Topic 5.4 – Heredity and genetics
Genetics and heredity is a study of the means by which DNA is transmitted from generation to generation. Observation of individuals of the same species shows them to be recognisably similar. This is heredity. Closer inspection reveals minor differences. This is variation. 

The genetic composition of an organism is called the genotype. This often sets limits within which individual characteristics can vary. Such variation may be due to the effect of environmental influences e.g. the genotype may determine a light-coloured skin, but the precise colour of any part of the skin will depend upon the extent to which it is exposed to sunlight. The phenotype, or set of characteristics, of an individual is therefore determined by the interaction between the genotype and the environment. Any change in the genotype is called a mutation and may be inherited. Any change to the phenotype only is called a modification and is not inherited. A diploid organism has two sets of chromosomes and two forms (alleles) of each particular gene. These alleles may be the same (the organism is homozygous for that gene) or different (the organism is heterozygous for that gene). If different, one of the alleles (the dominant allele) may mask the other allele (the recessive allele). The dominant allele is therefore expressed in either the heterozygous condition or the homozygous condition, whereas the recessive allele is only expressed in the homozygous condition. If an organism is haploid all its alleles will be expressed and will be reflected in its observable or measurable characteristics (the features or traits transmitted from parent to offspring)
Mendel and the laws of inheritance
Gregor Mendel was an Austrian monk and teacher. He studied the process of heredity in selected features of the garden pea Pisum sativum. He chose peas because they were easy to grow, they had a short life cycle, their pollination could be controlled and they had easily observable characteristics. He wasn’t the first scientist to study heredity, but he was the first to obtain sufficiently numerous, accurate and detailed data upon which sound scientific conclusions could be based. 
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Mendel isolated pea plants which were pure-breeding e.g. when they bred with each other they produced consistently the same characteristics over many generations. He referred to each character as a trait. He chose traits which had two contrasting features e.g. he chose stem length, which could either be long or short and flower colour which could be red or white. Mendel then selected for his experiments two pure-breeding plants with alternative expressions of a particular characteristic e.g. a tall and dwarf plant. He crossed the plants by transferring pollen from the male parent to the stigma of the female parent. Mendel made sure that the female plant could not be pollinated either by its own pollen or by any other by removing its anthers and covering its flowers with fine muslin bags.
Mendel collected the seeds produced by the female parent and grew them the next year to give the first generation offspring (the first filial generation or the F1). He carefully recorded the characteristics of these plants and then crossed two plants from this generation. This type of cross involving plants form the same generation is called a self-cross. Again the seeds produced were collected and grown the following year to give the second generation of offspring (the offspring produced by a cross between F1 parents is often called the second filial generation, or the F2).
Mendel’s results: single characteristics and the law of segregation
The results of Mendel’s experiments showed that the F2 plants were a mixture of tall and dwarf plants in the approximate ration of 3:1. Similar crosses involving other single characteristics produced similar results, all producing an approximate ratio of 3:1 in the F2. The most striking features of the results were that:
1. There were no plants of intermediate height

2. There were no dwarf plants in the F1 generation, though they reappeared in the F2
From the first observation, Mendel concluded that characteristics are not blended together, but that they are determined by definite, discrete particles which he called ‘factors’. From the second observation Mendel concluded that the factor for dwarfness must be carried in the F1 generation, but that it is ‘hidden’ by the factor for tallness. The dwarf factor is expressed only in the absence of the tall factor. Therefore the plants must carry two factors for each characteristic, one factor coming from each parent. As all F1 plants are tall, the factor for tallness must be dominant to the factor for dwarfness, which is the recessive factor.

Mendel combined these conclusions in his first law of inheritance, the Law of Segregation, which states that:
‘The characteristics of an organism are determined by internal factors (alleles) which occur in pairs. Only one of each pair of factors (alleles) can be represented in a single gamete’
Mendel’s breeding experiments with tall and dwarf plants are an example of monohybrid inheritance: that is, inheritance involving a single characteristic determined by one gene.
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Genetic representation of the monohybrid cross

Using the principles developed for the representation of genetic crosses, the full genetic explanation of one of Mendel’s experiments is shown (see next page).
Mendel’s actual results gave a ratio of 2.96:1, a very good approximation to the 3:1 ratio which the theory suggests should be achieved. Any discrepancy is due to statistical error. Such errors are unavoidable. Actual results are rarely exactly the same as predicted by theory, but the larger the sample the more nearly the results approximate to the theoretical value.
The use of ‘F1 generation’ should be limited to the offspring of homozygous parents. Similarly, ‘F2 generation’ should refer only to the offspring of the F1 generation. In all other cases ‘offspring (1)’ and ‘offspring (2)’ should be used.

