

CHAPTER 1 The Whale and the Virus

How Scientists Study Evolution


[image: An artist’s illustration shows an Ambulocetus in water, trying to catch a bird. ]

Ambulocetus was a 49-million-year-old relative of today’s whales and dolphins. It evolved from terrestrial mammals and still had limbs.
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Learning Objectives


	Define biological evolution.

	Write three questions biological evolution can potentially address.

	Using evidence from fossil whales, explain how lineages change through time.

	List the characteristics of viruses that make them difficult to control.

	Describe three different kinds of evidence that scientists use for understanding evolution.

	Define natural selection and explain how it is important for evolution.






The blue whale, the biggest animal on Earth, can reach more than 30 meters long and weigh up to 100,000 kilograms—equal to the weight of a town of more than a thousand people. To grow to this staggering size, blue whales search for swarms of krill and other small animals. They drop open their lower jaws, and enough water to fill two school buses rushes in. Swinging their mouths shut, the whales ram their tongues forward, forcing the water back out through rows of bristle-covered plates called baleen. The baleen traps the krill and other animals; once all the water is gone, the whales swallow their meal. In a single lunge, scientists calculate, a blue whale can gather half a million calories (Goldbogen et al. 2010). You’d need to eat a thousand hamburgers to get the same amount of energy—and you’d need to eat them all at once.

Blue whales are remarkable not just for their size or for their massive gulps. Although they have fishlike bodies well suited for swimming, they cannot survive an hour underwater. They must periodically rise to the ocean’s surface to breathe, opening a blowhole to draw air into their lungs. Whales lack the gills that sharks and other fishes use to draw oxygen from water. Instead of laying eggs, like most species of fish do, whales give birth to live young. The calves must travel with their mothers for years, drinking milk instead of searching for their own food.

At the other end of life’s spectrum are viruses. They are minuscule, typically measuring about 100 nanometers across. That’s about a thousand times smaller than the width of a human hair, and more than 10 billion times smaller than a blue whale. Unlike animals, viruses can be exquisitely simple. We have about 20,000 protein-coding genes, for example. The influenza virus has only 13 (Jagger et al. 2012).

Viruses may be small and simple, but that doesn’t mean they’re not extremely important. As they spread through their hosts, they cause a wide range of diseases, some of which are devastating. In 2016 alone, for example, the human immunodeficiency virus (HIV) killed 1 million people (UNAIDS 2017). Viruses infect almost every species of animal, plant, fungus, protozoan, and bacterium on Earth. They can even infect blue whales. In a single drop of seawater, there may be millions of viruses. In the world’s ocean, there are about 1031[image: 10 super 31] of them—equivalent in weight to 75 million blue whales (Simmonds et al. 2017).


[image: A photo shows Hans Thewissen working on a few fossil samples.]

Figure 1.1 Paleontologist Hans Thewissen discovered the first fossil of Ambulocetus in 1993.



As different as blue whales and viruses may be, a single explanation can account for them both—along with all the other species they share the planet with: they are all the products of evolution (Figure 1.1).

In 1973, the biologist Theodosius Dobzhansky wrote one of the most eloquent accounts for evolution’s place in the study of life. He titled his essay, “Nothing in Biology Makes Sense Except in the Light of Evolution” (Dobzhansky 1973). “Seen in the light of evolution, biology is, perhaps, intellectually the most satisfying and inspiring science,” he wrote. “Without that light it becomes a pile of sundry facts—some of them interesting or curious but making no meaningful picture as a whole.”

By understanding evolution, Dobzhansky explained, we can understand why the natural world is the way that it is. We can understand the similarities among different species, as well as the differences. We can understand why some species are present in some parts of the world and not others. We can understand the adaptations of living things, as well as their weaknesses.

The insights that we get from studying evolution can lead to practical applications. By studying evolution, we can find new ways to fight the viruses and bacteria that make us sick. We can understand how insects become resistant to the pesticides that farmers apply to their fields. We are altering the environment on a planetary scale by introducing invasive species to new habitats, spreading pollution, and altering the climate. Globally, we are witnessing a wave of extinctions the likes of which Earth may not have seen for tens of millions of years. By studying evolution’s history, we can learn how today’s extinctions compare with those of the past, begin to make predictions about which current populations will vanish, and devise strategies to slow their decline.

But evolution is also useful in an even more profound way: it helps us find answers to some of the biggest questions we ask about ourselves. How did we get here? How did we acquire our powers of reasoning and language? To fully address these questions, we must first appreciate how and why populations change over time. We must understand the basic principles of biological evolution.



