 

nucleoid. It plays a vital role in storing all types of materials required for an 

organism to sustain life. 

Nucleoid 

It is an irregularly shaped region within the cell of a prokaryote that contains all 

or most of the genetic material. It is not surrounded by a nuclear membrane. The 

nucleoid is mostly composed of multiple compacted copies of DNA in a 

continuous thread, with the addition of some RNA and proteins. The DNA in 

prokaryotes is double-stranded and generally takes a circular shape. Note that 

DNA can sometimes also be found in other regions outside the nucleoid.  

The nucleoid plays a vital role in cell division. It is essential for controlling the 

activity of the cell and reproduction. It is where transcription and replication of 

DNA take place.  

Ribosome 

It consists of both RNA and proteins, and each ribosome consists of two separate 

RNA-protein complexes, known as the small and large subunits. Ribosomes are 

the molecular machines that are responsible for protein synthesis in the cell. 
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Plasmids  

A plasmid is a small, circular, double-stranded DNA molecule that is distinct from 

a cell's chromosomal DNA. Plasmids are rarely present in prokaryotic organisms. 

They naturally exist in bacterial cells, and they also occur in some eukaryotes. 

The genes carried in plasmids often provide bacteria with genetic advantages, 

such as antibiotic resistance. Bacteria can transfer plasmids to one another 

through a process called conjugation.  

Pili  

Pili are hair like appendages found on the surface of many bacteria. They allow 

bacterial cells to adhere to other surfaces throughout their environment. A pilus 

is a thin, rigid fiber made of protein that protrudes from the cell surface. The 

primary function of pili is to attach a bacterial cell to specific surfaces or to other 

cells. The major constituent of a pilus is a protein called pilin.  

Flagella 

Bacterial flagella are helically shaped structures containing the protein flagellin.  

They protrude from the cell body of certain prokaryotic and eukaryotic cells. The 

primary function of the flagellum is locomotion; however, being sensitive to 

chemicals and temperatures outside the cell, it also often functions as a sensory 

organelle. The prokaryotic and eukaryotic flagella differ greatly in protein 

composition, structure, and mechanism of propulsion. Nonetheless, both can be 

used for swimming. Most bacterial flagella can rotate both clockwise and 

counterclockwise enabling to stop and change direction. 
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Eukaryotic Cell  

Animals, plants and other organisms, excluding bacteria, blue green algae and 

E.coli, have been grouped into this category. Eukaryotic cells are more complex 

than prokaryotic cells. These organisms have membrane-bound nucleus with 

many cell organelles to perform several cellular functions within the system.  

 

 

 

Eukaryotic Cell General Features 

 The size of a eukaryotic cell ranges from 10-100 microns. Few eukaryotic 

cells vary in their size. 

 They are large, advanced, and multicellular, and they have membrane-

bound organelles. 

 They may reproduce sexually as well as asexually. 

 Main modes of nutrition are autotrophic nutrition and heterotrophic 

nutrition. 
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 The organisms that are made up of eukaryotic cell are known as 

eukaryotes. These organisms are broadly divided into two categories – 

unicellular and multicellular. There are many different types of 

eukaryotic cells, though animals and plants are the most familiar 

eukaryotes. Fungi, protozoa, and algae are also composed of eukaryotic 

cells. 

Structure and Functions of a Eukaryotic Cell 

Plasma membrane 

It is a semi-permeable membrane that provides a boundary that protects and 

separates the cell from the external environment.  

Nucleus 

 

The characteristic feature of the eukaryotic cells is that they have true nucleus 

(a nucleus covered by a membrane called nuclear membrane). Often referred to 

as the brain of the cell, nucleus is the controlling unit of the cell. The nucleus of 

a eukaryotic cell contains the DNA, the genetic material of the cell. The DNA 

contains the information necessary for constructing the cell and directing the 

multitude of synthesis tasks performed by the cell in the process of life and 

reproduction. 

Nuclear membrane 

Surrounding every nucleus is a double-layered membrane called the nuclear 

membrane or nuclear envelope. This membrane separates the nucleoplasm, or 
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fluid inside the nucleus, from the cytoplasm, or the fluid outside the nucleus, in 

eukaryotic cells. The nuclear envelope contains a large number of different 

proteins that have been implicated in chromatin organisation and gene 

regulation. It surrounds the nucleus with a double membrane with multiple 

pores. The pores regulate the passage of macromolecules like proteins and RNA, 

but permit free passage of water, ions, ATP and other small molecules. In this 

way, the membrane exerts some control over the information flow in the cell 

since information is carried by the macromolecules.  

A nuclear envelope is made up of two membranes: an outer membrane and an 

inner membrane. Each membrane is composed of phospholipids arranged in a 

bilayer, which means that the entire nuclear membrane has four rows of 

phospholipids. The inner and outer membranes are separated by the perinuclear 

space.  

Nucleolus 

 

The nucleolus, best known as the site of ribosome biogenesis, is a round body 

located inside the nucleus of a eukaryotic cell. It is not surrounded by a 

membrane but sits in the nucleus. It is mainly involved in controlling all types of 

cellular activities, including cellular reproduction. The nucleolus makes 

ribosomal subunits from proteins and ribosomal RNA, also known as rRNA. It 

then sends the subunits out to the rest of the cell where they combine into 

complete ribosomes. Ribosomes make proteins; therefore, the nucleolus plays a 

vital role in making proteins in the cell.  
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Mitochondria 

Mitochondria are double-membraned organelles that are present in all 

eukaryotic cells. Eukaryotic cells may contain anywhere from one to several 

thousand mitochondria, depending on the cell's level of energy consumption. 

Mitochondria contain their own ribosomes and DNA. Each membrane is a 

phospholipid bilayer embedded with proteins. The main function of 

mitochondria is to metabolise or break down carbohydrates and fatty acids in 

order to generate energy. Eukaryotic cells use energy in the form of a chemical 

molecule called ATP (adenosine triphosphate).  

Mitochondria are responsible for making adenosine triphosphate (ATP), the 

cell's main energy-carrying molecule. Therefore, there are called the 

"powerhouses" or "energy factories" of the cell. ATP represents the short-term 

stored energy of the cell.Cellular respiration is the process of making ATP using 

the chemical energy found in glucose and other nutrients. In mitochondria, this 

process uses oxygen and produces carbon dioxide as a waste product. Muscle 

cells have a very high concentration of mitochondria that produce ATP. They 

need a lot of energy to keep one’s body moving. When one’s cells do not get 

enough oxygen, they do not make a lot of ATP. Instead, the small amount of ATP 

they make in the absence of oxygen is accompanied by the production of lactic 

acid.  

Endoplasmic Reticulum 

The endoplasmic reticulum is an important organelle in eukaryotic cells. It plays 

a major role in the production, processing, and transport of proteins and lipids.  
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It produces transmembrane proteins and lipids for its membrane and for many 

other cell components, including lysosomes, secretory vesicles, the Golgi 

apparatus, the cell membrane, and plant cell vacuoles. The endoplasmic 

reticulum is an interconnected network of flattened sacs or tubes encased in 

membranes. It extends from the cell membrane through the cytoplasm, and 

forms a continuous connection with the nuclear envelope.  

 

There are two regions of the endoplasmic reticulum that differ in both structure 

and function. One region is called rough endoplasmic reticulum because it has 

ribosomes attached to the cytoplasmic side of the membrane. The other region 

is called smooth endoplasmic reticulum because it lacks attached ribosomes. 

Typically, the smooth endoplasmic reticulum is a tubule network and the rough 

endoplasmic reticulum is a series of flattened sacs. The space inside of the 

endoplasmic reticulum is called the lumen. Since the endoplasmic reticulum is 

connected with the nuclear envelope, the lumen of the endoplasmic reticulum 

and the space inside the nuclear envelope are part of the same compartment. 

 

Ribosome 

 

The ribosome is a complex molecule made of ribosomal RNA molecules and 

proteins that form a factory for protein synthesis in cells. Translation of 

messenger RNA (mRNA) by ribosomes occurs in the cytoplasm. In bacterial cells, 

ribosomes are scattered throughout the cytoplasm. In eukaryotic cells, they can 

be found both as free ribosomes and as bound ribosomes, their location 

depending on the function of the cell.  
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Golgi Bodies 

The Golgi apparatus, also known as the Golgi complex or Golgi body, is an 

organelle found in most eukaryotic cells. While many types of cells contain only 

one or several Golgi apparatus, plant cells can contain hundreds. 

 

Golgi bodies are membrane-bound organelles that are made up of a series of 

flattened, stacked pouches called cisternae. They are the composite of vestibules 

and folded membranes whose major function is to absorb and store lipids, 

proteins and certain enzymes. They also help in preserving and transporting 

materials within the cell.  

Lysosomes 

They are the membrane-bound organelles that contain an array of enzymes 

capable of breaking down all types of biological polymers—proteins, nucleic 

acids, carbohydrates, and lipids. Lysosomes function as the digestive system of 

the cell, serving both to degrade material taken up from outside the cell and to 

digest obsolete components of the cell itself. They play a vital role in protecting 

cells by engulfing or destroying foreign bodies entering the cells. 

In their simplest form, lysosomes are visualised as dense spherical vacuoles, but 

they can display considerable variation in size and shape as a result of differences 

in the materials that have been taken up for digestion. 
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Cytoplasm 

All the cell inclusions are held in place by the semi-fluid called cytoplasm. 

Cytoplasm is a thick solution that fills each cell and is enclosed by the cell 

membrane. It is mainly composed of water, salts and proteins. In eukaryotic 

cells, the cytoplasm includes all of the material inside the cell and outside of the 

nucleus. All of the organelles in eukaryotic cells, such as the nucleus, 

endoplasmic reticulum, and mitochondria, are located in the cytoplasm. The 

portion of the cytoplasm that is not contained in the organelles is called the 

cytosol. Cytoplasm may appear to have no form or structure; however, it is 

actually highly organised. 

Chromosomes 

A chromosome is a single, long molecule of DNA. These highly organized 

structures store genetic information in living organisms. Small sections of the 

chromosome, called genes, code for the RNA and protein molecules required by 

an organism. In some organisms, like humans, chromosomes are linear, but in 

other organisms, like bacteria, chromosomes are typically circular. In 

prokaryotes, the circular chromosome is contained in the cytoplasm in an area 

called the nucleoid. In contrast, in eukaryotes, all of the cell's chromosomes are 

stored inside a structure called the nucleus. Each eukaryotic chromosome is 

composed of DNA coiled and condensed around nuclear proteins called histones. 

Humans inherit one set of chromosomes from their mother and a second set 

from their father. 
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 In total, most human cells contain 46 chromosomes with 22 pairs of autosomes, 

or non-sex chromosomes, and two sex-determining chromosomes. The sex 

chromosomes in humans are called X and Y. Females carry two X chromosomes, 

while males carry one X and one Y chromosome. Cells of the body that contain 

two sets of chromosomes are called diploid. Meanwhile, germ line cells, which 

go on to produce egg or sperm cells, are called haploid because they contain half 

the chromosomes of diploid cells. Chromosomes are often observed and 

depicted as X-shaped structures. DNA takes this form following DNA replication 

during the process of cell division when the two replicated chromosomes, called 

chromatids, are highly condensed and still attached to one another at a point 

called the centromere. Human chromosomes can be differentiated from one 

another under a microscope by their lengths and by the position of the 

centromere. 
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A comparison of prokaryotic and eukaryotic cells 

 

***** 
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2. Biological molecules 
 

Introduction 

A Biomolecule or Biological Molecule is a loosely used term for molecules or 

more commonly ions that are present in organisms. Biomolecules includes large 

macromolecules (or poly-anions) such as proteins, carbohydrates, lipids, and 

nucleic acids, as well as small molecules such as primary metabolites, secondary 

metabolites, and natural products. A more general name for this class of material 

is biological materials. Biomolecules are usually endogenous but may also be 

exogenous. For example, pharmaceutical drugs may be natural products or 

semisynthetic (biopharmaceuticals) or they may be totally synthetic. 

The study of biomolecules and their reactions comes under biochemistry and 

molecular biology, subsections of Biology. Most biomolecules are organic 

compounds, and just four elements—oxygen, carbon, hydrogen, and nitrogen—

make up 96% of the human body's mass. But many other elements, such as the 

various bio-metals, are present in small amounts. 

The uniformity of specific types of molecules (the biomolecules) and of some 

metabolic pathways as invariant features between the diversity of life forms is 

called "biochemical universals" or "theory of material unity of the living beings", 

a unifying concept in biology, along with cell theory and evolution theory. 

A nutrient is a substance which is needed for growth, repair and metabolism. 

The three main nutrients are: 
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 carbohydrates  

 proteins  

 lipids (fats and oils)  

These nutrients are all examples of organic chemicals. This means that they all 

contain carbon atoms, covalently bonded to the atoms of other elements. 

Compounds built from carbon and hydrogen are called organic compounds. 

Examples include methane (CH4) and glucose (C6 H12 O6). Carbon is not a common 

element of the Earth's crust; it is quite rare compared to silicon and Aluminium, 

for example. However, in living things, carbon is the third most abundant 

element by mass, after oxygen. In fact, organic compounds make up the largest 

number of molecules found in living things. This includes carbohydrates, lipids 

and proteins. 

Types of Biomolecules 

A diverse range of biomolecules exist, such as: 

o Lipids, fatty acids, glycolipids, sterols 

o Vitamins 

o Hormones, neurotransmitters 

o Metabolites 

o Monomers, oligomers and polymers 
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2.1. Carbohydrates and lipids 

A carbohydrate is a biological molecule consisting of carbon (C), hydrogen (H) 

and oxygen (O) atoms, usually with a hydrogen–oxygen atom ratio of 2:1 (as in 

water); in other words, with the empirical formula Cm(H2O)n (where m could be 

different from n). This formula holds true for monosaccharides, although some 

exceptions do exist. For example, deoxyribose, a sugar component of DNA, has 

the empirical formula C5H10O4. Carbohydrates are technically hydrates of 

carbon; structurally it is more accurate to view them as poly-hydroxy aldehydes 

and ketones. 
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The term is most common in biochemistry, where it is a synonym of 'saccharide', 

a group that includes sugars, starch, and cellulose. The saccharides are divided 

into four chemical groups: monosaccharides, disaccharides, oligosaccharides, 

and polysaccharides. Monosaccharides and disaccharides, the smallest (lower 

molecular weight) carbohydrates, are commonly referred to as sugars. The 

scientific nomenclature of carbohydrates is complex, and the names of the 

monosaccharides and disaccharides very often end in the suffix -ose. For 

example, grape sugar is the monosaccharide glucose, cane sugar is the 

disaccharide sucrose, and milk sugar is the disaccharide lactose. 

Carbohydrates perform numerous roles in living organisms. Polysaccharides 

serve for the storage of energy (e.g. starch and glycogen) and as structural 

components (e.g. cellulose in plants and chitin in arthropods). The 5-carbon 

monosaccharide ribose is an important component of coenzymes (e.g. ATP, FAD 

and NAD) and the backbone of the genetic molecule known as RNA.  
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The related deoxyribose is a component of DNA. Saccharides and their 

derivatives include many other important biomolecules that play key roles in the 

immune system, fertilization, preventing pathogenesis, blood clotting, and 

development. 

In food science and in many informal contexts, the term carbohydrate often 

means any food that is particularly rich in the complex carbohydrate starch (such 

as cereals, bread and pasta) or simple carbohydrates, such as sugar (found in 

candy, jams, and desserts). 

Carbohydrates are found in a wide variety of foods. The important sources are 

cereals (wheat, maize, rice), potatoes, sugarcane, fruits, table sugar (sucrose), 

bread, milk, etc. Starch and sugar are the important carbohydrates in our diet. 

Starch is abundant in potatoes, maize, rice and other cereals. Sugar appears in 

our diet mainly as sucrose (table sugar) which is added to drinks and many 

prepared foods such as jam, biscuits and cakes. Glucose and fructose are found 

naturally in many fruits and some vegetables. Glycogen is carbohydrate found in 

the liver and muscles (as animal source). Cellulose in the cell wall of all plant 

tissue is a carbohydrate. It is important in our diet as fiber which helps to 

maintain a healthy digestive system. 

Carbohydrates are one of the main types of nutrients. They are the most 

important source of energy for our body. Our digestive system changes 

carbohydrates into glucose (blood sugar) and then our body uses this sugar for 

energy for our cells, tissues and organs. It stores any extra sugar in our liver and 

muscles for when it is needed. 
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Carbohydrates are called simple or complex, depending on their chemical 

structure. Simple carbohydrates include sugars found naturally in foods such as 

fruits, vegetables, milk, and milk products. They also include sugars added during 

food processing and refining. Complex carbohydrates include whole grain breads 

and cereals, starchy vegetables and legumes. Many of the complex 

carbohydrates are good sources of fiber. 

Classification of Carbohydrates 

Carbohydrates are poly-hydroxy aldehydes, ketones, alcohols, acids, their simple 

derivatives and their polymers having linkages of the acetal type. They may be 

classified according to their degree of polymerization and may be divided initially 

into three principal groups, namely sugars, oligosaccharides and polysaccharides 
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Carbohydrates are found in one of the three forms: 

o Monosaccharides 

o Disaccharides (both sugars) 

o Polysaccharides 

Monosaccharides 

Monosaccharides are the simplest carbohydrates, which means that, they 

cannot be hydrolyzed to smaller carbohydrates and they are often called as 

single sugars. They are the building blocks from which all bigger carbohydrates 

are made.  They are aldehydes or ketones with two or more hydroxyl groups. 

Glucose, galactose, and fructose are "single" sugars or monosaccharides. Two 

monosaccharides can be linked together to form a "double" sugar or 

disaccharide.  

The general chemical formula of an unmodified monosaccharide is (CH2O)n, 

literally a "carbon hydrate". Monosaccharides are important fuel molecules as 

well as building blocks for nucleic acids. The smallest monosaccharides, for which 

n=3, are dihydroxyacetone and D- and L-glyceraldehydes. 

General formula 

Monosaccharides have the general molecular formula (CH2O)n, where n is a 

number between 3 and 9. They are classified according to the number of 

carbon atoms in a molecule: 

 n = 3 = trioses, e.g. glyceraldehyde 

 n = 4 = tetrose 
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 n = 5 = pentoses, e.g. ribose and deoxyribose ('pent' indicates 5) 

 n = 6 = hexoses, e.g. fructose, glucose and galactose ('hex' indicates 6) 

Trioses: (e.g. glyceraldehydes), intermediate in respiration and photosynthesis. 

Tetroses: rare. 

Pentoses: (e.g. ribose, ribulose), are used in the synthesis of nucleic acids (RNA 

and DNA), co-enzymes (NAD, NADP, FAD) and ATP. 

Hexoses: (e.g. glucose, fructose), are used as a source of energy in respiration 

and as building blocks for larger molecules. 

All but one carbon atom have an alcohol (OH) group attached. The remaining 

carbon atom has an aldehyde or ketone group attached. 

There is more than one molecule with the molecular formula C5H10O5 and more 

than one with the molecular formula C6H12O6. Molecules that have the same 

molecular formula but different structural formulae are called structural 

isomers. 

Glyceraldehyde's molecular formula is C3H6O3. Its structural formula shows that 

it contains an aldehyde group (-CHO) and two hydroxyl groups (-OH). The 

presence of an aldehyde group means that glyceraldehyde can also be classified 

as an aldose. It is a reducing sugar and gives a positive test with Benedict's 

reagent. Benedict's test for non-reducing Sugars is a test which determines the 

presence of non-reducing sugars in a test solution. The principal reagent in 

Benedict's test for Reducing Sugars is Benedict's Solution which contains 
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o Copper (II) sulphate 

o Sodium carbonate 

o Sodium citrate 

CH2OHCH(OH)CHO is oxidised by Benedict's reagent to CH2OHCH(OH)COOH; the 

aldehyde group is oxidised to a carboxylic acid and Benedict's reagent is reduced 

(Cu2+ to Cu+). 

Pentoses and hexoses can exist in two forms: cyclic and non-cyclic. In the non-

cyclic form their structural formulae show they contain either an aldehyde group 

or a ketone group. 

Monosaccharides containing the aldehyde group are classified as aldoses, and 

those with a ketone group are classified as ketoses. Aldoses are reducing sugars; 

ketoses are non-reducing sugars. This is important in understanding the reaction 

of sugars with Benedict's reagent. 

However, in water pentoses and hexoses exist mainly in the cyclic form, and it is 

in this form that they combine to form larger saccharide molecules. 
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Chain form 

 

Ring form 

Due to the bond angles between the carbon atoms, it is possible for pentoses 

and hexoses to form stable ring structures. The carbon atoms are numbered 1 

to 5 in pentoses and 1 to 6 in hexoses. Depending on the orientation of the OH 

group on carbon 1, the monosaccharide can have either α or β configurations. 

Disaccharides and Glycosidic bonds 

These are formed when two monosaccharides are condensed together. One 

monosaccharide loses an H atom from carbon atom number 1 and the other 

loses an OH group from carbon 4 to form the bond. 
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The reaction, which is called a condensation reaction, involves the loss of water 

(H2O) and the formation of an 1,4-glycosidic bond. Depending on the 

monosaccharides used, this can be an α-1,4-glycosidic bond or a β-1,4-glycosidic 

bond. 

 

The reverse of this reaction, the formation of two monosaccharides from one 

disaccharide, is called a hydrolysis reaction and requires one water molecule to 

supply the H and OH to the sugars formed. 

Examples of Disaccharides 

Sucrose: glucose + fructose, 

Lactose: glucose + galactose, 

Maltose: glucose + glucose. 

Maltose: glucose + glucose. 

Sucrose is used in many plants for transporting food reserves, often from the 

leaves to other parts of the plant. Lactose is the sugar found in the milk of 
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mammals, and maltose is the first product of starch digestion and is further 

broken down to glucose before absorption in the human gut. 

Biochemical tests 

All monosaccharides and some disaccharides including maltose and lactose are 

reducing sugars. These can be tested for, by adding Benedict's reagent to the 

sugar and heating in a water bath. If a reducing sugar is present, the solution 

turns green, then yellow and finally produces a brick red precipitate. Non-

reducing sugars can also be tested for using Benedict's reagent but first require 

addition of an acid and heating to hydrolyse (break apart) the sugar. The acid 

must then be neutralised using an alkali like sodium hydroxide before carrying 

out the test as described above. 

Polysaccharides 

 

Monosaccharides can undergo a series of condensation reactions, adding one 

unit after another to the chain until very large molecules (polysaccharides) are 

formed. This is called condensation polymerisation, and the building blocks are 

called monomers. The properties of a polysaccharide molecule depend on: 

o Its length (though they are usually very long)  
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o The extent of any branching (addition of units to the side of the chain 

rather than one of its ends)  

o Any folding which results in a more compact molecule 

o Whether the chain is 'straight' or 'coiled'  

Starch is often produced in plants as a way of storing energy. It exists in two 

forms: Amylose and Amylopectin. Both are made from α-glucose. Amylose is an 

unbranched Polymer of α-glucose. The molecules coil into a helical structure. It 

forms a colloidal suspension in hot water. Amylopectin is a branched polymer of 

α-glucose. It is completely insoluble in water. 

Glycogen is amylopectin with very short distances between the branching side-

chains. Starch from plants is hydrolysed in the body to produce glucose. Glucose 

passes into the cell and is used in metabolism. Inside the cell, glucose can be 

polymerised to make glycogen which acts as a carbohydrate energy store. 

Cellulose is a third polymer made from glucose. But this time it is made from β-

glucose molecules and the polymer molecules are “straight.” Cellulose serves a 

very different purpose in nature to starch and glycogen. It makes up the cell walls 

in plant cells. These are much tougher than cell membranes. This toughness is 

due to the arrangement of glucose units in the polymer chain and the hydrogen-

bonding between neighbouring chains. 

Cellulose is not hydrolysed easily and, therefore, cannot be digested so it is not 

a source of energy for humans. The stomachs of Herbivores contain a specific 

enzyme called cellulase which enables them to digest cellulose. 
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Biochemical test 

Iodine solution or potassium iodide solution can be used to test for the presence 

of starch. A positive result changes the solution from an orange-brown to a blue-

black colour. 

Functions of carbohydrates 

Carbohydrates play a variety of extensive roles in all forms of life. They function 

as energy sources of the body and act as a biofuel. Polysaccharides, such as 

starch and glycogen, are first hydrolysed by enzymes to Glucose. Glucose is then 

transported from one cell to another by blood in case of animals and by cell sap 

in case of plants. Glucose is then oxidised to produce carbon dioxide and water. 

Energy is released in this process, and it is used for functioning of the cells. 

Fats and proteins can also be burned to provide energy but carbohydrates 

function as primary source of energy. Fats are only burned if there is non-

availability of carbohydrates. When fat is burned in absence of carbohydrates, 

toxic compounds, such as ketone bodies, are produced. Accumulation of these 

ketone bodies over long periods of time causes a condition called Ketosis. In this 

condition, blood becomes unable to carry oxygen properly and this can be fatal. 

Thus, one of important function of carbohydrate is to help burn fat properly. 

Different forms of Carbohydrates are stored in living organism as storage food. 

Polysaccharide starch acts as storage food for plants. Glycogen stored in liver 

and muscles acts as storage food for animals. Inulin acts as storage food of 

dahlias, onion and garlic. 
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Different carbohydrates, especially polysaccharides, act as a framework in living 

organism. Cellulose forms cell wall of plant cells along with hemicelluloses and 

Pectin. Chitin forms cell wall of fungal cells and exoskeletons of arthropods. 

Peptidoglycan forms cell wall of bacteria and cyanobacteria. Thus, carbohydrates 

function as a contributing material to the cellular structure. 

Lipids 

In biology, a lipid is a substance of biological origin that is soluble in nonpolar 

solvents. It comprises a group of naturally occurring molecules that include fats, 

waxes, sterols, fat-soluble vitamins (such as vitamins A, D, E, and K), mono-

glycerides, diglycerides, triglycerides, phospholipids, and others. The main 

biological functions of lipids include storing energy, signalling, and acting as 

structural components of cell membranes. Lipids have applications in the 

cosmetic and food industries as well as in nanotechnology. 

Scientists may broadly define lipids as hydrophobic or amphiphilic small 

molecules; the amphiphilic nature of some lipids allows them to form structures 

such as vesicles, multilamellar/unilamellar liposomes, or membranes in an 

aqueous environment. Biological lipids originate entirely or in part from two 

distinct types of biochemical subunits or "building-blocks": ketoacyl and 

isoprene groups. Using this approach, lipids may be divided into eight categories: 

fatty acids, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, 

and polyketides (derived from condensation of ketoacyl subunits); and sterol 

lipids and prenol lipids (derived from condensation of isoprene subunits). 

Although the term lipid is sometimes used as a synonym for fats, fats are a 

subgroup of lipids called triglycerides. Lipids also encompass molecules such as 
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fatty acids and their derivatives (including tri-, di-, monoglycerides, and 

phospholipids), as well as other sterol-containing metabolites such as 

cholesterol. Although humans and other mammals use various biosynthetic 

pathways both to break down and to synthesize lipids, some essential lipids 

cannot be made this way and must be obtained from the diet. 

o Lipids are made up of the elements carbon, hydrogen and oxygen but in 

different proportions to carbohydrates. The most common type of lipid 

is the triglyceride. 

o Lipids can exist as fats, oils and waxes. Fats and oils are very similar in 

structure (triglycerides). 

o At room temperature, fats are solids and oils are liquids. Fats are of 

animal origin, while oils tend to be found in plants. 

o Waxes have a different structure (esters of fatty acids with long chain 

alcohols) and can be found in both animals and plants. 

Fatty acids 

Fatty acids (or fatty acid residues) when they are part of a lipid, are a diverse 

group of molecules synthesized by chain-elongation of an acetyl-CoA primer with 

malonyl-CoA or methylmalonyl-CoA groups in a process called fatty acid 

synthesis. They are made of a hydrocarbon chain that terminates with a 

carboxylic acid group; this arrangement confers the molecule with a polar, 

hydrophilic end, and a nonpolar, hydrophobic end that is insoluble in water. The 

fatty acid structure is one of the most fundamental categories of biological lipids, 

and is commonly used as a building-block of more structurally complex lipids. 

The carbon chain, typically between four and 24 carbons long, may be saturated 
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or unsaturated, and may be attached to functional groups containing oxygen, 

halogens, nitrogen, and sulfur. If a fatty acid contains a double bond, there is the 

possibility of either a cis or trans-geometric isomerism, which significantly affects 

the molecule's configuration. Cis-double bonds cause the fatty acid chain to 

bend, an effect that is compounded with more double bonds in the chain. Three 

double bonds in 18-carbon linolenic acid, the most abundant fatty-acyl chains of 

plant thylakoid membranes, render these membranes highly fluid despite 

environmental low-temperatures, and also makes linolenic acid give dominating 

sharp peaks in high resolution 13-C NMR spectra of chloroplasts. This in turn 

plays an important role in the structure and function of cell membranes. Most 

naturally occurring fatty acids are of the cis configuration, although the ‘trans’ 

form does exist in some natural and partially hydrogenated fats and oils. 

Examples of biologically important fatty acids include the eicosanoids, derived 

primarily from arachidonic acid and eicosapentaenoic acid, that include 

prostaglandins, leukotrienes, and thromboxanes. Docosahexaenoic acid is also 

important in biological systems, particularly with respect to sight. Other major 

lipid classes in the fatty acid category are the fatty esters and fatty amides. Fatty 

esters include important biochemical intermediates such as wax esters, fatty 

acid thioester coenzyme A derivatives, fatty acid thioester ACP derivatives and 

fatty acid carnitines. The fatty amides include N-acyl ethanolamines, such as the 

cannabinoid neurotransmitter anandamide. 

Glycerolipids 

Glycerolipids are composed of mono-, di-, and tri-substituted glycerols, the best-

known being the fatty acid triesters of glycerol, called triglycerides. The word 
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"triacylglycerol" is sometimes used synonymously with "triglyceride". In these 

compounds, the three hydroxyl groups of glycerol are each esterified, typically 

by different fatty acids. Because they function as an energy store, these lipids 

comprise the bulk of storage fat in animal tissues. The hydrolysis of the ester 

bonds of triglycerides and the release of glycerol and fatty acids from adipose 

tissue are the initial steps in metabolizing fat. 

Additional subclasses of Glycerolipids are represented by glycosylglycerols, 

which are characterized by the presence of one or more sugar residues attached 

to glycerol via a Glycosidic linkage. Examples of structures in this category are 

the digalactosyldiacylglycerols found in plant membranes and seminolipid from 

mammalian sperm cells. 

Phospholipids 

Glycerophospholipids, usually referred to as phospholipids, are ubiquitous in 

nature and are key components of the lipid bilayer of cells, as well as being 

involved in metabolism and cell signaling. Neural tissue (including the brain) 

contains relatively high amounts of glycerophospholipids, and alterations in their 

composition has been implicated in various neurological disorders. 

Glycerophospholipids may be subdivided into distinct classes, based on the 

nature of the polar head-group at the sn-3 position of the glycerol backbone in 

eukaryotes and eubacteria, or the sn-1 position in the case of archaebacteria. 

A phosphate-base group replaces one fatty acid chain. It makes this part of the 

molecule (the head) soluble in water, at the same time as the fatty acid chains 

remain insoluble in water. Due to this arrangement, phospholipids form bilayers 

(the main component of cell and organelle membranes). 
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Phosphatidyl-ethanolamine 

 

Examples of glycerophospholipids found in biological membranes are 

phosphatidylcholine (also known as PC, GPCho or lecithin), 

phosphatidylethanolamine (PE or GPEtn) and phosphatidylserine (PS or GPSer). 

In addition to serving as a primary component of cellular membranes and binding 

sites for intra- and intercellular proteins, some glycerophospholipids in 

eukaryotic cells, such as phosphatidylinositols and phosphatidic acids are either 

precursors of or, themselves, membrane-derived second messengers. Typically, 

one or both of these hydroxyl groups are acylated with long-chain fatty acids, 

but there are also alkyl-linked and 1Z-alkenyl-linked (plasmalogen) 

glycerophospholipids, as well as dialkylether variants in archaebacteria. 
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Sphingolipids 

 

Sphingomyelin 

Sphingolipids are a complicated family of compounds that share a common 

structural feature, a sphingoid base backbone that is synthesized de novo from 

the amino acid serine and a long-chain fatty acyl CoA, then converted into 

ceramides, phosphosphingolipids, glycosphingolipids and other compounds. The 

major sphingoid base of mammals is commonly referred to as sphingosine. 

Ceramides (N-acyl-sphingoid bases) are a major subclass of sphingoid base 

derivatives with an amide-linked fatty acid. The fatty acids are typically saturated 

or mono-unsaturated with chain lengths from 16 to 26 carbon atoms. 

The major phosphosphingolipids of mammals are sphingomyelins (ceramide 

phosphocholines), whereas insects contain mainly ceramide 

phosphoethanolamines and fungi have phytoceramide phosphoinositols and 

mannose-containing headgroups. The glycosphingolipids are a diverse family of 

molecules composed of one or more sugar residues linked via a glycosidic bond 

to the sphingoid base. Examples of these are the simple and complex 

glycosphingolipids such as cerebrosides and gangliosides. 
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Sterol lipids 

Sterol lipids, such as cholesterol and its derivatives, are an important component 

of membrane lipids, along with the glycerophospholipids and sphingomyelins. 

The steroids, all derived from the same fused four-ring core structure, have 

different biological roles as hormones and signaling molecules. The eighteen-

carbon (C18) steroids include the estrogen family whereas the C19 steroids 

comprise the androgens such as testosterone and androsterone. The C21 

subclass includes the progestogens as well as the glucocorticoids and 

mineralocorticoids. The secosteroids, comprising various forms of vitamin D, are 

characterized by cleavage of the B ring of the core structure.[34] Other examples 

of sterols are the bile acids and their conjugates, which in mammals are oxidized 

derivatives of cholesterol and are synthesized in the liver. The plant equivalents 

are the phytosterols, such as β-sitosterol, stigmasterol, and brassicasterol; the 

latter compound is also used as a biomarker for algal growth. The predominant 

sterol in fungal cell membranes is ergosterol. 

Prenol lipids 

 

Prenol lipid (2E-geraniol) 

Prenol lipids are synthesized from the five-carbon-unit precursors isopentenyl 

diphosphate and dimethylallyl diphosphate that are produced mainly via the 
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mevalonic acid (MVA) pathway. The simple isoprenoids (linear alcohols, 

diphosphates, etc.) are formed by the successive addition of C5 units, and are 

classified according to number of these terpene units. Structures containing 

greater than 40 carbons are known as polyterpenes. Carotenoids are important 

simple isoprenoids that function as antioxidants and as precursors of vitamin A. 

Another biologically important class of molecules is exemplified by the quinones 

and hydroquinones, which contain an isoprenoid tail attached to a quinonoid 

core of non-isoprenoid origin. Vitamin E and vitamin K, as well as the 

ubiquinones, are examples of this class. Prokaryotes synthesize polyprenols 

(called bactoprenols) in which the terminal isoprenoid unit attached to oxygen 

remains unsaturated, whereas in animal polyprenols (dolichols) the terminal 

isoprenoid is reduced. 

Saccharolipids 

 

Structure of the saccharolipid Kdo2-lipid A. 
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Glucosamine residues in blue, Kdo residues in red, acyl chains in black and 

phosphate groups in green. 

Saccharolipids describe compounds in which fatty acids are linked directly to a 

sugar backbone, forming structures that are compatible with membrane 

bilayers. In the saccharolipids, a monosaccharide substitutes for the glycerol 

backbone present in glycerolipids and glycerophospholipids. The most familiar 

saccharolipids are the acylated glucosamine precursors of the Lipid A component 

of the lipopolysaccharides in Gram-negative bacteria. Typical lipid A molecules 

are disaccharides of glucosamine, which are derivatized with as many as seven 

fatty-acyl chains. The minimal lipopolysaccharide required for growth in E. coli is 

Kdo2-Lipid A, a hexa-acylated disaccharide of glucosamine that is glycosylated 

with two 3-deoxy-D-manno-octulosonic acid (Kdo) residues. 

Polyketides 

Polyketides are synthesized by polymerization of acetyl and propionyl subunits 

by classic enzymes as well as iterative and multimodular enzymes that share 

mechanistic features with the fatty acid synthases. They comprise a large 

number of secondary metabolites and natural products from animal, plant, 

bacterial, fungal and marine sources, and have great structural diversity. Many 

polyketides are cyclic molecules whose backbones are often further modified by 

glycosylation, methylation, hydroxylation, oxidation, and/or other processes. 

Many commonly used anti-microbial, anti-parasitic, and anti-cancer agents are 

polyketides or polyketide derivatives, such as erythromycins, tetracyclines, 

avermectins, and antitumor epothilones. 
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Triglycerides 

These are made up of three fatty acid chains attached to a glycerol molecule. 

Fatty acids are chains of carbon atoms; the terminal one having an OOH group 

attached making a carboxylic group (COOH). The length of the chain is usually 

between 14 and 22 carbons long (most commonly  16 - 18). Three of these chains 

become attached to a glycerol molecule which has three OH groups attached to 

its three carbons. This is called a condensation reaction because three water 

molecules are formed from three OH groups from the fatty acids chains and 

three H atoms from the glycerol. The bond between the fatty acid chain and the 

glycerol is called an ester linkage. 

 

o The three fatty acids may be identical or they may have different 

structures. 

o In the fatty acid chains, the carbon atoms may have single bonds between 

them making the lipid saturated. These are usually solid at room 

temperature and are called fats. 
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o If one or more bonds between the carbon atoms are double bonds, the 

lipid is unsaturated. These are usually liquid at room temperature and 

are called oils. 

Functions of lipids 

Membranes 

Eukaryotic cells feature compartmentalized membrane-bound organelles that 

carry out different biological functions. The glycerophospholipids are the main 

structural component of biological membranes, such as the cellular plasma 

membrane and the intracellular membranes of organelles; in animal cells the 

plasma membrane physically separates the intracellular components from the 

extracellular environment. The glycerophospholipids are amphipathic molecules 

(containing both hydrophobic and hydrophilic regions) that contain a glycerol 

core linked to two fatty acid-derived "tails" by ester linkages and to one "head" 

group by a phosphate ester linkage. While glycerophospholipids are the major 

component of biological membranes, other non-glyceride lipid components such 

as sphingomyelin and sterols (mainly cholesterol in animal cell membranes) are 

also found in biological membranes. In plants and algae, the galactosyldiacyl-

glycerols, and sulfoquinovosyldiacyl-glycerols, which lack a phosphate group, are 

important components of membranes of chloroplasts and related organelles and 

are the most abundant lipids in photosynthetic tissues, including those of higher 

plants, algae and certain bacteria. 

Plant thylakoid membranes have the largest lipid component of a non-bilayer 

forming monogalactosyl diglyceride (MGDG), and little phospholipids; despite 
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this unique lipid composition, chloroplast thylakoid membranes have been 

shown to contain a dynamic lipid-bilayer matrix as revealed by magnetic 

resonance and electron microscope studies. 

 

Self-organization of phospholipids: a spherical liposome, a micelle, and a lipid 

bilayer. 

A biological membrane is a form of lamellar phase lipid bilayer. The formation of 

lipid bilayers is an energetically preferred process when the 

glycerophospholipids described above are in an aqueous environment. This is 

known as the hydrophobic effect. In an aqueous system, the polar heads of lipids 

align towards the polar, aqueous environment, while the hydrophobic tails 

minimize their contact with water and tend to cluster together, forming a vesicle; 

depending on the concentration of the lipid, this biophysical interaction may 

result in the formation of micelles, liposomes, or lipid bilayers. Other 
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aggregations are also observed and form part of the polymorphism of 

amphiphilic (lipid) behaviour. Phase behaviour is an area of study within 

biophysics and is the subject of current academic research. Micelles and bilayers 

form in the polar medium by a process known as the hydrophobic effect. When 

dissolving a lipophilic or amphiphilic substance in a polar environment, the polar 

molecules (i.e., water in an aqueous solution) become more ordered around the 

dissolved lipophilic substance, since the polar molecules cannot form hydrogen 

bonds to the lipophilic areas of the amphiphile. So in an aqueous environment, 

the water molecules form an ordered "clathrate" cage around the dissolved 

lipophilic molecule. 

The formation of lipids into protocell membranes represents a key step in 

models of abiogenesis, the origin of life. 

