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ent from one another and from the mainland population 
(figure 22.9).  Thus, geographic isolation seems to have been 
an important prerequisite for the evolution of differences 
between populations.
 Many other examples indicate that speciation can occur 
under allopatric conditions. Because we would expect isolated 
populations to diverge over time, by either drift or selection, 

 22.4 The Geography of Speciation

Learning Outcomes
Compare and contrast sympatric and allopatric 1. 
speciation.
Explain the conditions required for sympatric speciation 2. 
to occur .

Speciation is a two-part process. First, initially identical popu-
lations must diverge, and second, reproductive isolation must 
evolve to maintain these differences. The difficulty with this 
process, as we have seen, is that the homogenizing effect of 
gene flow between populations is constantly acting to erase any 
differences that may arise, either by genetic drift or natural se-
lection. Gene flow only occurs between populations that are in 
contact, however, and populations can become geographically 
isolated for a variety of reasons (figure 22.8) . Consequently, 
evolutionary biologists have long recognized that speciation is 
much more likely in geographically isolated populations.

Allopatric speciation takes place when 
populations are geographically isolated
Ernst Mayr was the first biologist to demonstrate that geo-
graphically separated, or allopatric, populations appear much 
more likely to have evolved substantial differences leading to 
speciation. Marshalling data from a wide variety of organisms 
and localities, Mayr made a strong case for allopatric speciation 
as the primary means of speciation.
 For example, the little paradise kingfisher varies little 
throughout its wide range in New Guinea, despite the great 
variation in the island’s topography and climate. By contrast, 
isolated populations on nearby islands are strikingly differ-

 Figure 22.9 Phenotypic diff erentiation in the little 
paradise kingfi sher Tanysiptera hydro charis in New Guinea. 
Isolated island populations (left) are quite distinctive, showing 
variation in tail feather structure and length, plumage coloration, 
and bill size, whereas kingfi shers on the mainland (right) show 
little variation.

 Figure 22.8 Populations can become geographically isolated for a variety of reasons. a. Colonization of remote areas by one 
or a few i  ndividuals can establish populations in a distant place. b. Barriers to movement can split an ancestral population into two isolated 
populations. c. Extinction of intermediate populations can leave the remaining populations isolated from one another.
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this result is not surprising. Rather, the more intriguing ques-
tion becomes: Is geographic isolation required for speciation 
to occur?

Sympatric speciation occurs without 
geographic separation
For decades, biologists have debated whether one species can 
split into two at a single locality, without the two new species 
ever having been geographically separated. Investigators have 
suggested that this sympatric speciation could occur either in-
stantaneously or over the course of multiple generations. Al-
though most of the hypotheses suggested so far are highly 
controversial, one type of instantaneous sympatric speciation is 
known to occur commonly, as the result of polyploidy.

Instantaneous speciation through polyploidy
Instantaneous sympatric speciation occurs when an individ-
ual is born that is reproductively isolated from all other 
members of its species. In most cases, a mutation that would 
cause an individual to be greatly different from others of its 
species would have many adverse pleiotropic side effects, 
and the individual would not survive. One exception often 
seen in plants, however, occurs through the process of poly-
ploidy, which  produces individuals that have more than two 
sets of  chromosomes.
 Polyploid individuals can arise in two ways. In autopoly-
ploidy, all of the chromosomes may arise from a single species. 
This might happen, for example, due to an error in cell division 
that causes a doubling of chromosomes. Such individuals, 
termed tetraploids because they have four sets of chromosomes, 
can self fertilize or mate with other tetraploids, but cannot mate 
and produce fertile offspring with normal diploids. The reason 
is that the tetraploid species produce “diploid” gametes that 
produce triploid offspring (having three sets of chromosomes) 
when combined with haploid gametes from normal diploids. 
Triploids are sterile because the odd number of chromosomes 
prevent proper pairing during meiosis. 
 A more common type of polyploid speciation is 
allopolyploidy, which may happen when two species hybrid-
ize (figure 22.10).  The resulting offspring, having one copy of 
the chromosomes of each species, is usually infertile because 
the chromosomes do not pair correctly in meiosis. However, 
such individuals are often otherwise healthy, can reproduce 
asexually, and can even become fertile through a variety of 
events. For example, if the chromosomes of such an individual 
were to spontaneously double, as just described, the resulting 
tetraploid would have two copies of each set of chromosomes. 
Consequently, pairing would no longer be a problem in meio-
sis. As a result, such tetraploids would be able to interbreed, 
and a new species would have been created.
 It is estimated that about half of the approximately 
260,000 species of plants have a polyploid episode in their his-
tory, including many of great commercial importance, such as 
bread wheat, cotton, tobacco, sugarcane, bananas, and potatoes. 
Speciation by polyploidy is also known to occur in a variety of 
animals, including insects, fish, and salamanders, although 
much more rarely than in plants.

Figure 22.10 Allopolyploid speciation.   Hybrid offspring 
from parents with different numbers of chromosomes often cannot 
reproduce sexually. Sometimes, the number of chromosomes in 
such hybrids doubles to produce a tetraploid individual that can 
undergo meiosis and reproduce with similar tetraploid individuals.

Sympatric speciation by disruptive selection
Some investigators believe that sympatric speciation can occur 
over the course of multiple generations through the process of 
disruptive selection. As noted in chapter 20, disruptive selection 
can cause a population to contain individuals exhibiting two 
different phenotypes.
 One might think that if selection is strong enough, these 
two phenotypes would evolve over a number of generations 
into different species. But before the two phenotypes could be-
come different species, they would have to evolve reproductive 
isolating mechanisms. Initially, the two phenotypes would not 
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be reproductively isolated at all, and genetic exchange between 
individuals of the two phenotypes would tend to prevent ge-
netic divergence in mating preferences or other isolating mech-
anisms. As a result, the two phenotypes would be retained as 
polymorphisms within a single population. For this reason, 
most biologists consider sympatric speciation of this type to be 
a rare event.
 In recent years, however, a number of cases have appeared 
that are difficult to interpret in any way other than as sympatric 
speciation. For example, Lake Barombi Mbo in Cameroon is an 
extremely small and ecologically homogeneous lake, with no 
opportunity for within-lake isolation. Nonetheless, 11 species 
of closely related cichlid fish occur in the lake; all of the species 
are more closely related evolutionarily to one another than to 
any species outside of the lake. The most reasonable explana-
tion is that an ancestral species colonized the lake and subse-
quently underwent sympatric speciation multiple times.

Learning Outcomes Review 22.4
Sympatric speciation occurs without geographic separation, whereas 
allopatric speciation occurs in geographically isolated populations. 
Polyploidy and disruptive selection are two ways by which a single species 
may undergo sympatric speciation. 

 ■ How do polyploidy and disruptive selection differ as 
ways in which sympatric speciation can occur?

Figure 22.11 Classic model of adaptive radiation on 
island archipelagoes. (1) An ancestral species col  onizes an 
island in an archipelago. Subsequently, the population colonizes 
other islands (2), after which the populations on the different 
islands speciate in allopatry (3). Then some of these new species 
colonize other islands, leading to local communities of two or more 
species. Adaptive differences can either evolve when species are in 
allopatry in response to different environmental conditions (a) or as 
the result of ecological interactions between species (b) by the 
process of character displacement. 

Learning Outcomes
Describe adaptive radiation.1. 
List conditions that may lead to adaptive radiation. 2. 

One of the most visible manifestations of evolution is the exis-
tence of groups of closely related species that have recently 
evolved from a common ancestor by adapting to different parts 
of the environment. These adaptive radiations are particularly 
common in situations in which a species occurs in an environ-
ment with few other species and many available resources. One 
example is the creation of new islands through volcanic activity, 
such as the Hawaiian and Galápagos Islands. Another example 
is a catastrophic event leading to the extinction of most other 
species, a situation we will discuss soon in greater detail.
 Adaptive radiation can also result when a new trait, called 
a key innovation, evolves within a species allowing it to use 
resources or other aspects of the environment that were previ-
ously inaccessible. Classic examples of key innovation leading 
to adaptive radiation are the evolution of lungs in fish and of 
wings in birds and insects, both of which allowed descendant 
species to diversify and adapt to many newly available parts of 
the environment.

