Mutations
Any unpredictable change in the structure or amount of DNA of an organism is called a mutation. Most mutations occur in somatic (body) cells and are not passed from one generation to the next. Only those mutations which occur in the formation of gametes can be inherited. These mutations produce sudden and distinct differences between individuals. They are therefore the basis of discontinuous variation.

Mutations occur continually. There is a natural mutation rate which varies from one species to another. In general, organisms with shorter life cycles, and therefore more frequent meiosis, show a greater rate of mutation. A typical rate of mutation is 1 or 2 new mutations per 100,000 genes per generation. This natural mutation rate can be increased artificially by certain chemicals or energy sources. Any agent which induces a mutation is called a mutagen. Most forms of high energy ionising radiation are capable of altering the structure of DNA and thereby causing mutations. These include:

· UV light

· X-rays

· Gamma rays

High energy particles such as α and β particles and neutrons are even more dangerous mutagens. A number of chemicals also cause mutations. These include:

· Formaldehyde

· Nitrous acid

· Mustard gas

Mutations can happen in two ways:
1. DNA is not copied properly before cell division. Sometimes mistakes are made in the copying process so that new chromosomes are faulty. Usually they are small errors, involving only one gene, so they are called gene mutations or point mutations.

2. Chromosomes are damaged and break. If chromosomes break they will normally repair themselves (the DNA will rejoin) but they may not repair themselves correctly. This can lead to changed in the structure of the DNA and may affect large numbers of genes. These are called chromosome mutations.

Most mutations, if expressed, are harmful. Note, however, that in diploid organisms such as us, mutations usually result in recessive alleles. These are expressed only in the homozygous condition unless the mutation is on the X chromosome. Many mutations result in a change in the shape of a protein so that the protein cannot function properly (e.g. sickle-cell anaemia). Mutations that affect a large portion of the gene, and chromosome mutations, are often lethal. However, some mutations have no effect: a mutation may occur in a non-coding region of the DNA; it may produce a different codon for the same amino acid; or the altered amino acid sequence may not affect the protein’s shape or function. Occasionally, a mutation is beneficial, changing the phenotype so that an organism has a better chance of survival and reproduction. Although beneficial mutations are very rare events, they are bound to happen sooner or later if there are a large number of individuals in a population. These mutations are of immense importance because they are the ultimate source of all variation: the raw material for the evolution of new species by natural selection.
Gene mutations

A change in the structure of DNA which occurs at a single locus on a chromosome is called a gene mutation or point mutation. Any change to one or more of the nucleotides which make up our DNA sequence, or any rearrangement of the sequence, will produce the wrong sequence of amino acids in the protein it makes. As this protein is often an enzyme, it may result in it having a different molecular shape and hence prevent it catalysing a reaction. The result will be that the end product of that reaction cannot be produced. This may have a profound effect on the organism. For example, a gene mutation may result in the absence of pigments such as melanin. The organism will be unpigmented i.e. an albino.
There are many forms of gene mutations:

1. Duplication – a portion of a nucleotide chain becomes repeated

2. Addition (insertion) – an extra nucleotide sequence becomes inserted into the chain

3. Deletion – a portion of the nucleotide chain is removed from the sequence

4. Inversion – a nucleotide sequence becomes separated from the chain. It rejoins in its original position, only inverted. The nucleotide sequence of this portion is therefore reversed

5. Substitution – one of the nucleotides is replaced by another which has a different organic base

Sickle-cell anaemia
Sickle cell disease is a disorder that affects the red blood cells, which use a protein called haemoglobin to transport oxygen from the lungs to the rest of the body. Normally, red blood cells are round and flexible so they can travel freely through the narrow blood vessels. 

The haemoglobin molecule has two parts: an alpha and a beta. Patients with sickle cell disease have a mutation in a gene on chromosome 11 that codes for the beta subunit of the haemoglobin protein. Haemoglobin S is produced by a single base mutation that causes valine to be substituted for glutamic acid at the sixth position in the β globulin chain. DNA codes for glutamic acid are CTT or CTC. Two of the codes for valine are CAT or CAC.  In either case, the substitution of A for T as the second base would bring about the formation of haemoglobin S. The mutant gene is codominant. As a result, haemoglobin molecules don't form properly, causing red blood cells to be rigid and have a concave shape (like a sickle used to cut wheat). These irregularly shaped cells get stuck in the blood vessels and are unable to transport oxygen effectively, causing pain and damage to the organs. 
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How do people get sickle cell disease?