Energy storage 

Triglycerides, stored in adipose tissue, are a major form of energy storage both 

in animals and plants. The adipocyte, or fat cell, is designed for continuous 

synthesis and breakdown of triglycerides in animals, with breakdown controlled 

mainly by the activation of hormone-sensitive enzyme lipase. The complete 

oxidation of fatty acids provides high caloric content, about 9 kcal/g, compared 

with 4 kcal/g for the breakdown of carbohydrates and proteins. Migratory birds 

that must fly long distances without eating use stored energy of triglycerides to 

fuel their flights. 
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Signalling 

Recent studies show that lipid signalling is a vital part of the cell signalling. Lipid 

signalling may occur via activation of G protein-coupled or nuclear receptors, and 

members of several different lipid categories have been identified as signalling 

molecules and cellular messengers. These include sphingosine-1-phosphate, a 

sphingolipid derived from ceramide that is a potent messenger molecule 

involved in regulating calcium mobilization, cell growth, and apoptosis; 

diacylglycerol (DAG) and the phosphatidylinositol phosphates (PIPs), involved in 

calcium-mediated activation of protein kinase C; the prostaglandins, which are 

one type of fatty-acid derived eicosanoid involved in inflammation and 

immunity; the steroid hormones such as oestrogen, testosterone and cortisol, 

which modulate a host of functions such as reproduction, metabolism and blood 

pressure; and the oxysterols such as 25-hydroxy-cholesterol that are liver X 

receptor agonists. Phosphatidylserine lipids are known to be involved in 

signalling for the phagocytosis of apoptotic cells and/or pieces of cells. They 

accomplish this by being exposed to the extracellular face of the cell membrane 

after the inactivation of flippases which place them exclusively on the cytosolic 

side and the activation of scramblases, which scramble the orientation of the 

phospholipids. After this occurs, other cells recognize the phosphatidylserines 

and phagocytosize the cells or cell fragments exposing them. 

Other functions 

The "fat-soluble" vitamins (A, D, E and K) – which are isoprene-based lipids – are 

essential nutrients stored in the liver and fatty tissues, with a diverse range of 

functions. Acyl-carnitines are involved in the transport and metabolism of fatty 
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acids in and out of mitochondria, where they undergo beta oxidation. 

Polyprenols and their phosphorylated derivatives also play important transport 

roles, in this case the transport of oligosaccharides across membranes. 

Polyprenol phosphate sugars and polyprenol diphosphate sugars function in 

extra-cytoplasmic glycosylation reactions, in extracellular polysaccharide 

biosynthesis (for instance, peptidoglycan polymerization in bacteria), and in 

eukaryotic protein N-glycosylation. Cardiolipins are a subclass of 

glycerophospholipids containing four acyl chains and three glycerol groups that 

are particularly abundant in the inner mitochondrial membrane. They are 

believed to activate enzymes involved with oxidative phosphorylation. Lipids also 

form the basis of steroid hormones. 

Metabolism 

The major dietary lipids for humans and other animals are animal and plant 

triglycerides, sterols, and membrane phospholipids. The process of lipid 

metabolism synthesizes and degrades the lipid stores and produces the 

structural and functional lipids characteristic of individual tissues. 

Biosynthesis 

In animals, when there is an oversupply of dietary carbohydrate, the excess 

carbohydrate is converted to triglycerides. This involves the synthesis of fatty 

acids from acetyl-CoA and the esterification of fatty acids in the production of 

triglycerides, a process called lipogenesis. Fatty acids are made by fatty acid 

synthases that polymerize and then reduce acetyl-CoA units. The acyl chains in 

the fatty acids are extended by a cycle of reactions that add the acetyl group, 
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reduce it to an alcohol, dehydrate it to an alkene group and then reduce it again 

to an alkane group. The enzymes of fatty acid biosynthesis are divided into two 

groups, in animals and fungi all these fatty acid synthase reactions are carried 

out by a single multifunctional protein, while in plant plastids and bacteria 

separate enzymes perform each step in the pathway. The fatty acids may be 

subsequently converted to triglycerides that are packaged in lipoproteins and 

secreted from the liver. 

The synthesis of unsaturated fatty acids involves a desaturation reaction, 

whereby a double bond is introduced into the fatty acyl chain. For example, in 

humans, the desaturation of stearic acid by stearoyl-CoA desaturase-1 produces 

oleic acid. The doubly unsaturated fatty acid linoleic acid as well as the triply 

unsaturated α-linolenic acid cannot be synthesized in mammalian tissues, and 

are therefore essential fatty acids and must be obtained from the diet. 

Triglyceride synthesis takes place in the endoplasmic reticulum by metabolic 

pathways in which acyl groups in fatty acyl-CoAs are transferred to the hydroxyl 

groups of glycerol-3-phosphate and diacylglycerol. 

Terpenes and isoprenoids, including the carotenoids, are made by the assembly 

and modification of isoprene units donated from the reactive precursors 

isopentenyl pyrophosphate and dimethylallyl pyrophosphate. These precursors 

can be made in different ways. In animals and archaea, the mevalonate pathway 

produces these compounds from acetyl-CoA, while in plants and bacteria the 

non-mevalonate pathway uses pyruvate and glyceraldehyde 3-phosphate as 

substrates. One important reaction that uses these activated isoprene donors is 

steroid biosynthesis. Here, the isoprene units are joined together to make 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  71 

 

squalene and then folded up and formed into a set of rings to make lanosterol. 

Lanosterol can then be converted into other steroids such as cholesterol and 

ergosterol. 

Degradation 

Beta oxidation is the metabolic process by which fatty acids are broken down in 

the mitochondria and/or in peroxisomes to generate acetyl-CoA. For the most 

part, fatty acids are oxidized by a mechanism that is similar to, but not identical 

with, a reversal of the process of fatty acid synthesis. That is, two-carbon 

fragments are removed sequentially from the carboxyl end of the acid after steps 

of dehydrogenation, hydration, and oxidation to form a beta-keto acid, which is 

split by thiolysis. The acetyl-CoA is then ultimately converted into ATP, CO2, and 

H2O using the citric acid cycle and the electron transport chain. Hence the citric 

acid cycle can start at acetyl-CoA when fat is being broken down for energy if 

there is little or no glucose available. The energy yield of the complete oxidation 

of the fatty acid palmitate is 106 ATP. Unsaturated and odd-chain fatty acids 

require additional enzymatic steps for degradation. 

 2.2. Proteins and water 

Proteins are large biomolecules, or macromolecules, consisting of one or more 

long chains of amino acid residues. Proteins perform a vast array of functions 

within organisms, including catalysing metabolic reactions, DNA replication, 

responding to stimuli, and transporting molecules from one location to another. 

Proteins differ from one another primarily in their sequence of amino acids, 

which is dictated by the nucleotide sequence of their genes, and which usually 
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results in protein folding into a specific three-dimensional structure that 

determines its activity. 

A linear chain of amino acid residues is called a polypeptide. A protein contains 

at least one long polypeptide. Short polypeptides, containing less than 20–30 

residues, are rarely considered to be proteins and are commonly called peptides, 

or sometimes oligopeptides. The individual amino acid residues are bonded 

together by peptide bonds and adjacent amino acid residues. The sequence of 

amino acid residues in a protein is defined by the sequence of a gene, which is 

encoded in the genetic code. In general, the genetic code specifies 20 standard 

amino acids; however, in certain organisms the genetic code can include 

selenocysteine and—in certain archaea—pyrrolysine. Shortly after or even 

during synthesis, the residues in a protein are often chemically modified by post-

translational modification, which alters the physical and chemical properties, 

folding, stability, activity, and ultimately, the function of the proteins. 

Sometimes proteins have non-peptide groups attached, which can be called 

prosthetic groups or cofactors. Proteins can also work together to achieve a 

particular function, and they often associate to form stable protein complexes. 

Once formed, proteins only exist for a certain period of time and are then 

degraded and recycled by the cell's machinery through the process of protein 

turnover. A protein's lifespan is measured in terms of its half-life and covers a 

wide range. They can exist for minutes or years with an average lifespan of 1–2 

days in mammalian cells. Abnormal or misfolded proteins are degraded more 

rapidly either due to being targeted for destruction or due to being unstable. 

 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  73 

 

Like other biological macromolecules such as polysaccharides and nucleic acids, 

proteins are essential parts of organisms and participate in virtually every 

process within cells. Many proteins are enzymes that catalyse biochemical 

reactions and are vital to metabolism. Proteins also have structural or 

mechanical functions, such as actin and myosin in muscle and the proteins in the 

cytoskeleton, which form a system of scaffolding that maintains cell shape. Other 

proteins are important in cell signalling, immune responses, cell adhesion, and 

the cell cycle. In animals, proteins are needed in the diet to provide the essential 

amino acids that cannot be synthesized. Digestion breaks the proteins down for 

use in the metabolism. 

Proteins may be purified from other cellular components using a variety of 

techniques such as ultracentrifugation, precipitation, electrophoresis, and 

chromatography; the advent of genetic engineering has made possible a number 

of methods to facilitate purification. Methods commonly used to study protein 

structure and function include immunohistochemistry, site-directed 

mutagenesis, X-ray crystallography, nuclear magnetic resonance and mass 

spectrometry. 

Different proteins can appear very different and perform diverse functions (e.g. 

the water-soluble antibodies involved in the immune system and the water-

insoluble keratin of hair, hooves and feathers). However, each one is made up of 

amino acid subunits. 

There are about twenty different amino acids that all have a similar chemical 

structure but behave in very different ways because they have different side 

groups. Hence, stringing them together in different combinations produces very 

different proteins. 
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Each amino acid has an amino group (NH2) and a carboxylic acid group (COOH). 

The R group is a different molecule in different amino acids which can make them 

neutral, acidic, alkaline, aromatic (has a ring structure) or sulphur-containing. 

When two amino acids are joined together (condensation), the amino group 

from one and the acid group from another form a bond, producing one molecule 

of water. The bond formed is called a peptide bond. 

Hydrolysis is the opposite of condensation and is the breaking of a peptide bond 

using a molecule of water. 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  75 

 

Primary structure of proteins 

Due to the bonding and the shape and chemical nature of different amino acids, 

the shape of a whole chain of amino acids (a polypeptide or protein) is specific. 

This will affect the properties of the protein, just as the type of a necklace 

depends on the type of beads and how they are strung together. Therefore, the 

primary structure depends on the order and number of amino acids in a 

particular protein. 

For example, haemoglobin is made up of 4 polypeptide chains, 2α chains and 2β 

chains, each with a haem group attached. There are 146 amino acids in each 

chain. If just one of these is wrong, serious problems can arise (e.g. sickle cell 

anaemia). The red blood cells become distorted, the amount of oxygen they can 

carry is reduced and blood capillaries can be blocked, leading to acute pains 

called crises. 

Secondary structure of proteins 

This is the basic shape that the chain of amino acids takes on. The two most 

common structures are the α-helix and the β-pleated sheet. 
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This has a regular coiled structure like a spring, with the R groups pointing 

towards the outside of the helix. Hydrogen (H) bonds are relatively weak but 

because there are so many, the total binding effect is strong and stable. The helix 

is flexible and elastic. 
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This is composed of 'side by side' chains connected by H bonds. All the peptide 

linkages are involved in inter-chain H bonding, so the structure is very stable. 

Tertiary structure of proteins 

This is the overall 3-D structure of the protein.The shape of the protein is held 

together by H bonds between some of the R groups (side chains) and ionic bonds 

between positively and negatively charged side chains. These are weak 

interactions, but together they help give the protein a stable shape. The protein 

may be reinforced by strong covalent bonds called disulphide bridges which are 

formed between two amino acids with sulphur groups on their side chains. 

These interactions may be electrostatic attractions between charged groups, e.g. 

NH3+ and O- or Van der Waal's forces. 

Fibrous proteins are made of long molecules arranged to form fibres (e.g. in 

keratin). Several helices may be wound around each other to form very strong 

fibres. Collagen is another fibrous protein, which has a greater tensile strength 

than steel because it consists of three polypeptide chains coiled round each 

other in a triple helix. We are largely held together by collagen as it is found in 

bones, cartilage, tendons and ligaments. 

Globular proteins are made of chains folded into a compact structure. One of 

the most important classes are the enzymes. Although these folds are less 

regular than in a helix, they are highly specific, and a particular protein will 

always be folded in the same way. If the structure is disrupted, the protein ceases 

to function properly and is said to be denatured. An example is insulin, a 

hormone produced by the pancreas and involved in blood sugar regulation. 

A globular protein based mostly on an α-helix is haemoglobin. 
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A globular protein based mostly on a β-pleated sheet is the immunoglobulin 

antibody molecule. 

Quaternary structure of proteins 

If a protein is made up of several polypeptide chains, the way they are arranged 

is called the quaternary structure. Again, each protein formed has a precise and 

specific shape (e.g. haemoglobin). 

Prosthetic groups 

The majority of proteins are assisted in their functions by a prosthetic group. This 

may be a simple metal ion, such as zinc in the enzyme carboxypeptidase, or it 

may be a complex organic molecule, such as the haem group in haemoglobin.  

Functions of proteins 

 A fundamental task of proteins is to act as enzymes—catalysts that 

increase the rate of virtually all the chemical reactions within cells. 

Although RNAs are capable of catalysing some reactions, most biological 

reactions are catalysed by proteins. In the absence of enzymatic catalysis, 

most biochemical reactions are so slow that they would not occur under 

the mild conditions of temperature and pressure that are compatible 

with life. Cells contain thousands of different enzymes, and their 

activities determine which of the many possible chemical reactions 

actually take place within the cell. Examples include the enzymes lactase 

and pepsin. Lactase breaks down the sugar lactose found in milk. Pepsin 

is a digestive enzyme that works in the stomach to break down proteins 

in food. Enzymes also assist with the formation of new molecules by 

reading the genetic information stored in DNA. 
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 An antibody is a protein that is synthesised by an animal in response to 

the presence of a foreign substance in our body, called an antigen. It plays 

a great role in the immune system, and is usually found in blood and 

other bodily fluids. Antibodies are created by white blood cells, or more 

specifically, B cells. There are five isotypes of antibodies that each play 

self-defense role to fight off foreign objects in our bodies. Antibodies are 

created in response to antigens that include, but are not limited to, 

foreign proteins, polysaccharides, and nucleic acids. The antibody 

recognises a small portion of the antigen called the antigenic 

determinant or epitope. Each antibody recognises and binds to a specific 

antigen in a lock and key type model.  

 Messenger proteins, such as some types of hormones, transmit signals to 

coordinate biological processes between different cells, tissues, and 

organs. Hormonal Proteins help to coordinate certain bodily activities. 

Examples include insulin, oxytocin, and somatotropin. Insulin regulates 

glucose metabolism by controlling the blood-sugar concentration. 

Oxytocin stimulates contractions in females during childbirth. 

Somatotropin is a growth hormone that stimulates protein production in 

muscle cells.  

  Structural proteins are fibrous and stringy, and provide support. 

Examples include keratin, collagen, and elastin. Keratins strengthen 

protective coverings such as skin, hair, quills, feathers, horns, and beaks. 

Collagens and elastin provide support for connective tissues such as 

tendons and ligaments. These proteins provide structure and support for 

cells. On a larger scale, they also allow the body to move. 
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 Storage proteins serve as biological reserves of metal ions and amino 

acids that are used by organisms. They are found in plant seeds, egg 

whites, and milk. Examples of storage proteins include ovalbumin, casein, 

and ferritin. Ferritin stores iron in haemoglobin. Some storage proteins 

store amino acids. Storage proteins' amino acids are used in embryonic 

development of animals or plants. Two amino acid storage proteins in 

animals are casein and ovalbumin. Ovalbumin is found in egg whites and 

casein is a milk-based protein. 

 Transport proteins are carrier proteins which move molecules from one 

place to another around the body. Examples include hemoglobin and 

cytochromes. Hemoglobin transports oxygen through the blood via red 

blood cells. Cytochromes operate in the electron transport chain as 

electron carrier proteins. 

 Contractile Proteins are responsible for movement. Examples include 

actin and myosin. These proteins are involved in muscle contraction and 

movement.  

Biochemical test 

The reagent used to test for proteins is called biuret reagent. It can be used as 

two separate solutions of copper sulphate and potassium or sodium hydroxide, 

or as a ready-made biuret solution. In either case, a purple colour indicates a 

positive result. 

Water 

Water is a transparent and nearly colourless chemical substance that is the main 

constituent of Earth's streams, lakes, and oceans, and the fluids of most living 
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organisms. Its chemical formula is H2O, meaning that its molecule contains one 

oxygen and two hydrogen atoms that are connected by covalent bonds. Strictly 

speaking, water refers to the liquid state of a substance that prevails at standard 

ambient temperature and pressure; but it often refers also to its solid state (ice) 

or its gaseous state (steam or water vapour). It also occurs in nature as snow, 

glaciers, ice packs and icebergs, clouds, fog, dew, aquifers, and atmospheric 

humidity. 

Water covers 71% of the Earth's surface. It is vital for all known forms of life. On 

Earth, 96.5% of the planet's crust water is found in seas and oceans, 1.7% in 

groundwater, 1.7% in glaciers and the ice caps of Antarctica and Greenland, a 

small fraction in other large water bodies, 0.001% in the air as vapour, clouds 

(formed of ice and liquid water suspended in air), and precipitation. Only 2.5% 

of this water is freshwater, and 98.8% of that water is in ice (excepting ice in 

clouds) and groundwater. Less than 0.3% of all freshwater is in rivers, lakes, and 

the atmosphere, and an even smaller amount of the Earth's freshwater (0.003%) 

is contained within biological bodies and manufactured products. A greater 

quantity of water is found in the earth's interior. 

Water on Earth moves continually through the water cycle of evaporation and 

transpiration (evapotranspiration), condensation, precipitation, and runoff, 

usually reaching the sea. Evaporation and transpiration contribute to the 

precipitation over land. Large amounts of water are also chemically combined or 

adsorbed in hydrated minerals. 
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Colour and appearance 

The apparent colour of natural bodies of water (and swimming pools) is often 

determined more by dissolved and suspended solids, or by reflection of the sky, 

than by water itself. 

Light in the visible electromagnetic spectrum can traverse a couple meters of 

pure water (or ice) without significant absorption, so that it looks transparent 

and colourless. Thus aquatic plants, algae, and other photosynthetic organisms 

can live in water up to hundreds of meters deep, because sunlight can reach 

them. Water vapour is essentially invisible as a gas. 

Through a thickness of 10 meters or more, however, the intrinsic colour of water 

(or ice) is visibly turquoise (greenish blue), as its absorption spectrum has a sharp 

minimum at the corresponding colour of light (1/227 m−1 at 418 nm). The colour 

becomes increasingly stronger and darker with increasing thickness. (Practically 

no sunlight reaches the parts of the oceans below 1000 meters of depth.) 

Infrared and ultraviolet light, on the other hand, is strongly absorbed by water. 
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The refraction index of liquid water (1.333 at 20 °C) is much higher than that of 

air (1.0), similar to those of alkanes and ethanol, but lower than those of glycerol 

(1.473), benzene (1.501), carbon disulphide (1.627), and common types of glass 

(1.4 to 1.6). The refraction index of ice (1.31) is lower than that of liquid water. 

Polarity and hydrogen bonding 

Since the water molecule is not linear and the oxygen atom has a higher 

electronegativity than hydrogen atoms, it is a polar molecule, with an electrical 

dipole moment: the oxygen atom carries a slight negative charge, whereas the 

hydrogen atoms are slightly positive. Water is a good polar solvent that dissolves 

many salts and hydrophilic organic molecules such as sugars and simple alcohols 

such as ethanol. Most acids dissolve in water to yield the corresponding anions. 

Many substances in living organisms, such as proteins, DNA and polysaccharides, 

are dissolved in water. Water also dissolves many gases, such as oxygen and 

carbon dioxide—the latter giving the fizz of carbonated beverages, sparkling 

wines and beers. 

On the other hand, many organic substances (such as fats and oils and alkanes) 

are hydrophobic, that is, insoluble in water. Many inorganic substances are 

insoluble too, including most metal oxides, sulphides, and silicates. 

Because of its polarity, a molecule of water in the liquid or solid state can form 

up to four hydrogen bonds with neighbouring molecules. These bonds are the 

cause of water's high surface tension and capillary forces. The capillary action 

refers to the tendency of water to move up a narrow tube against the force of 

gravity. This property is relied upon by all vascular plants, such as trees. 
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The hydrogen bonds are also the reason why the melting and boiling points of 

water are much higher than those of other analogous compounds like hydrogen 

sulphide (H2S). They also explain its exceptionally high specific heat capacity 

(about 4.2 J/g/K), heat of fusion (about 333 J/g), heat of vaporization (2257 J/g), 

and thermal conductivity (between 0.561 and 0.679 W/m/K). These properties 

make water more effective at moderating Earth's climate, by storing heat and 

transporting it between the oceans and the atmosphere. 

Water as a solvent 

Water is an excellent solvent for ions and polar molecules (molecules with an 

uneven charge) because the water molecules are attracted to them, collect 

around them and separate them so that they dissolve. The chemicals are then 

free to move around and react with other chemicals, and most processes taking 

place in living organisms happen like this in solution. Non-polar molecules like 

lipids do not dissolve in water and tend to be pushed together by it. This is 

important in hydrophobic interactions in protein structure and in membrane 

structure. Due to its ability to dissolve so many molecules, water is an important 

transport medium in animals and plants. 

Thermal properties  

Water molecules are attracted to one another by hydrogen bonds, and this 

restricts the movement of the molecules. This means that a relatively large 

amount of energy is required to increase the temperature of water (it has a high 

specific heat capacity) and that large bodies of water are slow to change 

temperature, e.g. lakes and oceans. Due to their high water content, the bodies 
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of organisms are also slow to change temperature, which makes maintaining a 

stable body temperature easier. 

Water also requires a relatively high amount of energy to become a gas, and this 

can be used as an effective means of cooling the body by sweating and panting. 

Conversely, a relatively large amount of energy must be transferred away from 

water to make it freeze, which is important for organisms with a high body water 

content and for those living in water. 

Electrical conductivity and electrolysis 

Pure water has a low electrical conductivity, which increases with the dissolution 

of a small amount of ionic material such as common salt. 

Liquid water can be split into the elements hydrogen and oxygen by passing an 

electric current through it—a process called electrolysis. The decomposition 

requires more energy input than the heat released by the inverse process (285.8 

kJ/mol, or 15.9 MJ/kg). 

Mechanical properties 

Liquid water can be assumed to be incompressible for most purposes: its 

compressibility ranges from 4.4 to 5.1×10−10 Pa−1 in ordinary conditions. Even in 

oceans at 4 km depth, where the pressure is 400 atm, water suffers only a 1.8% 

decrease in volume. 

The viscosity of water is about 10−3 Pa·s or 0.01 poise at 20 °C, and the speed of 

sound in liquid water ranges between 1400 and 1540 m/s depending on 

temperature. Sound travels long distances in water with little attenuation, 

especially at low frequencies (roughly 0.03 dB/km for 1 kHz), a property that is 
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exploited by cetaceans and humans for communication and environment 

sensing (sonar).  

Reactivity 

Elements which are more electropositive than hydrogen such as lithium, sodium, 

calcium, potassium and caesium displace hydrogen from water, forming 

hydroxides and releasing hydrogen. 

Density and freezing properties  

Water is unusual because its solid form is less dense than its liquid form. Below 

4°c, the density of water starts to decrease and so ice floats on water and 

insulates the water below it. This reduces the tendency for large bodies of water 

to freeze completely, and increases the chances of life surviving in cold 

conditions. These changes in density of water with temperature are important 

in the oceans because they set up currents, which help to maintain the 

circulation of nutrients in the oceans.  

High surface tension and cohesion  

Water molecules tend to stick together. This explains why water moves in long, 

unbroken columns through the vascular tissue of plants, and it also explains why 

water is an important property in cells. The cohesion of water molecules results 

in high surface tension at the surface of water, which enables certain small 

organisms, such as pond skaters, to exploit the surface of water as a habitat. 

 

***** 
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3. Enzymes 

Introduction 

Enzymes are macromolecular biological catalysts. Enzymes accelerate chemical 

reactions. The molecules upon which enzymes may act are called substrates and the 

enzyme converts the substrates into different molecules known as products. 

Substrates generally need to be supplied with energy to cause them to change 

into products. The energy required to do this is called activation energy. Enzymes 

can make substances react even at low temperatures. They reduce the activation 

energy needed to make the reaction take place. They do this by distorting the 

shape of the substrate molecule when it binds at the enzyme's active site. 

When an enzyme solution is added to a solution of its substrate, the random 

movements of enzyme and substrate molecules cause them to collide with each 

other. As time passes, the quantity of substrate decreases, because it is being 

changed into product. This decrease in substrate concentration means that the 

frequency of collisions between enzyme and substrate molecules decreases, so 

the rate of the reaction gradually slows down. The reaction rate is fastest right 

at the start of the reaction, when substrate concentration is greatest. 

Almost all metabolic processes in the cell need enzymes in order to occur at rates 

fast enough to sustain life. Metabolic pathways depend upon enzymes to 

catalyse individual steps. Enzymes are known to catalyze more than 5,000 

biochemical reaction types. Most enzymes are proteins, although a few are 

catalytic RNA molecules. The latter are called ribozymes. Enzymes' specificity 

comes from their unique three-dimensional structures. 
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Like all catalysts, enzymes increase the reaction rate by lowering its activation 

energy. Some enzymes can make their conversion of substrate to product occur 

many millions of times faster. An extreme example is orotidine 5'-phosphate 

decarboxylase, which allows a reaction that would otherwise take millions of 

years to occur in milliseconds. Chemically, enzymes are like any catalyst and are 

not consumed in chemical reactions, nor do they alter the equilibrium of a 

reaction. Enzymes differ from most other catalysts by being much more specific. 

Enzyme activity can be affected by other molecules: inhibitors are molecules that 

decrease enzyme activity, and activators are molecules that increase activity. 

Many therapeutic drugs and poisons are enzyme inhibitors. An enzyme's activity 

decreases markedly outside its optimal temperature and pH. 

Some enzymes are used commercially, for example, in the synthesis of 

antibiotics. Some household products use enzymes to speed up chemical 

reactions: enzymes in biological washing powders break down protein, starch or 

fat stains on clothes, and enzymes in meat tenderizer break down proteins into 

smaller molecules, making the meat easier to chew. 

Definition: An enzyme is a protein that acts as a biological catalyst — that is, it 

speeds up a metabolic reaction without itself being permanently changed.  
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3.1. Mode of action of enzymes 
 

Structure 

 

Enzyme activity initially increases with temperature (Q10 coefficient) until the enzyme's 

structure unfolds (denaturation), leading to an optimal rate of reaction at an 

intermediate temperature. 

Enzymes are generally globular proteins, acting alone or in larger complexes. The 

sequence of the amino acids specifies the structure which in turn determines the 

catalytic activity of the enzyme.  Although structure determines function, a novel 

enzymatic activity cannot yet be predicted from structure alone. Enzyme 

structures unfold (denature) when heated or exposed to chemical denaturants 

and this disruption to the structure typically causes a loss of activity. Enzyme 

denaturation is normally linked to temperatures above a species' normal level; 

as a result, enzymes from bacteria living in volcanic environments such as hot 

springs are prized by industrial users for their ability to function at high 

temperatures, allowing enzyme-catalysed reactions to be operated at a very high 

rate. 

Enzymes are usually much larger than their substrates. Sizes range from just 62 

amino acid residues, for the monomer of 4-oxalocrotonate tautomerase, to over 

2,500 residues in the animal fatty acid synthase. Only a small portion of their 
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structure (around 2–4 amino acids) is directly involved in catalysis: the catalytic 

site. This catalytic site is located next to one or more binding sites where residues 

orient the substrates. The catalytic site and binding site together comprise the 

enzyme's active site. The remaining majority of the enzyme structure serves to 

maintain the precise orientation and dynamics of the active site. 

In some enzymes, no amino acids are directly involved in catalysis; instead, the 

enzyme contains sites to bind and orient catalytic cofactors. Enzyme structures 

may also contain allosteric sites where the binding of a small molecule causes a 

conformational change that increases or decreases activity. 

A small number of RNA-based biological catalysts called ribozymes exist, which 

again can act alone or in complex with proteins. The most common of these is 

the ribosome which is a complex of protein and catalytic RNA components. 

Substrate Binding 

Enzymes must bind their substrates before they can catalyse any chemical 

reaction. Enzymes are usually very specific as to what substrates they bind and 

then the chemical reaction catalysed. Specificity is achieved by binding pockets 

with complementary shape, charge and hydrophilic/hydrophobic characteristics 

to the substrates. Enzymes can therefore distinguish between very similar 

substrate molecules to be chemoselective, regioselective and stereospecific. 

Some of the enzymes showing the highest specificity and accuracy are involved 

in the copying and expression of the genome. Some of these enzymes have 

"proof-reading" mechanisms. Here, an enzyme such as DNA polymerase 

catalyses a reaction in a first step and then checks that the product is correct in 

a second step. This two-step process results in average error rates of less than 1 

error in 100 million reactions in high-fidelity mammalian polymerases. Similar 
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proofreading mechanisms are also found in RNA polymerase, aminoacyl tRNA 

synthetases and ribosomes. 

Conversely, some enzymes display enzyme promiscuity, having broad specificity 

and acting on a range of different physiologically relevant substrates. Many 

enzymes possess small side activities which arose fortuitously (i.e. neutrally), 

which may be the starting point for the evolutionary selection of a new function. 

Enzyme changes shape by induced fit upon substrate binding to form enzyme-substrate 

complex. Hexokinase has a large induced fit motion that closes over the substrates 

adenosine triphosphate and xylose. Binding sites in blue, substrates in black and Mg2+ 

cofactor in yellow.  

"Lock and Key" Model 

To explain the observed specificity of enzymes, in 1894 Emil Fischer proposed 

that both the enzyme and the substrate possess specific complementary 

geometric shapes that fit exactly into one another. This is often referred to as 

"the lock and key" model. This early model explains enzyme specificity, but fails 

to explain the stabilization of the transition state that enzymes achieve. 

Induced Fit Model 

In 1958, Daniel Koshland suggested a modification to the lock and key model: 

since enzymes are rather flexible structures, the active site is continuously 

reshaped by interactions with the substrate as the substrate interacts with the 

enzyme. As a result, the substrate does not simply bind to a rigid active site; the 

amino acid side-chains that make up the active site are moulded into the precise 

positions that enable the enzyme to perform its catalytic function. In some cases, 

such as glycosidases, the substrate molecule also changes shape slightly as it 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  92 

 

enters the active site. The active site continues to change until the substrate is 

completely bound, at which point the final shape and charge distribution is 

determined. Induced fit may enhance the fidelity of molecular recognition in the 

presence of competition and noise via the conformational proofreading 

mechanism. 

Catalysis 

Enzymes can accelerate reactions in several ways, all of which lower the 

activation energy 

1. By stabilizing the transition state:  

o Creating an environment with a charge distribution 

complementary to that of the transition state to lower its energy. 

2. By providing an alternative reaction pathway:  

o Temporarily reacting with the substrate, forming a covalent 

intermediate to provide a lower energy transition state. 

3. By destabilising the substrate ground state:  

o Distorting bound substrate(s) into their transition state form to 

reduce the energy required to reach the transition state. 

o By orienting the substrates into a productive arrangement to 

reduce the reaction entropy change. The contribution of this 

mechanism to catalysis is relatively small. 

Enzymes may use several of these mechanisms simultaneously. For example, 

proteases such as trypsin perform covalent catalysis using a catalytic triad, 

stabilise charge build-up on the transition states using an oxyanion hole, 

complete hydrolysis using an oriented water substrate. 
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Dynamics 

Enzymes are not rigid, static structures; instead they have complex internal 

dynamic motions – i.e., movements of parts of the enzyme's structure such as 

individual amino acid residues, groups of residues forming a protein loop or unit 

of secondary structure, or even an entire protein domain. These motions give 

rise to a conformational ensemble of slightly different structures that 

interconvert with one another at equilibrium. Different states within this 

ensemble may be associated with different aspects of an enzyme's function. For 

example, different conformations of the enzyme dihydrofolate reductase are 

associated with the substrate binding, catalysis, cofactor release, and product 

release steps of the catalytic cycle. 

Allosteric modulation 

Allosteric sites are pockets on the enzyme, distinct from the active site, that bind 

to molecules in the cellular environment. These molecules then cause a change 

in the conformation or dynamics of the enzyme that is transduced to the active 

site and thus affects the reaction rate of the enzyme. In this way, allosteric 

interactions can either inhibit or activate enzymes. Allosteric interactions with 

metabolites upstream or downstream in an enzyme's metabolic pathway cause 

feedback regulation, altering the activity of the enzyme according to the flux 

through the rest of the pathway. 

Cofactors 

Chemical structure for thiamine pyrophosphate and protein structure of 

transketolase. Thiamine pyrophosphate cofactor in yellow and xylulose 5-

phosphate substrate in black.  
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Some enzymes do not need additional components to show full activity. Others 

require non-protein molecules called cofactors to be bound for activity. 

Cofactors can be either inorganic (e.g., metal ions and iron-sulfur clusters) or 

organic compounds (e.g., flavin and heme). These cofactors serve many 

purposes; for instance, metal ions can help in stabilizing nucleophilic species 

within the active site. Organic cofactors can be either coenzymes, which are 

released from the enzyme's active site during the reaction, or prosthetic groups, 

which are tightly bound to an enzyme. Organic prosthetic groups can be 

covalently bound (e.g., biotin in enzymes such as pyruvate carboxylase). 

An example of an enzyme that contains a cofactor is carbonic anhydrase, which 

is shown in the ribbon diagram above with a zinc cofactor bound as part of its 

active site. These tightly bound ions or molecules are usually found in the active 

site and are involved in catalysis. For example, flavin and heme cofactors are 

often involved in redox reactions. 

Enzymes that require a cofactor but do not have one bound are called 

apoenzymes or apoproteins. An enzyme together with the cofactor(s) required 

for activity is called a holoenzyme (or haloenzyme). The term holoenzyme can 

also be applied to enzymes that contain multiple protein subunits, such as the 

DNA polymerases; here the holoenzyme is the complete complex containing all 

the subunits needed for activity. 

Coenzymes 

Coenzymes are small organic molecules that can be loosely or tightly bound to 

an enzyme. Coenzymes transport chemical groups from one enzyme to another. 

Examples include NADH, NADPH and adenosine triphosphate (ATP). Some 

coenzymes, such as flavin mononucleotide (FMN), flavin adenine dinucleotide 
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(FAD), thiamine pyrophosphate (TPP), and tetrahydrofolate (THF), are derived 

from vitamins. These coenzymes cannot be synthesized by the body de novo and 

closely related compounds (vitamins) must be acquired from the diet. The 

chemical groups carried include the hydride ion (H−) carried by NAD or NADP+, 

the phosphate group carried by adenosine triphosphate, the acetyl group carried 

by coenzyme A, formyl, methenyl or methyl groups carried by folic acid and the 

methyl group carried by S-adenosylmethionine. 

Since coenzymes are chemically changed as a consequence of enzyme action, it 

is useful to consider coenzymes to be a special class of substrates, or second 

substrates, which are common to many different enzymes. For example, about 

1000 enzymes are known to use the coenzyme NADH. 

Coenzymes are usually continuously regenerated and their concentrations 

maintained at a steady level inside the cell. For example, NADPH is regenerated 

through the pentose phosphate pathway and S-adenosylmethionine by 

methionine adenosyltransferase. This continuous regeneration means that small 

amounts of coenzymes can be used very intensively. For example, the human 

body turns over its own weight in ATP each day. 

Thermodynamics 
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The energies of the stages of a chemical reaction. Uncatalysed (dashed line), substrates 

need a lot of activation energy to reach a transition state, which then decays into lower-

energy products. When enzyme catalysed (solid line), the enzyme binds the substrates 

(ES), then stabilizes the transition state (ES‡) to reduce the activation energy required to 

produce products (EP) which are finally released. 

As with all catalysts, enzymes do not alter the position of the chemical 

equilibrium of the reaction. In the presence of an enzyme, the reaction runs in 

the same direction as it would without the enzyme, just more quickly. For 

example, carbonic anhydrase catalyses its reaction in either direction depending 

on the concentration of its reactants: 

 

The rate of a reaction is dependent on the activation energy needed to form the 

transition state which then decays into products. Enzymes increase reaction 

rates by lowering the energy of the transition state. First, binding forms a low 

energy enzyme-substrate complex (ES). Secondly the enzyme stabilises the 

transition state such that it requires less energy to achieve compared to the 

uncatalysed reaction (ES‡). Finally the enzyme-product complex (EP) dissociates 

to release the products. 

Enzymes can couple two or more reactions, so that a thermodynamically 

favourable reaction can be used to "drive" a thermodynamically unfavourable 

one so that the combined energy of the products is lower than the substrates. 
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For example, the hydrolysis of ATP is often used to drive other chemical 

reactions. 

Kinetics 

 

A chemical reaction mechanism with or without enzyme catalysis. The enzyme (E) binds 

substrate (S) to produce product (P). 

 

Saturation curve for an enzyme reaction showing the relation between the substrate 

concentration and reaction rate. Enzyme kinetics is the investigation of how enzymes 

bind substrates and turn them into products. The rate data used in kinetic analyses are 

commonly obtained from enzyme assays. In 1913 Leonor Michaelis and Maud Leonora 

Menten proposed a quantitative theory of enzyme kinetics, which is referred to as 

Michaelis–Menten kinetics. The major contribution of Michaelis and Menten was to 

think of enzyme reactions in two stages. In the first, the substrate binds reversibly to 

the enzyme, forming the enzyme-substrate complex. This is sometimes called the 

Michaelis-Menten complex in their honor. The enzyme then catalyzes the chemical step 

in the reaction and releases the product. This work was further developed by G. E. Briggs 

and J. B. S. Haldane, who derived kinetic equations that are still widely used today. 
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Enzyme rates depend on solution conditions and substrate concentration. To 

find the maximum speed of an enzymatic reaction, the substrate concentration 

is increased until a constant rate of product formation is seen. This is shown in 

the saturation curve on the right. Saturation happens because, as substrate 

concentration increases, more and more of the free enzyme is converted into 

the substrate-bound ES complex. At the maximum reaction rate (Vmax) of the 

enzyme, all the enzyme active sites are bound to substrate, and the amount of 

ES complex is the same as the total amount of enzyme. 

Vmax is only one of several important kinetic parameters. The amount of 

substrate needed to achieve a given rate of reaction is also important. This is 

given by the Michaelis-Menten constant (Km), which is the substrate 

concentration required for an enzyme to reach one-half its maximum reaction 

rate; generally, each enzyme has a characteristic Km for a given substrate. 

Another useful constant is kcat, also called the turnover number, which is the 

number of substrate molecules handled by one active site per second. 

The efficiency of an enzyme can be expressed in terms of kcat/Km. This is also 

called the specificity constant and incorporates the rate constants for all steps in 

the reaction up to and including the first irreversible step. Because the specificity 

constant reflects both affinity and catalytic ability, it is useful for comparing 

different enzymes against each other, or the same enzyme with different 

substrates. The theoretical maximum for the specificity constant is called the 

diffusion limit and is about 108 to 109 (M−1 s−1). At this point every collision of the 

enzyme with its substrate will result in catalysis, and the rate of product 

formation is not limited by the reaction rate but by the diffusion rate. Enzymes 

with this property are called catalytically perfect or kinetically perfect. Example 
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of such enzymes are triose-phosphate isomerase, carbonic anhydrase, 

acetylcholinesterase, catalase, fumarase, β-lactamase, and superoxide 

dismutase. The turnover of such enzymes can reach several million reactions per 

second. 

Michaelis–Menten kinetics relies on the law of mass action, which is derived 

from the assumptions of free diffusion and thermodynamically driven random 

collision. Many biochemical or cellular processes deviate significantly from these 

conditions, because of macromolecular crowding and constrained molecular 

movement. More recent, complex extensions of the model attempt to correct 

for these effects. 

Inhibition 

An enzyme binding site that would normally bind substrate can alternatively bind 

a competitive inhibitor, preventing substrate access. Dihydrofolate reductase is 

inhibited by methotrexate which prevents binding of its substrate, folic acid. 

Binding site in blue, inhibitor in green, and substrate in black. 

 

The coenzyme folic acid (left) and the anti-cancer drug methotrexate (right) are 

very similar in structure (differences show in green). As a result, methotrexate is 

a competitive inhibitor of many enzymes that use folates. Enzyme reaction rates 

can be decreased by various types of enzyme inhibitors. 
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Types of inhibition 

Competitive: A competitive inhibitor and substrate cannot bind to the enzyme 

at the same time. Often competitive inhibitors strongly resemble the real 

substrate of the enzyme. For example, the drug methotrexate is a competitive 

inhibitor of the enzyme dihydrofolate reductase, which catalyzes the reduction 

of dihydrofolate to tetrahydrofolate. The similarity between the structures of 

dihydrofolate and this drug are shown in the accompanying figure. This type of 

inhibition can be overcome with high substrate concentration. In some cases, 

the inhibitor can bind to a site other than the binding-site of the usual substrate 

and exert an allosteric effect to change the shape of the usual binding-site. 