 22.5 Adaptive Radiation and 
Biological Diversity 

 Adaptive radiation requires both speciation and adapta-
tion to different habitats. A classic model postulates that a spe-
cies colonizes multiple islands in an archipelago. Speciation 
subsequentl y occurs allopatrically, and then the newly arisen 
species colonize other islands, producing multiple species per 
island (figure 22.11). 
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Question:  Does competition for resources cause character displacement?

Hypothesis: Competition with similar species will cause natural 

selection to promote evolutionary divergence.

Experiment: Place a species of fish in a pond with another, similar

fish species and measure the form of selection. As a control, place a 

population of the same species in a pond without the second species. Note 

that the size of food that these fish eat is related to the size of the fish.

Result: In the pond with two species, directional selection favors those 

individuals which have phenotypes most dissimilar from the other 

species, and thus are most different in resource use. Directional selection 

does not occur in the control population.

Interpretation: Would you expect character displacement to occur if 

resources were unlimited?
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 Adaptation to new habitats can occur either during the 
allopatric phase, as the species respond to different environ-
ments on the different islands, or after two species become 
sympatric. In the latter case, this adaptation may be driven by 
the need to minimize competition for available resources with 
other species. Populations on different islands evolve to be-
come different species. In this process, termed character 
displacement, natural selection in each species favors those 
individuals that use resources not used by the other species. 
Because those individuals will have greater fitness, whatever 
traits cause the differences in resource use will increase in fre-
quency (assuming that a genetic basis exists for these differ-
ences), and, over time, the species will diverge (figure 22.12). 
 An alternative possibility is that adaptive radiation occurs 
through repeated instances of sympatric speciation, producing 
a suite of species adapted to different habitats. As discussed ear-
lier such scenarios are hotly debated.
 In the following sections we discuss four exemplary cases 
of adaptive radiation.

Inquiry question

? How would the scenario for adaptive radiation differ 
depending on whether speciation is allopatric? What is the 
relationship between character displacement and sympatric 
speciation?

Hawaiian Drosophila exploited  
a rich, diverse habitat
More than 1000 species in the fly genus Drosophila occur on the 
Hawaiian Islands. New species of Drosophila are still being dis-
covered in Hawaii, although the rapid destruction of the native 
vegetation is making the search more difficult.
 Aside from their sheer number, Hawaiian Drosophila
 species are unusual because of their incredible diversity of 
 morphological and behavioral traits (figure 22.13).  Evidently, 
when their ancestors first reached these islands, they encoun-
tered many “empty” habitats that other kinds of insects and 
other animals occupied elsewhere. As a result, the species have 
adapted to all manners of fruit fly life and include predators, 
parasites, and herbivores, as well as species specialized for eat-
ing the detritus in leaf litter and the nectar of flowers. The lar-
vae of various species live in rotting stems, fruits, bark, leaves, 
or roots, or feed on sap. No comparable diversity of Drosophila
species is found anywhere else in the world.
 The great diversity of Hawaiian species is a result of the 
geological history of these islands. New islands have continu-
ally arisen from the sea in this region. As they have done so, 
they appear to have been invaded successively by the various 
Drosophila groups present on the older islands. New species 
thus have evolved as new islands have been colonized.
 In addition, the Hawaiian Islands are among the most 
volcanically active islands in the world. Periodic lava flows of-
ten have created patches of habitat within an island surrounded 
by a “sea” of barren rock. These land islands are termed kipukas. 
Drosophila populations isolated in these kipukas often undergo 
speciation. In these ways, rampant speciation combined with 
ecological opportunity has led to an unparalleled diversity of 
insect life.

Figure 22.12  Character displacement. a. Two species are 
initially similar and thus overla p greatly in resource use, as might 
happen if the two species were similar in size (in many species, body 
size and food size are closely related). Individuals in each species that 
are most different from the other species (circled) will be favored by 
natural selection, because they will not have to compete with the 
other species. For example, the smallest individuals of one species and 
the largest of the other would not compete with the other species for 
food and thus would be favored. b. As a result, the species will diverge 
in resource use and minimize competition between the species.

Figure 22.13 Hawaiian Drosophila. The hundreds of 
species that have evolved on the Hawaiian Islands are extreme  ly 
variable in appearance, although genetically almost identical. 
a. Drosophila heteroneura. b. Drosophila digressa.
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Tree fi nches.2.  There are fi ve species of insect-eating tree 
fi nches. Four species have bills suitable for feeding on 
insects. The woodpecker fi nch has a chisel-like beak. This 
unusual bird carries around a twig or a cactus spine, which 
it uses to probe for insects in deep crevices.
Vegetarian fi nch.3.  The very heavy bill of this species is 
used to wrench buds from branches.
Warbler fi nches.4.  These unusual birds play the same 
ecological role in the Galápagos woods that warblers 
play on the mainland, searching continuously over the 
leaves and branches for insects. They have slender, 
warblerlike beaks.

 Recently, scientists have examined the DNA of Darwin’s 
finches to study their evolutionary history. These studies suggest 
that the deepest branches in the finch evolutionary tree lead to 
warbler finches, which implies that warbler finches were among 
the first types to evolve after colonization of the islands. All of 
the ground species are closely related to one another, as are all 
of the tree finches. Nonetheless, within each group, species differ 
in beak size and other attributes, as well as in resource use. 
 Field studies, conducted in conjunction with those dis-
cussed in chapter 21, demonstrate that ground species compete 
for resources; the differences between species likely resulted 
from character displacement as initially similar species diverged 
to minimize competitive pressures.

Darwin’s fi nch species adapted 
to use diff erent food types
The diversity of Darwin’s finches on the Galápagos Islands was 
first mentioned in chapter 21. Presumably, the ancestor of Dar-
win’s finches reached these islands before other land birds, and 
many of the types of habitats that other types of birds use on 
the mainland were unoccupied.
 As the new arrivals moved into these vacant ecological 
niches and adopted new lifestyles, they were subjected to many 
different sets of selective pressures. Under these circumstances, 
and aided by the geographic isolation afforded by the many 
islands of the Galápagos archipelago, the ancestral finches rap-
idly split into a series of diverse populations, some of which 
evolved into separate species. These species now occupy many 
different habitats on the Galápagos Islands, which are compa-
rable to the habitats several distinct groups of birds occupy on 
the mainland. As illustrated in figure 22.14 , the 14 species fall 
into four groups:

Ground fi nches.1.  There are six species of Geospiza ground 
fi nches. Most of the ground fi nches feed on seeds. The 
size of their bills is related to the size of the seeds they eat. 
Some of the ground fi nches feed primarily on cactus 
fl owers and fruits, and they have a longer, larger, and 
more pointed bill than the others.

Figure 22.14 An evolutionary tree of Darwin’s fi nches. This evolutionary tree, derived from examination of DNA sequences, 
suggests that warbler fi nches are an early offshoot. Ground and tree fi nches subsequently diverged, and then species within each group 
specialized to use different resources. Recent studies have shown, surprisingly, that the two warbler fi nches are not each other’s closest 
relatives. Rather, Certhidea fusca is more closely related to the remaining Darwin’s fi nches than it is to C. olivacea.  
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Figure 22.15 Cichlid fi shes of Lake Victoria. These fi shes have evolved adaptations to use a variety of   different habitats. The 
enlarged second set of jaws located in the throat of these fi sh has provided evolutionary fl exibility, allowing oral jaws to be modifi ed in 
many ways.

Lake Victoria cichlid fi shes  
diversifi ed very rapidly
Lake Victoria is an immense, shallow, freshwater sea about the 
size of Switzerland in the heart of equatorial East Africa. Until 
recently, the lake was home to an incredibly diverse collection 
of over 450 species of cichlid fishes.

Geologically recent radiation
The cluster of cichlid species appears to have evolved recently 
and quite rapidly. By sequencing the cytochrome b gene in 
many of the lake’s fish, scientists have been able to estimate that 
the first cichlids entered Lake Victoria only 200,000 years ago . 
 Dramatic changes in water level encouraged species for-
mation. As the lake rose, it flooded new areas and opened up 
new habitats. Many of the species may have originated after the 
lake dried down 14,000 years ago, isolating local populations in 
small lakes until the water level rose again.