The gene mutation which causes sickle-cell disease is codominant. In the homozygous state, the individual suffers sickle-cell disease and frequently dies. In the heterozygous state, the individual has 30-40% sickle cells, the rest are normal. This is called the sickle-cell trait. These individuals suffer less severe anaemia and rarely die from the condition. As they still suffer some disability, it might be expected that the disease would be very rare, if not completely eliminated. Sickle cell disease, however, is common among people from Africa, India, the Caribbean, the Middle East, and the Mediterranean. The high prevalence of the defective gene in these regions may be due to the fact that carriers of a mutation in the beta-subunit of haemoglobin are more resistant to malaria. Malaria is a disease caused by a parasite (Plasmodium) that is transmitted to a person when they are bitten by an infected mosquito. The sometimes fatal disease is common in hot countries, and causes recurring chills and fever. Plasmodium cannot easily invade sickle cells and therefore individuals with either sickle-cell condition are more resistant to severe attacks of malaria. While this resistance may be insufficient to offset the considerable disadvantage of having sickle-cell anaemia for those with the homozygous condition, for those with sickle-cell trait (individuals with the heterozygous state) the advantage of malarial resistance outweighs the disadvantage of the mild anaemia the individual suffers.
In malarial regions of the world the mutant gene is selected in favour of the one producing normal haemoglobin. Outside malarial regions, there is no advantage in being resistant to malaria, and the disadvantage of suffering anaemia results selection against the gene mutation.
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Chromosome mutations
1. Changes in whole sets of chromosomes
Sometimes organisms occur that have additional whole sets of chromosomes. Instead of having a haploid set in the sex cells and a diploid set in the body cells, they have several complete sets. This is known as polyploidy. Where three sets of chromosomes are present, the organism is said to be triploid. With four sets it is said to be tetraploid.
Polyploidy can arise in several different ways. If gametes are produced which are diploid and these self-fertilise, a tetraploid is produced. If the diploid gamete fuses with a normal haploid gamete, a triploid results. Polyploidy can also occur when whole sets of chromosomes double after fertilisation.
Tetraploid organisms have two complete sets of homologous chromosomes and can therefore form homologous pairings during gamete production by meiosis. Triploids, however, cannot form homologous pairings and are usually sterile. They can only be propagated by asexual means.

Sometimes hybrids can be formed by combining sets of chromosomes from species with different numbers of chromosomes. These hybrids are usually sterile because the total number of chromosomes does not allow full homologous pairing to take place. If, however, the hybrid has a chromosome number which is a multiple of the original chromosome number, a new fertile species is formed. The species of wheat used today to make bread was formed in this way. The basic haploid number of grasses is 7. A tetraploid with 28 chromosomes called emmer wheat was accidentally cross-fertilised with a wild grass with 14 chromosomes. The resultant wheat with 42 chromosomes is today the main cultivated variety. Having a chromosome number which is a multiple of the original haploid number of 7, it is fertile.

Polyploidy is rare in animals, but relatively common in plants. Almost half of all flowering plants (angiosperms) are polyploids, including many important food plants. Wheat, coffee, bananas, sugar cane, apples and tomatoes all have polyploidy forms. The polyploidy varieties often have some advantage. Tetraploid apples, for example, form larger fruits and tetraploid tomatoes produce more vitamin C.
2. Changes in chromosome number

Sometimes it is an individual chromosome, rather than a whole set, which fails to separate during anaphase. If, for example, in humans one of the 23 pairs of homologous chromosomes fails to segregate during meiosis, one of the gametes produced will contain 22 chromosomes and the other 24, rather than 23 each. This is known as non-disjunction and is often lethal.