	Biological evolution

	Biological evolution is any change in the inherited traits of a population that occurs from one generation to the next (that is, over a time period longer than the lifetime of an individual in the population).



This book is an introduction to evolutionary biology—the study of both the processes by which life evolves and the patterns these processes have generated over the past 4 billion years. It is also about how scientists study evolution. When Charles Darwin studied evolution in the mid-1800s, the most sophisticated tool he could use was a crude light microscope. Today, scientists study evolution by using high-throughput sequencing technologies to analyze DNA. They probe the molecules of ancient rocks to determine the age of fossils. They use powerful computers to apply new statistical equations to the diversity of life. They observe evolution unfolding in their laboratories. And they synthesize these different lines of evidence into a unified understanding of how life has evolved.



	fossil

	A fossil is preserved evidence of life from a past geological age, including impressions and mineralized remains of organisms embedded in rocks.



As an introduction to this book, and to evolutionary biology in general, let’s turn back to those remarkable extremes, whales and viruses. [image: ]


Key Concept


	By understanding evolution, we can understand why the natural world is the way it is.










1.1 Whales: Mammals Gone to Sea

Whales, dolphins, and porpoises are collectively known as cetaceans (that’s because they’re members of the order Cetacea; Figure 1.2). There are 92 species of living cetaceans, and all of them share a number of traits (Perrin 2017). They have fishlike bodies—sculpted with the same sleek curves you can find on tuna and sharks—that allow them to use relatively little energy to shoot through the water. Their tails narrow at the end and then expand into horizontally flattened flukes. Cetaceans lift and lower their flukes to generate thrust, much like sharks and tuna generate thrust by moving their tails from side to side.


[image: Two photos show two cetacean species, baleen whale and dolphin.]

Figure 1.2 Living cetaceans all share a number of traits, such as blowholes and horizontal tail flukes. Within this group of species, there are two different kinds of cetaceans. Some species have filter-like growths called baleen in their mouths that they use to sieve small animals from seawater (left). Other species, such as dolphins (right), have peg-shaped teeth that they use to grab larger prey, such as seals and fishes.
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It’s clear that cetaceans have a superficial similarity with fishes, but they also possess many traits found only in mammals. Cetacean embryos develop in the uterus, forming a placenta to extract nutrients from their mothers. They are born alive and then drink milk produced by their mothers until they’re old enough to eat solid food (Figure 1.3). Whales and dolphins even have tiny bones embedded in their flesh just where the hips would be on land mammals.


[image: A photo shows a whale and a whale calf swimming close to each other.]

Figure 1.3 Whales give birth to live young, which survive on milk from their mothers for months. In other words, they retain mammalian reproductive traits after having returned to the ocean more than 40 million years ago.
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Evolution as a Gradual Process

In his 1859 book The Origin of Species, Darwin proposed a straightforward explanation for this puzzling pattern of similarities and differences. Cetaceans descended from mammals that lived on land, and their lineage gradually evolved into marine mammals through a process he dubbed natural selection. (See Chapter 2 for a detailed exploration of Darwin’s general theory.) The ancestors of modern whales lost their hindlimbs, and their front legs became shaped like flippers. Yet whales retain some traits from their mammalian ancestors, such as lungs and mammary glands. The mammary glands of whales and land mammals are examples of homology—structural characters that are shared because they are inherited from a common ancestor.



	Lineage

	Lineage refers to a chain of ancestors and their descendants. A lineage may be the successive generations of organisms in a single population, the members of an entire species during an interval of geological time, or a group of related species descending from a common ancestor.



	Natural selection

	Natural selection is a mechanism that can lead to evolution, whereby differential survival and reproduction of individuals cause some genetic types to replace (outcompete) others.



	homologous

	A homologous characteristic is similar in two or more species because it is inherited from a common ancestor.



Darwin proposed that evolution was a gradual process. If that were to be true, then intermediate species of cetaceans must have existed in the past that had bodies specialized for life on land. In Darwin’s time, paleontologists were only starting to find fossils that could illuminate the past, and they knew of no such intermediate cetaceans. But starting in the late 1800s, researchers found a growing number of these fossils. They knew that these fossils were cetaceans because they had a set of distinctive traits in their skeletons that are found today only in living cetaceans.