Cichlid diversity
Cichlids are small, perchlike fishes ranging from 5 to 25 centi-
meters (cm) in length, and the males come in endless varieties 
of colors. The ecological and morphological diversity of these 

fish is remarkable, particularly given the short span of time over 
which they have evolved. 
 We can gain some sense of the vast range of types by look-
ing at how different species eat. There are mud biters, algae 
scrapers, leaf chewers, snail crushers, zooplankton eaters, insect 
eaters, prawn eaters, and fish eaters. Snail shellers pounce on 
slow-crawling snails and spear their soft parts with long, curved 
teeth before the snail can retreat into its shell. Scale scrapers rasp 
slices of scales off other fish. There are even cichlid species that 
are “pedophages,” eating the young of other cichlids.
 Cichlid fish have a remarkable key innovation that may 
have been instrumental in their evolutionary radiation: They 
carry a second set of functioning jaws (figure 22.15).  This trait 
occurs in many other fish, but in cichlids it is greatly enlarged. 
The ability of these second jaws to manipulate and process food 
has freed the oral jaws to evolve for other purposes, and the 
result has been the incredible diversity of ecological roles filled 
by these fish.

 Abrupt extinction in the last several decades
Recently, much of the cichlid diversity has disappeared. In 
the 1950s, the Nile perch, a large commercial fish with a
voracious appetite, was introduced to Lake Victoria. Since 
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then, it has spread through the lake, eating its way through 
the cichlids.
 By 1990, many of the open-water cichlid species had be-
come extinct, as well as others living in rocky shallow regions. 
Over 70% of all the named Lake Victoria cichlid species had 
disappeared, as well as untold numbers of species that had yet 
to be described. We will revisit the story of Lake Victoria when 
we discuss conservation biology in chapter 59.

New Zealand alpine buttercups underwent 
speciation in glacial habitats
Adaptive radiations such as those we have described in Hawaiian 
Drosophila, Galápagos finches, and cichlid fishes seem to have 
been favored by periodic isolation. A clear example of the role 
periodic isolation plays in species formation can be seen in the 
alpine buttercups that grow among the glaciers of New Zealand 
(figure 22.16). 
 More species of alpine buttercups grow on the two main 
islands of New Zealand than in all of North and South America 
combined. The evolutionary mechanism responsible for this diver-
sity is recurrent isolation associated with the recession of glaciers.

 The 14 species of alpine buttercups occupy five distinc-
tive habitats within glacial areas:

 ■ snowfields—rocky crevices among outcrops in permanent 
snowfields at 2130- to 2740-m elevation;

 ■ snowline fringe—rocks at lower margin of snowfields 
between 1220 and 2130 m;

 ■ stony debris—slopes of exposed loose rocks at 610 to 
1830 m;

 ■ sheltered situations—shaded by rock or shrubs at 305 to 
1830 m; and

 ■ boggy habitats—sheltered slopes and hollows, poorly 
drained tussocks at elevations between 760 and 1525 m.

 Buttercup speciation and diversification have been 
promoted  by repeated cycles of glacial advance and retreat. As 
the glaciers retreat up the mountains, populations become 
isolated on mountain peaks, permitting speciation (see 
 figure  22.16). In the next glacial advances, these new species 
can expand throughout the mountain range, coming into 
 contact with their close relatives. In this way, one initial spe-
cies could give rise to many descendants. Moreover, on iso-
lated mountaintops during glacial retreats, species have 

Figure 22.16 New Zealand alpine buttercups (genus Ranunculus). Periodic glaciation encouraged species formation among 
alpine buttercups in New Zealand. a. Fourteen species of alpine Ranunculus grow among the glaciers and mountains of New Zealand. b. The 
formation of extensive glaciers during the Pleistocene epoch linked the alpi ne zones (white) of many mountains together. When the glaciers 
receded, these alpine zones were isolated from one another, only to become reconnected with the advent of the next glacial period. During 
periods of isolation, populations of alpine buttercups diverged in the isolated habitats.
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of evolutionary change occurring over geologically short 
time intervals. They called this phenomenon punctuated 
equilibrium ( figure 22.17b) and argued that these periods of 
rapid change occurred only during the speciation process.
 Initial criticism of the punctuated equilibrium hypothesis 
focused on whether rapid change could occur over short peri-
ods of time. As we have seen in the last two chapters, however, 
when natural selection is strong, rapid and substantial evolu-
tionary change can occur. A more difficult question involves the 
long periods of stasis: Why would species exist for thousands, 
or even millions, of years without changing?
 Although a number of possible reasons have been sug-
gested, most researchers now believe that a combination of 
stabilizing and oscillating selection is responsible for stasis. If 
the environment does not change over long periods of time, 
or if environmental changes oscillate back and forth, then sta-
sis may occur for long periods. One factor that may enhance 
this stasis is the ability of species to shift their ranges; for ex-
ample, during the ice ages, when the global climate cooled, 
the geographic ranges of many species shifted southward, so 
that the species continued to experience similar environmen-
tal  conditions.

Learning Outcomes
Define stasis and compare it to gradual evolutionary 1. 
change.
Explain the components of the punctuated equilibrium 2. 
hypothesis.

We have discussed the manner in which speciation may occur, 
but we haven’t yet considered the relationship between specia-
tion and the evolutionary change that occurs within a species. 
Two hypotheses, gradualism and punctuated equilibrium, have 
been advanced to explain the relationship.

Gradualism is the accumulation 
of small changes
For more than a century after the publication of  On the Origin 
of Species, the standard view was that evolution occurred very 
slowly. Such change would be nearly imperceptible from gen-
eration to generation, but would accumulate such that, over the 
course of thousands and millions of years, major changes  could 
occur. This view is termed gradualism (figure 22.17a) .

Punctuated equilibrium is long periods of stasis 
followed by relatively rapid change
Gradualism was challenged in 1972 by paleontologists Niles 
Eldredge of the American Museum of Natural History in 
New York and Stephen Jay Gould of Harvard University, 
who argued that species experience long periods of little or 
no evolutionary change (termed stasis), punctuated by bursts 

 22.6 The Pace of Evolution

convergently evolved to occupy similar habitats; these dis-
tantly related but ecologically similar species have then been 
brought back into contact in subsequent glacial advances.

Learning Outcomes Review 22.5
Adaptive radiation occurs when a species diversifi es, producing descendant 
species that are adapted to use many diff erent parts of the environment. 
Adaptive radiation may occur under conditions of recurrent isolation, 
which increases the rate at which speciation occurs, and by occupation of 
areas with few competitors and many types of available resources, such 
as on volcanic islands. The evolution of a key innovation may also allow 
adaptation to parts of the environment that previously couldn’t be utilized.

 ■ In contrast to the archipelago model, how might an 
adaptive radiation proceed in a case of sympatric 
speciation by disruptive selection?

Figure 22.17 Two views of the pace of macroevolution. 
a. Gradualism suggests that evolutionary change occ  urs slowly 
through time and is not linked to speciation, whereas 
(b) punctuated equilibrium surmises that phenotypic change 
occurs in bursts associated with speciation, separated by long 
periods of little or no change.
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Inquiry question

? Why would changes in geographic ranges promote 
evolutionary stasis?

Evolution may include both types of change
Eldredge and Gould’s proposal prompted a great deal of re-
search. Some well-documented groups, such as African mam-
mals, clearly have evolved gradually, not in spurts. Other groups, 
such as marine bryozoa, seem to show the irregular pattern of 
evolutionary change predicted by the punctuated equilibrium 
model. It appears, in fact, that gradualism and punctuated equi-
librium are two ends of a continuum. Although some groups 
appear to have evolved solely in a gradual manner and others 
only in a punctuated mode, many other groups show evidence 
of both gradual and punctuated episodes at different times in 
their evolutionary history.
 The idea that speciation is necessarily linked to pheno-
typic change has not been supported, however. On one hand, it 
is now clear that speciation can occur without substantial phe-
notypic change. For example, many closely-related salamander 
species are nearly indistinguishable. On the other, it is also clear 
that phenotypic change can occur within species in the absence 
of speciation.

