Cartwright, Evolution and Human Behaviour, Palgrave 2016


SUPPLEMENTARY WEB BASED MATERIAL CHAPTER 3
CONTENTS OF THIS SECTION
3.1 The language of the genes
3.2 The unit of natural selection: replicators and vehicles

  3.3  Kin recognition and discrimination

3.1 The language of the genes

The language of genes is written on an extremely long molecule called deoxyribonucleic acid, or DNA. The molecule consists of two strands, each strand having a backbone of alternating ribose sugar and phosphate groups, and each sugar group having one of four bases attached to it. This sequence of bases is the genetic code, which prescribes the development of each individual. Since each base can only chemically bond with one of the other three (its complementary partner), the sequence of bases on one strand uniquely defines the sequence on the other strand. The base pairs are said to be complementary. There are four types of bases: cytosine (C), thymine (T), adenine (A) and guanine (G). The complementary pairings of the bases is as follows:


A
T
(Two hydrogen bonds)


G
C
(Three hydrogen bonds)

 Each strand of the DNA molecule is wound into a helical shape, two strands thus giving us the famous double helix. It is the sequence of bases on any one strand that contains the information necessary for the development and functioning of each cell. Since each base determines the base on the opposite strand, this information is therefore contained within just four characters. At first sight, it may appear unlikely that just four characters could carry the information necessary to define the development of complex organisms – even the English alphabet has 26 letters. We must remember, however, that molecules are small and, relatively speaking, the DNA molecule is long. The enormous storage capacity achieved by modern computers is achieved using just two characters: a zero (0) and a one (1), corresponding to the states of transistors in the microcircuitry.

If the sequence of nucleotides in the entire human genome were represented on the page of a book by symbols (so that a sequence would, for example, look like, AGTCGAATTGCC…), on this scale a gene would spread over about three pages, an average chromosome would take up about 50 books of the size of this one, and the entire genome (present in just one of your cells) would spread over about 1000 books. 

The preservation during growth and reproduction of the information contained in the base sequences of DNA raises two related questions. First, when a cell divides during the growth of an organism, how is information passed to the daughter cells in order that they develop and perform appropriately? Second, when organisms reproduce either sexually or asexually, how is information passed from parent to offspring? The process, at least in the early stages, is essentially the same. An examination of the structure of DNA shows that if the two strands were divided and each retained its sequence of bases, each strand could serve as a template to create another double helix. This potential was immediately obvious to Watson and Crick when they established the structure of DNA in 1953. Their own suggestion in their paper submitted to Nature has become a classic of understatement:
“It has not escaped our notice that the specific pairing we have postulated immediately suggests a possible copying mechanism for the genetic material.” (Watson and Crick, 1953, p. 737)

How genetic information is used to build organisms: the translation of the language

Following the rediscovery of Mendel’s work by de Vries in 1901, and subsequent work by de Vries and Morgan, it became generally accepted that heritable information was carried on units called genes. Even as long ago as 1909, it was suspected that genes influenced the phenotype through the production of enzymes. Archibald Garrod, an English physician, proposed that inherited diseases, so-called inborn errors of metabolism, were caused by defective enzymes, which reflected a defective encoding of the genetic information. Later work supported Garrod’s insights and led to the ‘one gene, one enzyme’ hypothesis. In this view, each unit of information (the gene) specified one enzyme. All enzymes belong to the class of molecules called proteins, and this ‘one gene, one enzyme hypothesis’ was later modified to ‘one gene, one protein’. When it was realised that some proteins consisted of several different chains coded for by different genes and assembled after each chain was produced chemically, the view was modified again to the idea of ‘one gene, one polypeptide’. 

