









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Adaptation and Natural Selection: Overview Jeffry B Mitton, University of Colorado, Boulder, Colorado, USA
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Adaptation is both an evolutionary process and a product of natural selection: adaptation is a process of evolution in which traits are modified by natural selection; an adaptation is a phenotypic trait moulded by natural selection. In both cases the evolution is driven by natural selection.



Introduction Evolutionary biologists use the term adaptation in two distinct but related ways. Adaptation is both an evolutionary process and a product of natural selection. In both cases, the evolution is driven by natural selection. (1) ‘Adaptation’ is a process of evolution in which traits in a population are modiﬁed by natural selection to meet better the challenges presented by the local environment. (2) ‘An adaptation’ is a phenotypic trait moulded by natural selection. The trait could be physiological, behavioural, developmental or morphological, or it could be a lifehistory trait.



The Process of Adaptation The peppered moth, Biston betularia, provides a classic case of the process of adaptation. This moth has a mottled pattern of whites and greys that makes it cryptic, or diﬃcult to see, on the lichen-covered bark of trees in its native England. However, the air pollution of the industrial revolution killed many lichens and soiled the bark of trees, making the peppered moth conspicuous against a relatively uniform, dark background. The peppered moth was suddenly less cryptic, and predation from visually hunting birds favoured an historically rare dark phenotype, a melanic form produced by a dominant mutation. The frequency of the dominant allele increased from very low frequencies to over 80% in just 60 years. The population had adapted by evolving a phenotype that restored crypsis for the majority of moths. The unique aspect of this natural experiment is that it was also conducted in reverse. Pollution controls imposed on manufacturing in the 1960s reduced the particulates in the air. Since the deposition of soot decreased, and pleurococcus algae restored the multicolored substrate, the frequency of the dominant gene is decreasing, so that in some restored sites the melanic form is in the minority again and becoming rarer. Mankind dramatically altered the environment in other ways with the widespread application of the insecticide



. Controversies . Natural Selection . Consequences of Natural Selection



DDT in the 1950s and 1960s. Although the use of DDT was intensive for less than three decades, more than 400 insect species adapted to their new chemical environment by evolving resistance to this insecticide. Insects became resistant by evolving mechanisms either to avoid absorbing DDT or to detoxify it. A few enzymes, most notably esterases, modify the molecular structure of organophosphate pesticides (such as DDT), rendering them less toxic to the insects.



Adaptations As a population adapts to the local environment, adaptations are constructed by natural selection so that individuals are better able to meet the challenges presented by that environment. Adaptations can be morphological, physiological, biochemical, behavioural or developmental, or can involve a life-history trait, such as clutch size or time of ﬁrst reproduction. A few examples follow.



Blue and striped mussels The blue mussel, Mytilus edulis, exhibits a latitudinal cline in the frequency of blue and striped individuals, and this genetically determined colour and pattern variation is an adaptation to extreme temperatures. Adult mussels are sessile, and when mussels are exposed at low tide they are unable to escape from extremes of temperature. Most mussels are uniformly blue-black, but some mussels have light yellow or white striping on a blue background; the striping is controlled by a single gene. Thermistors placed inside mussels demonstrated that, when they are exposed to sunlight, blue mussels attain higher temperatures than striped mussels. M. edulis is distributed in the western North Atlantic from Baﬃn Island to the outer banks of North Carolina, and is limited at the southern end of its distribution by high temperatures that disrupt gametogenesis. In addition, larvae carried by southern-moving currents regularly colonize Cape Hatteras, but high summer temperatures
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kill oﬀ these populations and place the southern limit of reproducing populations in Virginia. At the southern extremes, the high temperatures select against the blue mussels because of their thermal properties and it is at these localities that the striped individuals reach their highest frequency (40%). In New England and Canada, mussels are rarely threatened by summer heat, but it is common for mussels to freeze when they are exposed on very cold days. It is during these events that the blue shells have an advantage over striped shells. If the sun is shining, blue mussels will capture slightly more heat energy than striped mussels, and consequently experience lower mortality. In northern New England, striped mussels are rare (5%) and blue mussels are common (95%). The selection pressures that maintain the latitudinal gradient in the frequencies of blue and striped mussels can also produce variation among the intertidal zones. In Stony Brook Harbor, Long Island, NY, USA, where mortality due to winter freezing is much more common than mortality from summer heat, the frequency of striped mussels declined regularly through the tidal zone, from 24% to 21% to 19% for sites low, mid and high in the intertidal zone. These frequencies were consistent with the hypothesis that winter cold would favour blue mussels, for these were more common in the high intertidal, where they would be exposed to winter cold for longer periods of time. The opposite trend was observed in the dead mussels (open shells, no soft tissue remaining) at the same collection sites – 19%, 22% and 25% at low, mid and high sites in the intertidal zone. Opposite trends in frequencies of live and dead mussels are consistent with the hypothesis that diﬀerential mortality of mussels produces the clines in blue and striped mussels through the intertidal zone.