Learning Outcomes Review 22.6
Gradualism is the accumulation of almost imperceptible changes that 
eventually results in major diff erences. Punctuated equilibrium proposes that 
long periods of stasis are interrupted (punctuated) by periods of rapid change. 
Evidence for both gradualism and punctuated equilibrium has been found 
in diff erent groups. Stasis refers to a period in which little or no evolutionary 
change occurs. Stasis may result from stabilizing or oscillating selection. 

 ■ Could evolutionary change be punctuated in time (that 
is, rapid and episodic), but not linked to speciation?

 Nonetheless, speciation has not always outpaced extinc-
tion. In particular, interspersed in the long-term increase in 
species diversity have been a number of sharp declines, termed 
mass extinctions.

Five mass extinctions have occurred 
in the distant past
Five major mass extinctions have been identified, the most se-
vere one occurring at the end of the Permian period, approxi-
mately 250 million years ago (figure 22.18).  At that time, more 
than half of all plant and animal families and as much as 96% of 
all species may have perished.

Learning Outcomes
Describe the pattern of species diversity through time.1. 
Define mass extinction and identify when major mass 2. 
extinctions have occurred.

Biological diversity has increased vastly since the Cambrian 
period, but the trend has been far from consistent. After a 
rapid rise, diversity reached a plateau for about 200 million 
years, but since then has risen steadily. Because changes in the 
number of species reflect the rate of origin of new species 
relative to the rate at which existing species disappear, this 
long-term trend reveals that speciation has, in general, sur-
passed extinction.

 22.7 Speciation and Extinction 
Through Time

Figure 22.18 Biodiversity through time. The taxonomic 
diversity of families of marine animals has increased since the 
Cambrian period, although occasional dips have occurred. The fossil 
record is most complete for marine organisms because they are more 
readily fossilized than terrestrial species. Families are shown, rather 
than species, because many species are known from only one 
specimen, thus introducing error into estimates of the time of 
extinction. Arrows indicate the fi ve major mass extinction events.
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 The most famous and well-studied extinction, although 
not as drastic, occurred at the end of the Cretaceous period (65 
million years ago), at which time the dinosaurs and a variety of 
other organisms went extinct. Recent findings have supported 
the hypothesis that this extinction event was triggered when a 
large asteroid slammed into Earth, perhaps causing global for-
est fires and obscuring the Sun for months by throwing parti-
cles into the air. The cause of other mass extinction events is 
less certain. Some scientists suggest that asteroids may have 
played a role in at least some of the other mass extinction 
events; other hypotheses implicate global climate change and 
other  causes.
 One important result of mass extinctions is that not all 
groups of organisms are affected equally. For example, in the 
extinction at the end of the Cretaceous, not only dinosaurs, but 
also marine and flying reptiles, and ammonites (a type of mol-
lusk) went extinct. Marsupials, flowering plants, birds, and some 
forms of plankton were greatly reduced in diversity. In contrast, 
turtles, crocodilians, and amphibians seemed to have been un-
scathed. Why some groups were harder hit than others is not 
clear, but one hypothesis suggests that survivors were those ani-
mals that could shelter underground or in water, and that could 
either scavenge or required little food in the cool temperatures 
that resulted from the blockage of sunlight.
 A consequence of mass extinctions is that previously dom-
inant groups may perish, thus changing the course of evolution. 
This is certainly true of the Cretaceous extinction. During the 
Cretaceous period, placental mammals were a minor group 
composed of species that were mostly no larger than a house cat. 
When the dinosaurs, which had dominated the world for more 
than 100 million years, disappeared at the end of this period, the 
placental mammals underwent a significant adaptive radiation. 
It is humbling to think that humans might never have arisen had 
that asteroid not struck Earth 65 million years ago.
 As the world around us illustrates today, species diversity 
does rebound after mass extinctions, but this recovery is not 

rapid. Examination of the fossil record indicates that rates of 
speciation do not immediately increase after an extinction 
pulse, but rather take about 10 million years to reach their max-
imum. The cause of this delay is not clear, but it may result 
because it takes time for ecosystems to recover and for the pro-
cesses of speciation and adaptive diversification to begin. Con-
sequently, species diversity may require 10 million years, or 
even much longer, to attain its previous level.

A sixth extinction is underway
The number of species in the world in recent times is greater 
than it has ever been. Unfortunately, that number is decreasing 
at an alarming rate due to human activities (see chapter 59).
 Some estimate that as much as one-fourth of all species 
will become extinct in the near future, a rate of extinction not 
seen on Earth since the Cretaceous mass extinction. More-
over, the rebound in species diversity may be even slower 
than following previous mass extinction events because, in-
stead of the ecologically impoverished, but energy-rich envi-
ronment that existed after previous mass extinction events, 
a large proportion of the world’s resources will be taken up 
already by human activities, leaving few resources available 
for adaptive  radiation.

Learning Outcomes Review 22.7
The number of species has increased through time, although not at a 
constant rate. Five major extinction events have substantially, though 
briefl y, reduced the number of species. Diversity rebounds, but the recovery 
is not rapid, and the groups making up that diversity are not the same as 
those that existed before the extinction event. Unfortunately, humans are 
currently causing a sixth mass extinction event.

 ■ In what ways are the current mass extinction event 
different from those that have occurred in the past?

Prezygotic isolating mechanisms prevent the formation of a zygote.
Prezygotic isolating mechanisms prevent a viable zygote from being 
created. These mechanisms include ecological, behavioral, temporal, 
and mechanical isolation.

Postzygotic isolating mechanisms prevent normal development into 
reproducing adults.
Postzygotic isolating mechanisms prevent a zygote from developing 
into a viable and fertile individual. 

The biological species concept does not explain all observations.
The ecological species concept, one alternative explanation, focuses 
on the role of natural selection and differences among species in their 
ecological requirements. 
In reality, no one species concept can explain all the diversity of life.

22.1 The Nature of Species and the Biological 
Species Concept

Sympatric species inhabit the same locale but remain distinct.
Most sympatric species are readily distinguishable phenotypically and 
ecologically. Others can usually be identifi ed by careful study. 

Populations of a species exhibit geographic variation.
Populations that differ greatly in phenotype or ecologically are 
usually connected by geographically intermediate populations.

The biological species concept focuses on the ability to exchange genes.
Biological species are generally defined as populations that 
interbreed, or have the potential to do so, and produce fertile 
offspring. Reproductive isolating mechanisms prevent genetic 
exchange between species. 

 Chapter Review
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 3. Problems with the biological species concept include the fact that
a. many species reproduce asexually.
b. postzygotic isolating mechanisms decrease hybrid viability.
c. prezygotic isolating mechanisms are extremely rare.
d. all of these.

 4. Allopatric speciation 
a. is less common than sympatric speciation.
b. involves geographic isolation of some kind.
c. is the only kind of speciation that occurs in plants.
d. requires polyploidy.

U N D E R S T A N D
 1. Prezygotic isolating mechanisms include all of the following except

 a. hybrid sterility. c. habitat separation.
b. courtship rituals.  d. seasonal reproduction.

 2. Reproductive isolation is
a. a result of individuals not mating with each other.
b. a specifi c type of postzygotic isolating mechanism.
c. required by the biological species concept.
d. none of the above.

Review Questions

22.2 Natural Selection and Reproductive Isolation
Selection may reinforce isolating mechanisms.
Populations may evolve complete reproductive isolation in 
allopatry. If populations that have evolved only partial reproductive 
isolation come into contact, natural selection can lead to increased 
reproductive isolation, a process termed “reinforcement.” 
Alternatively, genetic exchange between the populations can lead to 
homogenization and thus prevent speciation from occurring. 

22.3 The Role of Genetic Drift and Natural 
Selection in Speciation

Random changes may cause reproductive isolation.
In small populations, genetic drift may cause populations to diverge; 
the differences that evolve may cause the populations to become 
reproductively isolated. 

