Genetic variation

Alleles

If all members of a species have the same set of genes, how can there be genetic variation? The genes come in different forms called alleles. In a population, for any given gene there can be from one to many different alleles; however, because most organisms carry only one or two chromosome sets per cell, any individual organism can carry only one or two alleles per gene. The alleles of one gene will always be found in one chromosomal position. Allelic variation is the basis for hereditary variation.

Genotype and phenotype

A typical organism resembles its parents more than it resembles unrelated individuals. Thus, we often speak as if the individual characteristics themselves are inherited: “He gets his brains from his mother,” or “She inherited diabetes from her father.” Yet we will show that such statements are inaccurate. “His brains” and “her diabetes” develop through long sequences of events in the life histories of the affected people, and both genes and environment play roles in those sequences. In the biological sense, individuals inherit only the molecular structures of the fertilized eggs from which they develop. Individuals inherit their genes, not the end products of their individual developmental histories.

To prevent such confusion between genes (which are inherited) and developmental outcomes (which are not), geneticists make the fundamental distinction between the genotype and the phenotype of an organism. Organisms have the same genotype in common if they have the same set of genes. Organisms have the same phenotype if they look or function alike.

Strictly speaking, the genotype describes the complete set of genes inherited by an individual, and the phenotype describes all aspects of the individual's morphology, physiology, behavior, and ecological relations. In this sense, no two individuals ever belong to the same phenotype, because there is always some difference (however slight) between them in morphology or physiology. Additionally, except for individuals produced from another organism by asexual reproduction, any two organisms differ at least a little in genotype. In practice, we use the terms genotype and phenotype in a more restricted sense. We deal with some partial phenotypic description (say, eye color) and with some subset of the genotype (say, the genes that affect eye pigmentation).

Types of variation

Because a great deal of genetics concerns the analysis of variants, it is important to understand the types of variation found in populations. A useful classification of genetic variation is discontinuous and continuous variation. Allelic variation contributes to both.

Discontinuous variation

Most of the research in genetics on discontinuous variation because it is a simpler type of variation, and it is easier to analyze. In discontinuous variation, a character is found in a population in two or more distinct and separate forms called phenotypes. Such alternative phenotypes are often found to be encoded by the alleles of one gene. A good example is albinism in humans, which concerns phenotypes of the character of skin pigmentation. In most people, the cells of the skin can make a dark brown or black pigment called melanin, the substance that gives our skin its color ranging from tan color in people of European ancestry to brown or black in those of tropical and subtropical ancestry. Although always rare, albinos are found in all races; they have a totally pigmentless skin and hair. The difference between pigmented and unpigmented is caused by two alleles of a gene taking part in melanin synthesis. The alleles of a gene are conventionally designated by letters. The allele that codes for the ability to make melanin is called A and the allele that codes for the inability to make melanin (resulting in albinism) is designated a to show that they are related. The allelic constitution of an organism is its genotype, which is the hereditary underpinning of the phenotype. Because humans have two sets of chromosomes in each cell, genotypes can be either A/A, A/a, or a/a (the slash shows that they are a pair). The phenotype of A/A is pigmented, a/a is albino, and A/a is pigmented. The ability to make pigment is expressed over inability (A is said to be dominant.

Although allelic differences cause phenotypic differences such as pigmented and albino, this does not mean that only one gene affects skin color. It is known that there are several. However, the difference between pigmented, of whatever shade, and albino is caused by the difference at one gene; the state of all the other pigment genes is irrelevant.

In discontinuous variation, there is a predictable one-to-one relation between genotype and phenotype under most conditions. In other words, the two phenotypes (and their underlying genotypes) can almost always be distinguished. In the albinism example, the A allele always allows some pigment formation, whereas the white allele always results in albinism when homozygous. For this reason, discontinuous variation has been successfully used by geneticists to identify the underlying alleles and their role in cellular functions.

Geneticists distinguish two categories of discontinuous variation on the basis of simple allelic differences. In a natural population, the existence of two or more common discontinuous variants is called polymorphism (Greek; many forms). The various forms are called morphs. It is often found that morphs are determined by the alleles of a single gene. Why do populations show genetic polymorphism? Special types of natural selection can explain a few cases, but, in other cases, the morphs seem to be selectively neutral.

Rare, exceptional discontinuous variants are called mutants, whereas the more common “normal” companion phenotype is called the wild type. In many cases, the wild-type and mutant phenotypes are determined by the alleles of one gene. Mutants can occur spontaneously in nature (for example, albinos) or they can be obtained after treatment with mutagenic chemicals or radiations. Geneticists regularly induce mutations artificially to carry out genetic analysis because mutations that affect some specific biological function under study identify the various genes that interact in that function. Note that polymorphisms originally arise as mutations, but somehow the mutant allele becomes common.