Non-competitive: A non-competitive inhibitor binds to a site other than where 

the substrate binds. The substrate still binds with its usual affinity and hence Km 

remains the same. However the inhibitor reduces the catalytic efficiency of the 

enzyme so that Vmax is reduced. In contrast to competitive inhibition, non-

competitive inhibition cannot be overcome with high substrate concentration. 

Uncompetitive: An uncompetitive inhibitor cannot bind to the free enzyme, only 

to the enzyme-substrate complex; hence, these types of inhibitors are most 

effective at high substrate concentration. In the presence of the inhibitor, the 

enzyme-substrate complex is inactive. This type of inhibition is rare. 

Mixed: A mixed inhibitor binds to an allosteric site and the binding of the 

substrate and the inhibitor affect each other. The enzyme's function is reduced 

but not eliminated when bound to the inhibitor. This type of inhibitor does not 

follow the Michaelis-Menten equation. 
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Irreversible: An irreversible inhibitor permanently inactivates the enzyme, 

usually by forming a covalent bond to the protein. Penicillin and aspirin are 

common drugs that act in this manner. 

Functions of inhibitors 

In many organisms, inhibitors may act as part of a feedback mechanism. If an 

enzyme produces too much of one substance in the organism, that substance 

may act as an inhibitor for the enzyme at the beginning of the pathway that 

produces it, causing production of the substance to slow down or stop when 

there is sufficient amount. This is a form of negative feedback. Major metabolic 

pathways such as the citric acid cycle make use of this mechanism. 

Since inhibitors modulate the function of enzymes they are often used as drugs. 

Many such drugs are reversible competitive inhibitors that resemble the 

enzyme's native substrate, similar to methotrexate above; other well-known 

examples include statins used to treat high cholesterol, and protease inhibitors 

used to treat retroviral infections such as HIV. A common example of an 

irreversible inhibitor that is used as a drug is aspirin, which inhibits the COX-1 

and COX-2 enzymes that produce the inflammation messenger prostaglandin. 

Other enzyme inhibitors are poisons. For example, the poison cyanide is an 

irreversible enzyme inhibitor that combines with the copper and iron in the 

active site of the enzyme cytochrome c oxidase and blocks cellular respiration. 

Enzymes reduce activation energy 

As catalysts, enzymes increase the rate at which chemical reactions occur. Most 

of the reactions which occur in living cells would occur so slowly without 

enzymes that they would virtually not happen at all. In many chemical reactions, 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  102 

 

the substrate will not be converted to a product unless it is temporarily given 

some extra energy. This energy is called activation energy. One way of increasing 

the rate of many chemical reactions is to increase the energy of the reactants by 

heating them.  

The effect of substrate concentration 

The amount of catalase was kept constant and the amount of hydrogen peroxide 

was varied. Once again, curves of oxygen released against time were plotted for 

each reaction, and the initial rate of reaction calculated for the first 30 seconds. 

These initial rates of reaction were then plotted against substrate concentration. 

As substrate concentration increases, the initial rate of reaction also increases. 

The more substrate molecules there are around, the more often an enzyme’s 

active site can bind with one. However, if we go on increasing substrate 

concentration, keeping the enzyme concentration constant, there comes a point 

where every enzyme’s active site is working continuously. If more substrate is 

added, the enzyme simply cannot work faster; substrate molecules are 

effectively ‘queuing up’ for an active site to become vacant. The enzyme is 

working at its maximum possible rate, known as Vmax. V stands for velocity. 
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The effect of substrate concentration on the rate of an enzyme-catalysed 

reaction 

3.2. Factors that affect enzyme action 
 

Enzyme kinetic theory is important in enzyme analysis in order both to 

understand the basic enzymatic mechanism and to select a method for enzyme 

analysis. The conditions selected to measure the activity of an enzyme would not 

be the same as those selected to measure the concentration of its substrate. 

Several factors affect the rate at which enzymatic reactions proceed — 

temperature, pH, enzyme concentration, substrate concentration, and the 

presence of any inhibitors or activators. The activity of an Enzyme is affected by 

its environmental conditions. Changing these alter the rate of reaction caused 

by the enzyme. In nature, organisms adjust the conditions of their enzymes to 

produce an optimum rate of reaction, where necessary, or they may have 
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enzymes which are adapted to function well in extreme conditions where they 

live. 

Temperature 

 Increasing temperature increases the kinetic energy that molecules 

possess. In a fluid, this means that there are more random collisions 

between molecules per unit time. 

 Since enzymes catalyse reactions by randomly colliding with substrate 

molecules, increasing temperature increases the rate of reaction, 

forming more product. 

 However, increasing temperature also increases the vibrational energy 

that molecules possess, specifically enzyme molecules in this case, which 

puts strain on the bonds that hold them together. 

 As temperature increases, more bonds, especially the weaker Hydrogen 

and Ionic bonds, will break as a result of this strain. Breaking bonds within 

the enzyme will cause the active site to change shape. 

 This change in shape means that the active site is less complementary to 

the shape of the substrate so that it is less likely to catalyse the reaction. 

Eventually, the enzyme will become denatured and will no longer 

function. 

 As temperature increases, more shapes of the active sites of the 

enzymes' molecules will be less complementary to the shape of their 

substrate, and more enzymes will be denatured. This will decrease the 

rate of reaction. 
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 In brief, as temperature increases, initially the rate of reaction will 

increase, because of increased kinetic energy. However, the effect of 

bond breaking will become greater and greater, and the rate of reaction 

will begin to decrease. 

 

 The temperature at which the maximum rate of reaction occurs is called 

the enzyme's optimum temperature. This is different for different 

enzymes. Most enzymes in the human body have an optimum 

temperature of around 37.0 °C. 

PH - Acidity and Basicity 

 PH measures the Acidity and Basicity of a solution. It is a measure of the 

Hydrogen Ion (H+) concentration, and therefore a good indicator of the 

Hydroxide Ion (OH-) concentration. It ranges from pH1 to pH14. Lower pH 

values mean higher H+ concentrations and lower OH- concentrations. 

 Acid solutions have pH values below 7, and basic solutions (alkalis are 

bases) have pH values above 7. De-ionised water is pH7, which is termed 

‘neutral.’ 

 H+ and OH- Ions are charged, and therefore interfere with Hydrogen and 

Ionic bonds that hold together an enzyme, since they will be attracted or 
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repelled by the charges created by the bonds. This interference causes a 

change in shape of the enzyme, and importantly, its active site. 

 Different enzymes have different optimum pH values. This is the pH value 

at which the bonds within them are influenced by H+ and OH- Ions in such 

a way that the shape of their active site is the most complementary to 

the shape of their substrate. At the optimum pH, the rate of reaction is 

at an optimum. 

 Any change in pH above or below the optimum will quickly cause a 

decrease in the rate of reaction, since more of the enzyme molecules will 

have active sites whose shapes are not (or at least are less) 

complementary to the shape of their substrate. 

 

 Small changes in pH above or below the optimum do not cause a 

permanent change to the enzyme, since the bonds can be reformed. 

However, extreme changes in pH can cause enzymes to denature and 

permanently lose their function. 
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 Enzymes in different locations have different optimum pH values since 

their environmental conditions may be different. For example, the 

enzyme pepsin functions best at around pH2 and is found in the stomach, 

which contains Hydrochloric Acid (pH2). 

Concentration 

 Changing the enzyme and substrate concentrations affect the rate of 

reaction of an enzyme-catalysed reaction. Controlling these factors in a 

cell is one way that an organism regulates its enzyme activity and so its 

metabolism. 

 Changing the concentration of a substance only affects the rate of 

reaction if it is the limiting factor: that is, it the factor that is stopping a 

reaction from preceding at a higher rate. 

 If it is the limiting factor, increasing concentration will increase the rate 

of reaction up to a point, after which any increase will not affect the rate 

of reaction. This is because it will no longer be the limiting factor and 

another factor will be limiting the maximum rate of reaction. 

 As a reaction proceeds, the rate of reaction will decrease, since the 

substrate will get used up. The highest rate of reaction, known as the 

initial reaction rate, is the maximum reaction rate for an enzyme in an 

experimental situation. 

Substrate Concentration 

 Increasing substrate concentration increases the rate of reaction. This is 

because more substrate molecules will be colliding with enzyme 

molecules, so more product will be formed. 
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 However, after a certain concentration, any increase will have no effect 

on the rate of reaction, since substrate concentration will no longer be 

the limiting factor. The enzymes will effectively become saturated, and 

will be working at their maximum possible rate. 

 

Enzyme Concentration 

 Increasing enzyme concentration will increase the rate of reaction, as 

more enzymes will be colliding with substrate molecules. 

 However, this too will only have an effect up to a certain concentration, 

where the enzyme concentration is no longer the limiting factor. 
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Functions of Enzymes 

Enzymes serve a wide variety of functions inside living organisms. They are 

indispensable for signal transduction and cell regulation, often via kinases and 

phosphatases. They also generate movement, with myosin hydrolysing ATP to 

generate muscle contraction, and also transport cargo around the cell as part of 

the cytoskeleton. Other ATPases in the cell membrane are ion pumps involved 

in active transport. Enzymes are also involved in more exotic functions, such as 

luciferase generating light in fireflies. Viruses can also contain enzymes for 

infecting cells, such as the HIV integrase and reverse transcriptase, or for viral 

release from cells, like the influenza virus neuraminidase. 

An important function of enzymes is in the digestive systems of animals. 

Enzymes such as amylases and proteases break down large molecules (starch or 

proteins, respectively) into smaller ones, so they can be absorbed by the 

intestines. Starch molecules, for example, are too large to be absorbed from the 

intestine, but enzymes hydrolyze the starch chains into smaller molecules such 

as maltose and eventually glucose, which can then be absorbed. Different 

enzymes digest different food substances. In ruminants, which have herbivorous 

diets, microorganisms in the gut produce another enzyme, cellulase, to break 

down the cellulose cell walls of plant fiber. 
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Metabolism 

 

The metabolic pathway of glycolysis releases energy by converting glucose to pyruvate 

by via a series of intermediate metabolites. Each chemical modification (red box) is 

performed by a different enzyme. 

Several enzymes can work together in a specific order, creating metabolic 

pathways. In a metabolic pathway, one enzyme takes the product of another 

enzyme as a substrate. After the catalytic reaction, the product is then passed 

on to another enzyme. Sometimes more than one enzyme can catalyse the same 

reaction in parallel; this can allow more complex regulation: with, for example, 

a low constant activity provided by one enzyme but an inducible high activity 

from a second enzyme. 

Enzymes determine what steps occur in these pathways. Without enzymes, 

metabolism would neither progress through the same steps and could not be 

regulated to serve the needs of the cell. Most central metabolic pathways are 

regulated at a few key steps, typically through enzymes whose activity involves 

the hydrolysis of ATP. Because this reaction releases so much energy, other 

reactions that are thermodynamically unfavourable can be coupled to ATP 

hydrolysis, driving the overall series of linked metabolic reactions. 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  111 

 

Control of Activity 

There are five main ways that enzyme activity is controlled in the cell. 

Regulation: Enzymes can be either activated or inhibited by other molecules. For 

example, the end product(s) of a metabolic pathway are often inhibitors for one 

of the first enzymes of the pathway (usually the first irreversible step, called 

committed step), thus regulating the amount of end product made by the 

pathways. Such a regulatory mechanism is called a negative feedback 

mechanism, because the amount of the end product produced is regulated by 

its own concentration. Negative feedback mechanism can effectively adjust the 

rate of synthesis of intermediate metabolites according to the demands of the 

cells. This helps with effective allocations of materials and energy economy, and 

it prevents the excess manufacture of end products. Like other homeostatic 

devices, the control of enzymatic action helps to maintain a stable internal 

environment in living organisms. 

Post-translational modification: Examples of post-translational modification 

include phosphorylation, myristoylation and glycosylation. For example, in the 

response to insulin, the phosphorylation of multiple enzymes, including glycogen 

synthase, helps control the synthesis or degradation of glycogen and allows the 

cell to respond to changes in blood sugar. Another example of post-translational 

modification is the cleavage of the polypeptide chain. Chymotrypsin, a digestive 

protease, is produced in inactive form as chymotrypsinogen in the pancreas and 

transported in this form to the stomach where it is activated. This stops the 

enzyme from digesting the pancreas or other tissues before it enters the gut. 

This type of inactive precursor to an enzyme is known as a zymogen or 

proenzyme. 
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Quantity: Enzyme production (transcription and translation of enzyme genes) 

can be enhanced or diminished by a cell in response to changes in the cell's 

environment. This form of gene regulation is called enzyme induction. For 

example, bacteria may become resistant to antibiotics such as penicillin because 

enzymes called beta-lactamases are induced that hydrolyse the crucial beta-

lactam ring within the penicillin molecule. Another example comes from 

enzymes in the liver called cytochrome P450 oxidases, which are important in 

drug metabolism. Induction or inhibition of these enzymes can cause drug 

interactions. Enzyme levels can also be regulated by changing the rate of enzyme 

degradation. 

Subcellular distribution: Enzymes can be compartmentalized, with different 

metabolic pathways occurring in different cellular compartments. For example, 

fatty acids are synthesized by one set of enzymes in the cytosol, endoplasmic 

reticulum and Golgi and used by a different set of enzymes as a source of energy 

in the mitochondrion, through β-oxidation.[83] In addition, trafficking of the 

enzyme to different compartments may change the degree of protonation 

(cytoplasm neutral and lysosome acidic) or oxidative state [e.g., oxidized 

(periplasm) or reduced (cytoplasm)] which in turn affects enzyme activity. 
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Organ specialization: In multicellular eukaryotes, cells in different organs and 

tissues have different patterns of gene expression and therefore have different 

sets of enzymes (known as isozymes) available for metabolic reactions. This 

provides a mechanism for regulating the overall metabolism of the organism. For 

example, hexokinase, the first enzyme in the glycolysis pathway, has a 

specialized form called glucokinase expressed in the liver and pancreas that has 

a lower affinity for glucose yet is more sensitive to glucose concentration. This 

enzyme is involved in sensing blood sugar and regulating insulin production. 

Involvement in disease 

In phenylalanine hydroxylase over 300 different mutations throughout the 

structure cause phenylketonuria. Phenylalanine substrate and 

tetrahydrobiopterin coenzyme in black, and Fe2+ cofactor in yellow.Since the 

tight control of enzyme activity is essential for homeostasis, any malfunction 

(mutation, overproduction, underproduction or deletion) of a single critical 

enzyme can lead to a genetic disease. The malfunction of just one type of enzyme 

out of the thousands of types present in the human body can be fatal. An 

example of a fatal genetic disease due to enzyme insufficiency is Tay-Sachs 

disease, in which patients lack the enzyme hexosaminidase.One example of 

enzyme deficiency is the most common type of phenylketonuria. Many different 

single amino acid mutations in the enzyme phenylalanine hydroxylase, which 

catalyses the first step in the degradation of phenylalanine, result in build-up of 

phenylalanine and related products. Some mutations are in the active site, 

directly disrupting binding and catalysis, but many are far from the active site 

and reduce activity by destabilising the protein structure, or affecting correct 

oligomerisation. This can lead to intellectual disability if the disease is untreated.  
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Another example is pseudocholinesterase deficiency, in which the body's ability 

to break down choline ester drugs is impaired. Oral administration of enzymes 

can be used to treat some functional enzyme deficiencies, such as pancreatic 

insufficiency and lactose intolerance. 

Another way enzyme malfunctions can cause disease comes from germline 

mutations in genes coding for DNA repair enzymes. Defects in these enzymes 

cause cancer because cells are less able to repair mutations in their genomes. 

This causes a slow accumulation of mutations and results in the development of 

cancers. An example of such a hereditary cancer syndrome is xeroderma 

pigmentosum, which causes the development of skin cancers in response to 

even minimal exposure to ultraviolet light. 

Industrial applications 

Enzymes are used in the chemical industry and other industrial applications 

when extremely specific catalysts are required. Enzymes in general are limited in 

the number of reactions they have evolved to catalyse and also by their lack of 

stability in organic solvents and at high temperatures. As a consequence, protein 

engineering is an active area of research and involves attempts to create new 

enzymes with novel properties, either through rational design or ‘in-vitro’ 

evolution. These efforts have begun to be successful, and some new enzymes 

have now been designed to catalyse reactions that do not occur in nature. 
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Application Enzymes used Uses 

Biofuel industry Cellulases Break down cellulose into sugars that 

can be fermented to produce 

cellulosic ethanol. 

Ligninases Pretreatment of biomass for biofuel 

production. 

Biological 

detergent 

Proteases, 

amylases, lipases 

Remove protein, starch, and fat or oil 

stains from laundry and dishware. 

Mannanases Remove food stains from the common 

food additive guar gum. 

Brewing 

industry 

Amylase, 

glucanases, 

proteases 

Split polysaccharides and proteins in 

the malt. 

Betaglucanases Improve the wort and beer filtration 

characteristics. 

Amyloglucosidase 

and pullulanases 

Make low-calorie beer and adjust 

fermentability. 

Acetolactate 

decarboxylase 

(ALDC) 

Increase fermentation efficiency by 

reducing diacetyl formation. 

Culinary uses Papain Tenderize meat for cooking. 

Dairy industry Rennin Hydrolyze protein in the manufacture 

of cheese. 

Lipases Produce Camembert cheese and blue 

cheeses such as Roquefort. 
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Food processing Amylases Produce sugars from starch, such as in 

making high-fructose corn syrup. 

Proteases Lower the protein level of flour, as in 

biscuit-making. 

Trypsin Manufacture hypoallergenic baby 

foods. 

Cellulases, 

pectinases 

Clarify fruit juices. 

Molecular 

biology 

Nucleases, DNA 

ligase and 

polymerases 

Use restriction digestion and the 

polymerase chain reaction to create 

recombinant DNA. 

Paper industry Xylanases, 

hemicellulases 

and lignin 

peroxidases 

Remove lignin from kraft pulp. 

Personal care Proteases Remove proteins on contact lenses to 

prevent infections. 

Starch industry Amylases Convert starch into glucose and 

various syrups. 

 

***** 
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4.  Cell membranes and transport 
 

Introduction 

Cell membranes are very important structures to cells because they function as 

a barrier between the components of the cell and the outside environment. The 

cell membrane is not only responsible for creating a wall between the inside and 

outside of the cell, but also it act as a threshold through which select molecules 

can enter and exit the cell when necessary.  

The cell membrane is what defines the cell and keeps its components separate 

from outside cells or organisms. The cell membrane is composed of a double 

layer of fat cells called a lipid bilayer in which membrane proteins are embedded. 

The structure of the lipid bilayer prevents the free passage of most molecules 

into and out of the cell. Membrane transport refers to the collection of 

mechanisms that regulate the passage of solutes such as ions and small 

molecules through biological membranes, which are lipid bilayers that contain 

proteins embedded in them.  

The regulation of passage through the membrane is due to selective membrane 

permeability — a characteristic of biological membranes which allows them to 

separate substances of distinct chemical nature. In other words, they can be 

permeable to certain substances but not to others. The movements of most 

solutes through the membrane are mediated by membrane transport proteins 

which are specialised to varying degrees in the transport of specific molecules. 

Differential expression is regulated through the differential transcription of the 

genes coding for these proteins and its translation, for instance, through genetic-
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molecular mechanisms, but also at the cell biology level: the production of these 

proteins can be activated by cellular signaling pathways, at the biochemical level, 

or even by being situated in cytoplasmic vesicles. 

Active transport is the movement of molecules across a cell membrane from a 

region of their lower concentration to a region of their higher concentration—in 

the direction against some gradient or other obstructing factor (often a 

concentration gradient). 

Unlike passive transport, which uses the kinetic energy and natural entropy of 

molecules moving down a gradient, active transport uses cellular energy to move 

them against a gradient, polar repulsion, or other resistance.  

Active transport is usually associated with accumulating high concentrations of 

molecules that the cell needs, such as ions, glucose and amino acids. If the 

process uses chemical energy, such as from adenosine triphosphate (ATP), it is 

termed primary active transport. Secondary active transport involves the use of 

an electrochemical gradient. Examples of active transport include the uptake of 

glucose in the intestines in humans and the uptake of mineral ions into root hair 

cells of plants. 

Specialized transmembrane proteins recognises the substance and allow it to 

move across the membrane when it otherwise would not, either because the 

phospholipid bilayer of the membrane is impermeable to the substance moved 

or because the substance is moved against the direction of its concentration 

gradient.  
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There are two forms of active transport, primary active transport and secondary 

active transport.  

o Primary Active Transport: The proteins involved are pumps that normally 

use the chemical energy in the form of ATP.  

o Secondary active transport: It makes use of potential energy, which is 

usually derived through exploitation of an electrochemical gradient.  

This involves pore-forming proteins that form channels across the cell 

membrane. The difference between passive transport and active transport is 

active transport requires energy and moves substances against their respective 

concentration gradient, whereas passive transport requires no energy and 

moves substances in the direction of their respective concentration gradient. 

In an Anti-porter, one substrate is transported in one direction across the 

membrane while another is co-transported in the opposite direction. In a 

symporter, two substrates are transported in the same direction across the 

membrane. Anti-port and symport processes are associated with secondary 

active transport, meaning that one of the two substances is transported in the 

direction of its concentration gradient, utilizing the energy derived from the 

transport of such substance (mostly Na+, K+ or H+ ions) down its concentration 

gradient. 

If substrate molecules are moving from areas of lower concentration to areas of 

higher concentration (i.e., in the opposite direction as, or against the 

concentration gradient), specific transmembrane carrier proteins are required. 

These proteins have receptors that bind to specific molecules (e.g., glucose) and 
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transport them across the cell membrane. Because energy is required in this 

process, it is known as 'active' transport.  

Examples of active transport include the transportation of sodium out of the cell 

and potassium into the cell by the sodium-potassium pump. Active transport 

often takes place in the internal lining of the small intestine. 

Plants need to absorb mineral salts from the soil or other sources, but these salts 

exist in very dilute solution. Active transport enables these cells to take up salts 

from this dilute solution against the direction of the concentration gradient. 

Note: A vesicle is a membrane-bound compartment in a cell.  

 

4.1.    Fluid mosaic membranes 
 

The fluid mosaic model describes the structure of the plasma membrane as a 

mosaic of components —including phospholipids, cholesterol, proteins, and 

carbohydrates—that gives the membrane a fluid character.  

Definition: The fluid mosaic model explains various observations regarding the 

structure of functional cell membranes. 

The fluid mosaic model, which was devised by SJ Singer and GL Nicolson in 1972, 

describes the cell membrane as a two-dimensional liquid that restricts the lateral 

diffusion of membrane components. Such domains are defined by the existence 

of regions within the membrane with special lipid and protein composition that 

promote the formation of lipid rafts or protein and glycoprotein complexes. 

Another way to define membrane domains is the association of the lipid 
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membrane with the cytoskeleton filaments and the extracellular matrix through 

membrane proteins. The current model describes important features relevant to 

many cellular processes, including: cell-cell signaling, apoptosis, cell division, 

membrane budding, and cell fusion. 

The fluid property of functional biological membranes has been determined 

through labelling experiments, x-ray diffraction, and calorimetry. These studies 

showed that integral membrane proteins diffuse at rates affected by the 

viscosity of the lipid bilayer in which they were embedded, and demonstrated 

that the molecules within the cell membrane are dynamic rather than static. 

Previous models of biological membranes included the Robertson Unit 

Membrane Model and the Davidson-Danielli Tri-Layer model. These models had 

proteins present as sheets neighbouring a lipid layer, rather than incorporated 

into the phospholipid bilayer. Other models described repeating, regular units of 

protein and lipid. These models were not well supported by microscopy and 

thermodynamic data, and did not accommodate evidence for dynamic 

membrane properties. 

An important experiment that provided evidence supporting fluid and dynamic 

biological was performed by Frye and Edidin. They used Sendai virus to force 

human and mouse cells to fuse and form a heterokaryon. Using antibody 

staining, they were able to show that the mouse and human proteins remained 

segregated to separate halves of the heterokaryon a short time after cell fusion. 

However, the proteins eventually diffused and over time the border between the 

two halves was lost. Lowering the temperature slowed the rate of this diffusion 

by causing the membrane phospholipids to transition from a fluid to a gel phase. 
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Singer and Nicholson rationalized the results of these experiments using their 

fluid mosaic model. 

The fluid mosaic model explains changes in structure and behaviour of cell 

membranes under different temperatures, as well as the association of 

membrane proteins with the membranes. While Singer and Nicolson had 

substantial evidence drawn from multiple subfields to support their model, 

recent advances in fluorescence microscopy and structural biology have 

validated the fluid mosaic nature of cell membranes. 

 

Plasma membranes range from 5 to 10 nm in thickness. For comparison, human 

red blood cells, visible via light microscopy, are approximately 8 µm wide, or 

approximately 1,000 times wider than a plasma membrane. The proportions of 

proteins, lipids, and carbohydrates in the plasma membrane vary with cell type. 
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For example, myelin contains 18% protein and 76% lipid. The mitochondrial inner 

membrane contains 76% protein and 24% lipid. 

Limitations in fluid mosaic model 

There are restrictions to the lateral mobility of the lipid and protein components 

in the fluid membrane imposed by the formation of subdomains within the lipid 

bilayer. These subdomains arise by several processes. For example, binding of 

membrane components to the extracellular matrix, nanometric membrane 

regions with a particular biochemical composition that promote the formation 

of lipid rafts and protein complexes mediated by protein-protein interactions. 

Furthermore, protein-cytoskeleton associations mediate the formation of 

cytoskeletal fences, corrals in which lipid and membrane proteins can diffuse 

freely, but that they can rarely leave. Restriction on lateral diffusion rates of 

membrane components is very important because it allows the functional 

specialization of particular regions within the cell membranes. 

Cell membrane proteins and glycoproteins do not exist as single elements of the 

lipid membrane, as first proposed by Singer and Nicolson in 1972. Rather, they 

occur as diffusing complexes within the membrane. The assembly of single 

molecules into these macromolecular complexes has important functional 

consequences for the cell; such as ion and metabolite transport, signaling, cell 

adhesion, and migration. 

Some proteins which are embedded in the bi-lipid layer interact with the 

extracellular matrix outside the cell, cytoskeleton filaments inside the cell, and 

septin ring-like structures. These interactions have a strong influence on shape 

and structure, as well as on compartmentalization. Moreover, they impose 
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physical constraints that restrict the free lateral diffusion of proteins and at least 

some lipids within the bi-lipid layer. 

When integral proteins of the lipid bilayer are tethered to the extracellular 

matrix, they cannot diffuse freely. Proteins with a long intracellular domain may 

collide with a fence formed by cytoskeleton filaments. Both processes restrict 

the diffusion of proteins and lipids directly involved, as well as of other 

interacting components of the cell membranes. 

Septins are a family of GTP-binding proteins highly conserved among eukaryotes. 

Prokaryotes have similar proteins called para-septins. They form 

compartmentalizing ring-like structures strongly associated with the cell 

membranes. Septins are involved in the formation of structures such as, cilia and 

flagella, dendritic spines, and yeast buds. 

 The Components and functions of the Plasma Membrane 
 
The principal components of a plasma membrane are lipids (phospholipids and 

cholesterol), proteins, and carbohydrates attached to some of the lipids and 

some of the proteins. 
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The fluid mosaic model of the plasma membrane 

The fluid mosaic model of the plasma membrane describes the plasma 

membrane as a fluid combination of phospholipids, cholesterol, and proteins. 

Carbohydrates attached to lipids (glycolipids) and to proteins (glycoproteins) 

extend from the outward-facing surface of the membrane. 

The main fabric of the membrane is composed of amphiphilic or dual-loving, 

phospholipid molecules. The hydrophilic or water-loving areas of these 

molecules are in contact with the aqueous fluid both inside and outside the cell. 

Hydrophobic, or water-hating molecules, tend to be non-polar.  

A phospholipid molecule consists of a three-carbon glycerol backbone with two 

fatty acid molecules attached to carbons 1 and 2, and a phosphate-containing 

group attached to the third carbon. This arrangement gives the overall molecule 

an area described as its head (the phosphate-containing group), which has a 

polar character or negative charge, and an area called the tail (the fatty acids), 
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which has no charge. They interact with other non-polar molecules in chemical 

reactions, but generally do not interact with polar molecules.  

 

 

 

When placed in water, hydrophobic molecules tend to form a ball or cluster. The 

hydrophilic regions of the phospholipids tend to form hydrogen bonds with 

water and other polar molecules on both the exterior and interior of the cell. 

Thus, the membrane surfaces that face the interior and exterior of the cell are 

hydrophilic. In contrast, the middle of the cell membrane is hydrophobic and will 

not interact with water. Therefore, phospholipids form an excellent lipid bilayer 

cell membrane that separates fluid within the cell from the fluid outside of the 

cell. 
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Roles of the components of cell membranes 

 

There are three types of lipid, namely phospholipids, cholesterol and glycolipids. 

There are also proteins and glycoproteins. Each of these has a particular role to 

play in the overall structure and function of the membrane. 

Phospholipids 

Phospholipids form the bilayer, which is the basic structure of the membrane. 

Because the tails of phospholipids are non-polar, it is difficult for polar 

molecules, or ions, to pass through membranes, so they act as a barrier to most 

water-soluble substances. For example, water-soluble molecules such as sugars, 

amino acids and proteins cannot leak out of the cell, and unwanted water-

soluble molecules cannot enter the cell. Some phospholipids can be modified 

chemically to act as signalling molecules. They may move about in the 

phospholipid bilayer, activating other molecules such as enzymes. Alternatively, 

they may be hydrolysed to release small, water-soluble, glycerol-related 

molecules. These diffuse through the cytoplasm and bind to specific receptors. 

One such system results in the release of calcium ions from storage in the ER, 

which in turn brings about exocytosis of digestive enzymes from pancreatic cells. 
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Cholesterol 

Cholesterol is a relatively small molecule. Like phospholipids, cholesterol 

molecules have hydrophilic heads and hydrophobic tails, so they fit neatly 

between the phospholipid molecules with their heads at the membrane surface. 

Cell surface membranes in animal cells contain almost as much cholesterol as 

phospholipid. Cholesterol is much less common in plant cell membranes and 

absent from prokaryotes. In these organisms, compounds very similar to 

cholesterol serve the same function. At low temperatures, cholesterol increases 

the fluidity of the membrane, preventing it from becoming too rigid. This is 

because it prevents close packing of the phospholipid tails. The increased fluidity 

means cells can survive colder temperatures. The interaction of the phospholipid 

tails with the cholesterol molecules also helps to stabilise cells at higher 

temperatures when the membrane could otherwise become too fluid. 

Cholesterol is also important for the mechanical stability of membranes; without 

it, membranes quickly break and cells burst open. The hydrophobic regions of 

cholesterol molecules help to prevent ions or polar molecules from passing 

through the membrane. This is particularly important in the myelin sheath (made 

up of many layers of cell surface membrane) around nerve cells, where leakage 

of ions would slow down nerve impulses. 

Glycolipids, glycoproteins and proteins 

Many of the lipid molecules on the outer surfaces of cell surface membranes, 

and probably all of the protein molecules, have short carbohydrate chains 

attached to them. These ‘combination’ molecules are known as glycolipids and 

glycoproteins, respectively. The carbohydrate chains project like antennae into 
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the watery fluids surrounding the cell, where they form hydrogen bonds with the 

water molecules and so help to stabilise the membrane structure. The 

carbohydrate chains form a sugary coating to the cell, known as the glycocalyx. 

In animal cells, the glycocalyx is formed mainly from glycoproteins; in plant cells, 

it mainly comprises glycolipids. 

4.2    Movement of substances 

The fluid mosaic model allows substances to enter and exit cells by a variety of 

different mechanisms. There are five basic mechanisms by which this exchange 

is achieved:  

o Passive Transport 

o Active Transport  

o Bulk Transport 

Passive transport through cell membranes 

Passive transport is a movement of ions and other atomic or molecular 

substances across cell membranes without need of energy input. Unlike active 

transport, it does not require an input of cellular energy because it is instead 

driven by the tendency of the system to grow in entropy. The rate of passive 

transport depends on the permeability of the cell membrane, which, in turn, 

depends on the organization and characteristics of the membrane lipids and 

proteins. The four main kinds of passive transport are  

 Simple Diffusion 

 Facilitated Diffusion 

 Filtration 
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 Osmosis 

Simple Diffusion: Molecules and ions are in constant motion. In gases and 

liquids, they move freely. As a result of their random motion, each type of 

molecule or ion tends to spread out evenly within the space available; this is 

called diffusion.  

Diffusion can be defined as the net movement of a substance from a region of 

its higher concentration to a region of its lower concentration (as a result of 

random motion of its molecules or ions). The difference in concentration 

between the two areas is called the concentration gradient; diffusion tends to 

continue until the concentration gradient is gone. Once this happens, material 

still tends to move between the areas but with no net gain for one side or the 

other. The molecules or ions move down a concentration gradient.  

The random movement is caused by the natural kinetic energy (energy of 

movement) of the molecules or ions. As a result of diffusion, molecules or ions 

tend to reach an equilibrium situation, where they are evenly spread within a 

given volume of space. The phenomenon of diffusion can be demonstrated easily 

using non-living materials, such as glucose and Dialysis tubing or plant tissue. 

Diffusion can be best explained by the example, when we open a bottle of 

perfume in a room, it is not long before molecules of scent spread to all parts of 

the room (and are detected when they fit into membrane receptors in our nose). 

This will happen, even in still air, by the process of diffusion. Another example of 

diffusion is the way in which waste products are removed from the bloodstream 

in the kidneys via dialysis in a human body. 
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Diffusion across a cell membrane 

Some molecules and ions can pass through cell membranes, as the membrane is 

permeable to these substances. However, some substances cannot pass through 

cell membranes, and these membranes are said to be partially permeable. For 

example, oxygen is often at a higher concentration outside a cell than inside, 

because the oxygen inside the cell is being used up in respiration. The random 

motion of oxygen molecules inside and outside the cell means that some of them 

'hit' the cell surface membrane. More of them hit the membrane on the outside 

than the inside, because there are more of them outside. Oxygen molecules are 

small and do not carry an electrical charge, so they are able to pass freely 

through the phospholipid bilayer. Oxygen therefore diffuses from outside the 

cell, through the membrane, to the inside of the cell, down its concentration 
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gradient. This is a passive transport, because the cell does not do anything to 

cause the oxygen to move across the cell membrane. 

Facilitated diffusion: Facilitated diffusion is the carrier-mediated transport of 

large molecules through the cell membrane using transport proteins embedded 

within the cell membrane. These molecules would otherwise not be able to 

breach the cell membrane, but the transport proteins effectively “transport” 

them through. Ions or electrically charged molecules cannot diffuse through the 

phospholipid bilayer as they get repelled from the hydrophobic tails. Large 

molecules also cannot move through the phospholipid bilayer freely. However, 

the cell membrane contains special protein molecules that provide hydrophilic 

passageways through which these ions and molecules can pass. This is called 

facilitated diffusion 

This process is still called diffusion, as the concept of the molecules moving from 

a higher concentration (outside the cell) to a lower concentration (inside the cell) 

without utilizing any chemical energy still applies. The exchange of oxygen and 

carbon dioxide in the alveoli of the lungs is an example of facilitated diffusion. 

(Learn more about Membrane Proteins.) 

Osmosis: In biological terms, osmosis is the diffusion of water though a 

membrane to a region with a lower concentration of water. (Learn more about 

Osmosis in a Plant Cell and Osmosis in an Animal Cell.) 

Filtration: Filtration is the movement of solute molecules and water across a 

membrane by normal cardiovascular pressure. The size of the membrane pores 

dictate the molecules that may pass. Some functions of the liver and kidneys are 

based upon filtration. 
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Movement by active transport 

Active transport is the selective movement of molecules across a membrane. In 

active transport, metabolic energy produced by the cell and held as ATP is used 

to drive the transport of molecules and ions across membranes. Active transport 

has characteristic features that are distinctly different from those of movement 

by diffusion. Active transport may occur against a concentration gradient. 

Molecules can be moved by active transport from a region of low concentration 

to a region of higher concentration. The cytosol of a cell normally holds some 

reserves of molecules valuable in metabolism, like nitrate ions in plant cells or 

calcium ions in muscle fibres. The reserves of useful molecules and ions do not 

escape; the cell surface membrane retains them inside the cell. However, when 

more useful molecules or ions become available for uptake, they are actively 

absorbed into the cells. This uptake occurs even though the concentration 

outside is lower than the concentration inside. 

Movement by bulk transport 

Bulk transport occurs by movements of vesicles of matter (solids or liquids) 

across the cell surface membrane. The flexibility of the fluid mosaic membrane 

makes this activity possible, and energy from metabolism (ATP) is required.  
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Movement by bulk transport 

Bulk transport of substances is accomplished by  

 Endocytosis movement of substances into the cell. 

 Exocytosis movement of materials out of the cell. 

Endocytosis and exocytosis are both forms of bulk transport that move materials into 

and out of cells, respectively, through vesicles. In the case of Endocytosis, the cellular 

membrane folds around the desired materials outside the cell. The ingested particle 

becomes trapped within a pouch, known as a vesicle, inside the cytoplasm. Often 

enzymes from lysosomes are then used to digest the molecules absorbed by this 

process. The two main types of endocytosis are: pinocytosis and phagocytosis. 
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In pinocytosis, cells engulf liquid particles (in humans this process occurs in the small 

intestine, where cells engulf fat droplets). Whereas, in phagocytosis, cells engulf solid 

particles. 

Exocytosis is the form of active transport in which a cell moves molecules out of 

it, and is made up of five steps:  

o Vesicle trafficking 

o Vesicle tethering 

o Vesicle docking 

o Vesicle priming 

o Vesicle fusion 

 

Vesicle Trafficking: The vesicle, or storage unit that contains the molecule to be 

expelled must first be transported over a small distance. This is so that the 

vesicles can reach their desired targets before tethering to them.  
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Vesicle Tethering: The vesicle links itself to the cell membrane at a distance of 

approximately half the diameter of the vesicle (around 25 nm).  

Vesicle Docking: The vesicle connects to and is held to the cell membrane during 

vesicle docking. This is done through the use of Soluble NSF Attachment Protein 

Receptors, or SNAREs.  

Vesicle Priming: This is a stage that does not always occur in cells, but when it 

does, it involves the re-arrangement and modification of proteins and lipids after 

the docking.  

Vesicle Fusion: In vesicle fusion, the vesicle merges with the target area of the 

cell membrane, resulting in the waste material within the vesicle being 

transported outside the cell. 

 

***** 
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5. The Mitotic Cell Cycle 
 

Introduction 

The cell cycle or cell-division cycle is the series of events that take place in a cell 

leading to its division and duplication of its DNA (DNA replication) to produce 

two daughter cells. The cell-division cycle is a vital process by which a single-

celled fertilized egg develops into a mature organism, as well as the process by 

which hair, skin, blood cells, and some internal organs are renewed. After cell 

division, each of the daughter cells begin the interphase of a new cycle. Although 

the various stages of interphase are not usually morphologically distinguishable, 

each phase of the cell cycle has a distinct set of specialized biochemical processes 

that prepare the cell for initiation of cell divisions. 

In bacteria, which lack a cell nucleus, the cell cycle is divided into the B, C, and D 

periods. The B period extends from the end of cell division to the beginning of 

DNA replication. DNA replication occurs during the C period. The D period refers 

to the stage between the end of DNA replication and the splitting of the bacterial 

cell into two daughter cells.  

In cells with a nucleus, as in eukaryotes, the cell cycle is also divided into three 

periods: interphase, the mitotic (M) phase, and cytokinesis.  

o During interphase, the cell grows, accumulating nutrients needed for 

mitosis, preparing it for cell division and duplicating its DNA.  

o During the mitotic phase, the chromosomes separate.  
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o During the final stage, i.e. cytokinesis, the chromosomes and cytoplasm 

separate into two new daughter cells.  

To ensure the proper division of the cell, there are control mechanisms known 

as cell cycle checkpoints. 

The cell cycle refers to the distinct stages through which a cell goes, from the 

moment it becomes a cell to the moment it divides to result in 2 separate cells. 

It starts with gap 1, G1, continues into the S phase (S is for Synthesis) where DNA 

replicates, followed by gap 2, G2, and ending with mitosis. 

 

G1 and G2 are the notations for gaps 1 and 2 i.e. gaps between mitosis and DNA 

replication (in the S phase) respectively. G1 through to G2 - that's G1, S phase 
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and G2 - are all stages which collectively are known as interphase. Interphase is 

merely the stage between a cell's creation and its division by mitosis.  

G1 – Phase: When the requisite signals are received, the cells synthesise RNA 

and proteins to induce growth.  

S-phase (Synthesis phase): Each original chromosome has one DNA molecule. 