Adaptation can lead to speciation.
Adaptation to different situations or environments may incidentally 
lead to reproductive isolation. In contrast to reinforcement, these 
differences are not directly favored by natural selection because they 
prevent hybridization.
Natural selection can directly select for traits that increase 
reproductive isolation.

22.4 The Geography of Speciation (see fi gure 22.9)

Allopatric speciation takes place when populations are geographically 
isolated.
Allopatric, or geographically isolated, populations are much more 
likely to evolve into separate species because no gene fl ow occurs 
between them. Most speciation probably occurs in allopatry.

Sympatric speciation occurs without geographic separation.
Sympatric speciation can occur in two ways. One is polyploidy, which 
instantly creates a new species. Disruptive selection also can cause one 
species to divide into two, but scientists debate how commonly it occurs. 

22.5 Adaptive Radiation and Biological Diversity
Adaptive radiation occurs when a species fi nds itself in a new or 
suddenly changed environment with many resources and few 
competing species (see fi gure 22.11). 

The evolution of a new trait that allows individuals to use previously 
inaccessible parts of the environment, termed a “key innovation,” 
may also trigger an adaptive radiation.

Hawaiian Drosophila  exploited a rich, diverse habitat.
At least 1000 species of Hawaiian Drosophila have been identifi ed. 

Darwin’s fi nch species adapted to use diff erent food types.
Fourteen species in four genera have evolved to exploit four different 
habitats based on type of food.

Lake Victoria cichlid fi shes diversifi ed very rapidly.
Cichlids underwent rapid radiation to form 300 species, although 
today more than 70% of these species are now extinct.

New Zealand alpine buttercups underwent speciation in glacial habitats.
Periodic isolation by glaciers has led to 14 species in distinct habitats.

22.6 The Pace of Evolution
Gradualism is the accumulation of small changes.
Historically, scientists took the view that speciation occurred 
gradually through very small cumulative changes.

Punctuated equilibrium is long periods of stasis followed by relatively 
rapid change.
The punctuated equilibrium hypothesis contends that not only is 
change rapid and episodic, but that it is only associated with the 
speciation process. 

Evolution may include both types of change.
Scientists generally agree that evolutionary change occurs on a 
continuum, with gradualism and punctuated change being the extremes.

22.7 Speciation and Extinction Through Time
In general, the number of species have increased through time
(see fi gure 22.18).

Five mass extinctions have occurred in the distant past.
Mass extinctions have led to dramatic decreases in species diversity, 
which takes millions of years to recover. Five such mass extinctions 
have occurred in the distant past due to asteroids hitting the Earth 
and global climate change, among other events.

A sixth mass extinction is underway.
Humans are currently causing a sixth mass extinction.
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 5. Gradualism and punctuated equilibrium are
a. two ends of the continuum of the rate of evolutionary 

change over time.
b. mutually exclusive views about how all evolutionary change 

takes place.
c. mechanisms of reproductive isolation.
d. none of the above.

 6. During the history of life on Earth
a. there have been major extinction events.
b. species diversity has steadily increased.
c. species diversity has stayed relatively constant.
d. extinction rates have been completely offset 

by speciation rates.
 7. Speciation by allopolyploidy

a. takes a long time.
b. is common in birds.
c. leads to reduced numbers of chromosomes.
d. occurs after hybridization between two species.

 8. Adaptive radiation
a. is the result of enriched uranium used in power plants.
b. is the evolution of closely related species adapted to use 

different parts of the environment.
c. results from genetic drift.
d.  is the outcome of stabilizing selection favoring the 

maintenance of adaptive traits.

A P P L Y
 1. Leopard frogs from different geographic populations 

of the Rana pipiens complex
a. are members of a single species because they look very 

similar to one another.
b. are different species shown to have pre- and postzygotic 

isolating mechanisms.
c. frequently interbreed to produce viable hybrids.
d. are genetically identical due to effective reproductive 

isolation.
 2. If reinforcement is weak and hybrids are not completely infertile,

a. genetic divergence between populations may be overcome 
by gene fl ow.

b. speciation will occur 100% of the time.
c. gene fl ow between populations will be impossible.
d. the speciation will be more likely than if hybrids were 

completely infertile.
 3. Natural selection can

a. enhance the probability of speciation.
 b. enhance reproductive isolation.
c. act against hybrid survival and reproduction.
d. do all of these.

 4. Character displacement
a. arises through competition and natural selection, favoring 

divergence in resource use.
b. arises through competition and natural selection, favoring 

convergence in resource use.

c. does not promote speciation.
d. reduced speciation rates in Galápagos fi nches.

 5. Hybridization between incompletely isolated populations
a. always leads to reinforcement due to the inferiority of hybrids.
b. can serve as a mechanism for preserving gene fl ow

between populations, thus preventing speciation.
c. only occurs in plants.
d. never affects rates of speciation.

 6. Natural selection can lead to speciation
a. by causing small populations to diverge more than large 

populations.
b. because the evolutionary changes that two populations 

acquire while adapting to different habitats may have the 
effect of making them reproductively isolated.

c. by favoring the same evolutionary change in multiple 
populations.

d. by favoring intermediate phenotypes.

S Y N T H E S I Z E
 1. Natural selection can lead to the evolution of prezygotic 

isolating mechanisms, but not postzygotic isolating 
mechanisms? Explain.

 2. If there is no universally accepted defi nition of a species, what 
good is the term? Will the idea of and need for a “species 
concept” be eliminated in the future?

 3. Refer to fi gure 22.6. In Europe, pied and collared fl ycatchers are 
dissimilar in sympatry, but very similar in allopatry, consistent 
with character divergence in coloration. In this case, there is no 
competition for ecological resources as in other cases of character 
divergence discussed. How might this example work?

 4. Refer to fi gure 22.14. Geospiza fuliginosa and Geospiza fortis are 
found in sympatry on at least one island in the Galápagos and in 
allopatry on several islands in the same archipelago. Compare 
your expectations about degree of morphological similarity of the 
two species in these two contexts, given the hypothesis that 
competition for food played a large role in the adaptive radiation 
of this group. Would your expectations be the same for a pair of 
fi nch species that are not as closely related? Explain.

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 23
Systematics 
and the Phylogenetic 
Revolution

Chapter Outline 

23.1 Systematics

23.2 Cladistics

23.3 Systematics and Classifi cation

23.4 Phylogenetics and Comparative Biology

23.5 Phylogenetics and Disease Evolution

Introduction

All organisms share many biological characteristics. They are composed of one or more cells, carry out metabolism and 
transfer energy with ATP, and encode hereditary information in DNA. Yet, there is also a tremendous diversity of life,  ranging 
from bacteria and amoebas to blue whales and sequoia trees. For generations, biologists have tried to group organisms 
based on shared characteristics. The most meaningful groupings are based on the study of evolutionary relationships among 
organisms. New methods for constructing evolutionary trees and a sea of molecular sequence data are leading to improved 
evolutionary hypotheses to explain life’s diversification. 

CHAPTER

23.1 Systematics

Learning Outcomes
Understand what a phylogeny represents.1. 
Explain why phenotypic similarity does not necessarily 2. 
indicate close evolutionary relationship.

One of the great challenges of modern science is to under-
stand the history of ancestor–descendant relationships that 
unites all forms of life on Earth, from the earliest single-
celled organisms to the complex organisms we see around 
us today. If the fossil record were perfect, we could trace 
the evolutionary history of species and examine how each 
arose and proliferated; however, as discussed in chapter 21 , 
the fossil record is far from complete. Although it answers 
many questions about life’s diversification, it leaves many 
others  unsettled.
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Figure 23.1 Phylogenies depict evolutionary relationships. a. A drawing from one of Darwin’s notebooks, written in 1837 as he 
developed his ideas that led to On the Origin of Species. Dar  win viewed life as a branching process akin to a tree, with species on the twigs, and 
evolutionary change represented by the branching pattern displayed by a tree as it grows. b. An example of a phylogeny. Humans and 
chimpanzees are more closely related to each other than they are to any other living species. This is apparent because they share a common 
ancestor (the node labeled 1) that was not an ancestor of other species. Similarly, humans, chimpanzees, and gorillas are more closely related to 
one another than any of them is to orangutans because they share a common ancestor (node 2) that was not ancestral to orangutans. Node 3 
represents the common ancestor of all apes. Note that these three versions convey the same information despite the differences in 
arrangement of species and orientation.