A gene can thus be regarded as a stretch of DNA that in some way contains the information necessary for the synthesis of a polypeptide. There are about 25,000 - 30,000 genes per human cell- a number much smaller than the estimated value of 100,000 only a few years ago. Not all the DNA in a cell codes for proteins, and there are some rather mysterious sections that seem to do nothing at all, sometimes called, to the great irritation of geneticists, ‘junk DNA’ or more respectfully ‘introns’. It is estimated that about 97 per cent of human DNA is of the non-coding or ‘junk’ sort, leaving only 3 per cent with a function that we currently understand. Each of us (excluding identical twins) is genetically unique. But if we examined our DNA closely over most of its length the variation is small – about 1 base pair difference in somewhere between 100 and 1,000 base pairs. But, fortunately for DNA testing, there are some non-coding regions where we differ greatly and these are the regions used in forensic work and for paternity testing.
Proteins are made up of long chains of chemical units called amino acids. There are thousands of different kinds of protein but only 20 types of amino acid common to all organisms. We have seen how the information along the DNA is in the form of a four-character language: A, C, T, G. Now, if each base coded simply for one type of amino acid, we would only have four possible acids that could be encoded. If a pair of bases such as AT or CG coded for one amino acid, there would still be only 16 (42) permutations possible. But if triplets of bases such as AAA, CCG, GCA and so on coded for each amino acid, there are 64 (43) possibilities. This is the minimum number of base combinations that are required to encode the 20 or so amino acids used to build organisms. Moreover, this triplet code would allow spare information that could convey instructions such as ‘start’, ‘stop’ and so on. It turns out that the triplet code is the one used by DNA.

Proteins are not assembled directly from the DNA template. The fine detail of the biochemistry is beyond the scope of this book, but, in brief, the information along the DNA is first transcribed to a very similar long molecule called messenger ribonucleic acid (mRNA) in the nucleus of the cell. The RNA then carries this information to the cytoplasm, where it is translated into polypeptides according to the triplet language just described.

In summary, the genotype of an organism is determined by the sequence of codons (base triplets) on its DNA. This sequence in turn commands the types of protein that will be synthesised. The assembly of proteins into cellular structures and their action in metabolic pathways, in combination with environmental influences during development, determines to a large degree the form, functions and behavioural patterns that together comprise the phenotype. Now, there is obviously a huge leap between this well-established mechanism of how genes make proteins and the final assembly of an organism in all its multicellular complexity. Embryonic development is a vast subject and one still not properly understood. 
How the information is passed on in reproduction – the flow of information through the germ line

The DNA of each cell nucleus is usually bound to groups of proteins and exists as long thin diffuse fibres that are difficult to see. As a cell prepares to divide, however, the fibres coil into visible structures called chromosomes. It is convenient to consider the reproduction of cells in terms of the fate of chromosomes. Chromosomes consist of DNA coiled around protein bodies and then coiled on itself twice again.

We have already seen how the structure of DNA lends itself to replication: the DNA molecule can act as a template for the synthesis of more identical DNA either for cell division within an organism or to form the basis of a new organism. Cell division that contributes to growth and repair in an organism is called mitosis, and each new cell is simply a replicate of the original. By the time you have finished reading this sentence, several thousand of your cells will have divided by mitosis. In order to transmit DNA in the process of sexual reproduction, the cells responsible divide in a different way, called meiosis. 
The position of a particular gene along a length of DNA, and hence on the chromosome, is called the locus of that gene. All human beings belong to the same species and thus have some obvious similarities that must have a genetic basis. In features such as hair type, eye colour and so on, there are also differences, and it follows that there must be different forms of the genes that determine these characters. These different forms are called allelomorphs, or more commonly alleles. Now, most cells in a typical animal contain chromosomes in matching pairs. In human cells, there are to be found 46 chromosomes made up of 23 pairs, each member of a pair being very similar except for the two that are called sex chromosomes. The sex chromosomes are called X or Y, which refers to their appearance under an optical microscope. It could be said then that humans have 22 matching pairs (of autosomes) and then either one X and one Y chromosome (XY) if they are males, or one X and another X chromosome (XX) if they are female. 
The concept of a gene itself, as fundamental as it is, has had a variety of definitions. A modern definition has to take account of the fact that a strand of DNA can contain non-coding regions, enhancers and promoters, regions that are expressed called “exons” and regions between exons that are not expressed called “introns” (Figure 3.1). One best-selling biology textbook gives a useful definition of a gene as “a region of DNA that can be expressed to produce a final functional product that is either a polypeptide or an RNA molecule” (Reece et al, 2011, p.393). Figure 3.2 shows three genes on a section of a pair of chromosomes aligned side by side. The loci of the genes are given 
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Figure 3.1   Basic structure of a “gene” defined by a region of DNA containing enhancers, promoters, exons and introns. Only the DNA on the Exons is actually transcribed to make a polypeptide.