Figure 1.4 illustrates an example, the 40-million-year-old Dorudon atrox. Fossils of Dorudon revealed that its flippers and long vertebral column are very much like those found in living whales. But when biologists want to classify a species of mammal, they focus much of their attention on anatomical details of the skull. The teeth, ear bones, and other parts of the skull are especially helpful at revealing evolutionary links between species.


[image: Illustration A shows fossils of Dorudon and illustration B shows an artist’s rendering of Dorudon.]

Figure 1.4 A: Early clues to whale evolution come from the teeth of whale fossils. Dorudon, a 40-million-year-old whale, has different types of teeth, some of which have complicated surfaces. They bear a strong resemblance to the teeth of some extinct land mammals. When paleontologists found older cetacean skulls, they used traits such as the ones shown here to determine that they were related to Dorudon and living cetaceans. B: An artist’s reconstruction of Dorudon.




Illustration A includes the skeletal system of Dorudon and the lateral, ventral, and dorsal views of its skull. The lateral and ventral views show the incisors and canines aligned with cheek teeth, and the ectotympanic is labeled in both. The ventral and dorsal views show the narrow postorbital/temporal region.


Mammals all hear with a series of tiny bones that vibrate in response to sound. These bones sit in an air-filled cavity that’s enclosed in a hollow shell known as the ectotympanic. Living cetaceans have a distinctive ectotympanic. The inner wall of the ectotympanic, called the involucrum, forms a thick lip of dense bone. The involucrum of Dorudon has this same dense, thick form (Thewissen et al. 2009).

Although Dorudon shares some features with living cetaceans, it also was different in some important respects. Living cetaceans have two basic kinds of mouth anatomy, reflecting two different ways of feeding. Blue whales belong to the group known as baleen whales, or mysticetes. They use baleen to filter small animals from the water (see Figure 1.2, left panel). The other group is known as odontocetes, or toothed whales (right panel). This group includes sperm whales, dolphins, and killer whales. They have uniform peg-shaped teeth, which they use to hunt for prey.

Dorudon had teeth as well. But its teeth had different shapes—pointed incisors in the front and shearing molars in the back. The cheek teeth had complex patterns of cusps and facets. Dorudon’s teeth resembled those of land mammals more than they did those of living odontocetes. This difference suggested that the evolution of peg-like teeth and baleen occurred long after cetaceans had become aquatic.

It wasn’t until the late 1900s that whale evolution started to come into sharp focus. In 1979 Philip Gingerich, a paleontologist from the University of Michigan, traveled to Pakistan to investigate a geological formation—rocks that formed from 56 million to 34 million years ago (mya), from the Eocene period—with the intent of documenting the mammals existing in that region during that time. He and his colleagues brought back a number of fossils to Michigan and then painstakingly prepared them in his laboratory. One 50-million-year-old fossil—the teeth and back portion of a wolf-sized skull—bore some striking synapomorphies with cetaceans such as Dorudon, especially in its teeth. Gingerich and his colleagues dubbed it Pakicetus, meaning “whale of Pakistan” in Latin (Figure 1.5; Gingerich et al. 1980).



	synapomorphy

	A synapomorphy is a derived form of a trait that is shared by a group of related species (that is, one that evolved in the immediate common ancestor of the group and was inherited by all its descendants).




[image: Three illustrations labeled A, B, and C depict an artist’s reconstruction of Pakicetus. ]

Figure 1.5 A: The 50-million-year-old Pakicetus was the first terrestrial cetacean ever discovered. This artist’s reconstruction is based on several different fossils. Fossil material is colored orange; the tan areas are reconstructed based on skulls of related mammals. B: An artist’s reconstruction of a living Pakicetus. C: Although Pakicetus may not look like a whale, synapomorphies reveal its relationship to more familiar cetaceans. Here, we show the right ectotympanic bones of Pakicetus and a living dolphin species. The ectotympanic bone surrounds the middle ear cavity. The inner wall of the ectotympanic, known as the involucrum, is thick and dense in cetaceans—and in fossils such as Pakicetus. But this trait is found in no other living or fossil mammals. Other synapomorphies include features of the teeth and skull indicated on the skull of Dorudon in Figure 1.4A.




The recreated illustration A shows the skull of Pakicetus with fossil material in orange and a few tan areas. The recreated illustration B shows the head of a living Pakicetus. The recreated illustration C shows the ectotympanic bones of the fossil Pakicetus and the dolphin Lagenorhynchus. Both the bones depict the following labeled parts: tympanic plate, middle ear cavity, and involucrum. Referencing the color in A is not necessary or helpful. The important point of this figure is that synapomorphies show that Pakecetus is more closely related to cetaceans than they would appear. We know this by examining the involcrum, typanic plate, etc. side by side.