 Consequently, scientists must rely on other types of evi-
dence to establish the best hypothesis of evolutionary relation-
ships. Bear in mind that the outcomes of such studies are 
hypotheses, and as such, they require further testing. All hy-
potheses may be disproved by new data, leading to the forma-
tion of better, more accurate scientific ideas.
 The reconstruction and study of evolutionary relation-
ships is called systematics. By looking at the similarities and 
differences between species, systematists can construct an evo-
lutionary tree, or phylogeny, which represents a hypothesis 
about patterns of relationship among species.

Branching diagrams depict 
evolutionary relationships
Darwin envisioned that all species were descended from a sin-
gle common ancestor, and that the history of life could be de-
picted as a branching tree (figure 23.1).  In Darwin’s view, the 
twigs of the tree represent existing species. As one works down 
the tree, the joining of twigs and branches reflects the pattern 
of common ancestry back in time to the single common ances-
tor of all life. The process of descent with modification from 
common ancestry results in all species being related in this 
branching, hierarchical fashion, and their evolutionary history 
can be depicted using branching diagrams or phylogenetic 
trees. Figure 23.1b shows how evolutionary relationships are 
depicted with a branching diagram. Humans and chimpanzees 

are descended from a common ancestor and are each other’s 
closest living relative (the position of this common ancestor is 
indicated by the node labeled 1). Humans, chimps, and gorillas 
share an older common ancestor (node 2), and all great apes 
share a more distant common ancestor (node 3).
 One key to interpreting a phylogeny is to look at how 
recently species share a common ancestor, rather than looking 
at the arrangement of species across the top of the tree. If you 
compare the three versions of the phylogeny of figure 23.1b, 
you can see that the relationships are the same: Regardless of 
where they are positioned, chimpanzees and humans are still 
more closely related to each other than to any other species.
 Moreover, even though humans are placed next to gib-
bons in version 1 of figure 23.1b, the pattern of relationships 
still indicates that humans are more closely related (that is, 
share a more recent common ancestor) with gorillas and orang-
utans than with gibbons. Phylogenies are also sometimes dis-
played on their side, rather than upright figure 23.1b (version 3), 
but this arrangement also does not affect its interpretation.

Similarity may not accurately predict 
evolutionary relationships
We might expect that the greater the time since two species 
diverged from a common ancestor, the more different they 
would be. Early systematists relied on this reasoning and con-
structed phylogenies based on overall similarity. If, in fact, 
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23.2 Cladistics

Learning Outcomes
Describe the difference between ancestral and 1. 
derived similarities.
Explain why only shared, derived characters indicate 2. 
close evolutionary relationship. 
Demonstrate how a cladogram is constructed.3. 

Because phenotypic similarity may be misleading, most system-
atists no longer construct their phylogenetic hypotheses solely 
on this basis. Rather, they distinguish similarity among species 
that is inherited from the most recent common ancestor of an 
entire group, which is called derived, from similarity that arose 
prior to the common ancestor of the group, which is termed 
ancestral.   In this approach, termed cladistics, only shared 

 species evolved at a constant rate, then the amount of diver-
gence between two species would be a function of how long 
they had been diverging, and thus phylogenies based on degree 
of similarity would be accurate. As a result, we might think that 
chimps and gorillas are more closely related to each other than 
either is to humans.
 But as chapter 22  revealed, evolution can occur very rap-
idly at some times and very slowly at others. In addition, evolu-
tion is not unidirectional—sometimes species’ traits evolve in 
one direction, and then back the other way (a result of oscillat-
ing selection; see chapter 20 ). Species invading new habitats are 
likely to experience new selective pressures and may change 
greatly; those staying in the same habitats as their ancestors 
may change only a little. For this reason, similarity is not neces-
sarily a good predictor of how long it has been since two species 
shared a common ancestor.
 A second fundamental problem exists as well: Evolution 
is not always divergent. In chapter 21 , we discussed  convergent 
evolution,  in which two species independently evolve the same 
features. Often, species evolve convergently because they use 
similar habitats, in which similar adaptations are favored. As a 
result, two species that are not closely related may end up more 
similar to each other than they are to their close relatives. Evo-
lutionary reversal, the process in which a species re-evolves the 
characteristics of an ancestral species, also has this effect.

Learning Outcomes Review 23.1
Systematics is the study of evolutionary relationships. Phylogenies, or 
phylogenetic trees, are graphic representations of relationships among 
species. Similarity of organisms alone does not necessarily correlate with 
their relatedness because evolutionary change is not constant in rate 
and direction.

■ Why might a species be most phenotypically similar to a 
species that is not its closest evolutionary relative?

 derived characters are considered informative in determining 
evolutionary relationships.

The cladistic method requires that character 
variation be identifi ed as ancestral or derived
To employ the method of cladistics, systematists first gather 
data on a number of characters for all the species in the analysis. 
Characters can be any aspect of the phenotype, including mor-
phology, physiology, behavior, and DNA. As chapters 18 and 24 
show, the revolution in genomics should soon provide a vast 
body of data that may revolutionize our ability to identify and 
study character variation.
 To be useful, the characters should exist in recognizable 
character states. For example, consider the character “teeth” 
in amniote vertebrates (namely birds, reptiles, and mammals; 
see chapter 35). This character has two states: presence in most 
mammals and reptiles and absence in birds and a few other 
groups such as turtles.

Examples of ancestral versus derived characters
The presence of hair is a shared derived feature of mammals 
(figure 23.2) ; in contrast, the presence of lungs in mammals is 
an ancestral feature because it is also present in amphibians and 
reptiles (represented by a salamander and a lizard) and there-
fore presumably evolved prior to the common ancestor of 
mammals (see figure 23.2). The presence of lungs, therefore, 
does not tell us that mammal species are all more closely related 
to one another than to reptiles or amphibians, but the shared, 
derived feature of hair suggests that all mammal species share a 
common ancestor that existed more recently than the common 
ancestor of mammals, amphibians, and reptiles.
 To return to the question concerning the relationships of 
humans, chimps, and gorillas, a number of morphological and 
DNA characters exist that are derived and shared by chimps 
and humans, but not by gorillas or other great apes. These 
characters suggest that chimps and humans diverged from a 
common ancestor (see figure 23.1b, node 1) that existed more 
recently than the common ancestor of gorillas, chimps, and hu-
mans (node 2).

Determination of ancestral versus derived
Once the data are assembled, the first step in a manual cladistic 
analysis is to polarize the characters—that is, to determine 
whether particular character states are ancestral or derived. To 
polarize the character “teeth,” for example, systematists must 
determine which state—presence or absence—was exhibited by 
the most recent common ancestor of this group.
 Usually, the fossils available do not represent the most 
recent common ancestor—or we cannot be confident that they 
do. As a result, the method of outgroup comparison   is used to as-
sign character polarity. To use this method, a species or group 
of species that is closely related to, but not a member of, the 
group under study is designated as the outgroup.  When the 
group under study exhibits multiple character states, and one of 
those states is exhibited by the outgroup, then that state is con-
sidered to be ancestral and other states are considered to be 
derived. However, outgroup species also evolve from their 
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Traits: 
Organism 

Jaws Lungs Amniotic 
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Tail loss 
Bipedal 

Hair 

Lungs 
Jaws 

Amniotic 
membrane 

Lamprey Tiger Gorilla Human Lizard Salamander Shark 

a. b. 