The complete set of headings for a genetic cross, in order, is:

· Parents: phenotypes
· Parents: genotypes

· Gametes

· Offspring (1) genotypes

· Offspring (1) phenotypes

· Gametes

· Offspring (2) genotypes

· Offspring (2) phenotypes

Whether the variation from an expected ratio is the result of statistical chance or not can be tested for mathematically using the chi-squared test.
Genetic representation of the monohybrid cross



The test cross
One common genetic problem is that an organism which shows a dominant character can have two possible genotypes. For example, a plant producing seeds with round coats could either be homozygous dominant (RR) or heterozygous (Rr). The appearance of the seeds (phenotype) is identical in both cases. It is often necessary, however, to determine the genotype accurately. This may be achieved by crossing the organism of unknown genotype with one whose genotype is accurately known.
The only genotype that can be positively identified from its phenotype alone is the homozygous recessive genotype (rr). In the case of the seed coat, any pea seed with a wrinkled coat must have the genotype rr. By crossing the dominant character, the unknown phenotype can be identified.


The offspring comprise equal numbers of plants producing round seeds and ones producing wrinkled seeds. If some of the plants produced seeds with wrinkled coats (rr), then the unknown genotype must be Rr. An exact 1:1 ratio as described above is not often achieved in practice, but this is unimportant as the presence of a single plant producing wrinkled seeds is proof enough (the possibility of a mutation must be discounted as it is highly unlikely and totally unpredictable). Such a plant with its rr genotype can only be produced if both parents donated an r gamete. The only way a plant which produces round seeds can donate such a gamete is if it is heterozygous (Rr).
If all the offspring of the test cross were plants producing round seeds, then no definite conclusions could be drawn, since both parental genotypes, (RR and Rr) are capable of producing such offspring. However, provided a large number of offspring are produced, the absence of offspring producing wrinkled seeds would strongly indicate that the unknown genotype was RR. Had it been Rr, half the offspring would have produced wrinkled seeds. While it would be theoretically possible for no wrinkled seeds to arise, this would be highly improbable where the sample was large.

Dihybrid inheritance (Mendel’s Law of Independent Assortment)
Dihybrid inheritance is the inheritance of two characteristics, each controlled by a different gene at a different locus. In one experiment Mendel studied dihybrid inheritance by crossing plants from two pure-breeding strains: one tall with purple flowers, the other dwarf with white flowers. All the offspring in the F1 generation were tall with purple flowers, these being the dominant characteristics. The F1 generation were self-crossed, producing the following phenotypes and ratios in the F2 generation:
· 9 tall purple-flowered
· 3 tall white flowered

· 3 dwarf purple flowered

· 1 dwarf white flowered

Mendel observed that two phenotypes resembled one or the other of the parents, and two phenotypes had combined the characteristics of both parents. He also observed that the ratio of tall plants to dwarf plants was 3:1, and that the ratio of purple-flowered plants to white-flowered plants was 3:1. This was the same ration that occurred in the monohybrid crosses.
He concluded from these results that the two pairs of characteristics behave quite independently of each other. This led him to formulate his second law of inheritance, the Law of Independent Assortment, which states that:

‘Either one of a pair of contrasted characters may combine with either of another pair’

With our current knowledge of genetics the law could now be rewritten as:

‘Either one of an allelic pair may combine randomly with either of another pair’
Genetic representation of the dihybrid cross



Chi-squared (Χ2) test
Imagine tossing a coin 100 times. It is reasonable to expect it to land heads on 50 occasions and tails on 50 occasions. In practice it would be unusual if these results were obtained. If it lands heads 55 times and tails 45 times, does this mean the coin is weighted or biased in some way, or is it purely a chance deviation from the expected result?

The chi-squared test is the means by which the statistical validity of results such as these can be tested. It measures the extent of any deviation between the expected and observed results. This measure of deviation is called the chi-squared value and is represented by the Greek letter chi, shown squared i.e. Χ2.
To calculate this value the following equation is used:



Where Σ = the sum of

            (o – e) = difference between observed and expected results

            x = the expected result
Using the example of the coin tossed 100 times, we can calculate the chi-squared value. We must first calculate the deviation from the expected number of times the coin should land heads:

Expected number of heads in 100 tosses of the coin (x) = 50

Actual number of heads in 100 tosses of the coin           = 55

Deviation (o - e)                                                                    = 5

Χ2 = 52/50 = 0.5
We can then make the same calculation for the coin landing tails:

Expected number of tails in 100 tosses of the coin = 50

Actual number of tails in 100 tosses of the coin      = 45

Deviation (o-e)                                                             = 5
Χ2 = 52/50 = 0.5
Therefore:

The chi-squared value can now be calculated by adding these values:

Therefore Χ2 = 0.5 + 0.5 = 1.0

To find out whether this value is significant or not we need to use a chi-squared table, part of which is shown below:

	Degrees of freedom
	Number of classes
	Χ2

	1
	2
	0.00
	0.10
	0.45
	1.32
	2.71
	3.84
	5.41
	6.64

	2
	3
	0.02
	0.58
	1.39
	2.77
	4.61
	5.99
	7.82
	9.21

	3
	4
	0.12
	1.21
	2.37
	4.11
	6.25
	7.82
	9.84
	11.34

	4
	5
	0.30
	1.92
	3.36
	5.39
	7.78
	9.49
	11.67
	13.28

	5
	6
	0.55
	2.67
	4.35
	6.63
	9.24
	11.07
	13.39
	15.09

	Probability that deviation is due to chance alone
	0.99 (99%)
	0.75 (75%)
	0.50 (50%)
	0.25 (25%)
	0.10 (1%)
	0.05 (5%)
	0.02 (2%)
	0.01 (1%)


To work out the number of degrees of freedom in our question it is the number of classes (or phenotypes) minus 1. Therefore in this example we have two possible classes (heads or tails) minus 1, giving 1 degree of freedom.
Our value of 1.0 lies between 0.45 and 1.32 in the table, which corresponds to a probability between 0.50 (50%) and 0.25 (25%). This means that the probability that chance alone could have produced the deviation is between 0.5 and 0.25. If the probability is greater than 0.05 (5%), the deviation is said to be not significant. If the deviation is less than 0.05 (5%), the deviation is said to be significant i.e. some factor other than chance is affecting the results. In our example the chi-squared value is greater than 0.05 (5%) and so we assume the deviation is due to chance.
Q1) In Drosophila, long (wild-type) wings are dominant to vestigial (partially-formed) wings. Two normal-winged individuals, both believed to be heterozygous in character, are crossed.
a) What is the expected ratio of long wings to vestigial wings?

__________________________

b) In practice, of the 48 offspring produced, 30 have long wings and 18 have vestigial wings. Use the chi-squared test to determine whether this is close enough to a 3:1 ratio to justify the view that both parents were heterozygous.
Q2) In another experiment domestic fowl with walnut combs were crossed with each other. The expected ratio of offspring ratio of comb types was 9 walnut, 3 rose, 3 pea and 1 single (9:3:3:1). In the event, the 160 offspring produced 93 walnut combs, 24 rose combs, 36 pea combs and 7 single combs.
a) Calculate the actual ratio of combs in the offspring

b) By application of the chi-squared test, determine whether the deviation of the actual ratio from the theoretical ratio is significant.
Codominance
Mendel only studied characteristics determined by single genes that had two alleles, one of which was dominant and the other recessive. Not all characteristics are determined by single genes which behave independently, as was the case in Mendel’s experiments. Sometimes, alleles express themselves equally in the phenotype, therefore neither is dominant. This is called codominance.
Codominance means that the heterozygous condition produces a different phenotype from the homozygous dominant or homozygous recessive conditions. For example, in Antirrhinum (snapdragon), two alleles for colour are codominant. Homozygous individuals may be either red or white, whereas heterozygous individuals are pink. This is because in the heterozygous individual, both alleles of the pair are expressed in the phenotype. The heterozygous Antirrhinum is part-way between the phenotypes of the two types of homozygous individuals, and this is often the case with codominant alleles.
As neither allele is dominant, the different alleles are not represented by upper case and lower case letters. Instead the gene is given an upper case letter and each allele is represented by a superscript upper case letter. For example, CR could represent the allele for red flowers and CW could represent the allele for white flowers. The possible genotypes and phenotypes of snapdragon flowers are therefore as shown below:
· CR CR – red flower 
· CR CW – pink flower
· CW CW – white flower

If pollen from a white-flowered plant pollinates a red-flowered plant, the offspring will all have pink flowers. If these flowers are self-crossed, there is a 1 in 4 chance that offspring will have red flowers, a 2 in 4 chance that they will have pink flowers, and a 1 in 4 chance that they will have white flowers.
The ratio, therefore, is as follows:

1       :       2        :      1
  red           pink         white
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Linkage