by the letters Aa, BB and Cc. In the case of the allele B, the two forms of the gene on each member of the chromosome pair are the same, so the genotype is said to be homozygous. If that allele coded for spots on the fur of an animal, the phenotype of the organism would be spotted. In the case of allele A, it is not as simple. Both genes refer to the same trait but exist in different forms; the genotype at this locus is thus heterozygous. The final outcome that is expressed depends a lot on the type of gene. If this were the locus for eye colour, a coding for blue eyes and A for brown, the phenotype would show brown eyes. We say that brown is the dominant allele and blue the recessive. In other cases, the outcome is intermediate between the homozygous conditions for each allele.

Figure 3.2       Complementary pair of chromosomes showing homozygosity for allele B and heterozygosity at A and C

                         A                      B                     C

                          a                       B                     c


Why chromosomes exist in pairs when it seems that one set would do relates to the phenomenon of sexual reproduction. Of the 46 chromosomes in each of your cells, 23 are provided by your mother and 23 by your father. The total number of base pairs in any individual human genome is about 6.3 billion (6.3 x10 9 ) base pairs in men and 6.4 billion in women. The higher number of pairs in women reflects the fact that in terms of the sex chromosomes women are XX and men are XY and the X chromosome is much larger than the Y one. Just 2% of these base pairs, however, actually contains protein-coding sequences, and these are organised into about just 22,000 genes. Of the rest most (80-90%) are simply non-coding and others (8-18%) produce functional RNA or are involved in the regulation of the protein-coding sequences. You share 50 per cent of your genome with your biological mother and 50 per cent with your biological father. When cell division occurs in your body to replace damaged cells, or simply as part of growth, each new cell has the same 46 chromosomes as the one from which it grew. When animals produce sex cells or gametes by the process of meiosis, however, the procedure is different. In each human sperm and egg, there are to be found only 23 chromosomes, that is, half the number in normal ‘somatic’ cells. Fertilisation brings about the recombination of these to 46 in 23 pairs, and so the life of a new organism begins.
How novelty enters the information – mutations and meiosis

Modern genetics provides an answer to the problem that so troubled Darwin of how spontaneous novelty arises and allows natural selection to take effect. Much of the apparent novelty that arises in any one generation comes from the shuffling of genes during meiosis and sexual reproduction, as discussed above. Fundamental changes must, however, be caused by changes in the base sequence of the DNA. We now know that chemical and physical agents such as high-energy radiation can have a mutagenic effect on DNA and cause alterations in its structure. Mutagenesis can also occur spontaneously by errors in replication. It seems likely that sexual reproduction may have begun as a way of reducing the number of these spontaneous errors. 