Figure 23.2 A cladogram. a. Morphological data for a group of seven vertebrates are tab ulated. A “1” indicates possession of the 
derived character state, and a “0” indicates possession of the ancestral character state (note that the derived state for character “no tail” is the 
absence of a tail; for all other traits, absence of the trait is the ancestral character state). b. A tree, or cladogram, diagrams the relationships 
among the organisms based on the presence of derived characters. The derived characters between the cladogram branch points are shared by 
all organisms above the branch points and are not present in any below them. The outgroup (in this case, the lamprey) does not possess any of 
the derived characters.

 ancestors, so the outgroup species will not always exhibit the 
ancestral condition.
 Polarity assignments are most reliable when the same 
character state is exhibited by several different outgroups. 
In the preceding example, teeth are generally present in the 
nearest outgroups of amniotes—amphibians and fish—
as well as in many species of amniotes themselves. Conse-
quently, the presence of teeth in mammals and reptiles is 
considered ancestral, and their absence in birds and turtles is 
considered derived.

Construction of a cladogram
Once all characters have been polarized, systematists use this 
information to construct a cladogram,  which depicts a hypoth-
esis of evolutionary relationships. Species that share a common 
ancestor, as indicated by the possession of shared derived char-
acters, are said to belong to a clade.   Clades are thus evolution-
ary units and refer to a common ancestor and all of its 
descendants. A derived character shared by clade members is 
called a synapomorphy of that clade. Figure 23.2b illustrates 
that a simple cladogram is a nested set of clades, each character-
ized by its own synapomorphies. For example, amniotes are a 
clade for which the evolution of an amniotic membrane is a 
synapomorphy. Within that clade, mammals are a clade, with 
hair as a synapomorphy, and so on.
 Ancestral states are also called plesiomorphies, and 
shared ancestral states are called symplesiomorphies. In con-
trast to synapomorphies, symplesiomorphies are not informa-
tive about phylogenetic relationships.
 Consider, for example, the character state “presence of a 
tail,” which is exhibited by lampreys, sharks, salamanders, lizards, 

and tigers. Does this mean that tigers are more closely related 
to—and shared a more recent common ancestor with—lizards 
and sharks than to apes and humans, their fellow mammals? The 
answer, of course, is no: Because symplesiomorphies reflect char-
acter states inherited from a distant ancestor, they do not imply 
that species exhibiting that state are closely related.

Homoplasy complicates cladistic analysis
In real-world cases, phylogenetic studies are rarely as simple as 
the examples we have shown so far. The reason is that in some 
cases, the same character has evolved independently in several 
species. These characters would be categorized as shared de-
rived characters, but they would be false signals of a close evo-
lutionary relationship. In addition, derived characters may 
sometimes be lost as species within a clade re-evolve to the an-
cestral state.
 Homoplasy refers to a shared character state that has 
not been inherited from a common ancestor exhibiting that 
character state. Homoplasy can result from convergent evolu-
tion or from evolutionary reversal. For example, adult frogs 
do not have a tail. Thus, absence of a tail is a synapomorphy 
that unites not only gorillas and humans, but also frogs. How-
ever, frogs have neither an amniotic membrane nor hair, both 
of which are synapomorphies for clades that contain gorillas 
and humans.
 In cases such as this, when there are conflicts among the 
characters, systematists rely on the principle of parsimony, 
which favors the hypothesis that requires the fewest assump-
tions. As a result, the phylogeny that requires the fewest evolu-
tionary events is considered the best hypothesis of phylogenetic 
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Figure 23.3 Parsimony and homoplasy.   a. The placement of frogs as closely related to salamanders requires that tail loss evolved 
twice, an example of homoplasy. b. If frogs are closely related to gorillas and humans, then tail loss only had to evolve once. However, this 
arrangement would require two additional evolutionary changes: Frogs would have had to have lost the amniotic membrane and hair 
(alternatively, hair could have evolved independently in tigers and the clade of humans and gorillas; this interpretation would require two 
evolutionary changes in the hair character, just like the interpretation shown in the fi gure, in which hair evolved only once, but then was 
lost in frogs). Based on the principle of parsimony, the cladogram that requires the fewest number of evolutionary changes is favored; in 
this case the cladogram in (a) requires four changes, whereas that in (b) requires fi ve, so (a) is considered the preferred hypothesis of 
evolutionary  relationships.

Figure 23.4 Cladistic analysis of DNA sequence data. Sequence data are analyzed just like any other data. The most parsimonious 
interpretation of the  DNA sequence data requires nine  evolutionary changes. Each of these changes is indicated on the phylogeny. Change in 
site 8 is homoplastic: Species A and B independently evolved from thymine to cytosine at that site.

other type of data: Character states are polarized by reference 
to the sequence of an outgroup, and a cladogram is constructed 
that minimizes the amount of character evolution required 
 (figure 23.4). 

Other phylogenetic methods work better 
than cladistics in some situations
If characters evolve from one state to another at a slow rate 
compared with the frequency of speciation events, then 
the principle of parsimony works well in reconstructing 

relationships (figure 23.3).  In the example just stated, therefore, 
grouping frogs with salamanders is favored because it requires 
only one instance of homoplasy (the multiple origins of tailless-
ness), whereas a phylogeny in which frogs were most closely 
related to humans and gorillas would require two homoplastic 
evolutionary events (the loss of both amniotic membranes and 
hair in frogs).
 The examples presented so far have all involved morpho-
logical characters, but systematists increasingly use DNA se-
quence data to construct phylogenies because of the large 
number of characters that can be obtained through sequencing. 
Cladistics analyzes sequence data in the same manner as any 
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Alternatively, the timing of separation of two clades may be es-
timated from geological events that likely led to their diver-
gence, such as the rise of a mountain that now separates the two 
clades. With this information, the amount of DNA divergence 
separating two clades can be divided by the length of time sepa-
rating the two clades, which produces an estimate of the rate of 
DNA divergence per unit of time (usually, per million years). 
Assuming a molecular clock, this rate can then be used to date 
other divergence events in a cladogram.
 Although the molecular clock appears to hold true in 
some cases, in many others the data indicate that rates of evolu-
tion have not been constant through time across all branches in 
an evolutionary tree. For this reason, evolutionary dates derived 
from molecular data must be treated cautiously. Recently, meth-
ods have been developed to date evolutionary events without 
assuming that molecular evolution has been clocklike. These 
methods hold great promise for providing more reliable esti-
mates of evolutionary timing.

Learning Outcomes Review 23.2
In cladistics, derived character states are distinguished from ancestral 
character states, species are grouped based on shared derived character 
states. Derived characters are determined from comparison to a group 
known to be closely related, termed an outgroup. A clade contains 
all descendants of a common ancestor. A cladogram is a hypothetical 
representation of evolutionary relationships based on derived character 
states. Homoplasies may give a false picture of  relationships. 

 ■ Why is cladistics more successful at inferring 
phylogenetic relationships in some cases than in others?

evolutionary relationships. In this situation, the principle’s 
underlying assumption—that shared derived similarity is in-
dicative of recent common ancestry—is usually correct. In 
recent years, however, systematists have realized that some 
characters evolve so rapidly that the principle of parsimony 
may be misleading.

Rapid rates of evolutionary change and homoplasy
Of particular interest is the rate at which some parts of the 
genome evolve. As discussed in chapter 18, some stretches of 
DNA do not appear to have any function. As a result, muta-
tions that occur in these parts of the DNA are not eliminated 
by natural selection, and thus the rate of evolution of new 
character states can be quite high in these regions as a result of 
genetic drift.
 Moreover, because only four character states are possible 
for any nucleotide base (A, C, G, or T), there is a high probabil-
ity that two species will independently evolve the same derived 
character state at any particular base position. If such homoplasy 
dominates the character data set, then the assumptions of the 
principle of parsimony are violated, and as a result, phylogenies 
inferred using this method are likely to be inaccurate.

Inquiry question

? Why do high rates of evolutionary change and a 
limited number of character states cause problems for 
parsimony analyses?

Statistical approaches
Because evolution can sometimes proceed rapidly, systematists 
in recent years have been exploring other methods based on 
statistical approaches, such as maximum likelihood, to infer 
phylogenies. These methods start with an assumption about 
the rate at which characters evolve and then fit the data to these 
models to derive the phylogeny that best accords (i.e., “maxi-
mally likely”) with these assumptions.
 One advantage of these methods is that different assump-
tions of rate of evolution can be used for different characters. If 
some DNA characters evolve more slowly than others—for ex-
ample, because they are constrained by natural selection—then 
the methods can employ different models of evolution for the 
different characters. This approach is more effective than par-
simony in dealing with homoplasy when rates of evolutionary 
changes are high.