After replication, each chromosome has two identical DNA molecules (two 

chromatids) which are joined together at the centromere. 

 

 

G2 - Phase: Cells continue to grow and prepare for mitosis. Organelles 

(mitochondria and chloroplasts) are replicated. 
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For most of the cell cycle, the cell continues with its normal activities. It also 

grows, as the result of the production of new molecules of proteins and other 

substances, which results in the increase of the quantity of cytoplasm in the cell. 

Mitotic phase (M-phase): The mother cell divides into two genetically identical 

daughter cells. Mitosis (nuclear division): 

o 2 chromatids split apart and move to opposite ends of the cell.  

o A new nuclear envelope forms around each group.  

o These 2 nuclei each contain a complete set of DNA molecules identical to 

those in the original (parent) cell.  

o Mitosis produces 2 genetically identical nuclei from one parent nucleus. 
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Cytokinesis (cell division): The cell divides into 2 daughter cells (genetically 

identical to each other and their parent cell). 

 

  

During interphase, the DNA is copied and checked for any mutations. If 

mutations are detected the cell may kill itself which prevents mutations from 

being passed on to daughter cells which could affect the functions. The cell 

carries out normal functions, but also prepares to divide. The cell's DNA is 

unravelled and replicated, to double its genetic content. The organelles are also 

replicated so it has spare ones and its ATP content is increased (ATP is the energy 

needed for cell division) 

A multicellular organism begins as a single cell, and this cell divides repeatedly 

to produce all the cells in the adult organism. The type of cell division involved 

in growth is called mitosis. Mitosis is also used to produce new cells to replace 

the ones that have been damaged, that is, to repair the tissues. Mitosis is also 

involved in asexual reproduction, in which a single parent gives rise to genetically 

identical offspring. Mitosis is division of the nucleus of the cell. After this, the cell 
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itself usually divides as well. This is called cytokinesis. When body cells reach a 

certain size, they divide into two. Nuclear division occurs first, followed by 

division of the cytoplasm. The mitotic cell cycle of eukaryotes involves DNA 

replication followed by nuclear division. This ensures the genetic uniformity of 

all daughter cells. 

5.1. Replication and Division of Nuclei and Cells 
 

Most cells grow, perform the activities needed to survive, and divide to create 

new cells. These basic processes, which are collectively known as the cell cycle, 

are repeated throughout the life of a cell. Of the various parts of the cell cycle, 

the division portion is particularly an important one, because this is the point at 

which a cell passes its genetic information to its offspring cells.  

In many situations, division also ensures that new cells are available to replace 

the older cells within an organism whenever those cells die. Prokaryotic cells, 

which include bacteria, undergo a type of cell division known as binary fission. 

This process involves replication of the cell's chromosomes, segregation of the 

copied DNA, and splitting of the parent cell's cytoplasm. The outcome of binary 

fission is two new cells that are identical to the original cell. 

In contrast to prokaryotic cells, eukaryotic cells may divide via either mitosis or 

meiosis. Of these two processes, mitosis is more common. All eukaryotes, 

regardless of size or number of cells can engage in mitosis; whereas, only sexually 

reproducing eukaryotes can engage in meiosis. During the mitotic cell cycle, DNA 

is replicated and passed to daughter cells.  
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Stem cells in bone marrow and the skin continually divide by mitosis to provide 

a continuous supply of cells that differentiate into blood and skin cells. 

 

The Stages of Mitosis 

During mitosis, a eukaryotic cell undergoes a carefully coordinated nuclear 

division that results in the formation of two genetically identical daughter cells. 

Mitosis itself consists of five active phases:  

i. Prophase 

ii. Prometaphase 

iii. Metaphase 

iv. Anaphase 

v. Telophase.  
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Before a cell can enter the active phases of mitosis, it must go through a period 

known as interphase, during which it grows and produces the various proteins 

necessary for division. Then, at a critical point during interphase (called the S 

phase), the cell duplicates its chromosomes and ensures its systems are ready 

for cell division. If all conditions are ideal, the cell is now ready to move into the 

first phase of mitosis. 

 

 

 Chromosomes are made of 50% proteins, and 50% DNA (deoxy-

ribonucleic acid). 
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 Chromosomes are made of many chromatin threads, each containing 

DNA and proteins. 

 Somatic cells contain 46 chromosomes, while gametic cells contain 23 

chromosomes. 

 44 of our chromosomes are autosomes, while 2 are called sex 

chromosomes. 

 Each chromosome contains many genes that act as a blueprint or set of 

instructions for the cell. 

In the nucleus of each cell, the DNA molecule is packaged into thread-like 

structures called chromosomes. Each chromosome is made up of DNA tightly 

coiled many times around proteins called histones that support its structure. 

Chromosomes are not visible in the cell’s nucleus—not even under a 

microscope—when the cell is not dividing. However, the DNA that makes up 

chromosomes becomes more tightly packed during cell division and is then 

visible under a microscope. Most of what researchers know about chromosomes 

was learned by observing chromosomes during cell division. 

Each chromosome has a constriction point called the centromere, which divides 

the chromosome into two sections, or “arms.” The short arm of the chromosome 

is labeled the “p arm.” The long arm of the chromosome is labeled the “q arm.” 

The location of the centromere on each chromosome gives the chromosome its 

characteristic shape, and can be used to help describe the location of specific 

genes. 
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DNA and histone proteins are packaged into structures called chromosomes. 

Chromatids 

A chromatid is one-half of two identical copies of a replicated chromosome. 

During cell division, the identical copies are joined together at the region of the 

chromosome called the centromere. Joined chromatids are known as sister 

chromatids. Once the joined sister chromatids separate from one another in 

anaphase of mitosis, each is known as a daughter chromosome. 

 

Chromatids are formed from chromatin fibers 

Chromatin is DNA that is wrapped around proteins and further coiled to form 

chromatin fibers. Chromatin allows DNA to be compacted in order to fit within 

the cell nucleus. Chromatin fibers condense to form chromosomes. Prior to 

replication, a chromosome appears as a single-stranded chromatid. After 

replication, the chromosome has the familiar X-shape. Chromosomes must be 

replicated and sister chromatids separated during cell division to ensure that 
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each daughter cell receives the appropriate number of chromosomes. Every 

human cell contains 23 chromosome pairs for a total of 46 chromosomes. The 

chromosome pairs are called homologous chromosomes. One chromosome in 

each pair is inherited from the mother and from the father. Of the 23 

homologous chromosome pairs, 22 are autosomes (non-sex chromosomes) and 

one pair consists of sex chromosomes (XX-female or XY-male). 

Centromere and telomeres 

Centromere and telomere are two structures found on a chromosome. 

Centromere contains a highly constricted region of DNA in the form of centric 

heterochromatin. The two sister chromatids of the replicated chromosome are 

held together by the centromere during cell division. Telomeres are the end 

regions of a chromosome, containing highly repetitive sequences of DNA. Genes 

in the end regions of the chromosomes are capped by the presence of telomeres 

from being truncated and fusion with other chromosomes. 
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1. Prophase 

 

 

 

 The nuclear membrane breaks down to form a number of small vesicles, 

and the nucleolus disappears. 

 The centrosome duplicates to form two daughter centrosomes that 

migrate to opposite ends of the cell.  

 The mitotic spindle forms: the centrosomes organise the production of 

microtubules that form the spindle fibres of the mitotic spindle.  



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  149 

 

 Chromosomes become more coiled and can be viewed under a light 

microscope.  

 Each replicated chromosome can now be seen to consist of two 

identical chromatids held by the centromere. 

Metaphase 

 

2. Prometaphase 

 The chromosomes, led by their centromeres, migrate to the equatorial 

plane (the metaphase plate) in the mid-line of the cell, at right-angles to 

the axis formed by the centrosomes.  

 Chromosome forms a kinetochore at each side of the centromere, to 

which the individual spindle fibres are attached.   

 The chromosomes continue to condense. 
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3. Metaphase 

 The chromosomes align themselves along the metaphase plate of the 

spindle apparatus. 

 

Anaphase 

 The centromeres divide, and the sister chromatids of each chromosome 

are pulled apart and move to the opposite ends of the cell, pulled by 

spindle fibres attached to the kinetochore regions.  

 The separated sister chromatids are now referred to as daughter 

chromosomes. The alignment and separation in metaphase and 

anaphase ensure that each daughter cell receives a copy of every 

chromosome. 
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Telophase 

 

 

 The nuclear membrane reforms around the chromosomes grouped at 

either pole of the cell. 

 The chromosomes uncoil and become diffuse. 

 The spindle fibres disappear. 

Significance of mitosis 

Growth 

The two daughter cells formed have the same number of chromosomes as the 

parent cell and are genetically identical (clones). This allows growth of 

multicellular organisms from unicellular zygotes. Growth may occur over the 

entire body, as in animals, or be confined to certain regions, as in the 

meristems (growing points) of plants. 
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Replacement of cells and repair of tissues 

This is possible using mitosis followed by cell division. Cells are constantly dying 

and being replaced by identical cells. In the human body, for example, cell 

replacement is particularly rapid in the skin and in the lining of the gut. Some 

animals are able to regenerate whole parts of the body; for example, starfish can 

regenerate new arms. 

Asexual reproduction  

Mitosis is the basis of asexual reproduction, the production of new individuals of 

a species by a single parent organism. The offspring are genetically identical to 

the parents. Asexual reproduction can take many forms. For a unicellular 

organism, such as Amoeba, cell division inevitably results in reproduction. For 

multicellular organisms, new individuals may be produced; they bud off from the 

parent in various ways. Budding is particularly common in plants; it is most 

commonly a form of vegetative propagation in which a bud on part of the stem 

simply grows a new plant. The new plant eventually becomes detached from the 

parent and lives independently. The bud may be part of the stem of an 

overwintering structure such as a bulb or tuber. The ability to generate whole 

organisms from single cells or small groups of cells is important in biotechnology 

and genetic engineering, and is the basis of cloning. 

Immune response 

 The cloning of B- and T-lymphocytes during the immune response is dependent 

on mitosis. 
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Telomeres 

 DNA polymerase cannot replicate and repair DNA molecules at the ends 

of linear chromosomes. 

 The ends of linear chromosomes, called telomeres, protect genes from 

getting deleted as cells continue to divide. 

 The telomerase enzyme attaches to the end of the chromosome; 

complementary bases to the RNA template are added on the 3' end of 

the DNA strand. 

 Once the lagging strand is elongated by telomerase, DNA polymerase can 

add the complementary nucleotides to the ends of the chromosomes, 

and the telomeres can finally be replicated. 

 Cells that undergo cell division continue to have their telomeres 

shortened because most somatic cells do not make telomerase; telomere 

shortening is associated with aging. 

 Telomerase reactivation in telomerase-deficient mice causes extension 

of telomeres; this may have potential for treating age-related diseases in 

humans. 

Significance of telomeres 

The ends of chromosomes are ‘sealed’ by structures called telomeres (they have 

been compared with the plastic tips on the ends of shoe laces. These are made 

of DNA with short base sequences that are repeated many times (multiple repeat 

sequences). In telomeres, one strand of the DNA is rich in the base guanine (G) 

and the other strand is rich in the complementary base cytosine (C). Their main 
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function is to ensure that when DNA is replicated, the ends of the molecule are 

included in the replication and not left out. The copying enzyme cannot run to 

the end of the DNA and complete the replication — it stops a little short of the 

end. If part of the DNA is not copied, that piece of information is lost. At each 

subsequent division, another small section of information would be lost. 

Eventually, the loss of vital genes would result in cell death. 

5.2. Chromosome behaviour in mitosis 

Mitosis is the shortest but most visually stunning phase of the cell cycle, 

particularly in metazoan cells, in which the mitotic apparatus and chromosomes 

can be followed directly by high-resolution microscopy. In these cells, the mitotic 

spindle — the macromolecular machine responsible for chromosome 

segregation — comprises over 800 proteins. Structurally, the spindle is built from 

highly dynamic microtubules. Most of the less dynamic microtubule minus ends 

reside near the poles of the spindle; whereas the more dynamic plus ends extend 

towards the spindle equator and the cortex of the cell. As a result, microtubules 

between the spindle poles are organised into an antiparallel array, and 

microtubules outside of the spindle body form two radial asters that converge 

on the spindle poles. Microtubules are dynamic polymers that are assembled 

from tubulin heterodimers, which are organised such that the microtubules have 

an intrinsic polarity. Microtubules undergo periods of polymerisation and 

depolymerisation, and interconvert randomly between these states, a property 

known as dynamic instability. Although microtubules exhibit dynamic instability 

at both ends of the microtubule, the plus ends are more dynamic than the minus 

ends. Microtubules in the spindle also exhibit dynamic instability, which occurs 

primarily at the plus ends of the microtubules as the minus ends are often 
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capped at the centrosome. However, spindle microtubules and kinetochore (k)-

fibres exhibit an additional dynamic property, known as microtubule flux, in 

which there is a net addition of tubulin heterodimers at the plus ends near the 

kinetochores and a net loss of tubulin subunits at the minus ends near the 

centrosomes. 

Structure of the mitotic spindle 

The key interaction between chromosomes and microtubules occurs at the 

centromere of the chromosome, which contains two identical macromolecular 

complexes termed kinetochores. Kinetochores attach the chromosome to a 

subset of spindle microtubules called the kinetochore microtubules, which are 

organised into bundles known as kinetochore fibres (k-fibres). Challenges for a 

cell are ensuring that the spindle microtubules attach properly to each of the 

many chromosomes (46 in humans), positioning them at the spindle equator and 

ultimately driving the poleward movement of sister chromatids to the opposite 

poles of the spindle. The segregation of multiple chromosomes in a cell must be 

executed in perfect synchrony, which implies that the state of every 

chromosome is monitored by the spindle and that mitotic exit is delayed until all 

chromosomes are attached. This monitoring is achieved through a pathway 

termed the spindle assembly checkpoint. Finally, given the complexity of the 

system, sporadic errors in chromosome attachment to the spindle microtubules 

are inevitable. Failure to correct these errors results in chromosome 

missegregation, a condition that underlies chromosomal instability, which is a 

hallmark of aggressive malignancies. How the spindle integrates all of its tasks 

remains unclear. However, significant progress has been made recently in 

understanding the mechanisms that drive the complicated movements of 
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chromosomes on the spindle. The process of mitosis is divided into distinct 

phases that are defined largely by the organisation and behaviour of the 

chromosomes. During prophase, the chromosomes become progressively 

condensed inside the nucleus. In parallel, microtubule nucleation at 

centrosomes increases fivefold from the level seen during interphase, and 

microtubules become more dynamic. Nuclear envelope breakdown marks the 

transition between prophase and prometaphase, during which the attachment 

of the microtubules to the chromosomes begins. During prometaphase, 

chromosomes exhibit a complex pattern of movement that is often described as 

‘the dance of chromosomes’ in classic cytology literature. Some chromosomes 

move poleward, while other chromosomes move away from the spindle poles 

and others remain relatively motionless. Over time, these seemingly chaotic 

movements result in the congression of chromosomes to the spindle equator 

such that more and more chromosomes become aligned between the separated 

spindle poles. Congression of the last chromosome marks the transition to the 

next stage of mitosis, metaphase — the stage at which all chromosomes are 

aligned at the spindle equator. Shortly after metaphase alignment, the cohesion 

between sister chromatids is broken, and the cell enters anaphase. At this stage, 

new daughter chromosomes move poleward (anaphase A) and the poles 

separate from each other (anaphase B). During the next stage, telophase, the 

chromosomes decondense as the nuclear envelopes reform around the two 

daughter nuclei. The cell is divided in two by cytokinesis, but the sister cells 

remain connected by a thin bridge termed the midbody. Finally, abscission of the 

midbody results in the complete separation of the two daughter cells. Although 

the goal of mitosis — equal segregation of chromosomes — is achieved during 

anaphase, it is becoming increasingly clear that the proper attachment and 
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alignment of the chromosomes, which occurs during prometaphase, is the 

defining aspect of mitosis that holds the key to understanding the fidelity of 

genome inheritance. 

 

***** 

              

 

 

 

 

 

 

 

 

 

 

 

 

 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  158 

 

6. Nucleic acids and protein synthesis 
 

Introduction 

Nucleic acids have roles in the storage and retrieval of genetic information and 

in the use of this information to synthesise polypeptides. DNA is an extremely 

stable molecule that cells replicate with extreme accuracy. The genetic code is 

used by cells for assembling amino acids in correct sequences to make 

polypeptides. In eukaryotes, this involves the processes of transcription in the 

nucleus to produce short-lived molecules of messenger RNA followed by 

translation in the cytoplasm. The transfer of genetic information to new cells is 

accomplished through the use of biomolecules called nucleic acids. The two main 

types of nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA). 

Deoxyribonucleic acid (DNA) is found mainly in the nucleus of living cells. 

Ribonucleic acid (RNA) is found mainly in the cytoplasm of living cells. 

DNA and RNA are polymers consisting of repeating subunits called nucleotides, 

which are made of three components: 

 A heterocyclic base 

 A sugar 

 Phosphate 
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Protein synthesis 

Protein synthesis is the process whereby biological cells generate new proteins. 

The synthesis of proteins takes two steps:  

 Transcription  

 Translation.  

Transcription: synthesis of a RNA molecule from a DNA template. 

Translation: The process by which the sequence of bases of an mRNA is 

converted into the sequence of amino acids of a protein. 

6.1. Structure and replication of DNA 
 

DNA structure 

DNA is the molecule that holds the instructions for growth and development in 

every living thing. Its structure is described as a double-stranded helix held 

together by complementary base pairs. 

 

 The smaller molecules from which DNA and RNA molecules are made are 

nucleotides. 
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 The basic units of DNA are nucleotides. These nucleotides consist of a 

deoxyribose sugar, phosphate and base. 

 

 

DNA replication 

Stage one 

The DNA is unwound and unzipped. The helix structure is unwound. Special 

molecules break the weak hydrogen bonds between bases, which are holding 

the two strands together. This process occurs at several locations on a DNA 

molecule. 

Stage two 

DNA polymerase adds DNA nucleotides in a 5’ to 3’ direction. Complementary 

DNA nucleotides are added to the now exposed bases on both strands. Adenine 

pairs with thymine, thymine with adenine, cytosine with guanine and guanine 

with cytosine. A primer is needed to start replication. 

 Leading strand is synthesised continuously. DNA polymerase adds 

nucleotides to the deoxyribose (3’) ended strand in a 5’ to 3’ direction.  
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 Lagging strand is synthesised in fragments. Nucleotides cannot be added 

to the phosphate (5’) end because DNA polymerase can only add DNA 

nucleotides in a 5’ to 3’ direction. The lagging strand is therefore 

synthesised in fragments. The fragments are then sealed together by an 

enzyme called ligase.  

Stage three 

The two new strands twist to form a double helix. Each is identical to the original 

strand. 

 

Polymerase chain reaction 

The Polymerase Chain Reaction (PCR) is a technique for the amplification of DNA 

in vitro. This technique allows scientists to easily and cheaply turn a single strand 

of DNA into millions of copies which can then be used for analysis. The analysis 

of DNA is used in the Human Genome Project, paternity testing, diagnosis of 

genetic disorders and the detection of infection. 

Requirements for PCR 

A basic PCR set up requires the following components and reagents: 

 DNA template that contains the DNA region (target) to be amplified 

 Complementary primers — primers are short complementary sequences 

of RNA needed to start DNA synthesis.  
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 Thermal cycler — a laboratory apparatus that employs precise 

temperature control and rapid temperature changes to conduct the 

polymerase chain reaction (PCR).  

 Heat-tolerant polymerase — an enzyme which will add nucleotides to the 

growing strand and which is not denatured by the high temperatures 

used in the reaction.  

 Supply of nucleotides used to synthesise the new strands of DNA.  

The PCR process 

 During the first step of PCR, called denaturation, the tube containing the 

sample DNA is heated to more than 90 degrees Celsius (194 degrees 

Fahrenheit), which separates the double-stranded DNA into two 

separate strands. The high temperature breaks the relatively weak bonds 

between the nucleotides that form the DNA code. 

  PCR does not copy all of the DNA in the sample. It copies only a very 

specific sequence of genetic code, targeted by the PCR primers. For 

example, Chlamydia has a unique pattern of nucleotides specific to the 

bacteria. The PCR will copy only the specific DNA sequences that are 

present in Chlamydia and absent from other bacterial species. To do this, 

PCR uses primers, man-made oligonucleotides (short pieces of synthetic 

DNA) that bind, or anneal, only to sequences on either side of the target 

DNA region. Two primers are used in step two—one for each of the newly 

separated single DNA strands. The primers bind to the beginning of the 

sequence that will be copied, marking off the sequence for step three. 

During step two, the tube is cooled and primer binding occurs between 
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40 and 60 degrees Celsius (104 – 140 degrees Fahrenheit). Step two yields 

two separate strands of DNA, with sequences marked off by primers. The 

two strands are ready to be copied. 

  In the third phase of the reaction, called extension, the temperature is 

increased to approximately 72 degrees Celsius (161.5 degrees 

Fahrenheit). Beginning at the regions marked by the primers, nucleotides 

in the solution are added to the annealed primers by the DNA polymerase 

to create a new strand of DNA complementary to each of the single 

template strands. After completing the extension, two identical copies of 

the original DNA have been made. 

 After making two copies of the DNA through PCR, the cycle begins again, 

this time using the new duplicated DNA. Each duplicate creates two new 

copies and after approximately 30 or 40 PCR cycles, more than one billion 

copies of the original DNA segment have been made. Because the PCR 

process is automated, it can be completed in just a few hours. 

Nucleotides 

Nucleotides are made up of three smaller components. These are 

 A nitrogen-containing base 

 A pentose sugar 

 A phosphate group. 
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The structure of nucleotides 

The basic structure of a nucleotide is composed of a pentose (5-carbon) sugar, a 

nitrogenous base (purine or pyrimidine) and a phosphate group. The nucleotide 

in deoxyribose nucleic acid (DNA) has a pentose sugar called a deoxyribose which 

lacks an oxygen atom; hence the name ‘ deoxy-.’ The nitrogenous base in a DNA 

can be either adenine (A), thymine (T), guanine (G) or cytosine (C), and is always 

bonded to the 1st carbon. The phosphate group is attached to the 5th carbon. 

The nucleotide in ribonucleic acid (RNA) has a pentose sugar called ribose, and 

its structure is similar to the deoxyribose, except for the fact that it has the extra 

oxygen atom that DNA does not have. The nitrogenous base in RNA is bonded to 

the 1st carbon and can either be uracil (U), thymine (T), guanine (G) or cytosine 

(C).The phosphate group in RNA is attached to the 5th carbon. 
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 The structure of the phosphorylated nucleotide ATP consists of a pentose sugar 

ribose, the nitrogenous base adenine (A) at the first carbon and either one, two 

or three phosphate groups attached at the 5th carbon. 

 

Adenosine  is a nucleoside composed of the pentose sugar d-ribose and adenine. 

It is a structural subunit of ribonucleic acid (RNA). Adenosine nucleotides are 

involved in the energy metabolism of all cells. Adenosine can be linked to a chain 

of one, two, or three phosphate groups to form adenosine monophosphate 

(AMP), adenosine diphosphate (ADP), or adenosine triphosphate (ATP). 
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6.2. Protein synthesis 

 

The sequence of bases in a DNA molecule is a code that determines the sequence 

in which amino acids are linked together when making a protein molecule. A 

sequence of DNA nucleotides that codes for one polypeptide, or for one protein, 

is known as a gene. 

The sequence of amino acids in a protein — its primary structure — determines 

its three-dimensional shape and therefore its properties and functions. For 

example, the primary structure of an enzyme determines the shape of its active 

site, and therefore the substrate with which it can bind. A series of three bases 

in a DNA molecule, called a base triplet, codes for one amino acid. The DNA 

strand that is used in protein synthesis is called the template strand. 

Transcription 

The first step in protein synthesis is for the sequence of bases on the template 

strand of the DNA to be used to construct a strand of messenger RNA (mRNA) 

with a complementary sequence of bases. This is called transcription. In the 

nucleus, the double helix of the DNA is unzipped, exposing the bases on each 

strand. There are four types of free RNA nucleotides in the nucleus, with the 

bases A, C, G and U. The RNA nucleotides form hydrogen bonds with the exposed 

bases on the template strand of the DNA. As the RNA nucleotides slot into place 

next to their complementary bases on the DNA, the enzyme RNA polymerase 

links them together (through their sugar and phosphate groups) to form a long 

chain of RNA nucleotides. This is an mRNA molecule. The mRNA molecule 

contains a complimentary copy of the base sequence on the template strand of 
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part of a DNA molecule. Each triplet on the DNA is represented by a 

complementary group of three bases on the mRNA, called a codon. 

Translation 

The mRNA molecule breaks away from the DNA, and moves out of the nucleus 

into the cytoplasm. It becomes attached to a ribosome. Two codons fit into a 

groove in the ribosome. The first codon is generally AUG, which is known as a 

start codon. It codes for the amino acid methionine. In the cytoplasm, 20 

different types of amino acids are present. There are also many different types 

of transfer RNA (tRNA) molecules. Each tRNA molecule is made up of a single 

strand of RNA nucleotides, twisted round on itself to form a clover-leaf shape. 

There is a group of three exposed bases, called an anticodon. There is also a 

position at which a particular amino acid can be loaded by a specific enzyme. The 

amino acid that can be loaded onto the tRNA is determined by the base sequence 

of its anticodon. A tRNA molecule with the complementary anticodon to the first 

codon on the mRNA, and carrying its appropriate amino acid, slots into place 

next to it in the ribosome, and hydrogen bonds form between the bases. Then, 

a second tRNA does the same with the next mRNA codon. The amino acids 

carried by the two adjacent tRNAs are then linked by a peptide bond. 

The mRNA is then moved along one place in the ribosome, and a third tRNA slots 

into place against the next mRNA codon. A third amino acid is added to the chain. 

This continues until a stop codon is reached on the mRNA. This is a codon that 

does not code for an amino acid, such as UGA. The polypeptide (long chain of 

amino acids) that has been formed breaks away. This process of building a chain 
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of amino acids following the code on an mRNA molecule is called translation of 

its anticodon. 

Mutation 

A change in the nucleotide sequence of a gene, which may then result in an 

altered polypeptide, is called a mutation. Most genes have several different 

variants called alleles, which originally arose by the process of mutation. 

DNA controls protein synthesis 

All chemical reactions in cells, and therefore all the cells’ activities, are controlled 

by enzymes. Enzymes are proteins. DNA is a code for proteins, controlling which 

proteins are made. Thus, DNA controls the cell’s activities. Protein molecules are 

made up of strings of amino acids. The shape and behaviour of a protein 

molecule depends on the exact sequence of these amino acids, that is, its 

primary structure. DNA controls protein structure by determining the exact 

order in which the amino acids join together when proteins are made in a cell. 

One mutation that has a significant effect is the one involved in the inherited 

blood disorder sickle cell anaemia. Haemoglobin is the red pigment in red blood 

cells which carries oxygen around the body. A haemoglobin molecule is made up 

of four polypeptide chains, each with one iron-containing haem group in the 

centre. Two of these polypeptide chains are called α chains, and the other two β 

chains. 

The gene which codes for the amino acid sequence in the β polypeptides is not 

the same in everyone. In most people, the β polypeptides begin with the amino 

acid sequence: 

Val- His- Leu- Thr- Pro- Val- Glu- Lys - 
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This is coded from the Hbs (sickle cell) allele of the gene. 

This type of mutation is called a substitution. In this case, the small difference in 

the amino acid sequence results in the genetic disease sickle cell anemia in 

individuals with two copies of the Hbs allele.  

 

In the nucleus, a complementary copy of the code from a gene is made by 

building a molecule of a different type of nucleic acid, called messenger RNA 

(mRNA), using one strand (the sense strand) as a template. Three RNA 

nucleotides are joined together by the enzyme RNA polymerase. This process 

copies the DNA code onto an mRNA molecule. Transcription of a gene begins 

when RNA polymerase binds to a control region of the DNA called a promoter 

and ends when the enzyme has reached a terminator sequence. At this point, 

the enzyme stops adding nucleotides to the growing mRNA. The hydrogen bonds 

holding the DNA and RNA together are broken, and double-stranded DNA 

reforms. The last triplet transcribed onto mRNA is one of the DNA triplets coding 

for ‘stop.’ 

The next stage of protein synthesis is called translation because this is when the 

DNA code is translated into an amino acid sequence. The mRNA leaves the 

nucleus and attaches to a ribosome in the cytoplasm. 

In the cytoplasm, there are molecules of transfer RNA (tRNA). These have a 

triplet of bases at one end and a region where an amino acid can attach at the 

other. There are at least 20 different sorts of tRNA molecules, each with a 

particular triplet of bases at one end and able to attach to a specific amino acid 

at the other. 
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The tRNA molecules pick up their specific amino acids from the cytoplasm and 

bring them to the mRNA on the ribosome. The triplet of bases (an anticodon) of 

each tRNA links up with a complementary triplet (a codon) on the mRNA 

molecule. Two tRNA molecules fit onto the ribosome at any one time. This brings 

two amino acids side by side, and a peptide bond is formed. Usually, several 

ribosomes work on the same mRNA strand at the same time. They are visible, 

using an electron microscope, as polyribosomes. 

Difference between DNA and RNA 

Comparison DNA RNA 

Name DeoxyriboNucleic Acid RiboNucleic Acid 

Function The main roles of DNA 

in the cell is the long-

term storage of genetic 

information, and the 

transmission of genetic 

information in order to 

make other cells and 

new organisms. 

 

RNA is used to transfer the 

genetic code from the nucleus 

to the ribosomes to make 

proteins.  

RNA is used to transmit genetic 

information in some organisms 

and may have been the 

molecule used to store genetic 

blueprints in primitive 

organisms. 

Structural 

Features 

B-form double helix. 

DNA is a double-

stranded molecule 

consisting of a long 

chain of nucleotides. 

A-form helix. RNA usually is a 

single-strand helix consisting of 

shorter chains of nucleotides. 
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Compositio

n of Bases 

and Sugars 

deoxyribose sugar 

phosphate backbone 

adenine, guanine, 

cytosine, thymine 

bases 

ribose sugar 

phosphate backbone 

adenine, guanine, cytosine, 

uracil bases 

Propagation DNA is self-replicating. RNA is synthesised from DNA on 

an as-needed basis. 

Base Pairing AT (adenine-thymine) 

GC (guanine-cytosine) 

AU (adenine-uracil) 

GC (guanine-cytosine) 

 

Reactivity 

The C-H bonds in DNA 

make it fairly stable, 

plus the body destroys 

enzymes that would 

attack DNA. The small 

grooves in the helix 

also serve as 

protection, providing 

minimal space for 

enzymes to attach. 

The O-H bond in the ribose of 

RNA makes the molecule more 

reactive, compared with DNA. 

RNA is not stable under alkaline 

conditions, plus the large 

grooves in the molecule make it 

susceptible to enzyme attack. 

RNA is constantly produced, 

used, degraded, and recycled. 

Ultraviolet 

Damage 

DNA is susceptible to 

UV damage. 

Compared with DNA, RNA is 

relatively resistant to UV 

damage. 

 

***** 
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7. Transport in plants 

Introduction 

Carbon dioxide gas is the source of carbon, and light is the source of energy. The 

main photosynthetic organs are the leaves, which have evolved a large surface 

area: volume ratio for efficient capture of carbon dioxide and light. As a result, 

most plants do not have compact bodies like animals, but have extensive 

branching bodies with leaves above ground. In order to obtain the water and 

mineral salts also needed for nutrition, plants have extensive root systems below 

ground. The plant body therefore spreads out to obtain the carbon dioxide, light 

energy, water and inorganic mineral ions it needs from its environment to make 

organic molecules like sugars and amino acids.  

Therefore, transport systems are needed for the following reasons: 

• To move substances from where they are absorbed to where they are 

needed — for example, water and mineral ions are absorbed by roots 

and transported in the xylem to other parts of the plant.  

• To move substances from where they are produced to where they are 

needed for metabolism. For example, sugars are produced in leaves, 

but glucose is needed by all parts of the plant for respiration and for 

converting to cellulose for making cell walls in areas of growth. Glucose 

can be moved in phloem as part of the sucrose molecule.  

• To move substances to a different part of the plant for storage — for 

example, to move sugars into a potato tuber for storage in the form of 
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starch. Unlike animals, plants do not have systems for transporting 

carbon dioxide and oxygen. Instead, these gases diffuse through air 

spaces within stems, roots and leaves. 

Photosynthetic plant cells require a supply of carbon dioxide during daylight. 

Most photosynthetic tissue is in leaves, and most plants have evolved thin, flat 

leaves with a large surface area ideal for absorbing as much carbon dioxide as 

possible. They obtain this by diffusion from the air. 

All plant cells require a supply of oxygen for respiration, but cells which are 

actively photosynthesising produce more than enough oxygen for their own 

needs because oxygen is a waste product of photosynthesis. Cells which are not 

photosynthesising need to take in oxygen from their environment. Plants have 

much lower energy demands than animals, so they respire at much lower rates. 

Therefore, they do not need such a rapid supply of oxygen. The branching shape 

of plants and a network of air spaces in the plant body provide a large enough 

surface area for effective absorption of oxygen by diffusion. 

7.1. Structure of transport tissues 

Plants have two transport systems: 

Xylem 

It transports water and inorganic ions from the roots to the leaves. 

Phloem 

It transports food made in the plant (sucrose and amino acids) from the leaves 

to the rest of the plant. Both of these systems are rows of cells that make 
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continuous tubes running the full length of the plant. Plants can be very large, 

but they have a branching shape which helps to keep the surface area to volume 

ratio fairly large. Their energy needs are generally small compared with those of 

animals, so respiration does not take place so quickly. They can therefore rely 

on diffusion to supply their cells with O2 and to remove CO2. Their leaves are 

very thin and have a large surface area inside them in contact with the air spaces.  

 

 

This means that diffusion is sufficient to supply the mesophyll cells with CO2 for 

photosynthesis, and to remove O2. Plant transport systems therefore do not 

transport gases. 
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Transverse section of roots stems and leaves of herbaceous dicotyledonous 
plants 
 
1. Root 

 
 

   

2. Stem  

  
 

 

3. Leaf 
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Xylem tissue 

 

Xylem tissue contains dead, empty cells with no end walls. These are 

called xylem vessel elements. They are arranged in long lines to form xylem 

vessels. These are long, hollow tubes through which water moves by mass flow 

from the roots to all other parts of the plant. 
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Xylem tissue 

 

7.2. Transport mechanisms 

 

Transport in plants 

Sieve tubes and sieve elements  

Phloem contains unique tube-like structures called sieve tubes. Unlike xylem 

vessels, sieve tubes are made of living cells. A sieve tube is made up of many 

elongated sieve elements (also known as sieve tube elements), joined end to end 

vertically to form a continuous tube. Each sieve element is a living cell. A sieve 

element has a cellulose cell wall, a cell surface membrane and cytoplasm 

containing  endoplasmic reticulum and mitochondria. 
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Translocation 

The term “translocation” can be applied to transport in both xylem and phloem. 

It means literally moving from one place to another. It tends to be used more 

commonly to describe the transport of soluble organic substances within a plant. 

These are substances which the plant itself has made — for example, sugars 

which are made by photosynthesis in the leaves. These substances are 

sometimes called assimilates. Assimilates are transported in sieve elements. 

Sieve elements are found in phloem tissue, along with several other types of cells 

including companion cells, parenchyma and fibres.  

Companion cells 

Each sieve element has at least one companion cell lying close beside it. 

Companion cells have the structure of a ‘normal’ plant cell, with a cellulose cell 

wall, a cell surface membrane, cytoplasm, a small vacuole and a nucleus. 

However, the number of mitochondria and ribosomes is rather larger than 

normal, and the cells are metabolically very active. Companion cells are very 

closely associated with their neighbouring sieve elements. In fact, they are 

regarded as a single functional unit. Numerous plasmodesmata pass through 

their cell walls, making direct contact between the cytoplasm of the companion 

cell and that of the sieve element. 

Movement of xylem sap and phloem sap is by mass flow. Movement in the xylem 

is passive as it is driven by evaporation from the leaves; plants use energy to 

move substances in the phloem. Xylem sap moves in one direction from the 

roots to the rest of the plant. The phloem sap in a phloem sieve tube moves in 

one direction from the location where it is made to the location where it is used 
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or stored. At any one time, phloem sap can be moving in different directions in 

different sieve tubes. 

Difference between sieve tube and vessel tube 

 

 

***** 
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8. Transport in mammals 
 

Introduction 

Mammals have a blood system made up of blood vessels and the heart. The 

heart produces high pressure, which causes blood to move through the vessels 

by mass flow. The blood system is called a closed system because the blood 

travels inside vessels. !t is called a double circulatory system because the blood 

flows from the heart to the lungs, then back to the heart, then around the rest 

of the body and then back to the heart again. The vessels taking blood to the 

lungs and back make up the pulmonary system. The vessels taking blood to the 

rest of the body and back make up the systemic system. As animals become 

larger, more complex and more active, transport systems become essential to 

supply nutrients to, and remove waste from, individual cells. Mammals are far 

more active than plants and require much greater supplies of oxygen. This is 

transported by haemoglobin inside red blood cells. 

8.1. The circulatory system 

 
The mammalian cardiovascular system 

The main transport system of mammals — the blood system or cardiovascular 

system—is made up of a pump, known as the heart, and a system of 

interconnecting tubes, known as the blood vessels. The blood always remains 

within these vessels, and so the system is known as a closed blood system. 
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The heart 

 The heart is a hollow muscular organ which lies in the middle of the chest cavity. 

It is enclosed in the pericardium that protects the heart and facilitates its 

pumping action. The heart is divided into four chambers: 

Auricles 

 These are the upper two chambers and have thin walls. They receive blood from 

the veins. 

Ventricles 

These are the lower two chambers and have thick muscular walls. They pump 

blood through the arteries. 

The heart is divided longitudinally into two sides by means of muscular walls. 

Each atrium is connected to its own ventricle through an opening which is 

guarded by means of a valve. Each valve consists of thin flaps. In order for these 

flaps not to turn inside out, the free edges of these flaps are attached to the 

ventricle wall by means of tendons. Thus, blood is permitted to flow only from 

the atrium to the ventricle, not in the reverse direction. 

 The right valve (the tricuspid valve) is made up of three flaps, while the left valve 

(the bicuspid valve or the mitral valve) is similar in structure and action, except 

it is formed of two flaps. There are also semi-lunar valves where the heart 

connects with the aorta and pulmonary arteries. 
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The blood vessels 

Arteries 

Arteries are wide vessels that carry blood from the heart to the other organs of 

the body. The wall of an artery is built up of three layers of tissues: 

Tunica Adventitia — the strong outer covering of arteries and veins. It is 

composed of connective tissue as well as collagen and elastic fibers. These fibers 

allow the arteries and veins to stretch to prevent over expansion due to the 

pressure that is exerted on the walls by blood flow. 

Tunica Media —  the middle layer of the walls of arteries and veins. It is 

composed of smooth muscle and elastic fibers. This layer is thicker in arteries 

than in veins. 

Tunica Intima — the inner layer of arteries and veins. In arteries, this layer is 

composed of an elastic membrane lining and smooth endothelium (a special 

type of epithelial tissue) that is covered by elastic tissues. The endothelium 

consists of one row of tiny epithelial cells followed by elastic fibers that give the 

artery elasticity.  

Arteries are usually buried among the body’s muscles. They carry oxygenated 

blood, except for the pulmonary artery which comes out of the right ventricle to 

the lungs and carries deoxygenated blood. 
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Veins 

 Veins are the vessels that carry blood to the heart. The walls of the veins 

are composed of the same three layers as arteries with the following 

modifications: 

 There are less elastic fibers. 

 The middle layer is less thick. 

 Accordingly, the wall of the vein is thinner than that of the artery, and it 

does not pulsate. Veins carry deoxygenated blood, except for the 

pulmonary veins that open in the left atrium and which carry oxygenated 

blood. 

 A number of veins possess a system of internal valves along their length 

to prevent the backflow of blood. These valves allow blood to flow only 

in one direction — toward the heart. Sites of these valves can be 

observed in the arm veins.  

Capillaries 

 Capillaries are the smallest of a body's blood vessels (and lymph vessels) 

that make up the microcirculation. They are adapted to allow the 

effective exchange of substances between the blood and the tissues of 

the body. 

 Capillaries are made of thin cells, meaning that some parts of the blood 

can easily leave the capillary, bathing the cells in a fluid known as tissue 

fluid.  
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 Useful substances within the tissue fluid — including glucose, oxygen and 

amino acids — can then diffuse into the cells down a concentration 

gradient. The concentration gradient is always maintained as the useful 

substances are constantly being used up by the cell. 