3.2  The unit of natural selection: replicators and vehicles
It comes as a surprise to find that, despite a considerable knowledge of the structure of DNA and the processes of transcription and translation, there still remain fundamental questions about what exactly is evolving and being selected. The issue is often called the ‘unit of selection’ question. Dawkins takes the view that if, for the unit of selection, we are looking for an irreducible entity that persists through time, makes copies of itself and on whose slight changes natural selection can act, the individual organism will not do. The reason is that organisms do not make facsimiles of themselves: in sexual reproduction, offspring often differ markedly from their parents. The process of meiosis and recombination found in sexual reproduction serves as a method of shuffling genes every generation. Moreover, accidental changes to an organism (acquired characteristics) are not inherited by the offspring. We are looking for a unit in which changes that have an effect on reproduction are inherited. Even organisms that reproduce asexually are not the replicators. An aphid that has lost a bit of leg does not reproduce by parthenogenesis to make copies of ‘itself’ complete with shortened leg. It ‘strives’ (apparently) to make copies of its genome. Consequently, the unit of selection is neither the group nor the individual organism but the gene itself (Dawkins, 1976; Hull, 1981).
The question is somewhat clarified by making a distinction between units that reproduce and entities that expose themselves to natural selection. This distinction is important because genes are not exposed directly to selective forces: the environment ‘sees’ not the genes but only the phenotypic expression of many genes working together. Dawkins introduced the terms ‘replicators’ and ‘vehicles’ for this purpose. In this view, organisms become vehicles for the replicators. The properties of these organisms are conferred on them by genes (in concert with environmental influences), and these properties influence the survival of the organism and ultimately the replicators. 
Interestingly, as genes pursue their reproductive ‘goals’, there does arise the possibility that they will care more for themselves than for the body that harbours them. If DNA can survive and be replicated without phenotypic expression, then so be it. This could explain why many organisms have large amounts of repetitive or ‘junk’ DNA whose function, if any, is not yet known. This may look non-adaptive and puzzling until we take a gene-centred view. This ‘parasitic’ DNA (assuming that it carries no benefit for its vehicle and that its replication is a net drain on resources) is highly adaptive for itself (Doolittle and Sapienza, 1980).
The whole issue is, however, still not resolved. If we accept the gene as the unit of selection (which is compelling for the reasons outlined above), we still face the problem of linkage disequilibrium. Some genes do not behave as separate units during reproduction but remain linked with other genes. So, how large or small a fragment of genome should count at the fundamental unit? This debate is also likely to continue. This gene-centred view of selection, however, helps to explain some otherwise puzzling aspects of animal behaviour, such as altruism, as we shall see in the next section.
3.3  Kin recognition and discrimination
The potential importance of recognition alleles is illustrated by the “green beard effect”. Two factors ensure a high value for r, which is needed if altruism is to spread when costs are significant: kinship and recognition. There is nothing intrinsically special about the location of the altruistic gene in kin; it is merely that kin have a reliable probability that the gene for helping will be present. But it is just a probability. In Figure 3.7 in the main text, if the individual AM were to help am, which it would if the gene A simply instructed it to help siblings, its actions would be wasted. 

The importance of recognition is illustrated by the ‘green beard’ effect, named after a thought experiment of Richard Dawkins. The idea was in fact first proposed by Hamilton in 1964 and given its memorable title by Dawkins (1976). Dawkins considered a gene for helping that would also cause its vehicles to sprout a (metaphorical) green beard. This would be an ideal way to focus altruistic efforts. Kin would be ignored if they did not possess the green beard, but anyone with a green beard would be helped without regard to how closely related they were. It is often pointed out that a gene for helping is unlikely to be able also to command the ability to recognise a label and the ability to produce a label, but if two or more genes are closely linked such that they tend to occur together (linkage disequilibrium), this does become a theoretical possibility. The reason why ‘green beard’ effects are not common probably results from meiotic crossover and recombination (Haig, 1997). Another reason is possibly the problem of free riders: any organism that sprouted a green beard but did not commit altruistic acts would reap all the benefits without paying the costs. So in order of fitness we might have: selfish free rider green beards > altruistic green beards> altruistic non-green beards > selfish non-green beards; and this would cause a collapse in the population of altruistic green beard types. For recent theoretical work that greatly clarifies the conditions under which we could expect green beard effects to emerge see Gardner and West (2011).

Strictly speaking, a ‘green beard’ effect is not necessarily kin recognition since the altruistic gene would behave favourably towards any other recognisable ‘green beard’ irrespective of its kinship. Some evidence for green beard effects is observed in the congregating behaviour of the larvae of the sea squirt (Botryllus schlosseri) as studied by Grosberg and Quinn (1986) and the behaviour of red fire ants (Solenopsis invicta) as documented by Keller and Ross (1998). The real importance of ‘green beards’ is, however, a thought experiment. If you understand why altruism towards ‘green beards’ should spread faster than that simply towards relatives, you have understood the force of Hamilton’s equations and are a long way down the road to a gene-centred view of natural selection. 
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