Gingerich’s discovery was a dramatic one for two reasons. The first was the age of the fossil: Pakicetus was about 50 million years old, making it by far the oldest fossil of a cetacean found up to that point. The second reason was where Pakicetus lived. Whales and dolphins today live only in the water—most live in the ocean, and a few species of dolphins live in rivers. Studies on the rocks in which Pakicetus fossils have been discovered demonstrate that they did not form on an ocean floor. Instead, they were shaped by shallow streams that only flowed seasonally through what was otherwise a hot, dry landscape (Thewissen et al. 2009). Thus Pakicetus appeared to be a whale that spent at least some time on land.

Ever since the discovery of Pakicetus, Gingerich and other paleontologists have been finding additional early whale fossils (Gatesy et al. 2012). Hans Thewissen, one of Gingerich’s students who now teaches at Northeast Ohio Medical University, discovered a particularly impressive fossil of a cetacean he named Ambulocetus—meaning “walking whale” (see Figure 1.1).

In the early 1990s, Thewissen had traveled to a different part of Pakistan to look for mammals that lived a few million years after Pakicetus. One day, Thewissen and his Pakistani colleagues happened across a strange fossil of a large mammal. They slowly excavated its bones, starting at the tail and moving up to the head. Its tail was massive, its legs were stubby, and its rear feet were shaped like paddles. Even as Thewissen was digging up the fossil, he could see that its head was long like an alligator’s, but it had teeth like those of fossil whales.

Thewissen brought the fossil (Figure 1.6A) to the United States, where he continued preparing and analyzing it. He discovered more cetacean synapomorphies, such as a thickened involucrum. He concluded that the fossil was, in fact, a whale that could walk (Figure 1.6B; Thewissen et al. 1997; Zimmer 1998).


[image: Two illustrations, labeled A and B, depict the skeletal system of Ambulocetus (from a fossil) and an Ambulocetus chasing its prey (recreated illustration).]

Figure 1.6 A: The 49-million-year-old skeleton of Ambulocetus has an involucrum, as well as other traits that are found today only in whales. It was the first fossil whale to be discovered with legs. B: An artist’s reconstruction of Ambulocetus shows how it may have used its stout, powerful limbs to swim underwater in pursuit of prey.
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In the years since Thewissen’s discovery, paleontologists have found many fossils of different species of whales with legs. Thewissen himself, for example, has found additional bones of the older cetacean ancestor Pakicetus. Fragments of its skull revealed it to have a cetacean-like involucrum and also showed that its eyes sat on top of its head. Fossil bones from other parts of its skeleton led Thewissen to reconstruct Pakicetus as a wolf-sized mammal with slender legs and a pointed snout. Meanwhile, in Pakistan, Gingerich found the fossils of a whale that was later named Rodhocetus, whose short limbs resembled those of a seal.

As the evidence that cetaceans evolved from land mammals grew, scientists wondered which group of land mammals in particular they had evolved from. One way to address a question like this is to compare the DNA of living species. As we’ll see in Chapter 8, scientists can use genetic information to draw evolutionary trees showing the relationships among species. In the 1990s, several research groups began comparing small snippets of DNA from cetaceans and other mammals. They concluded that cetaceans were most closely related to a group of mammals called artiodactyls, which includes cows, goats, camels, and hippopotamuses. As they compared more DNA from these species, the cetacean–artiodactyl link only grew stronger. In fact, the scientists concluded that cetaceans were most closely related to hippopotamuses (Nikaido et al. 1999).

Paleontologists were surprised by this result. In the first fossils of whales they had discovered, they found no compelling morphological evidence linking them to artiodactyls. But the paleontologists changed their minds when they began to find the limbs of fossil whales. One trait thought to be unique to artiodactyls can be found on an ankle bone called the astragalus (plural, astragali). The ends of the astragalus are pulley-shaped in artiodactyls. Obviously, living cetaceans don’t have an astragalus because they don’t have hind legs. But when paleontologists finally discovered the ankle region of ancient cetaceans with limbs, they discovered that the animals had double-pulley astragali (Figure 1.7). The presence of this trait in artiodactyls and cetaceans suggests that the two groups share a more recent common ancestor than either group does to other mammals. It may seem incredible that whales and cows are like cousins, and yet we can see how two lines of evidence independently lead us to that same conclusion.