Lactate dehydrogenase in killifish The lactate dehydrogenase (LDH) polymorphism in the common killiﬁsh, Fundulus heteroclitus, produces physiological variation that is an adaptation to thermal environments. Killiﬁsh are abundant in estuaries, salt marshes, bays and harbours from the Matanzas River in Florida to Newfoundland. Killiﬁsh experience a remarkable range of environments, from the warmth of the subtropics through the highly seasonal mid-latitudes to the chill of maritime Canada. The enzyme lactate dehydrogenase, which is expressed in heart, liver and red blood cells, has three genotypes determined by two alleles, a and b. The relative biochemical performances of the three genotypes diﬀer dramatically as a function of temperature. The aa genotype is most eﬃcient at relatively high (408C) temperatures, the bb genotype is most eﬃcient at relatively low temperatures (108C), and the heterozygote has intermediate eﬃciencies at both temperature extremes. At the intermediate temperature of 258C, the eﬃciencies of the three genotypes 2



do not diﬀer. These biochemical performances measured from puriﬁed enzymes accurately predict the geographic variation of allelic frequencies over 2000 km of latitude. Populations in the southern portion of the range are monomorphic for the aa genotype, and populations in the northern end of the range are monomorphic for the bb genotype. Populations at intermediate latitudes, with dramatically ﬂuctuating temperatures, are polymorphic, and usually have all three genotypes. The biochemical diﬀerences among the LDH genotypes cause a cascade of physiological diﬀerences. As a consequence of diﬀerent reducing powers of the LDH genotypes, the amount of adenosine triphosphate (ATP) in red blood cells diﬀers among the LDH genotypes. ATP modiﬁes the aﬃnity of haemoglobin for oxygen, and thus the haemoglobins associated with the LDH genotypes diﬀer in their ability to scavenge oxygen from the water and deliver it to tissues. Diﬀerences in oxygen delivered to tissues produce temperature-dependent diﬀerences in time to hatching of eggs and sustained swimming speeds of adults. Thus, the lactate dehydrogenase polymorphism in killiﬁsh is an adaptation to temperature, adjusting several aspects of physiology to local thermal environments.



Slug-eating snakes The garter snake, Thamnophis elegans, has a behavioural adaptation that inﬂuences its choice of food items. Garter snakes in the mountains of coastal California commonly encounter slugs, which account for over 90% of their diet. Garter snakes also inhabit the inland mountains, but these are too dry to support slugs and so the snakes eat primarily frogs and ﬁsh. Feeding trials indicated that virtually all garter snakes in the coastal mountains eat slugs, but the majority of inland snakes refuse them and would starve if they were restricted to this diet alone. The choice to eat or refuse to eat slugs is genetically determined; the preference is present at birth and is ﬁxed for life. While it is easy to understand the beneﬁt to snakes in coastal mountains of eating the locally abundant, nutritious slugs, why would inland snakes refuse to eat slugs, which they never encounter? The answer is in the snake’s chemoreceptive confusion of slugs and leeches. Coastal snakes encounter only slugs, and thus the things that smell and taste like slugs or leeches are both good and safe to eat. Inland snakes, however, encounter only leeches and, because leeches are swallowed alive and remain alive in the gut, they could harm the snake by taking blood meals. Thus, this genetically determined diet preference is an adaptation for variation in the quality of local food resources.