One frequent consequence of non-disjunction in humans is Down’s syndrome (mongolism), occurring in approximately 1 in 700 births. In this case, the 21st chromosome fails to segregate and the gamete produced contains 24 chromosomes. The fusion of this gamete with a normal one with 23 chromosomes results in the offspring having 47 (2n+1) chromosomes. Non-disjunction does occur with other chromosomes but these normally result in the foetus aborting or the child dying soon after birth. The 21st chromosome is relatively small and is therefore able to survive. Down’s syndrome children have disabilities of varying magnitude. Typically they have a flat, broad face, squint eyes with a skin fold in the inner corner and a furrowed and protruding tongue. They have a low IQ and a short life expectancy.
Non-disjunction in the case of Down’s syndrome appears to occur in the formation of ova rather than sperm. Its incidence is related to the age of the mother – at the age of 20 the risk is one in 2000, at 40 years 1 in 400, and after 45 years the risk has risen to 1 in 30. The increased incidence was increasing age is due to a higher chance of mutation occurring during the formation of oocytes in older ovaries.
Non-disjunction of the sex chromosomes can also occur. One example is Klinefelter’s syndrome. This may result in individuals who have the genetic constitution XXY, XXXY or XXXXY. These individuals are phenotypically male but have small testes and no sperm in their ejaculate. There may be abnormal breast development and the body proportions are generally female. The greater the number of Xs the more marked is the condition. As individually are phenotypically male, this indicates that the presence of a Y chromosome is the cause of maleness.
A second abnormality of the sex chromosomes occurs in individuals with Turner’s syndrome who have one missing X chromosome. Their genetic constitution is therefore XO and they only have 45 (2n-1) chromosomes. Individuals with this condition often do not survive pregnancy and are aborted. Those that do are phenotypically female, but small in stature and sexually immature. Despite having a single X chromosome, like males, they are female; indicating again that the Y chromosome is the cause of maleness.
3. Changes in chromosome structure

During meiosis it is normal for homologous pairs of chromosomes to form chiasmata. The chromatids break at these points and rejoin with the corresponding portion of chromatid on its homologous partner. It is not surprising that from time to time mistakes arise during this process.

There are four types of chromosome mutation:

a) Deletion – a portion of chromosome is lost. As this involves the loss of genes, it can have a significant effect on an organism’s development, often proving lethal.

b) Duplication – a portion of chromosome is doubled, resulting in a repetition of a gene sequence.
c) Inversion – a portion of chromosome becomes deleted, but becomes reattached in an inverted position. The sequence of genes on this portion is therefore reversed. The overall genotype is unchanged, but the phenotype may be altered. This indicates that the sequence of genes on a chromosome is important.
d) Translocation – a portion of chromosome becomes deleted and rejoins at a different point on the same chromosome or with a different chromosome. The latter is equivalent to crossing over except that it occurs between non-homologous chromosomes.
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Carcinogens
Mutagens which cause cancer are called carcinogens. These affect the DNA in cells, resulting in mutations. Only about 5% of human cancers tend to run in families, indicating that while there is a strong genetic predisposition towards certain cancers, the majority of cancers in humans are caused by external factors such as infectious diseases and carcinogens.
Carcinogens include radiation, UV light from the Sun, and X-rays, all of which can damage DNA and cause mutations which may lead to cancers. UV light from the Sun is the most common form of carcinogenic radiation. Exposure to certain wavelengths of UV light is linked to the development of skin cancers, including a highly malignant form called a melanoma.
Chemical carcinogens include inorganic arsenic compounds that cause skin cancers, tars in tobacco smoke, and asbestos products which cause lung cancers, along with some dietary substances. Many common foods are believed to contain carcinogens, but the levels are usually too low to be harmful.

The process of cell division is carefully controlled by specific genes and other mechanisms. For example, proto-oncogenes are thought to stimulate cell division, whereas tumour suppressor genes inhibit cell division. In a healthy cell the activities of these two types of gene are in balance. Problems arise when the genes mutate or other control mechanisms break down so that cells can divide uncontrollably. Most cancers are probably caused not by a single factor but by a combination of genetic and environmental factors operating over several years. Carcinogens in tobacco smoke are thought to cause mutations in tumour suppressor genes, prohibiting them from carrying out their normal function. As a result cell division is uncontrolled. About 25% of all cancer deaths in developed countries are due to carcinogens in the tar of tobacco smoke.
Carcinogens probably trigger cancers by causing the proto-oncogenes that stimulate cell division to mutate into oncogenes (onkos means tumour). Most mutated cells are either destroyed by the body’s immune system or die, causing no harm to the body. However, a single mutated cell may divide to form a clone of identical cells. Eventually a mass of abnormal cells called a tumour is formed. Most tumours, such as common warts, are benign. Benign tumours do not spread from their point of origin. However, some benign tumours (such as ovarian cysts) can compress surrounding tissues and displace them. Tumours which can spread through the body are called malignant tumours. Malignant tumour cells can be carried by the bloodstream or lymphatic system to invade other tissues, causing secondary cancers. This process is called metastasis. It is the most dangerous characteristic of cancers, as it can be very difficult to find secondary cancers and remove them.
Smoking and cancer

When a cigarette burns it releases a dangerous cocktail of about 4,000 chemicals including:
· at least 80 cancer-causing chemicals
· hundreds of other poisons.
· nicotine, a highly addictive drug, and many additives designed to make cigarettes taste nicer and keep smokers hooked.