	Morphology

	Morphology refers to the form and structure of organisms.




[image: Illustration A depicts an artist’s reconstruction of the leg and the astragali (ankle bones) of the ox, Bos; and image B shows fossil anke bones.]

Figure 1.7 A: The leg of an ox, a typical artiodactyl. One synapomorphy of the artiodactyl lineage is the distinctive double-pulley-like morphology of the astragalus, a bone in the ankle region. B: The astragali of two living artiodactyls are shown here next to the fossil astragali of two ancient members of the whale lineage. The fact that they share a double-pulley morphology is evidence that whales evolved within the artiodactyl lineage.




Illustration A shows the ventral and lateral views of the ox’s leg with the ankle bone labeled as astragalus. The astralugus of the ox  shows similarities than indicate the same double-pully morphology in the fossils shown. The fossils in part B show the ankle bones of Indohyus, Pakicetus, pig (Sus), and deer (Odocoileus). The bones are all within a few centimeters in length and width.




Visualizing Evolutionary History

Darwin maintained that species evolved like a branching tree in which new lineages split off from old ones. To reconstruct this evolutionary branching pattern, known as a phylogeny, scientists can analyze morphology (Chapter 4) and genes (Chapter 8). The phylogeny of cetaceans and their relatives is illustrated in Figure 1.8. We will include a number of similar figures in this book and use them to explore the patterns of evolution. Figure 1.8, for example, allows us to synthesize a great deal of evidence to get an overall sense of the complex evolutionary history of cetaceans that transformed them from ordinary-looking mammals into fishlike creatures.



	Phylogeny

	Phylogeny is a visual representation of the evolutionary history of populations, genes, or species.




[image: A diagram presents the evolution of cetaceans.]

Figure 1.8 This diagram shows the evolutionary relationship between some extinct and living cetaceans. The traits present in living cetaceans emerged gradually, as demonstrated by their presence in some extinct species but not others. In this diagram, we show the emergence of some of these traits. (Data from McGowen et al. 2014)




A scale plots millions of years ago (m y a) from 55 to 0, in increments of 5. All years in the following are approximate.
Hippopotamus lived 55 m y a and still exists.
Indohyus lived from 49 to 48 m y a. Text reads: Involucrum; freshwater semi-aquatic habitat.
Pakicetus lived from 50 to 48 m y a.
Ambulocetus lived 47 m y a. Text reads: Large, powerful tail; shorter legs; fat pad in jaw for hearing; brackish water habitat.
Kutchicetus lived 47 m y a. Text reads: Saltwater habitat.
Rodhocetus lived 46 to 45 m y a. Text reads: Nasal opening shifted back; eyes on side of head.
Dorudon lived 42 to 33 m y a. Text reads: Tail flukes; very small hind legs; Nasal opening shifted further back.
Basilosaurus lived 40 to 35 m y a.
Odontocetes lived 36 m y a and still exists. Text reads: Complete loss of hind feet; echolocation for hunting; nasal opening migrates back to position in living odontocetes.
Mysticetes lives 36 m y a and still exists. Text reads: Complete loss of hind feet; baleen for filtering food; nasal opening migrates back to position in living mysticetes.


Indohyus and Pakicetus, which belong to the two deepest branches on this tree, have an unusually dense type of bone in their limbs. This feature is also found in hippopotamuses, which you’ll remember are the closest living relatives of cetaceans. Hippos and other living mammals with this sort of dense bone are able to stay underwater and walk on the bottom of rivers and lakes. It’s therefore possible that the common ancestor of hippopotamuses and cetaceans had already spent time at the bottom of bodies of freshwater.

Other lineages became even more specialized for life in water. Ambulocetus, which lived about 49 million years ago along the coastline of what is now Pakistan, had short legs and massive feet. It probably swam like an otter, kicking its large feet and bending its tail. Rodhocetus, with its seal-like limbs, probably could only drag itself around on land.

As cetaceans lived more and more in the ocean, legs became obsolete—or even costly. Later cetaceans evolved flat flippers that helped them steer through the water. Other parts of their terrestrial anatomy also adapted to life in the water. They continued to breathe air into their lungs, but their nostrils gradually shifted up to the top of their skulls, allowing them to efficiently take in air each time they rose to the surface of the water.

Fossils show that the loss of hind legs took millions of years. By 40 million years ago, fully aquatic species such as Dorudon had evolved. But Dorudon, despite being 6 meters long, still had hind legs—complete with ankles and toes—that were smaller than those of a human child.
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