 Waste substances generated by the cell diffuse out of the cell, and back 

into the tissue fluid. Most of the tissue fluid is then reabsorbed back into 

the blood, and with it the waste substances — such as carbon dioxide and 

urea — which are taken away to be excreted. 

 A concentration gradient is always maintained as the cell constantly 

generates more waste substances, and the blood constantly takes them 

away. 

Blood 

Blood transports materials around the body and protects against disease. It 

consists of cells, solutes and liquid. Blood is pumped away from the heart at high 

pressure in arteries and returns to the heart at low pressure in veins.  

Blood is used to transport materials around the body, and to protect against 

disease. Blood contains plasma, a liquid that contains dissolved substances, cells 

and cell fragments. These include: 

•     Red blood cells, which transport oxygen 

•     White blood cells, which protect against disease 

•     Platelets, which help the blood to clot. 
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The components of blood are: 

Plasma 

Plasma is the largest component of blood, making up about 55% of its overall 

content. It is a clear, straw-coloured liquid, which carries platelets, red and white 

blood cells. It is mainly made of water and surrounds the blood cells, carrying 

them around the body. Blood plasma is a mixture of proteins, enzymes, 

nutrients, wastes, hormones and gases. Plasma acts as a reservoir that can either 

replenish insufficient water or absorb excess water from tissues. When body 

tissues need additional liquid, water from plasma is the first resource to meet 

that need. Plasma also prevents blood vessels from collapsing and clogging, and 

helps maintain blood pressure and circulation throughout the body simply by 

filling blood vessels and flowing through them continuously. Plasma circulation 

also plays a role in regulating body temperature by carrying heat generated in 

core body tissues through areas that lose heat more readily, such as the arms, 

legs, and head. 

The specific composition and function of its components are as follows: 

Proteins 

These are the most abundant substance in plasma by weight, and play a part in 

a variety of roles including clotting, defence and transport. Collectively, they 

serve several functions: 

 They are an important reserve supply of amino acids for cell nutrition. 

Cells called macrophages in the liver, gut, spleen, lungs and lymphatic 
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tissue can break down plasma proteins so as to release their amino acids. 

These amino acids are used by other cells to synthesise new products. 

  Plasma proteins also serve as carriers for other molecules. Many types 

of small molecules bind to specific plasma proteins and are transported 

from the organs that absorb these proteins to other tissues for utilisation. 

The proteins also help to keep the blood slightly basic at a stable pH. They 

do this by functioning as weak bases themselves to bind excess H+ ions. 

By doing so, they remove excess H+ from the blood which keeps it slightly 

basic. 

 The plasma proteins interact in specific ways to cause the blood to 

coagulate, which is part of the body’s response to injury to the blood 

vessels (also known as vascular injury), and helps protect against the loss 

of blood and invasion by foreign microorganisms and viruses. 

 Plasma proteins govern the distribution of water between the blood and 

tissue fluid by producing what is known as a colloid osmotic pressure. 

 There are three major categories of plasma proteins, and each individual 

type of proteins has its own specific properties and functions in addition 

to their overall collective role: 

1. Albumins 

They are the smallest and most abundant plasma proteins. Reductions in plasma 

albumin content can result in a loss of fluid from the blood and a gain of fluid in 

the interstitial space (space within the tissue), which may occur in nutritional, 

liver and kidney disease. Albumin also helps many substances dissolve in the 
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plasma by binding to them, hence playing an important role in plasma transport 

of substances such as drugs, hormones and fatty acids. 

2. Globulins 

They can be subdivided into three classes from smallest to largest in molecular 

weight into alpha, beta and gamma globulins. The globulins include high density 

lipoproteins (HDL), an alpha-1 globulin, and low density lipoproteins (LDL), a 

beta-1 globulin. HDL functions in lipid transport carrying fats to cells for use in 

energy metabolism, membrane reconstruction and hormone function. HDLs also 

appear to prevent cholesterol from invading and settling in the walls of arteries. 

LDL carries cholesterol and fats to tissues for use in manufacturing steroid 

hormones and building cell membranes, but it also favours the deposition of 

cholesterol in arterial walls and thus appears to play a role in disease of the blood 

vessels and heart. HDL and LDL therefore play important parts in the regulation 

of cholesterol and hence have a large impact on cardiovascular disease. 

3. Fibrinogen 

It is a soluble precursor of a sticky protein called fibrin, which forms the 

framework of blood clot. Fibrin plays a key role in coagulation of blood. 

Other proteins in plasma include antibodies, which actively defend the body 

against viruses, bacteria, fungi, and cancer cells, and clotting factors, which 

control bleeding. 

Amino acids 

These are formed from the break down of tissue proteins or from the digestion 

of digested proteins. 
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Nitrogenous waste 

Being toxic end products of the break down of substances in the body, these are 

usually cleared from the bloodstream and are excreted by the kidneys at a rate 

that balances their production. 

Nutrients 

Those absorbed by the digestive tract are transported in the blood plasma. These 

include glucose, amino acids, fats, cholesterol, phospholipids, vitamins and 

minerals. 

Gases 

Some oxygen and carbon dioxide are transported by plasma. Plasma also 

contains a substantial amount of dissolved nitrogen. 

Electrolytes 

The most abundant of these are sodium ions, which account for more of the 

blood’s osmolarity than any other solute. 

Red blood cells (Erythrocytes, R.B.Cs) 

Red blood cells are the most abundant blood cells in the body. There are about 

4- 5 million cells/mm3 in males, and 4-4.5 million cells/mm3 in females. Each cell 

is destroyed after 120 days and circulates about 172000 times around the body. 

Red blood cells are produced in the bone marrow of the backbone. They are 

round in shape, biconcave and enucleated. They contain hemoglobin (protein + 

iron), which gives the blood its red color. Inside the two lungs, the hemoglobin 

combines with oxygen to form pale red oxyhemoglobin that carries Oxygen to 
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different parts of the body, where it leaves oxygen and unites with carbon 

dioxide to form dark red carboxyhemoglobin. Venous blood is darker than the 

arterial blood. Red blood cells are destroyed in the liver, the spleen, and bone 

marrow. The proteins in the hemoglobin are used in the formation of bile. 

White blood cells (Leucocytes, W.B.Cs) 

There are about 7000 cells/mm3 in the human body. They are colourless and 

nucleated. They are formed in the bone marrow, spleen, and lymphatic system. 

There are different types of leucocytes, each with a specific function. The main 

function of white blood cells is to protect the body against infectious diseases. 

They circulate continuously in the blood vessels, attack foreign particles, and 

destroy and engulf them. Some of them produce antibodies. 

Blood platelets 

These are very small in size (1/4 of R.B.Cs), enucleated, and live for about 10 

days. They are about 250000/mm3 and are produced in the bone marrow. They 

play a role in blood clotting. 
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Blood platelets 

The functions of blood 

Blood has three main functions: transport, protection and regulation. 

Transport 

Blood transports the following substances: 

     Gases, namely oxygen (O2) and carbon dioxide (CO2), between the 

lungs and rest of the body 

     Nutrients from the digestive tract and storage sites to the rest of the 

body 

     Waste products to be detoxified or removed by the liver and kidneys 
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     Hormones from the glands in which they are produced to their target 

cells 

     Heat to the skin so as to help regulate body temperature. 

Protection 

Blood has several roles in inflammation: 

     Leukocytes, or white blood cells, destroy invading microorganisms 

and cancer cells 

     Antibodies and other proteins destroy pathogenic substances 

     Platelet factors initiate blood clotting and help minimise blood loss. 

Regulation 

Blood helps regulate: 

     pH by interacting with acids and bases 

     Water balance by transferring water to and from tissues. 

The Lymphatic System 

 The lymphatic system is considered as the immune system of the body 

due to its defence ability and the production of antibodies. 

 The lymphatic system consists of a large number of lymphatic 

capillaries. They take up blood fluid that comes out from the blood 

capillaries, called the lymph. The lymph contains nearly all of the 
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plasma’s constituents and leucocytes. The lymphatic capillaries empty 

the lymph into the circulatory system along the superior vena cava. 

 The lymph passes across the lymph nodes which are found at certain 

points along the lymph capillaries. Lymphocytes are packed into the 

spaces of lymph nodes and trap the microbes produced by white blood 

cells. The spleen is considered one of the most important lymphatic 

organs in the body. 

8.2. The heart 

The Heart is the organ that controls the circulatory system in mammals (and 

other animals). It pumps blood around the body. Mammals have a double 

circulatory system, so the heart must pump blood to the lung and to the rest of 

body simultaneously. 

The Structure of the Heart 

The heart mainly consists of a dark red muscle. It is attached to four very 

important blood vessels: the Vena Cava, the Pulmonary Artery, the Pulmonary 

Vein and the Aorta. Internally, the heart is made up of four main cavities: two 

atria (singular: atrium) and two ventricles. The atria hold blood, and then allow 

it to fall into the ventricles, which provide the actual ‘pump.’ 
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The vena cava supplies deoxygenated blood from the body, which then flows 

into the right atrium then the right ventricle. This gets pumped through the 

pulmonary artery to the lungs where it gets oxygenated, before returning to the 

heart via the pulmonary vein. This flows through the left atrium into the left 

ventricle, and then gets pumped to the body via the aorta. It finally returns to 

the heart through the vena cava, and the process repeats. The atria are 

separated from the ventricles by atrioventricular valves (specifically called 

Tricuspid Valves - right; and Bicuspid/Mitral Valves - left). These valves allow 

blood to flow downwards when the atria and ventricles relax, but close to 

prevent blood from flowing back up to the atria when the ventricles are 

contracting. 
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The ventricles are separated from the aorta and the pulmonary artery by the 

semi lunar valves (specifically called, respectively, the aortic and pulmonary 

valves). These prevent blood from flowing in the wrong direction back into the 

heart. 

The atrial walls are thin, where as the ventricles walls are much thicker. When 

the ventricles contract, the blood pressure inside becomes very high. 

Moreover, the walls of the left ventricle are thicker than those of the right 

ventricle. This is because the left side of the heart controls the systemic circuit 

(blood to the whole body), while the right side controls the pulmonary circuit 

(blood to the lungs). 

Blood in the systemic circuit needs to be at a high pressure in order to make its 

way around the whole body and back again. In contrast, the lungs are very close 

to the heart, and contain very delicate capillaries which would break if subjected 

to too great pressure. Hence, the systemic circuit requires a greater blood 

pressure than the pulmonary circuit, and thus the walls of the left ventricle must 

be thicker than those of the right ventricle. 

The Cardiac Cycle 

The cycle of the beating of the heart consists of three main phases: diastole, 

atrial systole and ventricular systole. The heart cycles through each of those 

phases in order. 
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Diastole 

During this phase, the heart is filled with blood. The atria and ventricles are 

relaxing, and blood flows from the major veins (the vena cava and the pulmonary 

veins) into the atria, then into the ventricles via the open atrioventricular valves. 

The atrioventricular valves are open because the pressure in the atria is greater 

than that in the ventricles. The semilunar valves, on the other hand, are closed 

because the pressure in the ventricles is lower than that in the main arteries 

leading from the heart. 
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Atrial Systole 

The muscles of the atria contract. The muscles of the ventricles remain relaxed. 

Blood is forced from the atria into the ventricles. 

Ventricular Systole 

During this phase, the ventricles contract, increasing the ventricular pressure. 

Blood pushes against the atrioventricular valves, since the pressure in the 

ventricles is now greater than that in the atria, causing them to snap shut, which 

prevents blood from flowing back into the atria. The pressure in the ventricles 

continues to increase until it is greater than that in the main arteries leading from 

the heart. At this point, the semilunar valves are forced open, and blood rushes 

out of the ventricles. Thus, the semilunar valves allow the blood to flow out of 

the heart into the arteries. 

After the ventricles have finished contracting, the muscles relax, and are pulled 

back by elastic tissue. This decreases the pressure in the ventricles, causing the 

semilunar valves to shut, and the atrioventricular valves to open, so that the 

diastole phase can proceed once more. 

Coordination in the Cardiac Cycle 

There is a need to control and coordinate the cardiac cycle described above. The 

heart rate needs to change to respond to various factors, such as increased 

physical activity. Moreover, the atria and the ventricles have different natural 

frequencies of contraction. If the contractions were uncoordinated, the atria and 

the ventricles would contract asynchronously, which would lead to inefficient 

pumping. Heart muscle is myogenic; it initiates its own contraction. This unusual 
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property means that the heart is able to beat even when not connected to the 

body. 

Electrocardiograms 

An electrocardiogram (ECG) is a device that measures the electrical activity of 

the heart. It consists of several sensors placed around the body connected to a 

monitor. The sensors detect the electrical signals that spread from the heart 

through the body to the skin. The ECG produces a trace of the electrical activity. 

Its waveforms consist of regions labelled by the letters P, Q, R, S and T. 

 

The wave labelled 'P' corresponds to the excitation and contraction of the atria 

during atrial systole. The 'QRS' complex corresponds to the excitation and 

contraction of the ventricles during ventricular systole. Finally, the 'T' wave 

corresponds to the diastole phase. 
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Cardiac muscle is myogenic — that is, it contracts and relaxes automatically, 

without the need of stimulation by nerves. The rhythmic, coordinated 

contraction of the cardiac muscle in different parts of the heart is coordinated 

through electrical impulses passing through the cardiac muscle tissue. 

In the wall of the right atrium, there is a patch of muscle tissue called the 

sinoatrial node (SAN). This has an intrinsic rate of contraction a little higher than 

that of the rest of the heart muscle. 

As the cells in the SAN contract, they generate action potentials (electrical 

impulses) which sweep along the muscle in the wall of the right and left atria. 

This causes the muscle to contract. This is atrial systole. 

When the action potentials reach the atrioventricular node (AVN) in the septum, 

they are delayed. They then sweep down the septum between the ventricles, 

along fibres of Purkyne tissue, and then up through the ventricle walls. This 

causes the ventricles to contract slightly after the atria. The left and right 

ventricles contract together, from the bottom up. This is ventricular systole. 

There is then a short delay before the next wave of action potentials is generated 

in the SAN. During this time, the heart muscles relax. This is diastole. 

 

 

***** 
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9. Gas exchange and smoking 
 

Introduction 

All organisms take in gases from their environment and release gases to the 

environment. Animals take in oxygen for aerobic respiration and release carbon 

dioxide. Plants also respire, but during daylight hours, they photosynthesise at a 

greater rate than they respire, and so take in carbon dioxide and release oxygen. 

The body surface across which these gases diffuse into and out of the body is 

called the gas exchange surface. In mammals, including humans, the gas 

exchange surface is the surface of the alveoli in the lungs.  

9.1. The gas exchange system 

The gas exchange surface in the lungs is extensive, very thin, well supplied with 

blood and well ventilated. The trachea and bronchi provide little resistance to the 

movement of air to and from the alveoli. 

The human gas exchange system links the circulatory system with the 

atmosphere. It is adapted to: 

 Clean and warm the air that enters during breathing. 

 Maximise the surface area for diffusion of oxygen and carbon dioxide 

between the blood and atmosphere. 
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Lungs 

The lungs are in the thoracic (chest) cavity surrounded by the pleural 

membranes, which enclose an airtight space. This space contains a small 

quantity of fluid to allow friction-free movement as the lungs are ventilated by 

the movement of the diaphragm and ribs. 

The trachea (windpipe) leads from the mouth and nose and splits into the 

bronchi which in turn split into the bronchioles which lead to the alveoli (air sacs) 

where gaseous exchange occurs. These form a pair of inflatable structures, the 

lungs, supported by the ribs and the diaphragm which allow the animal to inspire 

and expire. 

 

Trachea and Bronchi 

The trachea and bronchi have very similar structures; their main difference is 

size.    The outer layer is made of cartilage. This is relatively rigid (more than 
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muscle, less than bone) and supports the trachea and bronchi, preventing them 

from collapsing when the air pressure inside them is low after expiration. The 

cartilage does not form a complete ring. This allows some flexibility — for 

example, allowing the oesophagus to expand when swallowing food. 

The next layer is composed of glandular and connective tissues, smooth muscle, 

elastic fibres and blood vessels. The smooth muscle allows the lumen (the inside 

space) to constrict, by contracting. This is useful if there are harmful substances 

in the air, as it minimises the amount of the substances that can be breathed in. 

The elastic fibres allow the lumen to dilate (widen) after the smooth muscle has 

contracted and then relaxed. 

Finally, the inner lining of the trachea and bronchi is a layer of ciliated epithelium 

containing goblet cells. Ciliated epithelium consists of cells with cilia. The 

glandular tissue and goblet cells secrete mucus, which is then wafted up the 

airways by the cilia which move in a synchronised pattern. The mucus traps 

harmful substances and organisms, preventing them from entering the lungs. 

The Bronchioles 

The bronchioles tend to be narrower and have less cartilage than the trachea 

and bronchi. Their walls are mainly made up of smooth muscle and elastic fibres, 

though they still have a lining of ciliated epithelium. 

Alveoli 

In the lungs, oxygen and carbon dioxide (a waste product of body processes) are 

exchanged in the tiny air sacs (alveoli) at the end of the bronchial tubes. The 

alveoli are surrounded by capillaries. When a person inhales, oxygen moves from 
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the alveoli to the surrounding capillaries and into the bloodstream. At the same 

time, carbon dioxide moves from the bloodstream to the capillaries and into the 

alveoli. The carbon dioxide is removed from the lungs when a person exhales. 

An exchange of gases takes place between the gases inside the alveoli and the 

blood. Blood arriving in the alveoli has a higher carbon dioxide concentration 

which is produced during respiration by the body’s cells. However, the air in the 

alveoli has a much lower concentration of carbon dioxide, which means that 

there is a concentration gradient which allows carbon dioxide to diffuse out of 

the blood and into the alveolar air. Similarly, blood arriving in the alveoli has a 

lower oxygen concentration, while the air in the alveoli has a higher oxygen 

concentration. Therefore, oxygen moves into the blood by diffusion and 

combines with the haemoglobin in red blood cells to form oxyhaemoglobin. 

Adaptations of the alveoli 

 They are folded, providing a much greater surface area for gas exchange 

to occur. 

 The walls of the alveoli are only one cell thick. This makes the exchange 

surface very thin, shortening the diffusion distance across which gases 

have to move. 

 Each alveolus is surrounded by blood capillaries which ensure a good 

blood supply. This is important as the blood is constantly taking oxygen 

away and bringing in more carbon dioxide, which helps to maintain the 

maximum concentration gradient between the blood and the air in the 

alveoli. 
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 Each alveolus is ventilated, removing waste carbon dioxide and 

replenishing oxygen levels in the alveolar air. This also helps to maintain 

the maximum concentration gradient between the blood and the air in 

the alveoli. 

9.2. Smoking 

Smoking is one of the major avoidable risk factors of chronic, life-threatening 

diseases of the gas exchange and circulatory systems. The smoke from cigarettes 

contains several substances that affect the gas exchange system and the 

cardiovascular system.  

Short-term effects on the cardiovascular system 

The two components of tobacco smoke that cause short term effects on the 

cardiovascular system are nicotine and carbon monoxide. 

Carbon monoxide 

This gas diffuses across the alveoli into the blood and onto the red blood cells, 

combining with haemoglobin to form carboxyhaemoglobin. This stops the 

haemoglobin from becoming fully saturated and so it carries 5-10% less oxygen. 

This places a strain on the heart, as the heart muscle receives less oxygen, and 

carbon monoxide can directly damage the linings of arteries. 

Nicotine 

This drug is absorbed readily into the blood and stimulates the nervous system 

to reduce the diameter of arterioles and the adrenal glands to release 

adrenaline. This increases heart rate and blood pressure and decreases the blood 
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supply to the extremities — for example, the hands and feet. Another effect is 

that platelets become stickier, which can lead to an increased risk of blood clots 

formation. 

Tar 

This is a mixture of aromatic substances, which settles on the airway linings and 

stimulates changes that may lead to obstructive lung disease and lung cancer. 

Lung diseases 

Lung diseases are a major cause of illness and death worldwide. Air pollution, 

smoking and allergic reactions are the causes of almost all cases.  

Chronic obstructive pulmonary disease (COPD) 

This is a condition in which a person has chronic bronchitis and emphysema. It 

can be extremely disabling. 

Chronic bronchitis 

Tar destroys and weakens cilia, inhibiting the cleaning of the airways. It also 

stimulates goblet cells to secrete more mucus, making mucus accumulate in the 

bronchioles, and thus mucus starts to fill up the holes and cannot be moved by 

the cilia. Thus, bacteria and viruses collect and block the bronchioles, causing the 

smoker to cough in an attempt to move the mucus up the airways. The damaged 

ciliated epithelial cells are replaced by scar tissue, thickening the airways and 

making it more difficult to move air in and out of the lungs. Infections also easily 

develop in the accumulated mucus, inflaming the airways. The damage and 

blocking of the airways is chronic bronchitis. 
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Emphysema 

Due to constant infection, phagocytes are attracted to the lungs where they 

release elastase — an enzyme that breaks down the elastin in the alveoli walls 

to enable them to reach the surface where the bacteria are. Without adequate 

elastin, the alveoli cannot stretch, so they recoil and many of them burst. Large 

air spaces appear, reducing the surface area for gas exchange and making 

sufferers breathe more rapidly. 
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Lung cancer 

Various components of tar can cause changes in the DNA in body cells, including 

the genes that control cell division, which can cause cancer. These substances 

are therefore carcinogens. Cancers caused by cigarette smoke are most likely to 

form in the lungs but may form anywhere in the gas exchange system, and also 

in other parts of the body. Smoking increases the risk of developing all types of 

cancer. Symptoms of lung cancer include shortness of breath, a chronic cough — 

which may bring up blood — chest pain, fatigue and weight loss. 

 
 

Although it takes twenty to thirty years to develop, most growth of the tumour 

occurs prior to any symptoms, which include coughing up blood due to tissue 

damage. Once discovered, it is usually well-advanced and requires surgery to 

remove it, followed up by chemotherapy or radiotherapy. 
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Preventing and treating CHD 

The risk of developing CHD is increased by 

o Inheriting particular alleles of genes 

o Eating a diet rich in saturated fats and cholesterol 

o Not taking sufficient exercise 

o Being obese 

o Smoking 

Prevention of CHD and other forms of heart disease is clearly much better than 

having to carry out complex surgery. Lifestyle choices can be made that reduce 

the risks listed above (apart, of course, from the genes a person has). However, 

research shows that slightly obese people are more likely to recover well after 

heart surgery than thinner people. 

 

***** 
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10. Infectious disease 
 

Introduction 

Infectious diseases are diseases that are caused by organisms known as 

pathogens. Infectious diseases are disorders that are caused by organisms, 

usually microscopic in size, such as bacteria, viruses, fungi, or parasites that are 

passed, directly or indirectly, from one person to another. Humans can also 

become infected following exposure to an infected animal that harbours a 

pathogenic organism that is capable of infecting humans. They are sometimes 

called communicable diseases, as they are passed from infected to uninfected 

people. Some also affect animals and are passed from animals to humans. Non-

infectious diseases of the gas exchange and cardiovascular systems, such as lung 

cancer and COPD, are long-term degenerative diseases. They are non-infectious 

diseases because they are not caused by pathogens. Inherited or genetic 

diseases, such as cystic fibrosis and sickle cell anaemia, are another group of non-

infectious diseases. There are other categories of noninfectious diseases, 

including deficiency diseases that are caused by malnutrition and mental 

diseases.  
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10.1. Infectious disease 
 

Disease 

Disease can be defined as a condition in which the body does not function 

normally, and which produces unpleasant symptoms such as pain, distress or 

feeling weak. A disease is an illness or disorder of the body or mind that leads to 

poor health; each disease is associated with a set of signs and symptoms. 

Difference between infectious disease and non- infectious disease 

Infectious diseases are caused by pathogenic microorganisms, such as bacteria, 

viruses, parasites or fungi; the diseases can be spread, directly or indirectly, from 

one person to another.  Community hygiene can reduce the occurrence of these 

diseases.  

Methods of transmission  

Droplet Contact 

Also known as the respiratory route, it is a typical mode of transmission among 

many infectious agents. If an infected person coughs or sneezes on another 

person the microorganisms, suspended in warm, moist droplets, may enter the 

body through the nose, mouth or eye surfaces. Diseases that are commonly 

spread by coughing or sneezing include (at least): 

 Bacterial Meningitis 

 Chickenpox 

 Common cold 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  210 

 

 Influenza 

 Mumps 

 Strep throat 

 Tuberculosis 

 Measles 

 Rubella 

 Whooping cough 

Fecal - oral transmission  

Direct contact is rare in this route, for humans at least. More common are the 

indirect routes; foodstuffs or water become contaminated (by people not 

washing their hands before preparing food, or untreated sewage being released 

into a drinking water supply) and the people who eat and drink them become 

infected. This is the typical mode of transmission for the infectious agents of (at 

least): 

 Cholera 

 Hepatitis A 

 Polio 

 Rotavirus 

 Salmonella 
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Sexual transmission  

This refers to any disease that can be caught during sexual activity with another 

person, including vaginal or anal sex or (less commonly) through oral sex. 

Transmission is either directly between surfaces in contact during intercourse 

(the usual route for bacterial infections and those infections causing sores) or 

from secretions (semen or the fluid secreted by the excited female) which carry 

infectious agents that get into the partner's blood stream through tiny tears in 

the penis, vagina or rectum (this is a more usual route for viruses). Some diseases 

transmissible by the sexual route include (at least): 

• HIV/AIDS 

• Chlamydia 

• Genital warts 

• Gonorrhea 

• Hepatitis B 

• Syphilis 

• Herpes 

Transmission by direct contact 

Diseases that can be transmitted by direct contact are called contagious. These 

diseases can also be transmitted by sharing a towel (where the towel is rubbed 

vigorously on both bodies) or items of clothing in close contact with the body 
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(socks, for example) if they are not washed thoroughly between uses. For this 

reason, contagious diseases often break out in schools, where towels are shared 

and personal items of clothing accidentally swapped in the changing rooms. 

Some diseases that are transmissible by direct contact include: 

• Athlete's foot 

• Impetigo 

• Syphilis (on rare occasions, if an uninfected person touches a chancre) 

• Warts 

Vector borne transmission 

A vector is an organism that does not cause disease itself but that transmits 

infection by conveying pathogens from one host to another. Examples include 

mosquitoes, deer ticks, animal bites, etc. 
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Cholera 

Cholera is an infectious disease that causes severe watery diarrhea, which can 

lead to dehydration and even death if untreated. It is caused by eating food or 

drinking water contaminated with a bacterium called Vibrio cholerae. The 

disease is most common in places with poor sanitation, crowding, war, and 

famine. Common locations include parts of Africa, south Asia, and Latin America. 
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Vibrio cholerae 

Causes 

 Drinking contaminated water 

 Eating food contaminated by dirty water, soiled hands or flies 

 Eating fish or shellfish from contaminated waters. 

Symptoms 

 Sudden onset of painless, profuse, watery diarrhoea 

 Nausea and vomiting early in the illness 

 Dehydration. 
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Prevention 

 Although cholera can be life-threatening, it is easily treated by 

immediate rehydration, that is, replacement of the fluid and salts lost 

through diarrhoea. 

 Oral rehydration fluid is recommended. This can be obtained from 

pharmacies. 

 Patients with severe dehydration or who are unable to keep oral fluids 

down require hospitalisation and intravenous fluid replacement. 

 Antibiotics shorten the duration of the illness and lessen the severity, but 

they are not as important as rehydration. 

Treatment 

Cholera requires immediate treatment because the disease can cause death 

within hours. 

  Rehydration: The goal is to replace lost fluids and electrolytes using a 

simple rehydration solution, oral rehydration salts (ORS). The ORS 

solution is available as a powder that can be reconstituted in boiled or 

bottled water. Without rehydration, approximately half the people with 

cholera die. With treatment, the number of fatalities drops to less than 1 

percent. 

 Intravenous fluids: During a cholera epidemic, most people can be 

helped by oral rehydration alone, but severely dehydrated people may 

also need intravenous fluids. 
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  Antibiotics: While antibiotics are not a necessary part of cholera 

treatment, some of these drugs may reduce both the amount and 

duration of cholera-related diarrhea for people who are severely ill. 

 Zinc supplements: Research has shown that zinc may decrease and 

shorten the duration of diarrhea in children with cholera. 

Malaria 

Malaria is caused by a parasite called Plasmodium. There are five species of 

Plasmodium which infect humans: 

 Plasmodium vivax 

 Plasmodium falciparum 

 Plasmodium malariae 

 Plasmodium ovale 

 Plasmodium knowlesi, which is less common. 
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Plasmodium falciparum infection is the most severe and can cause death in up 

to 10% of cases. Other types of malaria are less severe, but still may cause death. 

Symptoms 

 Fever, which may come and go, or may be constant 

 Chills 

 Profuse sweating 

 Malaise (feeling of unwellness) 

 Muscle and joint pain 

 Headache 

 Confusion 

 Nausea 
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 Loss of appetite 

 Diarrhoea 

 Abdominal pain 

 Cough 

 Anemia. 

Treatment 

Specific ant malarial treatment is available and must always be started as soon 

as malaria is diagnosed. There is increasing resistance to currently available 

drugs and treatment should be carried out by an infectious diseases specialist or 

other expert in the field. 

Prevention 

 Exclusion from childcare, preschool, school or work is not necessary but 

cases should avoid being bitten by mosquitoes while they are unwell. 

Travellers to the areas with malaria are usually advised to take 

preventative anti-malarial drugs. 

 There is no vaccine to prevent human infection by this parasite. 

 Personal protection and the environmental management of mosquitoes 

are important in preventing illness.  
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HIV/AIDS 

AIDS (Acquired Immunodeficiency Syndrome) is a syndrome caused by a virus 

called HIV (Human Immunodeficiency Virus). The disease alters the immune 

system, making people much more vulnerable to infections and diseases. This 

susceptibility worsens as the syndrome progresses. 

 

 

Causes 

 HIV is a retrovirus that infects the vital organs and cells of the human 

immune system. 

 The virus progresses in the absence of antiretroviral therapy (ART) — a 

drug therapy that slows or prevents the growth of new HIV viruses. 
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 The rate of virus progression varies widely between individuals and 

depends on many factors. 

 These factors include the age of the patient, the body's ability to defend 

against HIV, access to healthcare, existence of other infections, the 

infected person's genetic inheritance, resistance to certain strains of 

HIV, and more. 

Symptoms of early HIV 

 Fever 

 Chills 

 Joint pain 

 Muscle aches 

 Sore throat 

 Sweats (particularly at night) 

 Enlarged glands 

 A red rash 

 Tiredness 

 Weakness 

 Unintentional weight loss 

Symptoms of late-stage HIV  

 Blurred vision 
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 Diarrhea, which is usually persistent or chronic 

 Dry cough 

 Fever of above 100 °f (37 °c) lasting for weeks 

 Night sweats 

 Permanent tiredness 

 Shortness of breath (dyspnea) 

 Swollen glands lasting for weeks 

 Unintentional weight loss 

 White spots on the tongue or mouth 

Treatment 

 There is currently no cure for HIV or AIDS. Treatments can slow the 

course of the condition, and allow most infected people the opportunity 

to live a long and relatively healthy life. 

 Earlier HIV antiretroviral treatment is crucial; it improves quality of life, 

extends life expectancy, and reduces the risk of transmission, according 

to the World Health Organization's guidelines issued in June 2013. 

 Currently, there is no vaccine or cure for HIV, but treatments have 

evolved which are much more effective and better tolerated; they can 

improve patients' general health and quality of life considerably, in as 

little as one pill per day. 

 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  222 

 

Prevention 

Unprotected sex - having sex without a condom can put a person at risk of being 

infected with HIV and other sexually transmitted infections (STIs). HIV can be 

spread by having unprotected sex (vaginal, oral, and/or anal sex). It can also be 

caught from sharing sex toys with someone infected with HIV. Condoms should 

be used with every sexual act. 

Drug abuse and needle sharing - intravenous drug use is an important factor in 

HIV transmission in developed countries. Sharing needles can expose users to 

HIV and other viruses, such as hepatitis C. Strategies such as needle-exchange 

programs are used to reduce the infections caused by drug abuse. If someone 

needs to use a needle, it must be a clean, unused, unshared needle. 

Body fluid exposure - exposure to HIV can be controlled by employing 

precautions to reduce the risk of exposure to contaminated blood. At all times, 

healthcare workers should use barriers (gloves, masks, protective eyewear, 

shields, and gowns). Frequent and thorough washing of the skin immediately 

after being contaminated with blood or other bodily fluids can reduce the chance 

of infection. 

Pregnancy - some ARVs can harm the unborn child. However, an effective 

treatment plan can prevent HIV transmission from mother to baby. Precautions 

have to be taken to protect the baby's health. Delivery through caesarean 

section may be necessary. HIV-infected mothers should not breastfeed. 

Long-term condition - HIV is a lasting condition, and therefore patients have to 

be in regular contact with their healthcare team. Treatment plan is reviewed 

regularly. 
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Psychological - common misconceptions about AIDS and HIV are diminishing. 

However, the stigma of the condition persists in many parts of the world. People 

infected with the virus may feel excluded, rejected, discriminated, and isolated. 

Tuberculosis 

Tuberculosis is an infectious disease that usually affects the lungs. The bacterium 

that causes TB is called Mycobacterium tuberculosis. 

 

Mycobacterium tuberculosis 

About 2 billion people are infected with TB and nearly 3 million people are killed 

by it each year. In Canada, there are about 1,600 new cases of TB every year. 

Causes 

 It is spread through the air when a person with TB (whose lungs are 

affected) coughs, sneezes, spits, laughs, or talks. 
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 Since antibiotics began to be used to fight TB, some strains have become 

resistant to drugs. Multidrug-resistant TB (MDR-TB) arises when an 

antibiotic fails to kill all of the bacteria, with the surviving bacteria 

developing resistance to that antibiotic and often others at the same 

time. 

 MDR-TB is treatable and curable only with the use of very specific anti-

TB drugs, which are often limited or not readily available. 

Symptoms 

 Coughing, sometimes with mucus or blood 

 Chills 

 Fatigue 

 Fever 

 Loss of weight 

 Loss of appetite 

 Night sweats 

Treatment  

 The majority of TB cases can be cured when the right medication is 

available and administered correctly. The precise type and length of 

antibiotic treatment depends on a person's age, overall health, potential 

resistance to drugs, whether the TB is latent or active, and the location 

of infection (i.e. the lungs, brain, kidneys). 
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 People with latent TB may need just one kind of TB antibiotics, whereas 

people with active TB (particularly MDR-TB) will often require a 

prescription of multiple drugs. 

 Antibiotics are usually required to be taken for a relatively long time. The 

standard length of time for a course of TB antibiotics is about 6 months. 

 TB medication can be toxic to the liver, and although side effects are 

uncommon, when they do occur, they can be quite serious. Potential side 

effects should be reported to a doctor and include: 

o Dark urine 

o Fever 

o Jaundice 

o Loss of appetite 

o Nausea and vomiting 

Prevention 

In some countries, BCG injections are given to children in order to vaccinate 

them against tuberculosis. It is not recommended for general use in the U.S. 

because it is not effective in adults, and it can adversely influence the results of 

skin testing diagnoses. 

The most important thing to do is to finish entire courses of medication when 

they are prescribed. MDR-TB bacteria are far deadlier than regular TB bacteria. 

Some cases of MDR-TB require extensive courses of chemotherapy, which can 

be expensive and cause severe adverse drug reactions in patients. 
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Smallpox 

An acute, highly contagious, febrile disease, caused by the variola virus, and 

characterised by a pustular eruption that often leaves permanent pits or scars. 

Causes 

Smallpox is caused by the variola virus. Transmission occurs by the inhalation of 

droplets of moisture containing the virus. 

Symptoms 

 High fever 

 chills 

 headache 

 severe back pain 

 abdominal pain 

 vomiting 

Prevention and control 

Smallpox was a serious disease that was fatal in 20- 60% of adults who caught it, 

and in an even higher percentage of infected children. It was eradicated by 1979, 

through a vaccination campaign coordinated by the world Health Organization. 
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Measles 

Measles is caused by a virus which enters the body and multiplies inside cells in 

the upper respiratory tract (nasal cavity and trachea). There are no symptoms 

for 8–14 days after the initial infection and then a rash appears and a fever 

develops. Other symptoms are a runny nose, a cough, red and watery eyes 

(conjunctivitis) and small white spots that may develop inside the cheeks.  

Treatment involves bed rest and taking medicines to lower the fever; there are 

no specific medicines for measles. After about ten days the disease clears up and 

there are rarely any complications. If complications do occur, they tend to be 

serious: pneumonia, ear and sinus infections, brain damage and convulsions may 

follow a measles infection. Measles is one of the most contagious diseases.  

When people infected with measles sneeze or cough they release droplets 

containing many millions of virus particles. If these are inhaled by uninfected 

people who have no immunity to the disease, it is almost inevitable that they will 

become infected and develops symptoms. The disease rarely affects infants 

under eight months of age, as they have passive immunity in the form of 

antibodies that have crossed the placenta from their mother. Measles used to 

be a common childhood disease in developed countries, but the incidence of the 

disease fell steeply after the introduction of a vaccine in the early 1960s.  

Measles is a major disease in developing countries, particularly in cities where 

people live in overcrowded, insanitary conditions and where there is a high birth 

rate. The measles virus is transmitted easily in these conditions and it infects 

mainly malnourished infants suffering from vitamin A deficiency. There are 

estimated to be over 20 million cases of measles worldwide each year, most of 
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which are in Africa, South-East Asia, India, Pakistan Bangladesh and some 

countries of the Middle East. The death rate from the disease has fallen from 630 

000 in 1990 to 158 000 in 2011, largely as a result of a mass vaccination 

programme. 

Morbillivirus 

 

Morbillivirus belongs to the virus family Paramyxoviridae, a group of enveloped 

viruses with non-segmented, negative strand RNA genomes. It contains viruses 

that are highly infectious, spread via the respiratory route, cause profound 

immune suppression, and have a propensity to cause large outbreaks associated 

with high morbidity and mortality in previously unexposed populations. 
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Measles virus (MV) is the prototype morbillivirus, and causes disease in 

primates. Rinderpest virus (RPV) is closely related to MV and used to cause 

severe disease in cattle. Other viruses in the genus Morbillivirus include peste-

des-petits-ruminants virus (PPRV), which causes disease in small ruminants, such 

as goats and sheep; canine distemper virus (CDV), which causes distemper in 

dogs and a large number of other carnivore species; phocine distemper virus 

(PDV), which leads to distemper in several seal species and cetacean 

morbilliviruses (CeMV), which cause disease in dolphins and whales. 

Global patterns of disease 

Malaria 

Malaria is found in parts of the world where the Anopheles mosquito species 

that can act as vectors are found. This is mostly in tropical and subtropical 

regions where humidity is high. 
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Global distribution of malaria 

Tuber culosis (TB) 

TB is found in all countries of the world, including developed countries such as 

the USA and the United Kingdom. However, it is most common in areas where 

living conditions are poor and crowded, or where large numbers of people have 

HIV/AIDS. 
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Global distribution of Tuber culosis 

HIV/ AIDS 

 

Global distribution of HIV/AIDS 

Non-infectious diseases (also called Non-communicable diseases ) are those 

diseases that are not caused by a pathogen and cannot be shared from one 

person to another.  Community hygiene is ineffective in reducing the occurrence 

of these diseases.   
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 Non-infectious diseases may be caused by either the environment, nutritional 

deficiencies, lifestyle choices, or genetic inheritances. Unlike infectious diseases, 

non-infectious diseases are not communicable or contagious, although some 

kinds can be passed down genetically to the children of a carrier. 

Historically, infectious diseases were the main cause of death in the world and, 

indeed, in some developing regions this may still be the case. With the 

development of antibiotics and vaccination programs, infectious disease is no 

longer the leading cause of death in the western world. Non-infectious disease 

is now responsible for the leading causes of death in both developed and some 

developing countries. 

Causes of non-infectious disease are categorised into genetically inherited 

diseases and environmental diseases. Non-infectious diseases that are not 

genetic disorders are environmental diseases, although many diseases are 

affected by both genetic and environmental factors. 

Genetic disorders are caused by errors in genetic information that produce 

diseases in the affected people. These errors may include: 

• A change in the chromosome numbers, such as Down syndrome 

• A defect in a single gene caused by mutation, such as cystic Fibrosis. 

Environmental disease is a very broad category. It includes avoidable and 

unavoidable conditions caused by external factors, such as sunlight, food, 

pollution, and lifestyle choices. The diseases of affluence are non-infectious 

diseases with environmental causes. Examples include 
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• Many types of cardiovascular disease 

• Chronic obstructive pulmonary disease caused by smoking tobacco 

• Type 2 Diabetes  

• Malnutrition caused by too little food, or eating the wrong kinds of food 

(e.g. scurvy from lack of Vitamin C) 

• Skin cancer caused by radiation from the sun 

Cancer 

Cancer is a non-infectious disease that affects millions of people. The National 

Cancer Institute reports the most common cancer type as non-melanoma skin 

cancer, with about one million cases a year. Lung cancer is the second-most 

common, with about 219,440 new cases and 159,390 deaths. Other common 

cancers include bladder, breast, leukemia, pancreatic, prostate, thyroid, 

colorectal, endometrial and kidney cancer. 