Continuous variation

Continuous variation of a character shows an unbroken range of phenotypes in the population. Measurable characters such as height, weight, and color intensity are good examples of such variation. Intermediate phenotypes are generally more common than extreme phenotypes and, when phenotypic frequencies are plotted as a graph, a bell-shaped distribution is observed. In some such distributions, all the variation is environmental and has no genetic basis at all. In other cases, there is a genetic component caused by allelic variation of one or many genes. In most cases, there is both genetic and environmental variation. In continuous distributions, there is no one-to-one correspondence of genotype and phenotype. For this reason, little is known about the types of genes underlying continuous variation, and only recently have techniques become available for identifying and characterizing them.

Continuous variation is encountered more commonly than discontinuous variation in everyday life. We can all identify examples of continuous variation in plant or animal populations that we have observed. One area of genetics in which continuous variation is important is in plant and animal breeding. Many of the characters that are under selection in breeding programs, such as seed weight or milk production, have complex determination, and the phenotypes show continuous variation in populations. Animals or plants from one extreme end of the range are chosen and selectively bred. Before such selection is undertaken, the sizes of the genetic and environmental components of the variation must be known.

Molecular basis of allelic variation

Consider the difference between the pigmented and the albino phenotypes in humans. The dark pigment melanin has a complex structure that is the end product of a biochemical synthetic pathway. Each step in the pathway is a conversion of one molecule into another, with the progressive formation of melanin in a step-by-step manner. Each step is catalyzed by a separate enzyme protein encoded by a specific gene. Most cases of albinism result from changes in one of these enzymes - tyrosinase. The enzyme tyrosinase catalyzes the last step of the pathway, the conversion of tyrosine into melanin.

Genes, the environment, and the organism

Genes cannot dictate the structure of an organism by themselves. The other crucial component in the formula is the environment. The environment provides the raw materials for the synthetic processes controlled by genes. For example, animals obtain several of the amino acids for their proteins as part of their diet. Most of the chemical syntheses in plant cells use carbon atoms taken from the air as carbon dioxide. Bacteria and fungi absorb from their surroundings many substances that are simply treated as carbon and nitrogen skeletons, and their enzymes convert these components into the compounds that constitute the living cell. Thus, through genes, an organism builds the orderly process that we call life out of disorderly environmental materials.
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To perform this task, tyrosinase binds to its substrate, a molecule of tyrosine, and facilitates the molecular changes necessary to produce the pigment melanin. There is a specific “lock-and-key” fit between tyrosine and the active site of the enzyme. If the DNA of the tyrosinase-encoding gene changes in such a way that one of these crucial amino acids is replaced by another amino acid or lost, then there are several possible consequences. First, the enzyme might still be able to perform its functions but in a less efficient manner. Such a change may have only a small effect at the phenotypic level, so small as to be difficult to observe, but it might lead to a reduction in the amount of melanin formed and, consequently, a lighter skin coloration. Note that the protein is still present more or less intact, but its ability to convert tyrosine into melanin has been compromised. Second, the enzyme might be incapable of any function, in which case the mutational event in the DNA of the gene would have produced an albinism allele, referred to earlier as an a allele. Hence a person of genotype a/a is an albino. The genotype A/a is interesting. It results in normal pigmentation because transcription of one copy of the wild-type allele (A) can provide enough tyrosinase for synthesis of normal amounts of melanin. Alleles are termed haplosufficient if roughly normal function is obtained when there is only a single copy of the normal gene. Alleles commonly appear to be haplosufficient, in part because small reductions in function are not vital to the organism. Alleles that fail to code for a functional protein are called null (“nothing”) alleles and are generally not expressed in combination with functional alleles (in individuals of genotype A/a).

Norm of reaction

How can we quantify the relation between the genotype, the environment, and the phenotype? For a particular genotype, we could prepare a table showing the phenotype that would result from the development of that genotype in each possible environment. Such a set of environment-phenotype relations for a given genotype is called the norm of reaction of the genotype. In practice, we can make such a tabulation only for a partial genotype, a partial phenotype, and some particular aspects of the environment. For example, we might specify the eye sizes that fruit flies would have after developing at various constant temperatures; we could do this for several different eye-size genotypes to get the norms of reaction of the species.

Developmental noise

W would expect random variation in the phenotypic characters, such as the number of eye cells, the number of hairs, the exact shape of small features, and the variations of neurons in a very complex central nervous system even when the genotype and the environment are precisely fixed. Even such structures as the very simple nervous systems of nematodes vary at random for this reason. Random events in development lead to variation in phenotype called developmental noise. 

Like noise in a verbal communication, developmental noise adds small random variations to the predictable development governed by norms of reaction. With a given genotype and environment, there is a range of possible outcomes for each developmental step. The developmental process does contain feedback systems that tend to hold the deviations within certain bounds so that the range of deviation does not increase indefinitely through the many steps of development. However, this feedback is not perfect. For any given genotype developing in any given sequence of environments, there remains some uncertainty regarding the exact phenotype that will result.