Mendel’s Law of Independent Assortment, describing how two different pairs of characteristics are inherited independently of each other, was made on the basis of experiments involving genes carried on different chromosomes. These genes separate at meiosis, allowing their alleles to undergo independent assortment. 
The alleles of different genes cannot assort independently, however, if the genes are on the same chromosome. Such genes are said to be linked because they tend to be inherited together i.e. they do not segregate in accordance with Mendel’s Law of Independent Assortment. During meiosis linked genes are inherited together because they pass into the gamete, and hence the offspring, together.
During meiosis, at least one chiasma forms between two homologous chromosomes. However, it may not form between a particular pair of genes. The further apart the genes are, the more likely it is that crossing over will result in the formation of recombinants.
Sex determination
In humans, there are 23 pairs of chromosomes. Of these, 22 pairs are identical in both sexes. The 23rd pair, however, is different in the male from the female. The 22 identical pairs are called autosomes, whereas the 23rd pair are referred to as sex chromosomes or heterosomes.
In females the two sex chromosomes are identical, and are therefore called X chromosomes. The genotype of the female sex chromosomes is therefore XX. In males, an X chromosome is also present, but the other of the pair is smaller in size and called the Y chromosome. The genotype of the male sex chromosomes is therefore XY. Unlike other features of the organism, sex is determined by chromosomes rather than genes, although it is important to realise that they do not carry all the genes responsible for the development of sexual characteristics.
Humans of the genotype XXY arise from time to time and are phenotypically male, while genotypes with just one X chromosome (XO) are phenotypically female. This suggests that it is the presence of the Y chromosome which makes a human male; in its absence the sex is female. The Y chromosome determines maleness due to the presence of several copies of a testicular differentiating gene which codes for the production of a substance which causes the undifferentiated gonads to become testes. In the absence of this gene and hence this substance, the gonads develop into ovaries.
It can be seen that in humans the female produces gametes which all contain an X chromosome and are therefore the same. The male, however, produces gametes of two genetic types: 50% of the sperm contain an X chromosome and 50% contain a Y chromosome.
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Sex-linked inheritance
Genes that are located on one or the other of the sex chromosomes are said to be sex-linked. These genes determine body characters and have nothing to do with sex. Sex linkage results in an inheritance pattern different from that shown by genes carried on autosomes. Sex-linked genes may be on the X chromosome (X-linkage) or the Y chromosome (Y- linkage). The X chromosome carries many such genes, the Y chromosome has very few. In humans, features linked on the Y chromosome will only arise in males, whereas features linked on the X chromosome may arise in either sex. 
X-linkage

Because the X chromosome is much larger than the Y chromosome, most sex-linked genes are located on the X chromosome. In addition to carrying the genes that are concerned with the determination of the female sex characteristics, the X chromosome also carries genes for characteristics such as the ability to see particular colours and the ability to clot blood efficiently.
In X-linkage, recessive alleles will express themselves more often in the phenotype of the male. This is because they are unpaired and so there is no dominant allele present. Females have two X chromosomes and therefore two alleles for the gene. Females with a recessive allele on only one of their X chromosomes will not be affected by it as the dominant allele on the other X chromosome will mask the effect of the recessive allele. These females are heterozygous for a sex-linked recessive trait and are known as carriers. They have a 50% chance of passing on the recessive allele to their sons.
An important feature of X-linkage is that a male cannot pass on an X-linked characteristic to his sons as they must receive the Y chromosome to become male. On the other hand, all his daughters must receive the recessive allele from him.

Haemophilia

Haemophilia is an example of a sex-linked trait in humans. It is a condition in which the blood does not clot normally. Haemophilia often results in excessive bleeding, both internally and externally. The condition is due to the lack of one or more clotting factors, which play an important role in the omplex chain reaction of blood clotting. Haemophilia A individuals (the most common type of haemophilia) lack Factor VIII. Haemophilia A individuals can lead a normal and active life when treated with regular injections of Factor VIII.

Haemophilia A is a sex-linked characteristic caused by a recessive allele carried on the X chromosome. Females have a pair of alleles for the gene that controls the production of Factor VIII, but males have only one. Therefore, if a male inherits one allele for haemophilia A, he has the disease because he cannot possess another allele which might mask its effects. On the other hand, a female only has the disease if she has inherited two recessive alleles, one from each parent. Heterozygous females are carriers of the disease, therefore there is a 50% chance of a carrier mother transmitting the recessive allele to any one of her sons.
The inheritance of haemophilia within a family can be shown in a pedigree (a chart of the ancestral history of a group of related individuals). One of the best established pedigrees for haemophilia is that of Queen Victoria’s family.
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