Diabetes 

When carbohydrates are eaten, they get converted to glucose which is blood 

sugar. To stabilise blood sugar levels, the pancreas releases insulin. In people 

that have diabetes, a noninfectious disease, the pancreas does not release 

insulin properly or at all in the most severe cases. This can cause kidney failure, 

blindness, nerve damage and heart problems. 
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Fibromyalgia 

Fibromyalgia is a condition where an individual suffers chronic fatigue and his or 

her body can become very tender. Pain can be felt in the joints, muscles and 

various pressure points located behind the head, between the shoulder blades, 

on the inner knees, on the outer elbows and at the upper hips. 

Narcolepsy 

Narcolepsy is a chronic sleeping disorder that causes a major disruption in a 

person's life. This disease is characterised by a constant feeling of fatigue and 

sleepiness that can also include dream-like hallucinations and moments where 

the individual is paralysed. 

Osteoporosis 

The bones require minerals and nutrients to stay healthy. They also need to be 

worked just like muscles to maintain their strength. If these variables are missing, 

a person can develop a condition called "osteoporosis." This is a noninfectious 

disease that most commonly takes place in older women and it is characterised 

by a low bone mineral density. Bones can become weak and brittle with this 

disease, and be more prone to getting fractured. 

10.2. Antibiotics 
 

An antibiotic is a drug that kills or stops the growth of bacteria, without harming 

the cells of the infected organism. Antibiotics are derived from living organisms, 

although they are often made more effective by various chemical processes. 
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There are a wide range of antibiotics to treat bacterial infections. Other 

antimicrobial drugs such as isoniazid, used for the treatment of TB, are synthetic. 

Antibiotics interfere with some aspect of growth or metabolism of the target 

bacterium.These include 

 Synthesis of bacterial cell walls  

 Activity of proteins in the cell surface membrane 

 Enzyme action  

 DNA synthesis  

 protein synthesis  

Bacterial cells have walls made of peptidoglycans. These are long molecules 

containing peptides (chains of amino acids) and sugars. In the bacterial cell wall, 

peptidoglycans are held together by cross-links that form between them. 

Penicillin prevents the synthesis of the cross-links between the peptidoglycan 

polymers in the cell walls of bacteria by inhibiting the enzymes that build these 

cross-links. This means that penicillin is only active against bacteria while they 

are growing. When a newly formed bacterial cell is growing, it secretes enzymes 

called autolysins, which make little holes in its cell wall. These little holes allow 

the wall to stretch so that new peptidoglycan chains can link together. Penicillin 

prevents the peptidoglycan chains from linking up, but the autolysins keep 

making new holes. The cell wall therefore becomes progressively weaker. 

Bacteria live in watery environments and take up water by osmosis. When they 

are weakened, the cell walls cannot withstand the pressure potential exerted on 

them by the cell contents and the cells burst. 
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Antibiotics in bacteria 

Antibiotics are a relatively recent discovery and the first practical one, penicillin, 

was not available until the early 1940s. Penicillin was hailed as a wonder drug 

that could be used to wipe out all the diseases caused by bacteria. To begin with, 

this seemed to be true, but very quickly it became clear that this was not going 

to happen even though other antibiotics, such as streptomycin, soon became 

available. Some types of bacteria are not sensitive to particular antibiotics: for 

example, penicillin is not effective against mycobacterium tuberculosis. Even 

among the types of bacteria that were killed by penicillin, there were certain 

strains that were not affected. 
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Antibiotic resistance 

Antibiotic resistance occurs when bacteria change in response to the use of 

these medicines. Bacteria, not humans or animals, become antibiotic-resistant. 

These bacteria may infect humans and animals, and the infections they cause 

are harder to treat than those caused by non-resistant bacteria. Antibiotic 

resistance leads to higher medical costs, prolonged hospital stays, and increased 

mortality. Behaviour changes must also include actions to reduce the spread of 

infections through vaccination, hand washing, practicing safer sex, and good 

food hygiene. 

Antibiotic resistance is rising to dangerously high levels in all parts of the world. 

New resistance mechanisms are emerging and spreading globally, threatening 

our ability to treat common infectious diseases. A growing list of infections such 

as pneumonia, tuberculosis, blood poisoning and gonorrhoea are becoming 

harder, and sometimes impossible, to treat as antibiotics become less effective. 

Effective antibiotics 

Antibiotics should be chosen carefully. Testing antibiotics against the strain of 

the bacterium isolated from people ensures that the most effective antibiotic 

can be used in treatment. 

The number of circumstances in which bacteria develop resistance to antibiotics 

should be reduced. This can be achieved by  

 Reducing the number of countries in which antibiotics are sold without a 

doctor’s prescription. 
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 Avoiding the use of so-called wide-spectrum antibiotics and using instead 

an antibiotic specific to the infection.(known as narrow spectrum) 

 Making sure that patients complete their course of medication. 

 Making sure that patients do not keep unused antibiotics for self-

medication in the future. 

 Changing the type of antibiotics prescribed for certain diseases so that 

the same antibiotic is not always prescribed for the same disease. 

 Avoiding using antibiotics in farming to prevent, rather than cure, 

infections. 

 

***** 
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11. Immunity 
 

 Introduction 

Immunity, ability of an organism to resist disease by identifying and destroying 

foreign substances or organisms. Although all animals have some immune 

capabilities, Mammals are protected by a variety of preventive mechanisms, 

some of them nonspecific (e.g., barriers, such as the skin), others highly specific 

(e.g., the response of antibodies). Phagocytosis is a more immediate non-specific 

part of the immune system, while the action s of lymphocytes provides effective 

defence against specific pathogens. 

11.1. The immune system 
 

The human immune system is made up of the organs and tissues involved in 

destroying pathogens inside the body. There are two main groups of cells 

involved: 

 Phagocytes (neutrophils and macrophages) : phagocytes, which ingest 

and digest pathogens or infected cells; 

 Lymphocytes : lymphocytes, which recognise specific pathogens through 

interaction with receptors in their cell surface membranes, and respond 

in one of several ways, for example by secreting antibodies. 
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An antigen is a substance that is foreign to the body and stimulates an immune 

response. 

An antibody is a glycoprotein (immunoglobulin) made by plasma cells derived 

from B-lymphocytes, secreted in response to an antigen; the variable region of 

the antibody molecule is complementary in shape to its specific antigen. 

The immune response is the complex series of responses of the body to the 

entry of a foreign antigen; it involves the activity of lymphocytes and phagocytes. 

Non-self refers to any substance or cell that is recognised by the immune system 

as being foreign and will stimulate an immune response. 

Self refers to substances produced by the body that the immune system does 

not recognise as foreign, so they do not stimulate an immune response. 

Antigens 

An antigen is a substance that is foreign to the body and stimulates an immune 

response. An antibody is a glycoprotein (immunoglobulin) made by plasma cells 

derived from B-lymphocytes, secreted in response to an antigen; the variable 
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region of the antibody molecule is complementary in shape to its specific 

antigen. 

Phagocytes 

Phagocytes are produced throughout life in the bone marrow. They are stored 

before distributing around the body in the blood. They are scavengers, removing 

any dead cells as well as invasive microorganisms. Neutrophils are a kind of 

phagocyte and form about 60% of the white cells in the blood .They travel 

throughout the body, often leaving the blood by squeezing through the walls of 

capillaries to ‘patrol’ the tissues. During an infection, neutrophils are released in 

large numbers from their stores, but they are short-lived cells. Macrophages are 

also phagocytes but are larger than neutrophils and tend to be found in organs 

such as the lungs, liver, spleen, kidney and lymph nodes, rather than remaining 

in the blood. After they are made in the bone marrow, macrophages travel in the 

blood as monocytes, which develop into macrophages once they leave the blood 

and settle in the organs, removing any foreign matter found there. Macrophages 

are long-lived cells and play a crucial role in initiating immune responses, since 

they do not destroy pathogens completely, but cut them up to display antigens 

that can be recognised by lymphocytes. 

Action of B-lymphocytes 

B-lymphocyte places some of its specific receptor molecules in its cell surface 

membrane. If it encounters an antigen that binds with this receptor, the B-

lymphocyte is activated. It divides repeatedly by mitosis to produce a clone of 

genetically identical plasma cells.Some of these synthesise and secrete large 

quantities of proteins called immunoglobulins or antibodies. The antibodies have 
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the same binding sites as the specific receptors in the B-lymphocyte's 

membrane, so they can bind with the antigens. This may directly destroy or 

neutralise the antigens, or it may make it easier for phagocytes to destroy them. 

 

B-lymphocytes to antigens 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  243 

 

Some of the clone of B-lymphocyte cells becomes memory cells. These remain 

in the blood for many years. They are able to divide rapidly to produce plasma 

cells if the same antigen invades the body again. More antibodies are therefore 

secreted more rapidly than when the first invasion happened, and it is likely that 

the pathogens will be destroyed before they have a chance to reproduce. The 

person has become immune to this pathogen. 

Action of T-lymphocytes 

T-lymphocytes include T helper cells and T killer cells. Both of these types of cell 

place their specific receptors in their cell surface membranes. On encountering 

the relevant antigen, they are activated and divide by mitosis to form a clone. 

Activated T helper cells secrete chemicals called cytokines. These stimulate B-

lymphocytes to produce plasma cells, and stimulate monocytes and 

macrophages to attack and destroy pathogens. 

Activated T killer (cytotoxic) cells attach to body cells that display the antigen 

matching their receptor. This happens when a body cell has been invaded by a 

virus. The T killer cell destroys the infected body cell. Some of the clone of T cells 

becomes memory cells, which remain in the body and can react swiftly if the 

same pathogen invades again. 
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The response of T-lymphocytes 

Numbers of white blood cells 

Blood tests are routinely carried out to help doctors diagnose diseases and to 

assess the success of treatments. Blood samples are taken from patients and 
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sent for analysis in laboratories that use automated cell counters. The results 

usually include the numbers of red and white blood cells and platelets. Platelets 

are small cell fragments that do not have a nucleus; they are formed from the 

break-up of cells in the bone marrow. They release substances that stimulate 

blood clotting. The results for specific white blood cells, such as neutrophils and 

lymphocytes, are given as absolute numbers or as percentages of the white cell 

count. There is considerable variation in these numbers between people. The 

number of neutrophils in the blood increases during bacterial infections and 

whenever tissues become inflamed and die. The number of lymphocytes in the 

blood increases in viral infections and in TB. Most of the lymphocytes that 

circulate in the blood are T cells. In some blood tests, the numbers of T cells are 

recorded. The human immunodeficiency virus (HIV) invades helper T cells and 

causes their destruction, so blood tests for people who are HIV+ record the 

numbers of specific T cells. The normal value is between 500 and 1500 cells 

mm−3. The specific T cell numbers provide useful information on the progress of 

the disease and the success of treatments, by monitoring decline in T cell number 

and therefore assessing the deleterious effect on the immune system. 

The significance of white blood cell counts 

A white blood cell (WBC) count is a test that measures the number of white blood 

cells in our body. This test is often included with a complete blood count (CBC). 

The term “white blood cell count” is also used more generally to refer to the 

number of white blood cells in our body. There are several types of white blood 

cells, and our blood usually contains a percentage of each type. Sometimes, 

however, our white blood cell count can fall or rise out of the healthy range.  



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  246 

 

WBCs, also called leukocytes, are an important part of the immune system. 

These cells help fight infections by attacking bacteria, viruses, and germs that 

invade the body. White blood cells originate in the bone marrow but circulate 

throughout the bloodstream. An average normal range is between 3,500 and 

10,500 white blood cells per micro liter of blood (mcL). Infants are often born 

with much higher numbers of WBCs, which gradually even out as they age. 

 

The normal percentages of the types of WBCs in your overall count are 

usually in these ranges 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  247 

 

 

Myasthenia gravis 

Myasthenia gravis (MG) is a neuromuscular disorder that causes weakness in the 

skeletal muscles, which are the muscles your body uses for movement. It occurs 

when communication between nerve cells and muscles becomes impaired. This 

impairment prevents crucial muscle contractions from occurring, resulting in 

muscle weakness. According to the Myasthenia Gravis Foundation of America, 

MG is the most common primary disorder of neuromuscular transmission. It’s a 

relatively rare condition that affects between 14 and 20 out of every 100,000 

people in the United States. 

11.2. Antibodies and vaccination 
 

Antibodies 

Antibodies are glycoproteins called immunoglobulins that are secreted by 

plasma cells in response to the presence of antigens. 

 An antibody is made by B cells. 

 An antibody consists of four polypeptide chains; two 'long' or 'heavy' 

chains and two 'short' and 'light' chains so it is a globular glycoprotein 

with a quaternary structure. 
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 Disulfide bonds hold the chains together. 

 Each molecule has two identical antigen binding sites, which are formed 

by both light and heavy chains. 

 The amino acid sequences in these regions make the specific 3D shape 

which binds to just one type of antigen. 

 The antigen-binding sites form the variable region which makes each 

antibody different from one another. 

 The 'hinge' region gives the antibody its flexibility for it to bind around 

the antigen. 

 

An Immunoglobulin molecule 

The variable region of the immunoglobulin molecule is specific to the particular 

clone of B-lymphocytes that secreted it. It is able to bind with a particular type 

of antigen molecule. Immunoglobulins can: 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  249 

 

 Stick bacteria together, making it impossible for them to divide or 

making it easier for phagocytes to destroy them; 

 Neutralise toxins (poisonous chemicals) produced by pathogens; 

 Prevent bacteria from sticking to body tissues; 

 Bind to viruses and prevent those infecting cells. 

Active and passive immunisations are effective ways to treat and prevent 

infectious diseases. Smallpox has been eradicated; other diseases may soon 

follow, but vaccine development has proved more difficult for diseases such as 

malaria. 

Production of monoclonal antibodies 

 Monoclonal antibodies (Mabs) are produced by cell fusion. 

 A small number of plasma cells producing a particular type of antibody 

were fused with cancer cells. E.g. these types of B cells need to fuse with 

malignant B myeloma cells (cancerous B cells).This is because cancer cells 

go on dividing indefinitely. 

 The cell produced by this fusion of a plasma cell and a cancerous cell is 

called a hybridoma. 

 The hybridoma cells divide by mitosis and secrete antibodies which are 

specific antibodies that were originally produced by the clone of B cells. 
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Monoclonal antibody production 
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Use of monoclonal antibodies in the diagnosis of disease and in the treatment 

of disease 

Monoclonal antibodies in diagnosis 

 Mabs can be used to locate the position of blood clots in the body of a 

person thought to have deep vein thrombosis. 

o Antibodies are produced by injecting a mouse with human fibrin. 

o The mouse makes many plasma cells that secrete antibody 

against fibrin. 

o These plasma cells are collected from the spleen and fused with 

cancer cells to form hydridomas that secrete fibrin antibodies. 

 Detection of HIV/AIDS by the ELISA test. 

Pregnancy tests 

 Urine travels up the pregnancy test, HCG will bind to monoclonal 

antibodies in reaction region. 

 Monoclonal antibodies with bound HCG will bind to antibodies in test 

region and activate dye molecules, producing a colour change. 

 Any unbound monoclonal antibodies will continue to travel to control 

region and will bind to anti - mouse antibodies, activating dye molecules 

and producing a colour change. 

 Mabs can be used to locate cancer cells which have proteins in their cell 

surface membranes that different from proteins on a normal body cell 

and can therefore be detected by antibodies. 
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Treatment of cancer 

 Cancer cells carry specific tumour associated antigens (TAA) on their 

plasma membrane. 

 Monoclonal anti – TAA antibodies have been produced. 

 

Mabs can also be used to identify the exact strain of virus or bacterium that is 

causing an infection and this speed up the choice of the most appropriate 

treatment. Mabs is used routinely in blood typing before transfusion. And tissue 

typing before transplants 

Monoclonal antibodies in treatment 

 Mabs need to be administered more than once when used as treatment 

which presents problems. 

 The antibodies are produced by lab animals such as rabbits and mice. 

 When introduced into humans, they trigger an immune response 

because they are foreign antigens. 
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 This problem is overcome by humanising Mabs. Altering the genes that 

code for the polypeptide chains of the antibodies so that they code for 

human sequences of amino acids. 

Vaccines 

People can be immunized against a pathogen through vaccination. Different 

vaccines are needed for different pathogens. Vaccination involves putting a small 

amount of an inactive form of a pathogen, or dead pathogen, into the body. 

Vaccines can contain: 

 Live pathogens treated to make them harmless 

 Harmless fragments of the pathogen 

 Toxins produced by pathogens 

 Dead pathogens 

These all act as antigens. When injected into the body, they stimulate white 

blood cells to produce antibodies against the pathogen. Because the vaccine 

contains only a weakened or harmless version of a pathogen, the vaccinated 

person is not in danger of developing disease - although some people may suffer 

a mild reaction. If the person does get infected by the pathogen later, the 

required lymphocytes are able to reproduce rapidly and destroy it. 

Vaccines are manufactured from dead or attenuated (weakened) bacteria, or 

from inactivated viruses, or purified polysaccharides from bacterial walls, or 

Toxoids or even recombinant DNA Produced by genetic engineering. 

In communities and countries where vaccines are widely available and have been 

taken up by 85 - 90 percent of the relevant population, vaccination has reduced 
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some previously common and dangerous diseases to very uncommon 

occurrences. As a result, in these places, the public there has sometimes become 

casual about the threat such diseases still represent. 

Global eradication of infectious disease 

Diseases that have not been successfully eradicated include 

Measles  

This is partly because several successive doses of vaccine are required to produce 

immunity, especially in children who have weak immune systems because of 

poor diet or living conditions. The virus is very infective, so a very high 

percentage of people must be vaccinated to ensure a population is free of it 

Booster vaccinations are also needed. This is difficult to achieve in places where 

infrastructure is poor. 

TB 

 The BCG vaccination gives only partial immunity, although new vaccines are now 

being developed which it is hoped will be more effective. TB is difficult to treat 

because the bacteria live inside body cells. Many strains have developed 

resistance to antibiotics. 

Malaria 

No effective vaccine has yet been developed against Plasmodium. This is a 

eukaryotic organism, not a bacterium or virus, and is not affected by antibodies 

produced by B-lymphocytes or by T-lymphocytes 
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Cholera 

This disease is caused by the bacterium Vibrio Cholera. In the body, it lives and 

reproduces in the intestine, which is outside the body tissues and not easily 

reachable by lymphocytes or antibodies. Current cholera vaccines are 

ineffective, partly because injected vaccines do not readily reach the intestines. 

Oral vaccines are being developed, which are proving more effective. Vaccines 

are, of course, completely ineffective against any diseases that are not caused 

by pathogens, such as sickle cell anaemia. 

 

***** 
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12. Energy and respiration 

Introduction 

All living organisms require a source of cellular energy to drive their various 

activities. ATP is the universal energy currency as its molecules are small, soluble 

and easily hydrolysed to release energy for cellular activities. All organisms 

respire to release energy from energy-rich molecules such as glucose and fatty 

acids and transfer that energy to ATP. Respiration is a series of enzyme-catalysed 

reactions that release energy in small ‘packets’. In eukaryotes, aerobic 

respiration occurs in mitochondria. 

An organic molecule is a compound including carbon and hydrogen. The term 

originally meant a molecule derived from an organism, but now includes all 

compounds of carbon and hydrogen even if they do not occur naturally. 

12.1. Energy 

The energy input necessary for photosynthesis, or the chemical potential energy 

of organic molecules. Work includes anabolic reactions, active transport and 

movement. Some organisms, such as mammals and birds, use thermal energy 

released from metabolic reactions to maintain their body temperature. 

Reactions that release energy must be harnessed to energy-requiring reactions. 

This ‘harnessing’ involves an intermediary molecule, ATP. This can be 

synthesised from ADP and phosphate using energy, and hydrolysed to ADP and 

phosphate to release energy. ATP therefore acts as an energy currency in all 

living organisms. 
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Specifically, energy is needed for 

 Synthesis of complex molecules e.g. proteins from amino acids 

 Active transport (c. 50% of ATP used for this in resting mammal) 

 Mechanical work e.g. muscle contraction, movement of microtubules, 

cilia, flagella, movement within cells 

 Bioluminescence and electrical discharge, e.g. fireflies, electric eel 

 Maintenance of “warm” body temperature. 

ATP 

ATP stands for adenosine triphosphate. ATP is a phosphorylated nucleotide it has 

a similar structure to the nucleotides that make up RNA. 

 

Structure of ATP 

ATP is used as the energy currency in every living cell. When an ATP molecule is 

hydrolysed, losing one of its phosphate groups; some of this energy is released 

and can be used by the cell. In this process, the ATP is converted to ADP 
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(adenosine diphosphate).Cells use energy for many different purposes. These 

include· 

 The synthesis of proteins and other large molecules from smaller ones. 

These are examples of anabolic reactions, that is energy-consuming 

reactions; 

 For active transport of ions and molecules across cell membranes against 

their concentration gradient; 

 For the transmission of nerve impulses; 

 For movement, for example muscle contraction (such as heart beat, 

breathing movements, walking) or movement of cilia; 

 In mammals and birds, the production of heat to maintain body 

temperature at a steady level each cell makes its own ATP. The hydrolysis 

of one ATP molecule releases a small 'packet' of energy that is often just 

the right size to fuel a particular step in a process .A glucose molecule, on 

the other hand, would contain far too much energy, so a lot would be 

wasted if cells used glucose molecules as their immediate source of 

energy. 

Energy release 

Electron Transport Chain 

 The electron transport system is found in the mitochondria and 

chloroplast of eukaryotic organisms and is seen in the plasma membrane 

of prokaryotes.  
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 This pathway consists of series of carrier molecules which pass electrons 

from a high energy molecule to the final low energy electron acceptor 

molecule. 

 Energy released during this process of oxidation and reduction produces 

ATP.  

 The NADH and FADH2 molecules bring electrons to the electron transport 

system.  

 This system contains membrane-bound electron carriers that pass 

electrons from one to another.  

 When a carrier molecule reduces another molecule, the energy that is 

released is used to pump hydrogen ions across the membrane into the 

inter-membrane space.  

 The remaining energy is used to reduce the next carrier molecule.  

 As a result of this, hydrogen ions become concentrated in the inter-

membrane space. 

 The ATP synthase enzyme uses the energy of this gradient to produce 

ATP.  

 In the electron transport system, NADH and FADH2 are oxidized and the 

energy released in this process is used to produce ATP. 
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12.2. Respiration 

Respiration is the oxidation of energy-containing organic molecules, such as 

glucose. These are known as respiratory substrates. The energy released from 

this process is used to combine ADP with inorganic phosphate to make ATP. 

Respiration may be aerobic or anaerobic. In both cases, glucose or another 

respiratory substrate is oxidised. In aerobic respiration, oxygen is involved, and 

the substrate is oxidised completely, releasing much of the energy that it 

contains. 

In anaerobic respiration, oxygen is not involved, and the substrate is only 

partially oxidised. Only a small proportion of the energy it contains is released. 

All organisms require energy to sustain life. We need energy to function and this 

energy is obtained from the food we eat. The energy is obtained through 

chemical reactions that are enzyme controlled. Plants can trap the energy from 

sunlight through the process of photosynthesis and it is stored in the chemical 

bonds of carbohydrate molecules. Living organisms are capable of carrying out 

reactions in a controlled manner so that energy is released in the right quantity 

at the right time. Control of energy-releasing reactions organisms are able to use 

the energy to carry out activities such as reproduction, movement, and growth. 

There are many reactions that take place inside the organism, in cellular 

respiration, organisms control the release of energy from organic molecules, and 

use this energy for the activities to sustain life. Almost all organisms use organic 

molecules from their surroundings to obtain energy. Organisms capable of 

photosynthesis produce food molecules like carbohydrates. There are many 

forms of cellular respiration. Some organisms require oxygen to carry out 
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respiration known as aerobic cellular respiration and the respiration that does 

not require presence of oxygen is called anaerobic cellular respiration.  

Types of Cellular Respiration 

There are two types of cellular respiration:  

 Aerobic and  

 Anaerobic respiration. 

 

Aerobic Respiration 

 

Aerobic respiration takes place in the presence of oxygen, by which ATP is 

produced by the cells by oxidation of organic compounds. The end product of 

glycolysis, pyruvate enters the mitochondria to be fully oxidized by the Krebs 

cycle.  

The product of this pathway is carbon dioxide and water and energy in the 

form of ATP. Most of the ATP produced by aerobic respiration is made by 

oxidative phosphorylation. Aerobic respiration takes place in three stages 

glycolysis, TCA cycle and electron transport chain. 

  

Glycolysis  

 Glycolysis is the first stage of respiration. It takes place in the cytoplasm. 

A glucose (or other hexose sugar) molecule is phosphorylated, as two 

ATPs donate phosphate to it. 
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 This produces a hexose bisphosphate molecule, which splits into two 

triose phosphate molecules. 

 Each triose phosphate is converted to a pyruvate molecule. This involves 

the removal of hydrogens, which are taken up by the coenzyme NAO. The 

removal of hydrogens is an oxidation reaction. It can also be referred to 

as dehydrogenation. This produces reduced NAO. During this step, the 

phosphate groups from the triose phosphates are added to ADP to 

produce a small yield of ATP. 

 Overall, two molecules of ATP are used and four are made during 

glycolysis of one glucose molecule, making a net gain of two ATPs per 

glucose. Electron Transport Chain requires direct supply of oxygen. The 

ETC is a series of electron carriers in the mitochondrial membrane. 

Through the reactions high energy electrons are passed to oxygen, a 

gradient is formed and ultimately ATP is produced.  

The simplified aerobic respiration is   

C6 H12 O6 + 6O2 → 6CO2 + 6H2O + Energy (ATP). 

The word equation for this is  

Glucose (sugar) + Oxygen → Carbon dioxide + Water + Energy (ATP). 

Anaerobic Respiration 

 

Anaerobic respiration is the process used in some microorganisms in which 

oxygen is not final electron acceptor. This process starts like aerobic respiration  



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  263 

 

and stops part way through because oxygen is not available to finish the 

respiration process. This type of respiration makes fewer ATP molecules and  

releases byproducts of lactic acid or alcohol. Aerobic respiration takes place in 

mitochondria. Glycolysis is the first step in cellular respiration; it can take place 

without the presence of oxygen.  Lactic acid fermentation and alcoholic 

fermentation are two types of anaerobic fermentation.  

Lactic acid Fermentation  

This type of anaerobic respiration takes place in humans if there is shortage of 

oxygen.  

Alcoholic Fermentation  

 

This does not take place in humans. The same process happening 

in mitochondria during lactic acid fermentation happens in alcoholic 

fermentation in the yeast. The byproduct of alcoholic fermentation is ethyl 

alcohol.  

Stages of Cellular Respiration 

 

Cellular respiration occurs in both eukaryotic and prokaryotic cells. It has three 

main stages glycolysis, the citric acid cycle and electron transport chain. 

Glycolysis 

 Glycolysis is the anaerobic catabolic reaction of glucose.  

 Glycolysis occurs in almost all cells.  



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  264 

 

 This pathway takes place with or without the presence of oxygen.  

 Aerobic conditions produce pyruvate and anaerobic conditions produce 

lactate as the end products of glycolysis.  

 In the eukaryotic cells, glycolysis occurs in the cytosol.  

 Glycolysis a process where a molecule of glucose is converted into two 

molecules of pyruvic acid. 

 There are ten intermediate compounds in this process and there are ten 

enzymes are needed for the process of glycolysis.  

 Two energy rich ATP molecules are required to start the process of 

glycolysis.  

 At the end, the process yields a pyruvate molecule, four molecules of ATP 

are made and two NADP molecules. 

 Both ATP and NADP molecules are energy-rich and are used in other cell 

reactions.  

 The cells which use oxygen, the pyruvate is passed on to the second 

process known as the Kreb's cycle by which more ATP molecules are 

produced.  
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Citric Acid Cycle  

 Citric acid cycle is also known as the Krebs cycle and the tricarboxylic acid 

cycle. 

 In the presence of oxygen, the pyruvate produced at the end of glycolysis 

is converted to acetyl-CoA.  

 In the presence of oxygen the mitochondria will undergo aerobic 

respiration which leads to Krebs cycle. 

 In the absence of oxygen fermentation of the pyruvate molecule will 

occur.  

 When acteyl-CoA is produced, this molecule enters the citric acid cycle, 

which takes place in the mitochondrial matrix.  

 This molecule gets oxidized to CO2 and reduced NAD to NADH.  
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 NADH is then again used in the electron transport chain to produce more 

ATP in oxidative phosphorylation. 

 The TCA cycle is a process with 8 steps and involves different enzymes 

and co-enzymes. 

 The net energy gain from a single citric acid cycle is 3 NADH, 1 FADH2 and 

1 GTP. The GTP is subsequently used to produce ATP.  
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Photosynthesis vs. Cellular Respiration 

 

Photosynthesis and cellular respiration are metabolic reactions that 

complement each other in the environment. They are the same reactions but 

occur in reverse. In photosynthesis carbon dioxide and water yield glucose and 

oxygen, respiration process glucose and oxygen yield carbon dioxide and water.  
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Comparison chart Photosynthesis vs. Cellular Respiration 
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13. Photosynthesis 
 

 Introduction 

Photosynthesis is a series of reactions in which energy transferred as light is 

transformed to chemical energy. Energy from light is trapped by chlorophyll, and 

this energy is then used to 

 Split apart the strong bonds in water molecules to release hydrogen. 

 Produce ATP. 

 Reduce a substance called NADP. 

NADP stands for nicotinamide adenine dinucleotide phosphate, which like NAO 

is a coenzyme. The ATP and reduced NADP, are then used to add hydrogen to 

carbon dioxide, to produce carbohydrate molecules such as glucose. These 

complex organic molecules contain some of the energy that was originally in the 

light. The oxygen from the split water molecules is a waste product, and is 

released into the air. 

13.1. Photosynthesis as an energy transfer process 
 

Photosynthesis is the trapping (fixation) of carbon dioxide and its subsequent 

reduction to carbohydrate, using hydrogen from water. It takes place inside 

chloroplasts. 

Chloroplasts 

 Surrounded by an envelope 

 Outer membrane is permeable to small ions 
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 Inner membrane is less permeable 

o Folded into lamellae 

o One granum consists of several stacked thylakoids 

o Between grana is the intergranal lamellae 

 The stroma is the fluid filled matrix, which contains the necessary 

enzyme to carry out the light dependent reactions 

Chloroplast Adaptations 

 Many grana provide a large surface area for photosynthetic pigments. 

 Photosynthetic pigments are arranged into photosystems. 

 Proteins embedded in grana to hold the photosystems in place. 
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Light Dependent Stage 

Photophosphorylation 

 When a photon hits a chlorophyll molecule, the energy is transferred to 

2 electrons exciting them. 

“Photoionisation” 

 Electrons captured by electron carriers and passed along a series of 

electron carriers. 

 Energy is used to pump protons across the thylakoid membranes 

 Proton gradient is formed and protons flow down the concentration 

gradients through ATP channels. 

 This is chemiosmosis. 

 This produces a force which joins ADP and Pi to form ATP 

 ATP is used in the light independent stage of the reaction 

 The making of ATP using light energy is called photophosphorylation 

Cyclic Photophosphorylation 

 Only uses PS1 

 Electrons pass to an electron acceptor, then return to the 

chlorophyll molecule from which they were lost 

 No photolysis of water 

 No generation of reduced NADP 

 Small amounts of ATP made 
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 This may be used in the light independent reaction to actively 

transport potassium into the cell, lowering the water potential and 

causing ions to flow in by diffusion 

 This causes the guard cells to swell and the stomata to open 

Non-cyclic Photophosphorylation 

 Involves both PS1 and PS2. 

 Light strikes PS2, exciting a pair of electrons. 

 Electrons leave the chlorophyll molecule from the primary 

pigment reaction centre. 

 Electrons pass along the chain of electron carriers. 

 Energy is released, which is used to synthesize ATP. 

 Light strikes tPS1, causing the release of 2 electrons. 

 Electrons from oxidized PS2 replace those lost from PS1. 

 Electrons from photolysed water replace those lost from PS2. 

 Protons fro photolysed water takes part in chemiosmosis, to 

make ATP. 

 They are captured in NADP in the stoma and used in the light-

independent stage. 

Non light dependent stage 

 This takes place in the stroma 

 It is called the Calvin Cycle 

 Although light is not used, the products of the light-dependent stage are 

used, so the light independent stage will soon cease if light supply ceases 
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The Calvin Cycle 

 Carbon dioxide from the air diffuses into the leaf. 

 Diffuses through air spaces and reaches the spongy palisade layer. 

 Diffuses through the cellulose cell walls and into the chloroplast 

envelope. 

 In the stroma, carbon dioxide combines with the 5C ribulose 

bisphosphate. 

 Reaction is catalysed by the rubisco enzyme. 

 Two 3C compounds, called glycerate phosphate (GP) are produced. Some 

GP is used to make amino acids and fatty acids. 

 GP is reduced and photophosphorylated to another 3C compound, triose 

phosphate (TP).ATP and reduced NADP are used in this reaction.ATP and 

red NADP are also used in converting GP into glyceraldehyde phosphate 

(GALP).5/6 TPs are recycled to ribulose bisphosphate. Pairs of TP 

combine to form hexose sugars 

Conversion of Energy 

 Light converted through cyclic phosphorylation and non-cyclic 

phosphorylation 

 Both of which are light –dependent 

In Cyclic phosphorylation 

 Light energy absorbed by PS1 

 Energy excites electrons, raising their energy level 

 This causes electrons to be transferred to carriers 
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 As electrons drop down energy levels, they release energy 

 Energy is used to pump H+ ions through ATP synthase from thylakoid 

space to the stroma 

 This is the process of chemiosmosis 

 In this process, ATP is produced 

 This process is used to make glucose 

In non-cyclic phosphorylation 

 Light energy causes hydrolysis of water 

 This is photolysis 

 2 electrons are produced, which pass into the PS2 

 They are excited and transferred to the electron carriers 

 As they pass along the carriers, they release energy, 

 This is used to pump H+ ions into the stroma at the same time 

Role of Water in the Light Dependent Stage 

 Photo system 2 contain an enzyme that can split water into protons, 

electrons and oxygen. This is photolysis. 

 Some of the oxygen is used in aerobic respiration. 

 Water is a source of hydrogen ions, which are used in chemiosmosis. 

 Protons are accepted by a coenzyme NADP, which is reduced to 

reduced NADP and used in the light independent stage. 
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Role of Carbon Dioxide in Light Independent Stage 

 Carbon dioxide is the source of carbon and oxygen for the production of 

all large organic molecules. 

 These molecules are used as energy stores for all life forms. 

13.2. Investigation of limiting factors 

 

 

 

A limiting factor is a factor that controls a process. Light intensity, temperature 

and, CO2 concentration and availability of H2O are all factors which can control 

the rate of photosynthesis. If the levels of the limiting factor increase so that this 

factor is no longer the furthest from its optimum level, the limiting factor will 

change to the factor which is at that point in time, the furthest from its optimum 

level. For example, at night the limiting factor is likely to be the light intensity as 

this will be the furthest from its optimum level. During the day, the limiting factor 

is likely to switch to the temperature or the carbon dioxide concentration as the 

light intensity increases. 

http://2.bp.blogspot.com/-7Q6bWm-K-Sk/VeMMuBSllaI/AAAAAAAAZcE/Ej1VYp54apA/s1600/limiting+factor.png
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Effects of changes in light intensity, CO2, H2O and temperature on the rate of 

photosynthesis 

 

1. Light intensity 

This affects the rate of the light-dependent reaction. The energy that drives this 

process is light energy. 

When the light intensity is poor, there is a shortage of ATP and NADPH, as these 

are products from the light dependent reactions. Without these products the 

light independent reactions can't occur as glycerate 3-phosphate cannot be 

reduced. Therefore a shortage of these products will limit the rate of 

photosynthesis.  
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2. Temperature 

 This affects the rate of the light-independent reaction. The energy that 

drives this process is heat energy.  

 At higher temperatures, molecules have more kinetic energy so collide 

more often and are more likely to react when they do collide.  

 Many enzymes are involved during the process of photosynthesis. At low 

temperatures these enzymes work slower. At high temperatures the 

enzymes no longer work effectively. This affects the rate of the reactions 

in the Calvin cycle and therefore the rate of photosynthesis will be 

affected. 
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3. CO2 concentration 

 

CO2 is a reactant in photosynthesis. Normal air contains only about 0.04% 

CO2.When the CO2 concentration is low, the amount of glycerate 3-phosphate 

produced is limited as CO2 is needed for its production and therefore the rate of 

photosynthesis is affected.  

 

 

4. Availability of H2O 

H2O is a reactant in photosynthesis, but there is usually far more H2O available 

than CO2, so even if water supplies are low this is not usually a problem. 

However, water supply can affect the rate of photosynthesis indirectly, because 

a plant that is short of water will close its stomata, preventing CO2 from diffusing 

into the leaf. If the level of anyone of these factors is too low, then the rate of 

photosynthesis will be reduced. The factor that has the greatest effect in 

reducing the rate is said to be the limiting factor. 
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Economics of greenhouses 

 

Farmers can use their knowledge of factors limiting the rate of photosynthesis 

to increase crop yields. This is particularly true in greenhouses, where the 

conditions are more easily controlled than in the open air outside:The use of 

artificial light allows photosynthesis to continue beyond daylight hours. Bright 

lights also provide a higher-than-normal light intensity. The use of artificial 

heating allows photosynthesis to continue at an increased rate. The use of 

additional CO2 released into the atmosphere inside the greenhouse also allows 

photosynthesis to continue at an increased rate. 

 

Investigating the effect of environmental factors on the rate of 

photosynthesis 

 

one way to measure the rate of photosynthesis is to measure the rate at which 

oxygen is given off by an aquatic plant. There are various ways in which oxygen 

can be collected and measured.  
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Alternatively, you can make calcium alginate balls containing green algae and 

place them in hydrogen carbonate indicator solution. As the algae 

photosynthesis, they take in carbon dioxide which causes the pH around them 

to increase. The indicator changes from orange, through red to magenta. 

 

The independent variables you could investigate are 

 Light intensity. You can vary this by using a lamp to shine light onto the 

plant or algae. The closer the lamp. The higher the light intensity. 

 Wavelength of light. You can vary this by placing coloured filters between 

the light source and the plant. Each filter will allow only light of certain 

wavelengths to pass through. 
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 CO2 concentration. We can vary this by adding sodium hydrogen 

carbonate to the water around the aquatic plant. This contains hydrogen 

carbonate Ions, which are used as a source of carbon dioxide by aquatic 

plants. 

 Temperature. The part of the apparatus containing the plant or algae can 

be placed in a water bath at a range of controlled temperatures. 

 

13.3. Adaptations for photosynthesis 

 

The leaf is the organ in a plant specially adapted for photosynthesis.   
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Upper Epidermis 

The tissue on the upper surface of the leaf.  It produces a waxy layer, called the 

cuticle, which is not made of cells but is a waterproof barrier to prevent excessive 

evaporation through the hot upper surface of the leaf.  The upper epidermis cells 

have no chloroplasts so light passes through them easily. 

Palisade Mesophyll 

 This tissue is where 80% of the photosynthesis takes place in the leaf.  The 

palisade cells have many chloroplasts in their cytoplasm and the box-like shape 

and arrangement of these cells ensures they are packed tightly together. 

Spongy Mesophyll 

This tissue contains large air spaces which are linked to the atmosphere outside 

the leaf through microscopic pores called stomata on the lower surface.  Spongy 

mesophyll cells also contain chloroplasts and photosynthesis occurs here 

too.  The air spaces reduce the distance carbon dioxide has to diffuse to get into 

the mesophyll cells and the fact that these cells have fairly thin cell walls which 

are coated with a film of water together means that gas exchange between air 

space and mesophyll is speeded up. 

Lower Epidermis is the dullest tissue in the leaf.  The only interesting thing about 

it is that it contains specialised cells called guard cells which enclose a pore called 

a stoma.  Carbon dioxide can diffuse into the leaf through the stomata when they 

are open (usually at day time) and water evaporates out of the stomata in a 

process called transpiration. 
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Adaptations of a Leaf for Photosynthesis 

Large Surface Area – to maximize light harvesting. 

Thin – to reduce distance for carbon dioxide to diffuse through the leaf and to 

ensure light penetrates into the middle of the leaf. 