Cancer-causing chemicals in tobacco smoke
· Tar - a mixture of dangerous chemicals

· Arsenic - used in wood preservatives

· Benzene - an industrial solvent, refined from crude oil

· Cadmium - used in batteries

· Formaldehyde - used in mortuaries and paint manufacturing

· Polonium-210 - a highly radioactive element

· Chromium - used to manufacture dye, paints and alloys

· 1,3-Butadiene - used in rubber manufacturing

· Polycyclic aromatic hydrocarbons - a group of dangerous DNA-damaging chemicals

· Nitrosamines - another group of DNA-damaging chemicals

· Acrolein - formerly used as a chemical weapon

Other poisons in cigarette smoke
· Hydrogen cyanide - used as an industrial pesticide

· Carbon monoxide - found in car exhausts and used in chemicals manufacturing

· Nitrogen oxides - a major component of smog

· Ammonia - used to make fertilisers and explosives

Tar
Tar is a term that describes a collection of solid particles that smokers inhale when they light a cigarette. It is a mixture of lots of chemicals, many of which can cause cancer. When it settles, tar forms a sticky, brown residue that can stain smokers’ teeth, fingers and lungs.

Because tar is listed on packs, it is easy to believe that it is the only harmful part of cigarettes. But some of the most dangerous chemicals in tobacco smoke are present as gases, and do not count as part of tar. This means that cigarettes with less tar still contain all the other toxic chemicals.

Arsenic
Arsenic is one of the most dangerous chemicals in cigarettes. It can cause cancer as well as damaging the heart and its blood vessels.

Small amounts of arsenic can accumulate in smokers’ bodies and build up to higher concentrations over months and years. As well as any direct effects, it can worsen the effect of other chemicals by interfering with our ability to repair our DNA.

Fish and seafood can be major sources of arsenic, but in a form that is less toxic and more readily removed from the body. In contrast, tobacco smoke contains arsenic in a more dangerous form.

Benzene
Benzene is a solvent used to manufacture other chemicals, including petrol. It is well-established that benzene can cause cancer, particularly leukaemia. It could account for between a tenth and a half of the deaths from leukaemia caused by smoking.

Tobacco smoke contains large amounts of benzene and accounts for a big proportion of our exposure to this poison. The average smoker inhales about ten times more benzene than the average non-smoker.

And some studies have estimated that the amount of benzene that a person inhales through second-hand smoke over their lifetime could increase their risk of cancer.

Cadmium
Cadmium is a metal used mostly to make batteries. The majority of cadmium in our bodies comes from exposure to tobacco smoke. Smokers can have twice as much cadmium in their blood as non-smokers.

Studies have found that the amounts of cadmium present in tobacco smoke are capable of affecting our health. It is a known cause of cancer, and can also damage the kidneys and the linings of the arteries.

Our bodies have proteins that mop up harmful chemicals like cadmium, but the amounts in smoke can overload these proteins. Cadmium can also prevent our cells from repairing damaged DNA. Because of this, it can make the effects of other chemicals even worse.

Formaldehyde
Formaldehyde is a smelly chemical used to kill bacteria, preserve dead bodies and manufacture other chemicals. It is one of the substances in tobacco smoke most likely to cause diseases in our lungs and airways.

Formaldehyde is also a known cause of cancer. It is believed that even the small amounts in second-hand smoke could increase our lifetime risk of cancer.

Tobacco smoke is one of our major sources of formaldehyde exposure. Places where people smoke can have three times the normal levels of this poison.

Polonium-210
Polonium is a rare, radioactive element and polonium-210 is its most common form. Polonium strongly emits a very damaging type of radiation called alpha-radiation that can usually be blocked by thin layers of skin.

But tobacco smoke contains traces of polonium, which become deposited inside their airways and deliver radiation directly to surrounding cells.

The lungs of smokers can be exposed to four times more polonium than those of non-smokers and specific parts may get a hundred times more radiation. One study estimated that someone smoking one and half packs a day receives the equivalent amount of radiation as someone having 300 chest X-rays a year.

Chromium
Chromium is a metal used to make metallic alloys, dyes and paints and comes in different types. Chromium III or ‘trivalent chromium’ is most commonly used. It is available as dietary supplements and is harmless.