The tale of the barn swallow’s tail The tail of the male barn swallow, Hirundo rustica, is an adaptation that plays an important role in sexual selection;
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in males, the length and symmetry of the tail inﬂuence aerial manoeuvrability, viability and reproductive success. Barn swallows are small (20 g) aerial insectivores. The males and females are similar in size and shape, with the exception of the outermost tail feathers, which are approximately 20% longer in males. The length and symmetry of the tail reﬂect environmental conditions, principally rainfall and food availability, during the winter when the tail feathers grow. Males with more asymmetric tails arrived at the breeding site later and began incubating eggs later than did symmetric males. Asymmetric males were also less likely to acquire a mate; the tail asymmetry of single males was more than twice that of mated males. Comparisons of males that died and males that survived revealed that surviving males were more symmetric than the males that died. Finally, the length of the tail decreases with the load of two ectoparasites, the tropical fowl mite, Ornithonysus bursa, and the feather louse, Hirundoecus malleus. Thus, the size and symmetry of the tail reliably reveal the physiological condition of male barn swallows. To study the signiﬁcance of the tail’s size and symmetry, A. P. Møller manipulated these characters in 96 males in a population in Draghede, Denmark, prior to the mating season. He cut and/or glued their feathers in all combinations so that the inﬂuence of size and symmetry could be analysed independently. These manipulations revealed that females preferred males with longer, symmetric tails. Males whose tails had been lengthened and made symmetric found mates earlier, had shorter intervals until the eggs were laid, and ﬂedged more oﬀspring than did males whose tails had been shortened and made asymmetric.



Controversies Adaptations recognized through argument from design The ‘argument from design’ was initially posed by the clergyman William Paley in 1816; Paley presented the exquisite design of morphological adaptations as proof that a deity had designed living organisms. Today, the ‘argument from design’ is used to identify adaptations formed and elaborated by natural selection. Adaptations are proposed to be analogous to machines, complex in design, and conforming to a priori design speciﬁcations. While the argument from design identiﬁes a hawk’s eye, a bat’s sonar, and a human hand as adaptations, it does not apply to the lactate dehydrogenase of the killiﬁsh or the tail of the male barn swallow. Thus, the ‘argument from design’ can identify potential morphological adaptations but it is not very useful for identifying biochemical or behavioural adaptations.



Built by selection, it is not perfect, just adequate Biologists often describe morphological adaptations as exquisitely designed, optimal, or essentially perfect for a particular task. Such descriptions are rarely critical, for few compare the adaptation to what is truly optimal to perform the task under consideration. Furthermore, if an adaptation evolves by natural selection, there is no reason to expect the adaptation to be optimal, ideal or perfect. Consider that, although the human eye has frequently been presented as a perfectly devised machine, the eye of the hawk is far superior for viewing small objects at great distances, and the eye of the owl provides much better night vision. If human eyes were truly optimal and ideal, we would have no use for optometrists and the spectacles and contact lenses that they supply. Similarly, a prey species that evades predators by running does not evolve inﬁnite speed; it evolves to run a little faster or a little farther than the predator, and no more.



Historical views and direct selection Some biologists deﬁne an adaptation as a trait that enhances ﬁtness and was fashioned by natural selection for the function that it is currently serving. This deﬁnition has several restrictions that make it diﬃcult to apply.



Enhances fitness How do you test whether a monomorphic trait enhances ﬁtness, or some component of ﬁtness, such as survival or reproduction? Although some authors have asserted that the human hand is an adaptation for grasping and manipulating objects, the assertion cannot be tested with direct comparisons of alternate phenotypes in humans, for there is no meaningful genetic variation for hands. That is, there are no nonpathological phenotypes to which we can compare the hand. At best, we could make inferences from comparisons with species lacking an opposable thumb, or with the sixth digit of the panda, a makeshift thumb fashioned from a wrist bone. However, if a trait is polymorphic, then comparisons can be devised among the alternative states to determine whether one enhances survival and reproduction. For example, ﬁeld studies of the peppered moth demonstrated that visually hunting birds took more melanic forms from the natural, lichenencrusted boles of trees, but took more peppered individuals from the boles of trees blackened by industrial soot. Thus, the peppered form enhances survival on the complexly patterned and shaded background of lichens growing on bark, and the melanic form enhances survival on the dark substrates in polluted woodlots. 3
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Direct selection Another problem with the deﬁnition above is that if natural selection does not act directly on the trait, then it is not an adaptation. However, it is diﬃcult to demonstrate unambiguously that a trait has responded to the direct action of selection, rather than in a correlated response to selection on another trait. For example, imagine a comparison of two closely related species of ﬁsh. The ancestral species lives in quiet pools in rivers, and the descendent species lives in riﬄes and rapids. You note that all of the ﬁns of the descendent species are larger and, because they have ﬁn rays or supporting elements, are also stiﬀer. This observation suggests to you that larger, stiﬀer ﬁns are an adaptation to swift water. Is every ﬁn (caudal, pectoral, dorsal, anal, pelvic) an adaptation, or did natural selection act directly on a subset of the ﬁns (say, caudal and dorsal) and the remainder changed as correlated responses to selection? It is not obvious that we could ever answer this question, and thus the strictures of the deﬁnition prevent us from identifying the adaptations that arose as the descendent species moved into riﬄes and rapids. For this purpose By the deﬁnition above, if a trait evolved ﬁrst for one function, and was subsequently modiﬁed for a second function, it is not an adaptation, for it did not evolve solely for its present function. In the context of this deﬁnition, traits that have been modiﬁed to serve a function other than the primary function are called exaptations.