Air Spaces – to reduce distance for carbon dioxide to diffuse and to increase the 

surface area of the gas exchange surface inside the leaf. 

Stomata – pores to allow carbon dioxide to diffuse into the leaf and water to 

evaporate out (transpiration). 

Presence of Veins – veins contain xylem tissue (carries water and minerals to the 

leaf from the roots) and phloem (transports sugars and amino acids away from 

the leaf). 

Chloroplasts – mesophyll cells and guard cells contain many chloroplasts.  These 

organelles contain the light harvesting pigment chlorophyll and are where all the 

reactions of photosynthesis occur. 

 

***** 
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14. Homeostasis 
 

Introduction 

Cells function most efficiently if they are kept in near constant conditions. Cells 

in multicellular animals are surrounded by tissue fluid. The composition, pH and 

temperature of tissue fluid are kept constant by exchanges with the blood as 

discussed in the topic on Transport in mammals. In mammals, core temperature, 

blood glucose concentration and blood water potential are maintained within 

narrow limits to ensure the efficient operation of cells. In plants guard cells 

respond to fluctuations in environmental conditions and open and close stomata 

as appropriate for photosynthesis and conserving water. 

Homeostasis is the maintenance of a constant internal environment. Examples 

of homeostatic processes in the body include temperature control, pH balance, 

water and electrolyte balance, blood pressure, and respiration. 

14.1. Homeostasis in mammals 

 

Homeostasis in mammals requires complex systems to maintain internal 

conditions near constant. The kidneys remove wastes from the blood and are 

the effectors for controlling the water potential of the blood. 

In the body of an animal condition such as water concentration, temperature, 

and glucose concentration must be kept as constant as possible. Control systems 

that keep such conditions constant are examples of homeostasis; this is the 

maintenance of constant internal conditions in an organism. 
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Some of the physiological factors controlled in homeostasis in mammals are: 

 Core body temperature. 

 Metabolic wastes, particularly CO2 and urea. 

 Blood pH. 

 Blood glucose concentration. 

 Water potential of the blood. 

 The concentrations in the blood of the respiratory gases, O2 and CO2. 

The importance of homeostasis 

The internal environment of an organism = conditions inside the body in which 

the cells function. A cell's immediate environment is the tissue fluid that 

surrounds it. Many features of the tissue fluid influence how well the cell 

functions.  

 Temperature 

 Low temperatures slow down metabolic reactions; 

 At high temperatures proteins, including enzymes, are denatured and 

cannot function 

Water potential 

 If the water potential decreases, water may move out of cells by osmosis, 

causing metabolic reactions in the cell to slow or stop;  

 If the water potential increases, water may enter the cell causing it to 

swell and maybe burst Concentration of glucose 

 Glucose is the fuel for respiration, so lack of it causes respiration to slow 

or stop, depriving the cell of an energy source;  
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 Too much glucose may cause water to move out of the cell by osmosis, 

again disturbing the metabolism of the cell. 

 In general, homeostatic mechanisms work by controlling the composition 

of blood, which therefore controls the composition of tissue fluid.  

Homeostatic control  

Homeostatic control mechanisms have at least 3 interdependent components: 

receptor, control center, and effector. 

 
 

 

The receptor senses environmental stimuli (external/internal), sending the 

information through the nervous system to a control center in the brain or spinal 

cord. This sensory information is known as the input.  

The control center, generally the brain, signals an effector (muscles and glands) 

to respond to the stimuli (to carry out an action, which is called the output). 

http://1.bp.blogspot.com/--dCXnfhN1vM/Ver3VTNoHfI/AAAAAAAAZi4/5YlTXN-1xSE/s1600/homeostasis.jpg
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These actions are sometimes called corrective actions as their effect is to correct 

(or reverse) the change.  

Positive feedback enhances or accelerates output created by an activated 

stimulus (any change in a factor, such as a change in blood temperature or the 

water content of the blood).  

Negative feedback mechanisms consist of reducing the output or activity of any 

organ or system back to its normal range of functioning (e.g. adjusting blood 

pressure, metabolism, and body temperature). 

 
 

http://2.bp.blogspot.com/-cWGPvrz5pjU/Ver37azIBTI/AAAAAAAAZjA/v2pFXx5aIrM/s1600/negative+feedback.png
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14.2. Homeostasis in plants 

Stomatal aperture is regulated in response to the requirements for uptake of 

carbon dioxide for photosynthesis and conserving water. Stomata have daily 

rhythms of opening and closing and also respond to changes in environmental 

conditions to 

 Allow diffusion of CO2 

 Regulate water loss by transpiration. 
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Opening and closing of stomata 

 

 
 

 

 ATP powers proton pumps to actively transport H+ out of cell. 

 There is a low concentration of H+ and negative charge inside the cell --> 

K+ channels open --> K+ diffuse in. 

 High concentration of K+ inside the cell decreases water potential. 



IGCSE BIOLOGY AS & A LEVEL 

 

©SAIT EDUCATION                                                                                                                                  291 

 

 Water moves in via osmosis. 

 Water entry increases the volume of the guard cell, causing it to expand 

--> open. 

Structure of stomata 

Each stomatal pore is surrounded by 2 guard cells. Guard cells: 

 Open when turgid (gain water) 

 Close when flaccid (lose water) 
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Abscisic acid and stomatal closure 

Abscisic acid (ABA) is a stress hormone that is secreted in response to difficult 

environmental conditions such as very high temperatures or much reduced 

water supplies. ABA triggers the closure of stomata to reduce transpiration and 

prevent water loss. 

ABA binds to cell surface receptors  

 Inhibits proton pumps: stop H+ pumped out. 

 Stimulates movement of Ca2+ through the cell surface membrane and 

tonoplast. 

Ca2+ acts as a 2nd messenger to activate channel proteins to open that allow 

negatively charged ions to leave the guard cell. This in turn 

 Opens channel proteins that allow K+ to leave the cell. 

 Closes channel proteins that allow K+ to enter the cell. 

 net movement: K+ leaves cell 

Loss of ions = higher water potential inside cell = water passes out by osmosis = 

guard cells become flaccid stomata close. 
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15. Control and co-ordination 
 

Introduction 

All the activities of multicellular organisms require coordinating. Some very 

rapidly and some more slowly. The nervous system and co-ordination systems 

exist in plants. The nervous system provides fast communication between 

receptors and effectors. Transmission between neurones takes place at 

synapses. Most animals and plants are complex organisms, made up of many 

millions of cells. Different parts of the organism perform different functions. It is 

essential that information can pass between these different parts, so that their 

activities are coordinated. Sometimes, the purpose of this information transfer 

is to coordinate the regulation of substances within the organism, such as the 

control of blood glucose concentrations in mammals. Sometimes, the purpose 

may be to change the activity of some part of the organism in response to an 

external stimulus, such as moving away from something that may do harm. 

There are communication systems within animals that coordinate the activities 

of receptors and effectors. The information they receive comes from the internal 

and the external environment. So there are receptors that detect stimuli inside 

the body and receptors that detect stimuli in the surrounding environment. In 

animals, including mammals, there are two types of information transfer that 

are used to coordinate the body’s activities. 

 Nerves that transmit information in the form of electrical impulses. 

 Chemical messengers called hormones that travel in the blood. 
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Homeostasis is controlled by hormones that are secreted into the blood by 

glands, such as the pituitary glands and the pancreas. The glands that secrete 

hormones make up the body’s endocrine system. 

15.1. Control and co-ordination in mammals 

Humans, like all living organisms, can respond to changes in the environment 

and so increase survival. Humans have two control systems to do this: 

the nervous system and the endocrine (hormonal) system. The human nervous 

system controls everything from breathing and standing upright, to memory and 

intelligence. It has three  parts: detecting stimuli, coordinating and effecting a 

response. 
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Stimuli are changes in the external or internal environment, such as light 

waves, pressure or blood sugar.  

 

Receptor cells detect stimuli 

Receptor cells are often part of sense organs, such as the ear, eye or skin. 

Receptor cells all have special receptor proteins on their cell membranes that 

actually do the sensing, so “receptor” can confusingly mean a protein, a cell or a 

group of cells. Muscles include skeletal muscles, smooth muscles and cardiac 

muscle, and they cause all movements in humans, such as walking, talking, 

breathing, swallowing, peristalsis, vasodilation and giving birth.  

Glands can be exocrine secreting liquids to the outside (such as tears, sweat, 

mucus, enzymes or milk); or Endocrine secreting hormones into the 

bloodstream. 

Nervous and endocrine systems as communication systems  

The nervous system responds to stimuli by sending electrical action potentials 

along neurons, which in turn transmit these action potentials to their target cells 

using neurotransmitters, the chemical messenger of the nervous system. This 

response to stimuli is near instantaneous.Hormones are synthesized at a 

distance from their target cells, and travel through the bloodstream or 

intercellular fluid until they reach these cells. Upon reaching their target cell, the 

hormones act on the cell to increase or decrease the expression of specific genes. 

This process takes significantly longer, as hormones must first be synthesized, 

transported to their target cell, and enter or signal the cell. Then, the target cell 

must go through the process of transcription, translation, and protein synthesis 
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before the intended action of the hormone is seen. The endocrine and nervous 

systems work independently to carry out unique functions by different methods 

with some similar elements. However, they do work together to control and co-

ordinate the internal environment of the animal. The nervous system responds 

rapidly to short-term changes by sending electrical impulses. The endocrine 

system brings about longer-term adaptations by sending out chemical 

messengers (hormones) into the bloodstream. 

 

Nerve cells/Neurones 

The nervous system composed of nerve cells, or neurones. A neurone has a cell 

body with extensions leading off it. Several dendrons carry nerve impulses 

towards the cell body, while a single long axon carries the nerve impulse away 

from the cell body. Axons and dendrons are only 10µm in diameter but can be 

up to 4m in length in a large animal (a piece of spaghetti the same shape would 

be 400m long)! A nerve is a discrete bundle of several thousand neurone axons. 

 

Neurone structure 
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Nerve impulses are passed from the axon of one neurone to the dendron of 

another at a synapse. Numerous dendrites provide a large surface area for 

connecting with other neurones. 

Most neurones also have many companion cells called Schwann cells, which are 

wrapped around the axon many times in a spiral to form a thick lipid layer called 

the myelin sheath. The myelin sheath provides physical protection and electrical 

insulation for the axon, which greatly speeds up the transmission of action 

potentials.  There are gaps in the sheath, called nodes of Ranvier.  

 

 

Myelin sheath and Schwann cells. 

 

Humans have three types of neurone 

 Sensory neurones have long dendrons and transmit nerve impulses from 

sensory receptors all over the body to the central nervous system. 

 Motor neurones have long axons and transmit nerve impulses from the 

central nervous system to effectors (muscles and glands) all over the 

body. 
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 Interneurones (also called connector neurones or relay neurones) are 

much smaller cells, with many interconnections. They comprise the 

central nervous system. 99.9% of all neurones are interneurones.  

  
 

Neurones are highly specialized cells that are adapted for the rapid transmission 

of electrical impulses, called action potentials, from one part of the body to 

another. Information picked up by a receptor is transmitted to the central 

nervous system (brain or spinal cord) as action potentials travelling along a 

sensory neurone. These neurones have their cell bodies in small swellings, called 

ganglia, just outside the spinal cord. 
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The impulse may then be transmitted to a relay neurone, which lies entirely 

within the brain or spinal cord. The impulse is then transmitted to many other 

neurones, one of which may be a motor neurone. This has its cell body within 

the central nervous system, and a long axon which carries the impulse all the 

way to an effector (a muscle or gland). 

Reflex arc  

In some cases, the impulse is sent on to an effector before it reaches the 

'conscious' areas of the brain. The response is therefore automatic, and does 

not involve any decision-making. This type of response is called a reflex, and 

the arrangement of neurones is called a reflex arc. 

 

 

 

 

http://4.bp.blogspot.com/-IajcdtepyDU/VfFksKz1ZKI/AAAAAAAAZsc/ozXRZi9fobc/s1600/sensory+neurone.png
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Action potentials 

Neurones, like all cells, have sodium-potassium pumps in their cell surface 

membranes. However, in neurones these are especially active. They pump out 

sodium ions and bring in potassium ions, by active transport. Three sodium ions 

are moved out of the cells for every two potassium ions that are moved in. There 

are also other channels in the membrane that allow the passage of sodium and 

potassium ions. These are voltage-gated channels. The potential difference 

across the membrane determines whether they are open or closed. When a 

neurone is resting, quite a few potassium ion channels are open, so potassium 

ions are able to diffuse back out of the cell, down their concentration gradient. 

As a result, the neurone has more positive ions outside it than inside it. This 

means there is a potential difference (a voltage) across the axon membrane. It 
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has a charge of about -70mV (mill volts) inside compared with outside. This is 

called the resting potential. 

When a receptor receives a stimulus, this can reduce the potential difference 

across the membrane, which causes sodium ion channels to open. This allows 

sodium ions to flood into the cell, down an electro-chemical gradient. (The 

'electro' gradient refers to the difference in charge across the membrane. The 

'chemical' gradient is the difference In concentration of sodium ions.) This 

quickly reverses the potential difference across the cell membrane, making it 

much less negative inside. The neurone is said to be depolarized. Indeed, the 

sodium ions keep on flooding in until. The cell has actually become positive 

inside, reaching a potential of about +30mV. 

This change in potential difference across the membrane causes a set of 

potassium ion channels to open. Potassium ions can now flood out of the axon, 

down their electrochemical gradient. This makes the charge inside the axon less 

positive. It quickly drops back down lo a little below the value of the resting 

potential. The voltage-gated potassium ion channels then close and the resting 

potential is restored. This sequence of events is called an action potential. The 

time taken for the axon to restore its resting potential after an action potential 

is called the refractory period. The axon is unable to generate another action 

potential until the refractory period is over. 
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Transmission of action potentials 

An act ion potential or nerve impulse that is generated in one part of a neurone 

travels rapidly along its axon or dendron. This happens because the 

depolarization of one part of the membrane sets up local circuits with the areas 

on either side of it this cause depolarisation of these regions as well. The nerve 

impulse therefore sweeps along the axon. 
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A nerve Impulse travels along a neurone 

In a myelinated neurone, local circuits cannot be set up in the parts of the 

neurone where the myelin sheath is present. Instead, the nerve impulse 'jumps' 

from one node of Ranvier to the next. This is called saltatory conduction. This 

greatly increases the speed at which the action potential travels along the axon. 

Synapses 

There is a small gap between them called a synaptic cleft. The membrane of the 

neurone just before the synapse is called the presynaptic membrane, and the 

one on the other side is the postsynaptic membrane. The whole structure is 

called a synapse. 
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 When an action potential arrives at the presynaptic membrane, it causes 

voltage gated calcium ion channels to open 

 Calcium ions rapidly diffuse into the cytoplasm of the neurone, down 

their concentration gradient 

 The calcium ions affect tiny vesicles inside the neurone, which contain a 

transmitter substance such as acetylcholine. These vesicles move 

towards the pre-synaptic membrane and fuse with it, releasing their 

contents into the cleft. 
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 The transmitter substance diffuses across the cleft and slots into receptor 

molecules in the postsynaptic membrane 

 This causes sodium ion channels to open, so sodium ions llood into the 

cytoplasm of the neurone, depolarising it 

 This depolarisation sets up an action potential in the postsynaptic 

neurone Functions of synapses in the body. 

 Although action potentials are able to travel in either direction along a 

neurone, synapses ensure that action potentials can only travel one way 

 One neurone may have synapses with many other neurones. This allows 

interconnection of nerve pathways from different parts of the body. 

Synapses allow for a wide variety of responses by effectors. For example, a 

motor neurone may need to receive transmitter substance from many 

different neurones forming synapses with it before an action potential is 

generated in it. Or some of these neurones may produce transmitter 

substances that actually reduce the chance of an action potential being 

produced. The balance between the signals from all these different synapses 

determines whether or not an action potential is produced in the motor 

neurone, and therefore whether or not a particular effector takes action. 

The roles of receptors 

Many types of receptors transform energy from a stimulus into the energy of an 

action potential in a sensory neurone. The table shows some examples: 
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The mammalian endocrine system 

The endocrine system is made up of a number of endocrine glands. These are 

organs containing cells that secrete hormones. The hormones are secreted 

directly into the blood, not into a duct as with other types of gland (for example 

the salivary glands, which secrete saliva into the salivary ducts) 

Hormones secreted by an endocrine gland are transported in solution in the 

blood plasma all over the body. Certain cells have receptors for these hormones 

in their cell surface membranes. These cells are the target cel1s for the 

hormones. For example, the target cells for ADH are the cells lining the collecting 

duct in a nephron. 

The control of blood glucose concentration Blood glucose concentration should 

remain at a fairly constant value of about 100 mg glucose per 100cm3 of blood. 

If blood glucose concentration falls well below this level, the person is said to be 

hypoglycemic. Cells do not have enough glucose to carry out respiration, and so 

metabolic reactions may not be able to take place and the cells cannot function 

normally. This is especially so for cel ls such as brain cells, which can only use 
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glucose and not other respiratory substrates. The person may become 

unconscious and various tissues can be damaged. 

If blood glucose concentration rises well above this level, the person is said to be 

hyperglycemic. The high glucose concentration decreases the water potential of 

the blood and tissue fluid, so that water moves out of cells down a water 

potential gradient. Again, unconsciousness can result several hormones are 

involved in the control of blood glucose concentration by negative feedback. 

They include insulin and glucagon. 

Both of these are small proteins. They are secreted by patches of tissue called 

islets or Langerhans in the pancreas. Insulin is secreted by β cells. Glucagon is 

secreted by α cell. 

When blood glucose concentration rises too high, this is sensed by the β cells. 

They respond by secreting greater quantities of insulin into the blood. The insulin 

has several effects, including 

 causing muscle and adipose tissue cells (fat cells) to absorb more glucose 

from the blood; 

 Causing liver cells to convert glucose to glycogen for storage. These 

effects cause the blood glucose concentration to fall. 

When blood glucose concentration falls too low, this is sensed by the α cells. 

They respond by secreting greater quantities of glucagon into the blood. This has 

several effects, including 

 Causing liver cells lo break down glycogen to glucose, and releasing it into 

the blood; 
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 Causing liver cells to produce glucose from other substances such as 

amino acids or lipids. These effects cause blood glucose concentration to 

rise. 

15.1. Control and co-ordination in plants 

 

Plant co-ordination systems can involve rapid responses as in the case of the 

Venus fly trap, as well as complex interactions between plant growth regulators, 

such as auxin and Gibberellin. Plants respond quite differently to different 

concentrations of plant growth regulators. 

Plants do have a system of electrical communication similar to that of an animal's 

nervous system, but there do not appear to be any truly specialised cells adapted 

for this function, and 'action potentials' travel only very slowly and are very 

weak. Much more is known about plant hormones, sometimes called plant 

growth substances. Like animal hormones, these are chemicals that act on target 

cells, where they bind with receptors either on the cell surface membrane or 

inside the cell, and bring about changes. Unlike animal hormones, plant 

hormones are not made in specialised glands. 

Many different plant hormones have been discovered, but there is still much that 

we do not know about their actions. They often have different effects at different 

concentrations, in different parts of a plant, at different stages of its life cycle or 

when other hormones are present. 

Auxins 

Auxins are a group of plant hormones that are produced by cells in regions of cell 

division, or meristems. In a plant shoot, the apical bud (the bud at the tip of the 
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growing shoot) contains a meristem. Auxin is constantly made here. Auxin 

molecules are then moved down the shoot from cell to cell, through special auxin 

transporter proteins in the cell surface membranes. 

The action of these transporter proteins in different membranes of different cells 

causes auxin molecules to accumulate at the lateral buds (the buds at the side 

of the shoot). The auxin inhibits their growth. This is called apical dominance. 

This means that, as long as there is an actively growing bud at the top of the 

shoot, 

The shoot will keep growing upwards and will not branch out sideways. If the 

apical bud is cut off, then auxin does not accumulate by the lateral buds and they 

begin to grow, causing the shoot to branch out sideways. 

Auxin and apical dominance 
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Gibberellins 

Stem elongation 

Gibberellin, also known as GA, is a hormone that causes stems to elongate. Most 

plants have genes that cause GA to be produced, but in a plant that lacks these 

genes the stems stay short and the plant is dwarfed. The application of GA to a 

dwarf plant makes its stems grow long. Gibberellin works by switching on a gene 

that is necessary for the growth of the stems. 

Germination of cereal seeds 

GA is produced in the embryos of germinating seeds, including wheat and barley, 

after they have absorbed water. GA switches on several genes that encode 

enzymes that hydrolyse food reserves. These include starch, protein and lipid 

that are stored in the endosperm of the seed. For example, amylase is produced, 

which hydrolyses starch to maltose. The soluble maltose is transported to the 

embryo and used as an energy source and a raw material for the production of 

new cells. 

Abscisic acid 

Abscisic acid, ABA, is sometimes known as the plant 'stress hormone' It is 

secreted when a plant's environmental conditions become tough, such as very 

dry, very cold or very hot. For example, when a plant is very short of water, ABA 

is secreted in the leaves. The guard cells around the stomata respond to the ABA 

by becoming flaccid and closing the stomata. This response is fast, indicating that 

ABA, unlike GA, does not work by affecting gene expression. 
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16. Inherited change 
 

Introduction 

Genetic information is transmitted from generation to generation to maintain 

the continuity of life. In sexual reproduction, meiosis introduces genetic 

variation so that offspring resemble their parents but are not identical to them. 

Genetic crosses reveal how some features are inherited. The phenotype of 

organisms is determined partly by the genes they have inherited and partly by 

the effect of the environment. Genes determine how organisms develop and 

gene control in bacteria gives us a glimpse of this process in action. 

16.1. Passage of information from parent to offspring 

Patterns of inheritance are explained by using genetic diagrams. Genetic 

diagrams are the standard way of showing the genotypes of offspring that might 

be expected from 2 parents. In sexual reproduction, haploid gametes are made 

following meiosis. 

Each gamete contains 1 pair or chromosomes = one copy of each gene. 
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Monohybrid inheritance 

Inheritance of 1 gene 

 

Co dominance 

Alleles both have an effect on the phenotype of a heterozygous organism. 

http://4.bp.blogspot.com/-zOmsLH5bNe4/V2-bjnDsrnI/AAAAAAAAcPo/tBqtYCwRDJcCbOxFZGqRl_f0Q9d_gdQRACK4B/s1600/Genetic+diagrams.png
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Multiple alleles 

As the name suggests, when a gene has more than 2 alleles. 
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Sex linkage 

 

A sex linked gene is a gene that is present on the X chromosome and not the Y 

chromosome. 

e.g.: colour blindness 
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Dihybrid inheritance 

 Inheritance of 2 genes. Independent assortment of homologous chromosomes 

during meiosis I results in a variety of genotypes in the gametes formed. 

 

 

 

 Ratio    9: 3: 3: 1 of Dihybrid cross between 2 heterozygotes. 

 Alleles of both genes show complete dominance 

 Genes are on different chromosomes  

Interactions between loci - where different loci interact to affect one phenotypic 

character 

e.g.: alleles on 2 separate loci both affect the colour of feathers on a bird 
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Autosomal linkage 

Genes are linked when two or more genes are present on the same chromosome 

=> they tend to be inherited together and do not assort independently. 

e.g.: Drosophila colour gene and shape gene. 

Body colour gene 

 E = allele for striped body 

 e = allele for ebony body 

Antennal shape gene 

 A = allele for normal antennae 

 a = allele for aristopedia antennae 

 EEAA = genes not on same chromosome 

 (EA)(EA) = genes on the same chromosome 

 Parental genotype (EA)(EA) => gametes EA only 

 Parental genotype (EA)(ea) => gametes EA or ea 

 Parental genotype (ea)(ea) => gametes ea only 

Some genes are transcribed all the time to produce constituitive proteins; others 

are only 'switched on' when their protein products are required. Transcription 

factors bind to the promoter region of a gene. This may increase or decrease the 

transcription of the gene. Their roles are to make sure that genes are expressed 

in the correct cell at the correct time. 
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Effects of transcription factors 

Form part of the protein complex that binds to the promoter region of the gene 

activate appropriate genes in sequence determination of sex in animals allow 

responses to environmental stimuli regulate cell cycle, growth and apoptosis 

give hormones their effect Gibberellin (a plant hormone) controls seed 

germination in plants such as wheat and barley by stimulating the synthesis of 

amylase. DELLA protein inhibits the binding of a transcription factor to the gene 

promoter PIF.  

 Gibberellin causes the breakdown of DELLA protein. 

 Gibberellin allows PIF to bind to its target promoter.  

 Transcription of the gene can take place. 

 Increases amylase production. 

Gene control in prokaryotes (lac operon)  

In both prokaryotes and eukaryotes, transcription of a gene is controlled by 

transcription factors. Transcription factors are: 

 Proteins that bind to a specific DNA sequence. 

 Control the formation of mRNA control the flow of information from DNA 

to RNA. 

Structural genes code for proteins required by a cell. Regulatory genes code for 

proteins that regulate the expression of other genes. The synthesis of repressible 

enzymes can be prevented by binding a repressor protein to the operator (a 

specific site) on the bacterium's DNA.The synthesis of inducible enzymes occurs 

when its substrate is present. 
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Prokaryotic lac operon 

Operon 

 A length of DNA making up a unit of gene expression in a bacterium. The lac 

operon consists of a length of DNA with operator and promoter regions and a 

cluster of 3 structural genes: 

 LacZ - coding for β-galactosidase (hydrolyses lactose to glucose + 

galactose). 

 Lacy - coding for permease (allows lactose to enter cell). 

 LacZ - coding for transacetylase. 
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Lactose present 

Lactose taken up by bacterium. Lactose binds to repressor protein, distorts 

shape and prevents it from binding to the operator region on the DNA (closes 

DNA-binding site) transcription no longer inhibited mRNA produced from 3 

structural genes. This makes sure that the bacterium can produce β-

galactosidase, permease and transacetylase only when lactose is available in the 

surrounding medium. This avoids waste of energy and materials. 

16.2. The roles of genes in determining the phenotype 
 

Gene: length of DNA that codes for a particular protein/polypeptide. 

Locus: position at which a particular gene is found on a particular chromosome; 

same gene on same locus. 

Allele: particular variety of a gene. 

Dominant: the allele whose effect on the phenotype of a heterozygote is 

identical to its effect on a homozygote. 

Recessive: the allele that is only expressed when no dominant allele is present. 

Co dominant: alleles that both have an effect on the phenotype of a 

heterozygous organism. 

Linkage: the presence of 2 genes on the same chromosome so that they tend to 

be inherited together and do not assort independently 

Test cross: a genetic cross in which an organism showing a characteristic caused 

by a dominant allele is crossed with an organism that is homozygous recessive 
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phenotype of offspring is a guide to whether the 1st organism is homozygous or 

heterozygous 

F1: generation of offspring produced from homozygous dominant x homozygous 

recessive genotype. 

F2: generation of offspring produced from cross between 2 F1 organisms. 

Phenotype: organisms' characteristics; often resulting from an interaction 

between its genotype and the environment. 

Genotype: alleles possessed by an organism. 

 

 

Homozygous: having 2 identical alleles of a gene. 

Heterozygous: having 2 different alleles of a gene. 

16.3. Gene control 
 

The process of protein synthesis does not occur constantly in the cell. Rather, it 

occurs at intervals followed by periods of genetic “silence.” Thus, the cell 

regulates and controls the gene expression process. 

The control of gene expression may occur at several levels in the cell. For 

example, genes rarely operate during mitosis, when the DNA fibers shorten and 

thicken to form chromatin. The inactive chromatin is compacted and tightly 

coiled, and this coiling regulates access to the genes. 

http://4.bp.blogspot.com/-e7f-O9WSceo/V2-W-HzmPrI/AAAAAAAAcPY/fhwYPcZL9z0W_8rOvnyVpAQCAv7Z73rMgCK4B/s1600/Genotype-+Phenotype.png
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Other levels of gene control can occur during and after transcription. In 

transcription, certain segments of DNA can increase and accelerate the activity 

of nearby genes. After transcription has taken place, the mRNA molecule can be 

altered to regulate gene activity. For example, researchers have found that an 

mRNA molecule contains many useless bits of RNA that are removed in the 

production of the final mRNA molecule. These useless bits of nucleic acid are 

called introns. The remaining pieces of mRNA, called exons, are then spliced to 

form the final mRNA molecule. Thus, through removal of introns and the 

retention of exons, the cell can alter the message received from the DNA and 

control gene expression. 

The concept of gene control has been researched thoroughly in bacteria. In these 

microorganisms, genes have been identified as structural genes, regulator genes, 

and control genes (or control regions). The three units form a functional unit 

called the operon. 

The operon has been examined in close detail in certain bacteria. Scientists have 

found, for example, that certain carbohydrates can induce the presence of the 

enzymes needed to digest those carbohydrates. When lactose is present, 

bacteria synthesize the enzyme needed to break down the lactose. Lactose acts 

as the inducer molecule in the following way: In the absence of lactose, a 

regulator gene produces a repressor, and the repressor binds to a control region 

called the operator. This binding prevents the structural genes from encoding 

the enzyme for lactose digestion. When lactose is present, however, it binds to 

the repressor and thereby removes the repressor at the operator site. With the 

operator site free, the structural genes are free to produce their lactose-

digesting enzyme. 
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The operon system in bacteria shows how gene expression can occur in relatively 

simple cells. The gene is inactive until it is needed and is active when it becomes 

necessary to produce an enzyme. Other methods of gene control are more 

complex and are currently being researched. 

Non-coding RNAs (ncRNAs) 

Protein-encoding mRNA is clearly an important molecule, but the other non-

coding RNAs (ncRNAs) that control mRNA transcription are increasingly 

becoming the focus of attention. Two such ncRNA molecules are microRNA and 

small interfering RNA. 

MicroRNAs (miRNAs) are small, single-stranded RNA molecules that, along with 

associated proteins, bind to complementary sequences in certain mRNA 

molecules. Once bound, these miRNAs block translation of the mRNA by either 

physically preventing the ribosome from binding, or by causing the mRNA to 

degrade. The result—either blocked translation or mRNA degradation— 

depends on the extent of the base pairing between the miRNA and the target 

mRNA. Possibly half of human genes are regulated by miRNA. 

Small interfering RNAs (siRNAs) are similar in structure and function to miRNAs. 

RNA interference (RNAi) is a means of disabling a gene by introducing siRNAs 

into a cell. Researchers employ RNAi to knock out specific genes in order to study 

their function. 

Modification of chromatin structure 

This compact structure helps DNA to fit into the nucleus and also provides 

opportunity for gene regulation. In order for a gene to be accessed by the 

transcriptional machinery. This is facilitated by certain enzymes adding acetyl 
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groups (–COCH3) to the histones (histone acetylation). Alternatively, if a 

segment of DNA needs to remain unexpressed (such as the inactivated 

mammalian X chromosomes), a different set of enzymes will add methyl groups 

(–CH3) to certain bases, thus maintaining DNA’s tightly wound and inaccessible 

form.Modification of DNA and its associated histone proteins has a profound 

effect on that gene’s expression. Furthermore, these modifications can be 

passed on to future generations and thus effect gene expression in progeny. This 

is called epigenetic inheritance. Alterations in normal modification have also 

been linked to some cancers, due to inappropriate gene expression. 
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17. Selection and evolution 
 

Introduction 

Genetic variation within a population is the raw material on which natural 

selection can act. Meiosis, random mating and the random fusion of gametes 

produce genetic variation within populations of sexually reproducing organisms. 

Variation is also caused by the interaction of the environment with genetic 

factors, but such environmentally induced variation is not passed on to an 

organism’s off spring. The only source of new alleles is mutation. All species of 

organisms have the reproductive potential to increase the sizes of their 

populations, but, in the long term, this rarely happens. This is because 

environmental factors come into play to limit population growth. Such factors 

decrease the rate of reproduction or increase the rate of mortality so that many 

individuals die before reaching reproductive age. Within a population, certain 

alleles may increase the chance that an individual will survive long enough to be 

able to reproduce successfully. These alleles are therefore more likely to be 

passed on to the next generation than others. This is known as natural selection. 

Normally, natural selection keeps allele frequencies as they are; this is stabilising 

selection. However, if environmental factors that exert selection pressures 

change, or if new alleles appear in a population, then natural selection may cause 

a change in the frequencies of alleles; this is directional selection. Over many 

generations, directional selection may produce large changes in allele 

frequencies. This is how evolution occurs. The evolution of antibiotic resistance 

in bacteria and the spread of industrial melanism in moths are examples of 

changes in allele frequencies. The role of malaria in the global distribution of 
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sickle cell anaemia is an example of how two strong opposing selection pressures 

can counterbalance each other in maintaining two alleles within certain 

populations. A species can be defined as a group of organisms with similar 

morphology, behaviour, physiology and biochemistry that are capable of 

interbreeding to produce fertile off spring. In practice, however, it is not always 

possible to determine whether or not organisms can interbreed. New species 

arise by a process called speciation. In allopatric speciation, two populations 

become isolated from one another, perhaps by some geographical feature, and 

then evolve along different lines until they become so different that they can no 

longer interbreed. In sympatric speciation, new species may arise through 

polyploidy. Artificial selection involves the choice by humans of which organisms 

to allow to breed together, in order to bring about a desirable change in 

characteristics. Thus artificial selection, like natural selection, can affect allele 

frequencies in a population. 

17.1. Variation 
 

Sexual reproduction produces genetic variation among the individuals in a 

population. Genetic variation is caused by: 

 Independent assortment of chromosomes, and therefore alleles, during 

meiosis 

 Crossing over between chromatids of homologous chromosomes during 

meiosis 

 Random mating between organisms within a species 

 Random fertilisation of gametes 

 Mutation. 
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The first four of these processes reshuffle existing alleles in the population. 

Offspring have combinations of alleles which differ from those of their parents 

and from each other. This genetic variation produces phenotypic variation. 

Mutation can produce completely new alleles. This may happen, for example, if 

a mistake occurs in DNA replication, so that a new base sequence occurs in a 

gene. This is probably how the sickle cell allele of the gene for the production of 

the β-globin polypeptide first arose. Such a change in a gene, which is quite 

unpredictable, is called a gene mutation. The new allele is very often recessive, 

so it frequently does not show up in the population until some generations after 

the mutation actually occurred, when by chance two descendants of organisms 

in which the mutation happened mate and produce offspring. Mutations that 

occur in body cells, or somatic cells, often have no effects at all on the organism. 

Somatic mutations cannot be passed on to offspring by sexual reproduction. 

However, mutations in cells in the ovaries or testes of an animal, or in the ovaries 

or anthers of a plant, may be inherited by offspring. If a cell containing a 

mutation divides to form gametes, then the gametes may also contain the 

mutated gene. If such a gamete is one of the two which fuse to form a zygote, 

then the mutated gene will also be in the zygote. This single cell then divides 

repeatedly to form a new organism, in which all the cells will contain the mutated 

gene. Genetic variation, whether caused by the reshuffling of alleles during 

meiosis and sexual reproduction or by the introduction of new alleles by 

mutation, can be passed on by parents to their offspring, giving differences in 

phenotype. Genetic variation provides the raw material on which natural 

selection can act. Variation within a population means that some individuals 

have features that give them an advantage over other members of that 

population. Variation in phenotype is also caused by the environment in which 
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organisms live. For example, some organisms might be larger than others 

because they had access to better quality food while they were growing. 

Variation caused by the environment is not passed on by parents to their 

offspring. 

The variation that exists within a species is categorised as continuous and 

discontinuous. The environment has considerable influence on the expression of 

features that show continuous (or quantitative) variation. 

 

Discontinuous variation 

 Qualitative differences genetic basis: different alleles at a single gene locus have 

large effects on the phenotype different genes have quite different effects on 

the phenotype. 

e.g.: eye colour 

Continuous variation 

Quantitative differences genetic basis: different alleles at a single gene locus 

have small effects on the phenotype different genes have the same/additive 

effect on the phenotype. 
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Polygenes - large number of genes have a combined effect on a particular 

phenotypic trait. 

e.g.: height; weight 

Environmental effects on phenotype 

e.g.: hair colour of Himalayan rabbits, Siamese and Burmese cats 

Development of dark extremeties: tips to ears, nose, paws and tail caused by an 

allele that allows formation of dark pigments only at low temperature. 

e.g.: cob length of Black Mexican and Tom Thumb maize plants. 

Difference in light intensity and nutrients will lead to different growth of plants 

with the same genetic contribution. Use t-test to compare variation of the 2 

different populations. Importance of genetic variation in selection - Genetic 

variation provides the raw material on which natural selection can act. Variation 

within a population means that some individuals have features that give them 

an advantage over other members of that population. 

17.2. Natural and artificial selection 

Natural 

Natural selection can take many forms. For example, if we were talking about 

height as a trait, we would see that without any selection pressure on this trait, 

the heights of individuals in a population would vary, with most individuals being 

of an average height and fewer being extremely short or extremely tall. 

However, when selection pressures act on a trait, this distribution can be altered.  
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                     The standard distribution of a trait across a population 

Stabilizing selection  

When selective pressures select against the two extremes of a trait, the 

population experiences stabilizing selection. For example, plant height might be 

acted on by stabilizing selection. A plant that is too short may not be able to 

compete with other plants for sunlight. However, extremely tall plants may be 

more susceptible to wind damage. Combined, these two selection pressures 

select to maintain plants of medium height. The number of plants of medium 

height will increase while the numbers of short and tall plants will decrease.  
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                                      The effect of stabilizing selection on trait distribution  

Directional selection  

In directional selection, one extreme of the trait distribution experiences 

selection against it. The result is that the population's trait distribution shifts 

toward the other extreme. In the case of such selection, the mean of the 

population graph shifts. Using the familiar example of giraffe necks, there was a 

selection pressure against short necks, since individuals with short necks could 

not reach as many leaves on which to feed. As a result, the distribution of neck 

length shifted to favor individuals with long necks.  
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The effect of directional selection on trait distribution 

Disruptive Selection  

In disruptive selection, selection pressures act against individuals in the middle 

of the trait distribution. The result is a bimodal, or two-peaked, curve in which 

the two extremes of the curve create their own smaller curves. For example, 

imagine a plant of extremely variable height that is pollinated by three different 

pollinators, one that was attracted to short plants, another that preferred plants 

of medium height and a third that visited only the tallest plants. If the pollinator 

that preferred plants of medium height disappeared from an area, medium 

height plants would be selected against and the population would tend toward 

both short and tall, but not medium height plants. Such a population, in which 

multiple distinct forms or morphs exist is said to be polymorphic.  
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The effect of disruptive selection on trait distribution 

Artificial Selection 

Humans have had a profound influence on their environment and the species 

with which they share it. One of the major steps toward our development of 

civilizations was the domestication of plant and animal species for food and 

labor. We were able to take wild grasses and grains and selectively breed them 

to produce greater yields. We bred cattle, sheep and horses to be larger, 

stronger and more docile. We even bred wolves to help us maintain and defend 

these other animals. 

The process of domestication is called artificial selection. Like natural selection, 

artificial selection acts by allowing differential reproductive success to 

individuals with different genetically determined traits in order to increase the 

frequency of desirable traits in the population. However, unlike naturally 

selected traits, artificially selected traits do not necessarily convey greater 

fitness. Instead, artificially selected traits are based on what the person breeding 
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the plants and animals desires. These traits, which can range from longer cobs in 

corn plants to a particular coat color in dogs, are selected for by allowing only 

individuals that possess the trait to reproduce, while those that lack the trait are 

prevented from reproducing. 

Because it lacks the control of fitness needing to increase fitness, artificial 

selection can cause problem traits to predominate in a species. For example, 

Dobermans are a breed of dog that has been bred for a certain appearance. In 

the process of selecting for this appearance, a genetic defect has increased in 

frequency in the population. This defect causes narcolepsy, a condition that 

causes these dogs to uncontrollably fall into deep sleep. Clearly, this condition 

does not increase the animal's fitness and would be strongly selected against by 

natural selection. However, since these animals have been subjected to artificial 

rather than natural selection for generations, the defect has spread in the 

population. 

 

***** 
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18. Biodiversity, classification and 
conservation 

 

Introduction 

The biodiversity of the Earth is threatened by human activities and climate 

change. Classification systems attempt to put order on the chaos of all the 

organisms that exist on Earth. Fieldwork is an important part of a biological 

education to appreciate this diversity and find out how to analyse it. There are 

opportunities in this section for candidates to observe different species in their 

locality and assess species distribution and abundance. Conserving biodiversity 

is a difficult task but is achieved by individuals, local groups, national and 

international organisations. 

Biodiversity 

Biodiversity can be defined as the range of habitats, communities and species in 

an area, and the genetic variation that exists within the populations of each 

species. This is usually taken to include diversity at three levels: 

 The variation in ecosystems or habitats. 

 The number of different species in the ecosystem and their relative 

abundance. 