On the other hand, chromium VI or ‘hexavalent chromium’ is very toxic, is found in tobacco smoke, and is known to cause lung cancer. It allows other cancer-causing chemicals (such as polycyclic aromatic hydrocarbons) to stick more strongly to DNA and damage it.
1,3-Butadiene
1,3-butadiene or BDE is an industrial chemical used in rubber manufacture. Some scientists believe that of all the chemicals in tobacco smoke, BDE may present the greatest overall cancer risk. It may not be as good at causing cancer as some of the other chemicals listed here, but it is found in large amounts in tobacco smoke.

Polycyclic aromatic hydrocarbons
Polycyclic aromatic hydrocarbons or PAHs are a group of powerful cancer-causing chemicals that can damage DNA and set cells down the road to becoming tumours.

One of these chemicals - benzo(a)pyrene or BAP - is one of the most widely studied of all tobacco poisons. BAP directly damages p53, a gene that normally protects our bodies against cancer.

Nitrosamines
Nitrosamines are a group of chemicals that can directly damage DNA, like polycyclic aromatic hydrocarbons (PAHs).

They are found in small amounts in food. But tobacco products, including those that are chewed rather than smoked, are by far our largest source of exposure to these chemicals. Even though they are found in relatively small amounts in cigarettes, they are very strong cancer-causing chemicals.

Acrolein
Acrolein is a gas with an intensely irritating smell and is one of the most abundant chemicals in cigarette smoke. It belongs to the same group of chemicals as formaldehyde and acetaldehyde, both of which can cause cancer.

Until now, it wasn’t clear if acrolein causes cancer as well, but recent experiments suggest that it can. We now know that acrolein can cause DNA damage that is similar to the damage seen in lung cancer patients. Since smoke contains up to 1,000 times more acrolein than other DNA-damaging chemicals, it could be a major cause of lung cancer.

Acrolein also stops our cells from repairing DNA damage, like arsenic and cadmium. And like hydrogen cyanide, it kills the hairs that normally clean our lungs of other toxins.

Other chemicals
Some of the other cancer-causing ingredients of tobacco smoke include:

· metals, such as nickel, lead, cobalt and beryllium. While you may be exposed to some of these metals through domestic items or food, inhaling them in tobacco smoke is worse, because they are easily absorbed by the lungs.

· acetaldehyde, which is also formed in your tissues when you drink alcohol - it is responsible for many nasty hangover symptoms

· hydrazine, a very toxic chemical used mainly in rocket fuel

Hydrogen cyanide
Hydrogen cyanide is a poisonous gas. Of all the chemicals in tobacco smoke, it does the most damage to the heart and blood vessels.

Hydrogen cyanide does not cause cancer, but it increases the risk of other chemicals causing cancer by damaging cilia. These are tiny hairs lining the airways that help to clear toxins away. By killing cilia, hydrogen cyanide causes other dangerous chemicals to be stuck in the lungs and airways.

Carbon monoxide
Carbon monoxide is a colourless gas with no smell. It is formed when we burn carbon-based fuels, such as gas in cookers or petrol in car engines. It can make up as much as 3-5% of tobacco smoke.

Carbon monoxide sticks to our red blood cells in place of oxygen. This lowers our blood’s ability to transport oxygen and deprives our tissues and organs of this vital gas.

Like hydrogen cyanide, it kills cilia and reduces our lungs’ ability to clear away toxins. This means that while carbon monoxide does not cause cancer directly, it makes it easier for other chemicals to do so.

Nitrogen oxide
Nitrogen oxide is a gas found in car exhaust and tobacco smoke.

Our bodies use it in very small amounts to carry signals between cells. But in large amounts, it is a major air pollutant. It directly damages lung tissue and causes inflammation in the lungs.

Normally, our bodies produce small amounts of nitrogen oxide, which causes our airways to expand. The large amount of nitrogen oxide in tobacco smoke changes things in two ways:

· When smokers are smoking, it expands their airways even further, making it easier for their lungs to absorb nicotine and other chemicals.

· When they are not smoking, it shuts off their internal nitrogen oxide production line, causing their airways to constrict. This is one reason why regular smokers often have difficulty breathing.

Ammonia
Ammonia is a gas with a strong, irritating smell, and is used in some toilet cleaners. Some studies have found that ammonia enhances the addictive power of nicotine. It changes nicotine into a gas that is more readily absorbed into the lungs, airways and bloodstream.

Like carbon monoxide and hydrogen cyanide, ammonia also kills cilia.