Natural Selection Natural selection, which is most succinctly deﬁned as the diﬀerential reproduction of genotypes, was explained by Charles Darwin in his book Origin of Species, ﬁrst published in 1859. Natural selection occurs when the following criteria are met within a population of interacting individuals: 1. phenotypic variation exists; 2. the phenotypic variation is genetically determined; 3. the phenotypic variation produces variation in some component of ﬁtness, such as survival or mating success, and is ultimately expressed as diﬀerential reproduction. The diﬀerential reproduction of alternative genetic forms assures that the next generation will contain a higher frequency of the phenotype most successful at reproduction. Similarly, the phenotypes that were least successful at reproduction will decrease in frequency. Thus, the genetic changes across generations are produced by diﬀerences in reproductive success among genetically determined phenotypes. 4



Modern evolutionary biologists recognize that selection occurs at several levels, discriminating among genotypes, phenotypes, individuals, populations and species. But it is likely that the selection most commonly responsible for building adaptations is that among individuals within a population. When selection occurs within a population, evolutionary biologists debate whether selection is discriminating among alleles, genotypes, phenotypes or individuals; these arguments are not always productive. Selection typically favours certain phenotypes, such as ﬂeet antelopes or cryptic peppered moths; alternative phenotypes may be caused by variation at a single gene, or by the variation at two or more genes. While selection discriminates among the genotypes at one or more loci, it is the ﬂeet antelope and the cryptic peppered moths that reproduce, not their genes. Individuals, through their diﬀerential reproduction, cause populations to evolve, and hence evolution may be deﬁned as sustained change in the genetic constitution of a population.



Consequences of Natural Selection Adaptations are fashioned by natural selection, but it is important to realize that natural selection does not necessarily lead to adaptation.



Not always beneficial Natural selection does not always enhance the ﬁtness of a population; indeed, natural selection of selﬁsh genetic elements may decrease ﬁtness. Selﬁsh genetic elements, which enhance their transmission relative to the remainder of the genome, may be neutral, having no immediate impact on ﬁtness, or they may be detrimental. Selﬁsh genetic elements include supernumerary chromosomes, transposons, repetitive DNA sequences, and elements that distort the sex ratio. Selﬁsh genetic elements are widespread among species, and within species they can be abundant. For example, the Alu family of repetitive sequences replicates within its host’s genome, increasing to enormous copy numbers. Approximately 5% of the human genome is composed of Alu sequences, which, as far as we know, have no function. Each of us has more than half a million copies of the Alu sequence.



Forms of balancing selection slow evolution While some forms of natural selection enhance the rate of evolution, others, such as normalizing and stabilizing selection, reduce the rate of evolution. If natural selection favours intermediate size and shape in a particular environment, and if that environment is stable over protracted periods of time, natural selection may eliminate unusual sizes and shapes, preventing change of these traits.
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This may explain the stasis, or phenotypic stability over vast time periods, of horseshoe crabs and some species of clams.



Natural selection can adapt populations, build adaptations If a population contains genetically determined, phenotypic variation that inﬂuences variation in ﬁtness, natural selection will modify the genotypic frequencies in the population, thus adapting it. When the selection is sustained, new adaptations may be produced. Both industrial melanism in the peppered moth and evolution of resistance to DDT in insects demonstrated that adaptations can be established quickly, sometimes within a few decades. If natural selection does not maintain the adaptations, then mutations will accumulate, modifying the development and expression of the trait. Given suﬃcient time, the mutations will dismantle the trait. Examples are the loss of eyes and pigment in cave-dwelling ﬁsh and insects.



Further Reading Arnold SJ (1981) Behavioral variation in natural populations. I. Phenotypic, genetic and environmental correlations between chemoreceptive responses to prey in the garter snake, Thamnophis elegans. Evolution 35: 489–509.
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