 The genetic variation within each species. 

Some areas of the world have very high biodiversity. Examples of these include 

the Congo basin in Africa, South-East Asia, the Caribbean and Central America, 

Amazonia and south-west Australia. 
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Species diversity 

The number of species in a community is known as species richness. Species 

diversity takes species richness into account, but also includes a measure of the 

evenness of the abundance of the different species. The more species there are, 

and the more evenly the number of organisms are distributed among the 

different species, the greater the species diversity. Coral reefs have a very high 

biodiversity; such an ecosystem offers many different ecological niches, which 

are exploited by different species. Species diversity is considered important 

because ecosystems with high species diversity tend to be more stable than ones 

with limited diversity; they are more able to resist changes. Some ecosystems 

are dominated by one or two species and other species may be rare. This is the 

case in the natural pine forests in Florida and temperate forests in Canada which 

are dominated by a few tree species. The tropics are important centres for 

biodiversity possibly because living conditions are not too extreme (no frost, 

snow or ice), there is light of high intensity all year round and birds and mammals 

do not need to expend energy keeping warm. For example, there are about 1500 

species of bird in Central America, but only 300 in the Northwest Territories of 

Canada. 

Genetic diversity 

Genetic diversity is the diversity of alleles within the genes in the genome of a 

single species. All the individuals of a species have the same genes, but they do 

not all have the same alleles of those genes. The genetic differences between 

populations of the same species exist because populations may be adapted 

slightly differently in different parts of their range. There is also genetic diversity 

within each population. This diversity is important in providing populations with 
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the ability to adapt to changes in biotic and abiotic factors, such as competition 

with other species. 

Classification 

Classification is the grouping together of things on the basis of features they have 

in common. This process is a fundamental part of human nature which develops 

in early childhood. There are two main types of classification: 

 Artificial classifications 

 Natural classification 

Artificial classifications place organisms into groups for purpose of convenience. 

These groups are usually based on one or a few easily observable features. For 

example, organisms can be placed into groups according to where they live, how 

they move, or their size. 

 Natural classification attempt to group organisms according to their 

relationships. The grouping is based on many features, internal as well as 

external, and uses information from many branches of biology. 

Taxa a series of groups arranged in hierarchy. Each group is called taxon and 

contains organisms sharing some basic features indicating that they have a 

common ancestry. There are seven main taxa: 

 Kingdom,  

 phylum,  

 class,  

 order,  

 family,  
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 genus and  

 Species. 

They are listed in descending order of size so that the kingdom in the largest 

taxon, containing many organisms with the fewest features in common. The 

species is the most exclusive group, containing the fewest organisms: they are 

so similar that they can interbreed. 

Taxonomy The study of the classification of living organisms, including its 

principles, practice and rules. 

Binominal nomenclature is based on binominal system. In this system, each type 

of organism is given a name consisting of two words: the first word is the generic 

name (the name of the genus) and begins with an upper case letter; the second 

word is the specific name (the name of the species) and begins with a lower case 

letter. The two words are printed in italics. E.g. Humans belong to genus Homo 

and the species sapiens and are given the name Homo sapiens. 
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Kingdom organisms are placed into kingdoms based on their ability to make food 

and the number of cells in their body. 

Phylum In the Plant Kingdom, phyla are sometimes called divisions. In the Animal 

Kingdom, there are 35 different phyla.  

Class, Order, Family these levels become even more specific. Each level has 

fewer organisms that have more in common with each other as you move down 

the levels. 

Genus contains closely related organisms. The genus is the first word in an 

organism’s scientific name. 

Species consists of all the organisms of the same type which are able to breed 

and produce young of the same kind. The species is the second word in an 

organism’s scientific name. 

Most scientists classify organisms into 5 kingdoms Plants, Animals, Protists, 

Fungi, and Monera.  

Plants (Plantae) the plant kingdom is made up of plants. Plants are autotrophs, 

they make their own food. Plants are eukaryotes; they are made up of many 

cells. Plants are divided into 2 groups: vascular and nonvascular. 

Animals (Animalia) the animal kingdom is made up of animals. Animals are 

heterotrophs- they must obtain food by eating it. Animals are eukaryotes. The 

35 phyla are divided into two groups: vertebrates and invertebrates. 

Fungi the fungi kingdom is made up of molds, yeasts, and mushrooms. Fungi are 

heterotrophs because they must absorb their food. Yeasts are one celled, while 
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molds and yeasts are eukaryotes. Their cells have a nucleus, a cell wall, and no 

chlorophyll. Most fungi are decomposers, they break down dead organisms. 

Protists (Protista) the protists are made up of organisms that cannot easily fit 

into the plant, animal, or fungi kingdoms. They are one celled organisms with a 

nucleus or simple multicelled organisms. Some protists are autotrophs, some are 

heterotrophs. 

Monera the Monera kingdom is made up of bacteria. Their cells do not contain 

a nucleus. Some bacteria are autotrophs, some are heterotrophs. 

Conversation 

Ecological reasons 

There are ecological reasons why biodiversity matters. In general, the higher the 

diversity of an ecosystem, the less likely it is to be unbalanced by changes in 

conditions or threats such as pollution. All the organisms in an ecosystem 

interact in many different ways, and, as we have seen, if one key species 

disappears, this can affect the whole community. We are part of many 

ecosystems and rely on them in many ways. Ecosystems are of direct value to 

humans. Many of the drugs that we use originate from living organisms. 

Antibiotics are isolated from fungi and bacteria; anticancer drugs have been 

isolated from plants such as the Madagascan periwinkle, Catharanthus roseus, 

and the Pacific yew tree, Taxus brevifolia, which is the source of the drug 

paclitaxel (better known as Taxol). The natural habitat of the Madagascan 

periwinkle has been almost lost, largely because of slash-and-burn agriculture; 

fortunately, the plant is able to survive in artificial habitats, such as along 

roadsides, and is now cultivated in many countries. The Himalayan yew, which is 
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also a source of paclitaxel, is threatened by over-harvesting for medicinal use 

and collection for fuel. There is currently much interest in cataloguing plants 

used in traditional Chinese and Indian medicines to see if they can provide drugs 

that can be mass-produced.  

Aesthetic reasons 

There is an aesthetic argument for maintaining biodiversity. Many people gain 

pleasure from studying or just appreciating the natural world, which continues 

to provide much inspiration for artists, photographers, poets, writers and other 

creative people. Wildlife is a source of income for many countries as ecotourism 

has increased in popularity. Countries such as Belize, Malaysia, the Maldives and 

Costa Rica encourage tourists to visit their National Parks. This form of tourism 

provides employment and contributes to the economies of these nations. Social 

and commercial reasons our crop plants do not have as much genetic diversity 

as their wild relatives, because it has been lost by selective breeding for uniform, 

high-yielding crops. The wild relatives of maize grow in the states of Oaxaca and 

Puebla in Mexico; they can provide the genetic resources we might need to 

widen the genetic diversity of cultivated maize if it is affected by disease or by 

other catastrophes. Many of these wild relatives are threatened by climate 

change, habitat destruction and perhaps the spread of genetically modified 

crops. A species of rice, Oryza longistaminata, which grows wild in Mali in North 

Africa, is not suitable for cultivation as a crop plant because of its low yield and 

poor taste. However, it is resistant to a large number of different strains of the 

disease of rice known as bacterial blight. It has been successfully interbred with 

cultivated rice, O. sativa (to give varieties of rice with resistance to the disease. 

Another plant example is the potato. There are about 150 species of potato 
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growing in the Andes, but outside that region the world’s crop comes from a 

single species, Solanum tuberosum.This means that the crop is vulnerable to 

diseases, such as potato blight. The International Potato Center (CIP) in Peru has 

used the Andean species as a source of alleles for resistance. These alleles have 

been introduced into the crop species both by interbreeding and by gene 

technology. Obviously it is important to conserve all the Andean potato species. 

Few give any thought to the contribution of microorganisms, which are the 

source of many useful products, not least antibiotics. The heat-stable enzyme 

Taq polymerase was discovered in a thermophilic bacterium, Thermus aquaticus, 

from a hot spring in Yellowstone National Park in the USA. This enzyme is mass 

produced by genetically modified bacteria for use in the polymerase chain 

reaction which is used by forensic and other scientists to increase quantities of 

DNA for analysis. There are likely to be many other such compounds, especially 

enzymes, in archaeans that live in extreme conditions not unlike those in some 

industrial processes. 

Zoos 

Zoos provide protection for endangered and vulnerable species, and have had 

success with captive breeding programmes, often with the long-term aim of 

reintroducing the animals to their natural habitat. For example, The Durrell 

Wildlife Conservation Trust at the Jersey Zoo has been involved with the captive 

breeding of various species of tamarins from Brazil.A problem with breeding 

animals from small populations is inbreeding. The cheetah, Acinonyx jubatus, is 

a species classified by the IUCN as vulnerable. Genetic diversity among cheetahs 

is very low because they nearly became extinct 10 000 years ago and only a few 

survived. Maintaining the genetic diversity is an aim in the conservation of many 
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species, including the cheetah. In the wild, female cheetahs tend to mate with 

many different males, which helps to increase genetic diversity in the 

population. Zoos also have an important role in research, especially in trying to 

gain a better understanding of breeding habits, habitat requirements and ways 

to increase genetic diversity. The Zoological Society of London (ZSL), like many 

large zoos, has an important programme of research. The major goal of captive 

breeding is to reintroduce animals to their natural habitat. This can prove 

extremely difficult as there are many factors that affect the success of these 

schemes. The Emperor Valley Zoo in Trinidad, in collaboration with Cincinnati 

Zoo in the USA, has successfully reintroduced captive-bred blue-and-gold 

macaws, Ara ararauna, to the nearby Nariva Swamp. The scimitar-horned oryx, 

Oryx dammah, was driven almost to extinction in its habitat, the semi-deserts in 

northern Africa, by hunting for its meat and skin. During the 1960s and 1970s, it 

was recognised that if nothing was done, the oryx would become extinct. A few 

oryx were caught and transported to zoos in several places around the world. A 

captive breeding programme was successful and breeding herds of these animals 

have been established in reserves in North Africa. 

Problems of successful conservation 

Conservation practices have been too successful and the organism saved from 

extinction has increased in numbers beyond the capacity of the ecosystem to 

sustain such numbers. Culling is often used to reduce numbers although it is a 

practice that arouses much emotion, especially when it is used to control the 

numbers of elephants. Between 1966 and 1994 more than 16 000 elephants 

were culled in the Kruger National Park, South Africa, to limit the growth of the 

population. Transferring animals to places where there are small populations is 
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one option, but that is not easy over large distances and is expensive. An 

alternative is to use methods of birth control. San Diego Zoo has experimented 

with sedating male wild mammals and cutting their sperm ducts 

(vasectomy).These antibodies attach to the glycoproteins around the female’s 

own eggs, so blocking sperm from fertilising the egg. This method has a 90% 

success rate in mammals. 

Botanic gardens 

Botanic gardens play similar roles to zoos for endangered plants. Seeds or 

cuttings are collected from species in the wild and then used to build up a 

population of plants from which, one day, some plants may be reintroduced to 

their natural habitats. It is also possible to take small samples of cells and grow 

them on agar in sterile conditions. The cells divide by mitosis to give a mass of 

cells that can be cloned by subdividing them. When the cells are transferred to a 

medium containing an appropriate mixture of plant hormones, they grow stems 

and roots and can then be transferred to grow in soil. These techniques of tissue 

culture and cloning are used to produce large numbers of plants from a few 

original specimens. The roles of botanic gardens are to: 

 Protect endangered plant species; the world’s botanic gardens already 

cultivate around one-third of the world’s known plant species, many of 

which are increasingly threatened in the wild by environmental 

degradation and climate change. 

 Research methods of reproduction and growth so that species cultivated 

in botanic gardens can be grown in appropriate conditions and be 

propagated 
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 Research conservation methods so plants can be introduced to new 

habitats if their original habitat has been destroyed 

 Reintroduce species to habitats where they have become very rare or 

extinct 

 Educate the public in the many roles of plants in ecosystems and their 

economic value. 

Controlling alien species 

People have been responsible for the movement of species about the globe by 

trading animals and plants or unwittingly carrying them on ships. Some species 

have been introduced as biological control agents to control pests. The small 

Indian mongoose, Herpestes auropunctatus, was introduced to Jamaica in 1872 

and proved so successful at controlling rats in the cane fields that it was 

introduced elsewhere. Unfortunately, it then became a predator of other 

animals. Perhaps the most notorious introduction is the cane toad, introduced 

to Queensland, Australia from Hawaii in 1935 to control an insect pest of sugar 

cane. In Australia, the cane toad has become a pest as it breeds rapidly and has 

spread across the eastern, northern and western parts of the country. The cane 

toad has few predators in Australia, mainly because it produces a powerful toxin 

that kills most animals that eat it. The species known to be most at risk from 

invasion by cane toads is the northern quoll, Dasyurus hallucatus, which tries to 

eat the toads. Numbers of this endangered marsupial carnivore decrease steeply 

after cane toads invade its habitat. Cane toads probably compete with some 

other amphibian species for food and are known to eat the chicks of a ground-

nesting bird, the rainbow bee-eater, Merops ornatus. Other alien species are 

escapees or animals introduced for sport. It is thought that the rabbit, 
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introduced to Australia in the 19th century, has been responsible for more loss 

of biodiversity there than any other factor. Burmese pythons have invaded the 

Everglades National Park in Florida, probably because pet owners found that 

they could not look after them anymore and just let them go into the wild. The 

pythons feed on a wide variety of mammals and birds so competing with native 

predators. 

World Wide Fund for Nature 

The World Wide Fund for Nature (WWF) is one of the best known campaigning 

groups for wildlife. Established in 1961, WWF is the largest international non-

governmental organisation (NGO) specializing in conservation. It funds 

conservation projects, publicises environmental issues and campaigns to save 

ecosystems from degradation and species from extinction. One of its recent 

campaigns is to stop prospecting for oil in Africa’s oldest national park. The 

Virunga National Park in the Democratic Republic of the Congo (DRC) is one of 

the last refuges of the mountain gorilla, Gorilla beringei beringei, in the wild. 

Restoring degraded habitats 

Conservation involves restoring areas that have been degraded by human 

activity or by natural catastrophes, such as flood, fire, hurricane, typhoon and 

earthquake. This can be done on a small scale when a farmer decides to plant 

trees on land that is no longer needed for food production or has become 

degraded by overuse. Mangrove forests are found throughout the tropics. This 

is an extremely rich ecosystem that provides valuable protection to coastlines 

from storms. Many mangrove forests have been cut down to make way for 

coastal developments.  
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One place where replanting mangroves is important is in the Sunderbans delta 

region which covers some 26 000 square kilometers in India and Bangladesh and 

now has the largest mangrove forest in the world. This area with high diversity 

is at risk of rising sea levels and planting mangrove is thought likely to offer some 

protection against the effects of this. Mangrove forests provide important 

‘ecosystem services’. They reduce coastal erosion by reducing the effects of 

strong waves during storms and they act as a barrier to rising sea levels by 

trapping sediment. They are also important nurseries for young fish. 

***** 
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19. Genetic Technology 
 

Introduction 

Genetic engineering refers to the direct manipulation of DNA to alter an 

organism’s characteristics (phenotype) in a particular (pre-determined) way. This 

is alternatively called recombinant DNA technology or Gene Cloning.  

The first genetically modified organism to be created was a bacterium, in 1973. 

In 1974, the same techniques were applied to mice. In 1994 the first genetically 

modified foods were made available. Genetic Engineering Technology has made 

possible the manipulation of genetic information and has been described as the 

new revolution in science. It is responsible for the development of new industrial 

applications and areas of basic research. In the pharmaceutical field, it has 

applications to the production of natural and synthetic drugs (proteins/enzymes) 

at levels that cannot be achieved by conventional methods.  

Genetic engineering has a number of useful applications, including scientific 

research, agriculture, technology and many other industries. In plants, genetic 

engineering has been applied to improve the resilience, nutritional value and 

growth rate of crops such as potatoes, tomatoes and rice. In animals it has been 

used to develop sheep that produce a therapeutic protein in their milk that can 

be used to treat cystic fibrosis, or worms that glow in the dark to allow scientists 

to learn more about diseases such as Alzheimer’s. 

Genetic Engineering Technology can be applied diagnostically to detect disease 

or the potentiality of disease. Not only is it being used to improve industrial 
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processes for the production of current market drugs, but also to generate novel 

drugs for the future. There is also the potential that this technology will correct 

defective genes in humans with genetic diseases. Genetic Engineering is not a 

single technique but represents a collection of interrelated techniques, including 

recombinant DNA technologies. 

The structure of DNA, and the way in which it codes for protein synthesis, was 

worked out during the 1950s and 1960s. The aim of Genetic Engineering is to 

remove a gene (or genes) from one organism and transfer it into another so that 

the gene is expressed in its new host. The DNA that has been altered by this 

process and which now contains lengths of nucleotides from two different 

organisms is called recombinant DNA (rDNA). The organism which now 

expresses the new gene or genes is known as a transgenic organism or a 

genetically modified organism (GMO). There are many different ways in which a 

GMO may be produced, but these steps are essential. 

 The gene that is required is identified. It may be cut from a chromosome, 

made from mRNA by reverse transcription or synthesised from 

nucleotides. 

 Multiple copies of the gene are made using the technique known as the 

polymerase chain reaction (PCR). 

 The gene is inserted into a vector which delivers the gene to the cells of 

the host organism. Examples of vectors are plasmids, viruses and 

liposomes. 

 The vector takes the gene into the cells. 
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 The cells that have the new gene are identified and cloned. There are 

many different ways in which a GMO may be produced, but these steps 

are essential. 

 

19.1. Principles of genetic technology 
 

Explanation of Genetic Engineering Technology 

Genetic engineering, sometimes called genetic modification, is the process of 

altering the DNA, in an organism’s genome. This may mean changing one base 

pair (A-T or C-G), deleting a whole region of DNA, or introducing an additional 

copy of a gene. It may also mean extracting DNA from another organism’s 

genome and combining it with the DNA of that individual. Genetic engineering is 

used by scientists to enhance or modify the characteristics of an individual 

organism. Genetic engineering can be applied to any organism, from a virus to a 

sheep. For example, genetic engineering can be used to produce plants that have 

a higher nutritional value or can tolerate exposure to herbicides. 

Steps involved in Genetic Engineering 

In short, gene cloning is essentially the insertion of a specific piece of 'desired 

DNA' into a host cell in such a way that the inserted DNA is replicated and handed 

onto daughter cells during cell division. The main factors involved in Genetic 

Engineering (gene cloning) are as follows. 

o Isolation of the gene to be cloned. 
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o Insertion of the gene into another piece of DNA called vector which will 

allow it to be taken by bacteria and replicated within them as the cells 

grow and divide. 

o Transfer of the recombinant vector into bacterial cells, either by 

transformation or by infection using viruses. 

o Selection of those cells which contain the desired recombinant vectors. 

o Growth of the bacteria, which can be continued indefinitely, to give the 

exact desired cloned DNA. 

o Expression of the gene to obtain the desired product. 

Isolation of DNA Fragments 

The desired DNA fragments can be isolated by means of four mechanisms.   

Restriction endonuclease digestion: It uses the restriction enzymes to cleave the 

desired region of the DNA. They are a group of enzymes that recognizes specific 

nucleotide sequences in DNA, often 4 or 6 base pairs long, and cut both strands 

of DNA within the recognition site. They are site specific. Two types of cuts are 

made by these enzymes: 

i. Blunt ends: If it cleaves both DNA strands at precisely opposite points on 

the two strands, it leads to blunt end fragments which are difficult to 

ligate or join to the vector in the next step.  

ii. Cohesive ends: In some cases the two DNA strands are not cut directly at 

opposite points, instead, the cuts are staggered forming cohesive ends 

(sticky ends). Sticky ends are best suited for cloning purposes as the 

staggering ends facilitate binding of another piece of DNA. 
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Mechanical shearing: It is done by sonication (use of sound waves to shear the 

DNA) or by forcing the DNA molecule using a syringe. 

Duplex cDNA synthesis: Sometimes it is possible to synthesize a complimentary 

DNA (cDNA) strand to that of the desired DNA. It is done by two methods: 

i. Classical method: Here oligonucleotide dT primers, klenow fragment of 

T4 DNA polymerase and S1 nuclease is used to synthesize cDNA. 

ii. New method: Here terminal transferase and dCTP primer is used. After 

removing any contaminating mRNA by sucrose gradient, oligo dGTP 

primer is added to synthesize the second DNA strand. 

Direct chemical synthesis: The desired DNA fragment can be synthesized if the 

sequence of the desired DNA is known. 

Insertion of the desired gene into a vector 

Once the desired DNA fragment is obtained it has to be transferred to the host 

cell. Cloning vehicles such as small plasmids, phage or (animal virus DNA 

molecules) are used to transfer a DNA fragment into a living cell. Cloning vehicles 

are also called vectors.  They should have the following properties: 

o Origin of replication to enable independent replication. 

o Presence of recognition sites for restriction enzymes for insertion of the 

DNA fragment. 

o Must be able to replicate in host cell after transfer. 

o Presence of several markers for selection / screening. 

The desired gene then can be inserted or ligated into the vector by different 

methods: 
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Homo-polymer tailing: Here same bases are added to the terminal end. For 

example, 8 mol of poly G tail is added by means of terminal transferase. Thus the 

complementary strand synthesizes a poly C tail. So the incoming DNA need not 

be cut. 

Linker molecule: In case of absence of restriction enzymes site, a short sequence 

which bears a site for a specific restriction enzyme is introduced and ligated to 

the DNA by the enzyme DNA ligase. For non-complementary single strand, 

linkers are used along with adaptors. 

Blunt end ligation: In case of blunt ends in the DNA and the vector, high 

concentration of both plasmid and insert DNA is required and DNA ligase is used 

to ligate them. Self-ligation is found to occur in low concentration. 

Ligation of cohesive terminals: This is more effective and naturally occurring 

 Restriction enzymes are DNA-cutting enzymes. Each enzyme recognizes 

one or a few target sequences and cuts DNA at or near those sequences. 

 Many restriction enzymes make staggered cuts, producing ends with 

single-stranded DNA overhangs. However, some produce blunt ends. 

 DNA ligase is a DNA-joining enzyme. If two pieces of DNA have matching 

ends, ligase can link them to form a single, unbroken molecule of DNA. 

 In DNA cloning, restriction enzymes and DNA ligase are used to insert 

genes and other pieces of DNA into plasmids. 

Microarray 

Microarrays have proved a valuable tool to identify the genes present in an 

organism’s genome and to find out which genes are expressed within cells. They 
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have allowed researchers to study very large numbers of genes in a short period 

of time, increasing the information available. A microarray is based on a small 

piece of glass or plastic usually 2 cm2. Short lengths of single stranded DNA are 

attached to this support in a regular two-dimensional pattern, with 10 000 or 

more different positions per cm2. Each individual position has multiple copies of 

the same DNA probe. It is possible to search databases to find DNA probes for a 

huge range of genes. 

Genome analysis 

 compare genes present in two different species. DNA collected from each 

species, cut to fragments and denatured, labelled with fluorescent tags. DNA 

samples are mixed together and hybridised with DNA probes on the microarray 

--> inspected with UV light, causing the tags to fluoresce . 

Colour 

 DNA has hybridised with probe. 

 No colour 

 DNA not hybridised, gene not present. 

Gene expression  

Detecting mRNA to identify genes that are being transcribed to mRNA intensity 

of light emitted from spots = level of activity of genes. 

Bioinformatics 

Bioinformatics is the collecting, processing and analysis of biological information 

and data using computer software. Bioinformatics build databases which hold 
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gene sequences and sequences of complete genomes. These sequences can be 

matched calculate degrees of similarity (close similarities indicate recent 

common ancestry).Human genes may be found in other organisms and are used 

to model for investigating the way in which such genes have their effects. 

 e.g.: Plasmodium genome: used to find new methods to control parasites 

reading the gene sequences provides information to develop vaccines for 

malaria. 

Advantages of using human proteins produced from recombinant DNA 

Insulin  

To understand the process of genetic engineering better, let us take the example 

of insulin, a protein that helps regulate the sugar levels in our blood.  

Normally insulin is produced in the pancreas, but in people with type 1 diabetes 

there is a problem with insulin production. People with diabetes therefore have 

to inject insulin to control their blood sugar levels. Genetic engineering has been 

used to produce a type of insulin, very similar to our own, from yeast and 

bacteria like E. coli. This genetically modified insulin, ‘Humulin’ was licensed for 

human use in 1982. 

o A small piece of circular DNA called a plasmid is extracted from the 

bacteria or yeast cell. 

o A small section is then cut out of the circular plasmid by restriction 

enzymes, ‘molecular scissors’. 

o The gene for human insulin is inserted into the gap in the plasmid. This 

plasmid is now genetically modified. 
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o The genetically modified plasmid is introduced into a new bacteria or 

yeast cell. 

o This cell then divides rapidly and starts making insulin. 

o To create large amounts of the cells, the genetically modified bacteria or 

yeast are grown in large fermentation vessels that contain all the 

nutrients they need. The more the cells divide, the more insulin is 

produced. 

o When fermentation is complete, the mixture is filtered to release the 

insulin. 

o The insulin is then purified and packaged into bottles and insulin pens for 

distribution to patients with diabetes. 
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Factor VIII - genetically modified hamster cells produce factor VIII 

Factor VIII is extracted and purified before being used to treat patients with 

hemophilia avoids the risk of infection e.g. HIV from donated blood 
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Adenosine deaminase (ADA)  

It used to treat SCID (severe combined immunodeficiency disease) produced 

from genetically modified larvae of cabbage looper moth caterpillar 

administered to patients when: 

 Waiting for gene therapy 

 Gene therapy is not possible 

19.2. Genetic technology applied to medicine 

Genetic technology allows products specific to humans to be made. Other 

human proteins are produced by similar techniques for example: 

 Human growth hormone 

 Thyroid stimulating hormone 

 A blood clotting protein. 

There are advantages in using bacteria, yeasts and cultures of mammalian cells 

to produce these proteins. These cells have simple nutritional requirements; 

large volumes of product are produced; the production facilities do not require 

much space and the processes can be carried out almost anywhere in the world. 

There are few practical and ethical problems, because proteins do not have to 

be extracted from animal sources or by collecting blood from many donors. The 

disadvantage of using bacteria to produce human proteins is that bacteria do not 

modify their proteins in the same way that eukaryotes do. It is much better, 

therefore, to use eukaryotic cells to produce human proteins.  
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Genetic screening 

Genetic screening is the analysis of a person’s DNA to check for the presence of 

a particular allele. This can be done in adults, in a fetus or embryo in the uterus, 

or in a newly formed embryo produced by in-vitro fertilisation. An adult woman 

with a family history of breast cancer may choose to be screened for the faulty 

alleles of the genes Brca-1 and Brca-2, which considerably increase an 

individual’s chance of developing breast cancer. In 1989, the first ‘designer baby’ 

was created. Officially known as pre-implantation genetic diagnosis (PGD), the 

technique involved mixing the father’s sperm with the mother’s eggs (oocytes) 

in a dish – that is, a ‘normal’ IVF procedure. It was the next step that was new. 

At the eight-cell stage, one of the cells from the tiny embryo was removed. The 

DNA in the cell was analysed and used to predict whether or not the embryo 

would have a genetic disease for which both parents were carriers. An embryo 

that was not carrying the allele that would cause the disease was chosen for 

implantation, and embryos that did have this allele were discarded.Since then, 

many babies have been born using this technique. It has been used to avoid 

pregnancies in which the baby would have had Duchenne muscular dystrophy, 

thalassaemia, haemophilia, Huntington’s disease and others. In 2004, it was first 

used in the UK to produce a baby that was a tissue match with an elder sibling, 

with a view to using cells from the umbilical cord as a transplant into the sick 

child. For some time, genetic testing of embryos has been leaving prospective 

parents with very difficult choices to make if the embryo is found to have a 

genetic condition such as Down’s syndrome or cystic fibrosis. The decision about 

whether or not to have a termination is very difficult to make. Now, though, 

advances in medical technology have provided us with even more ethical issues 

to consider. The ethics of genetic screening in 2004, UK law allowed an embryo 
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to be chosen that did not have an allele for a genetic disease, and also one that 

did have a tissue type that would allow a successful transplant into a sick elder 

brother or sister. But it did not allow the addition of an allele to an egg, sperm 

or zygote. A line has to be drawn somewhere, but feelings can run high. Many 

people believe that the law is allowing too much, while others think that it should 

allow more. Other countries have different attitudes and different regulations. 

There is still controversy over other, long-established outcomes of genetic 

screening. For example, a fetus can now be screened for a genetic disease while 

in the uterus, using amniocentesis or chorionic villus sampling. The parents may 

then decide to have the pregnancy terminated if the embryo is found to have a 

genetic disease. However, there have been cases where this decision has been 

made even though the ‘defect’ has been a relatively minor one with which the 

child could be expected to lead a fairly normal life. Some parents have decided 

to terminate pregnancies simply because the child is not the sex that they want. 

They have also used PGD to select the sex of the embryo that they choose to 

implant. Many think that this sex preselection, as it is called, is totally unethical. 

Amniocentesis is used to obtain a sample of amniotic fluid at 15 to 16 weeks of 

pregnancy. Various tests can be carried out on this sample to check the health 

of the fetus. Most amniocentesis samples, however, are to look for chromosomal 

mutations. Ultrasound scanning is used to visualize the fetus and to locate the 

position of the placenta, fetus and umbilical cord.  

Gene therapy 

Gene therapy: treatment of a genetic disorder by altering a person's genotype 

(insert functional alleles of genes into cells). 
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Common vectors 

 Virus: retrovirus, lentivirus, HIV, Adeno-associated virus (AAV) 

 Liposomes: small spheres of phospholipids 

 Naked DNA 

 Retrovirus 

Inserts genes randomly into host's genome. If the gene is inserted into another 

gene or regulatory sequence of a gene, it could activate a nearby gene and cause 

cancer. 

 
 

 

Lentivirus 

 Inserts genes randomly into host's genome, but this virus can be modified to 

inactivate replication e.g.HIV 

Adeno-associated virus (AAV) 

 Does not insert genes into host genome gene is not passed to daughter cells 

when a cell divides --> the virus can be used successfully with long-lived cells. 

http://3.bp.blogspot.com/-UIR0c5YrBeA/V3ozhIzaTAI/AAAAAAAAcnY/_7n7m50MCOQ30XlP24Df7KVqWKtiPueawCK4B/s1600/retrovirus.jpg
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Severe combined immunodeficiency (SCID)  

 A crippled immune system 

 Sufferers may die at infancy due to normal infections 

 Inability to make adenosine deaminase (ADA) 

T-lymphocytes of sufferers are removed and normal alleles of the ADA gene are 

introduced into them using a virus vector. This is not a permanent cure. 

Cystic fibrosis 

Genetic disorder where abnormally thick mucus is produced in the lungs and 

other body parts. It is caused by a recessive mutated allele of the gene for a 

http://3.bp.blogspot.com/-GR7aO9bo9CE/V3o0Mdkt6YI/AAAAAAAAcnk/tglVfCo4dW0Y9mrXVkxAUIZfzY2OhsU2QCK4B/s1600/F3.large.jpg
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functional transporter protein for chloride ions. Deletion mutation of 3 bases 

(AAA) in CFTR gene. 

Role of CFTR 

 Transport chloride ions across epithelial cell membranes of the pancreasm 

alveoli in the lungs. Water follows via osmosis across membranes as water 

potential decreased due to the entry of chloride ions membranes remain moist 

and runny. 

Sufferers of cystic fibrosis 

 CFTR non-functional water is retained inside cell results in dry membranes and 

sticky mucus. 

 
 

Symptoms 

 Thick mucus accumulates in lungs breathing difficulties and higher risks 

of infections. 
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 Thick mucus blocks pancreatic duct and therefore blocks off oral 

enzymes that help digestion. 

 Male infertility: thick mucus blocks sperm ducts. 

Somatic and germ cell therapy 

 Somatic cells = body cells. 

 Germ cells = cells involved in sexual reproduction (alleles in the germ 

line are passed on through generations and generations). 

Applications 

 Electrophoresis of DNA is used in genetic profiling (fingerprinting) in 

forensic science.PCR is also used in forensic science to solve crimes: used 

to amplify DNA from small tissue samples. 

19.3. Genetically modified organisms in agriculture 
 

The ability to manipulate genes has many potential benefits in agriculture, but 

the implications of releasing genetically modified organisms (GMOs) into the 

environment are subject to much public debate in some countries. 

Genetically modified plants 

Proteins for use in medicine can be produced from genetically modified plants, 

so avoiding any problem of contamination by animal proteins. Examples include 

vaccines, albumin and the proteins found in breast milk that are used to treat 

diarrhoea in infants. However, the vast bulk of genetically modified plants grown 

around the world are crop plants modified to be resistant to herbicides, such as 

glufosinate and glyphosate, or crops that are resistant to insect pests. These 
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modifications increase crop yield. A few crops, such as vitamin A-enhanced rice, 

provide improved nutrition.  

Herbicide-resistant crops 

Oil seed rape, Brassica napus, is grown in many parts of the world as a source of 

vegetable oil which is used as biodiesel fuel, as a lubricant and in human and 

animal foods. Natural rape seed oil contains substances (erucic acid and 

glucosinolates) that are undesirable in oil that is to be used in human or animal 

food. A hybrid, bred in Canada to produce low concentrations of these 

undesirable substances, was called canola (Canadian oilseed low acid). 

Gene technology has been used to produce herbicide resistant strains. Growing 

an herbicide-resistant crop allows fields to be sprayed with herbicide after the 

crop has germinated, killing any weeds that would otherwise compete with the 

crop for space, light, water or ions. This increases the yield of the crop. Oil seed 

rape that is resistant to the herbicide glyphosate, or to the related glufosinate, 

is grown in a number of countries. Glyphosate inhibits an enzyme involved in the 

synthesis of three amino acids: phenylalanine, tyrosine and tryptophan. 

Glyphosate is absorbed by a plant’s leaves and is transported to the growing tips. 

The amino acids are needed for producing essential proteins, so the plant dies. 

Various microorganisms have versions of the enzyme involved in the synthesis 

of phenylalanine, tyrosine and tryptophan that are not affected by glyphosate. 

The gene that was transferred into crop plants came from a strain of the 

bacterium Agro bacterium. The effects on the environment of growing an 

herbicide-resistant crop are that: 

 The genetically modified plant will become an agricultural weed. 
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 Pollen will transfer the gene to wild relatives, producing hybrid offspring 

that are invasive weeds. 

 Herbicide-resistant weeds will evolve because so much of the same 

herbicide is used. 

Insect-resistant crops 

Another important agricultural development is that of genetically modified 

plants protected against attack by insect pests. Maize is protected against the 

corn borer, which eats the leaves of the plants and then burrows into the stalk, 

eating its way upwards until the plant cannot support the ear. Cotton is 

protected against pests such as the boll weevil. In both plants, yield is improved. 

Insect-resistant tobacco also exists, and is protected against the tobacco bud 

worm, but as yet it has not been grown commercially. The most likely 

detrimental effects on the environment of growing an insect-resistant crop are: 

 The evolution of resistance by the insect pests. 

 A damaging effect on other species of insects. 

 The transfer of the added gene to other species of plant. 

A gene for a toxin, BT toxin, which is lethal to insects that eat it but harmless to 

other animals, has been taken from a bacterium, Bacillus thuringiensis. Different 

strains of B. thuringiensis produce different toxins that can be used against 

different insect species. Crop plants that contain the Bt toxin gene from B. 

thuringiensis produce their own insecticides. However, insect populations can 

evolve resistance to toxins. Large numbers of crop plants containing the genes 

for Bt toxin may accelerate the evolution of resistance to it. Many populations 

of corn borers in the USA are now resistant to Bt toxin. From the outset, growers 
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have been encouraged to plant up to 50% of their maize as non-genetically 

modified maize in so called ‘refuges’. Bt resistance in corn borers happens to be 

a recessive allele. Adult corn borers in the refuges are mostly homozygous 

dominant or heterozygous. These insects supply the dominant alleles to 

counteract resistance when adult corn borers from fields and refuges mate. The 

pollen of Bt maize (corn) expresses the gene and has been found to disperse at 

least 60 m by wind. In the USA, milkweed frequently grows around the edge of 

maize fields and is a food source for the caterpillars of the monarch butterfly. 

Half of the summer population of monarch butterflies is found in the maize-

growing areas of the USA. An experiment was set up in which caterpillars were 

fed milkweed leaves dusted with pollen from Bt maize, pollen from unmodified 

maize or no pollen at all. Caterpillar survival after four days of feeding on leaves 

dusted with pollen from Bt maize was 56%, whereas no caterpillars died after 

eating leaves dusted with pollen from unmodified maize or leaves with no pollen. 

However, further studies have shown that this laboratory-based experiment 

does not reflect the situation in the field, where the butterflies and caterpillars 

are not normally present at the time when pollen is shed. 
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Golden Rice 

 

Rice is a staple food in many parts of the world. Where people are poor and rice 

forms the major part of their diet, deficiency of vitamin A is a common and 

serious problem. Vitamin A deficiency can cause blindness. The World Health 

Organization estimates that as many as 500 000 children go blind each year as a 

result of vitamin A deficiency. Even more importantly, lack of vitamin A can cause 

an immune deficiency syndrome, and this is a significant cause of mortality in 

some parts of the world, particularly in children. It is estimated that, in 2010, 

more than two and half million children died of vitamin A deficiency. Vitamin A 

is a fat-soluble vitamin found in oily fish and animal products such as eggs, milk, 

cheese and liver. It is also made in our bodies from carotene, the orange 

carotenoid pigment found in carrots.  Pro-vitamin A carotenoids are also present 

in the aleurone layer of rice grains, but not in the endosperm, the energy storage 

tissue in the seed that humans eat. The aleurone layer is removed from rice 

when it is polished to produce white rice. Brown rice still contains the aleurone 
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layer. The aleurone layer goes rancid if the rice is stored for any length of time, 

which is why white rice is produced and usually eaten instead. Children of 

families living in poverty often lack animal products in their diets as they are too 

expensive.  

Genetically modified organisms (GMOs) in food production 

Some genetically modified plants are grown in strict containment in glasshouses, 

but a totally different set of problems emerges when genetically engineered 

organisms such as crop plants and organisms for the biological control of pests 

are intended for use in the general environment. These genetically modified 

crops are as follows. 

 The modified crop plants may become agricultural weeds or invade 

natural habitats. 

 The introduced gene(s) may be transferred by pollen to wild relatives 

whose hybrid offspring may become more invasive. 

 The introduced gene(s) may be transferred by pollen to unmodified 

plants growing on a farm with organic certification. 

 The modified plants may be a direct hazard to humans, domestic animals 

or other beneficial animals, by being toxic or producing allergies. 

 The herbicide that can now be used on the crop will leave toxic residues 

in the crop. 

 Genetically modified seeds are expensive, as is herbicide, and their cost 

may remove any advantage of growing a resistant crop. 
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 Growers mostly need to buy seed each season, keeping costs high, unlike 

for traditional varieties, where the grower kept seed from one crop to 

sow for the next. 

 In parts of the world where a lot of genetically modified crops are grown, 

there is a danger of losing traditional varieties with their desirable 

background genes for particular localities and their possibly unknown 

traits that might be useful in a world where the climate is changing. This 

requires a programme of growing and harvesting traditional varieties and 

setting up a seed bank to preserve them. 

 

 

There are now millions of hectares of genetically modified crops and trees 

growing across the world. In the USA in 2011, half the cotton crop and more than 

half the maize and soya crops were genetically modified. Significant areas of 

China, Brazil and India are used for these crops, and farmers in developing 

countries are adopting the products of gene technology with enthusiasm. 
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Genetically modified animals 

 

Genetically modified animals for food production are much rarer than crop 

plants. An example is the GM Atlantic salmon, developed in the USA and Canada. 

A growth-hormone regulating gene from a Pacific Chinook salmon and a 

promoter from another species of fish, an ocean pout, were injected into a 

fertilised egg of an Atlantic salmon. By producing growth hormone throughout 

the year, the salmon are able to grow all year, instead of just in spring and 

summer. As a result, fish reach market size in about eighteen months, compared 

with the three years needed by an unmodified fish. It is proposed to rear only 

sterile females and to farm them in land-based tanks. The characteristics of the 

GM salmon reduce their ability to compete with wild salmon in a natural 

environment. This has led the US Food and Drug Administration (FDA) to declare 

that they are highly unlikely to have any significant effects on the environment 

and as safe as food as conventional Atlantic salmon. In 2013, Canada approved 

the production of GM salmon eggs on a commercial scale, but neither Canada 
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nor the USA FDA had yet given permission for GM salmon to enter the human 

food chain. 
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