The molecular clock
In general, cladograms such as the one in figure 23.2 only indi-
cate the order of evolutionary branching events; they do not 
contain information about the timing of these events. In some 
cases, however, branching events can be timed, either by refer-
ence to fossils, or by making assumptions about the rate at 
which characters change. One widely used but controversial 
method is the molecular clock, which states that the rate of 
evolution of a molecule is constant through time. In this model, 
divergence in DNA can be used to calculate the times at which 
branching events have occurred. To make such estimates, the 
timing of one or more divergence events must be confidently 
estimated. For example, the fossil record may indicate that two 
clades diverged from a common ancestor at a particular time. 

 23.3 Systematics and Classifi cation

Learning Outcomes
Differentiate among monophyletic, paraphyletic, and 1. 
polyphyletic groups.
Explain the meaning of the phylogenetic species concept 2. 
and why it is controversial.

Whereas systematics is the reconstruction and study of evolution-
ary relationships, classification  refers to how we place species and 
higher groups—genus, family, class, and so forth—into the taxo-
nomic hierarchy (a topic we discuss in greater detail in chapter 26).

Current classifi cation sometimes does not 
refl ect evolutionary relationships 
Systematics and traditional classification are not always congruent; 
to understand why, we need to consider how species may be grouped 
based on their phylogenetic relationships. A monophyletic group 
includes the most recent common  ancestor of the group and all of 
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Giraffe Bat Turtle 

Giraffe Bat Turtle Crocodile

Flying Vertebrates

Giraffe Bat Turtle Crocodile Stegosaurus Tyrannosaurus Velociraptor Hawk

Crocodile Stegosaurus Tyrannosaurus Velociraptor Hawk 

Stegosaurus Tyrannosaurus Velociraptor Hawk

Figure 23.5 
Monophyletic, 
paraphyletic, 
and polyphyletic groups.
a. A m  onophyletic group 
consists of the most recent 
common ancestor and all 
of its descendants. For 
example, the name 
“Archosaurs” is given to the 
monophyletic group that 
includes a crocodile, 
Stegosaurus, Tyrannosaurus, 

Velociraptor, and a hawk. 
b. A paraphyletic group 
consists of the most recent 
common ancestor and some 
of its descendants. For 
example, some, but not all, 
taxonomists traditionally 
give the name “dinosaurs” 
to the paraphyletic group 
that includes Stegosaurus, 

Tyrannosaurus, and 
Velociraptor. This group is 
paraphyletic because one 
descendant of the most 
recent ancestor of these 
species, the bird, is not 
included in the group. Other 
taxonomists include birds 
within the Dinosauria 
because Tyrannosaurus and 
Velociraptor are more closely 
related to birds than to other 
dinosaurs. c. A polyphyletic 
group does not contain the 
most recent common 
ancestor of the group. For 
example, bats and birds 
could be classifi ed in the 
same group, which we might 
call “fl ying vertebrates,” 
because they have similar 
shapes, anatomical features, 
and habitats. However, their 
similarities refl ect 
convergent evolution, not 
common ancestry.

its descendants. By definition, a clade is a monophyletic group. A 
paraphyletic group includes the most recent common ancestor of 
the group, but not all its descendants, and a polyphyletic group 
does not include the most recent common ancestor of all members 
of the group (figure 23.5) .

Inquiry question

? Based on this phylogeny, are there any alternatives to convergence to explain the presence of wings in birds and bats? What types of data 
might be used to test these hypotheses?

 Taxonomic hierarchies are based on shared traits, and 
ideally they should reflect evolutionary relationships. Tradi-
tional taxonomic groups, however, do not always fit well with 
new understanding of phylogenetic relationships. For example, 
birds have historically been placed in the class Aves, and 
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Figure 23.6 Phylogenetic information transforms plant classifi cation. The traditional classifi cation included two groups that we 
now realize are not monophyletic: the green algae and bryophytes. For this reas  on, plant systematists have developed a new classifi cation of 
plants that does not include these groups (discussed in chapter 30).

dinosaurs have been considered part of the class Reptilia. But 
recent phylogenetic advances make clear that birds evolved 
from dinosaurs. The last common ancestor of all birds and a 
dinosaur was a meat-eating dinosaur (see figure 23.5).
 Therefore, having two separate monophyletic groups, 
one for birds and one for reptiles (including dinosaurs and 
crocodiles, as well as lizards, snakes, and turtles), is not possible 
based on phylogeny. And yet the terms Aves and Reptilia are so 
familiar and well established that suddenly referring to birds as 
a type of dinosaur, and thus a type of reptile, is difficult for 
some. Nonetheless, biologists increasingly refer to birds as a 
type of dinosaur and hence a type of reptile.
 Situations like this are not uncommon. Another example 
concerns the classification of plants. Traditionally, three major 
groups were recognized: green algae, bryophytes, and vascular 
plants (figure 23.6).  However, recent research reveals that nei-
ther the green algae nor the bryophytes constitute mono phy-
let ic  groups. Rather, some bryophyte groups are more closely 
related to vascular plants than they are to other bryophytes, and 
some green algae are more closely related to bryophytes and 
vascular plants than they are to other green algae. As a result, 
systematists no longer recognize green algae or bryophytes as 
evolutionary groups, and the classification system has been 
changed to reflect evolutionary relationships.

The phylogenetic species concept focuses 
on shared derived characters
In the preceding chapter, you read about a number of differ-
ent ideas concerning what determines whether two popula-
tions belong to the same species. The  biological species 
concept (BSC)  defines species as groups of interbreeding pop-
ulations that are reproductively isolated from other groups. In 
recent years, a phylogenetic perspective has emerged and has 
been applied to the question of species concepts. Advocates of 
the phylogenetic species concept (PSC) propose that the 

term species should be applied to groups of populations that 
have been evolving independently of other groups of popula-
tions. Moreover, they suggest that phylogenetic analysis is the 
way to identify such species. In this view, a species is a popula-
tion or set of populations characterized by one or more shared 
derived  characters.
 This approach solves two of the problems with the BSC 
that were discussed in chapter 22 . First, the BSC cannot be ap-
plied to allopatric populations because scientists cannot deter-
mine whether individuals of the populations would interbreed 
and produce fertile offspring if they ever came together. The 
PSC solves this problem: Instead of trying to predict what will 
happen in the future if allopatric populations ever come into 
contact, the PSC looks to the past to determine whether a pop-
ulation (or groups of populations) has evolved independently 
for a long enough time to develop its own derived characters.
 Second, the PSC can be applied equally well to both sex-
ual and asexual species, in contrast to the BSC, which deals only 
with sexual forms.

The PSC also has drawbacks
The PSC is controversial, however, for several reasons. First, 
some critics contend that it will lead to the recognition of every 
slightly differentiated population as a distinct species. In Mis-
souri, for example, open, desert-like habitat patches called 
glades are distributed throughout much of the state. These 
glades contain a variety of warmth-loving species of plants and 
animals that do not occur in the forests that separate the glades. 
Glades have been isolated from one another for a few thousand 
years, allowing enough time for populations on each glade to 
evolve differences in some rapidly evolving parts of the genome. 
Does that mean that each of the hundreds, if not thousands, of 
Missouri glades contains its own species of lizards, grasshop-
pers, and scorpions? Some scientists argue that if one takes the 
PSC to its logical extreme, that is exactly what would result.
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Figure 23.7 Paraphyly and the phylogenetic species 
concept.   The fi ve populations initially were all members of the 
same species, with their historical relationships indicated by the 
cladogram. Then, population C evolved in some ways to become 
greatly differentiated ecologically and reproductively from the 
other populations. By all species concepts, this population would 
qualify as a different species. However, the remaining four species 
do not form a clade; they are paraphyletic because population C has 
been removed and placed in a different species. This scenario may 
occur commonly in nature, but most versions of the phylogenetic 
species concept do not recognize paraphyletic species.

 A second problem is that species may not always be mono-
phyletic, contrary to the definition of some versions of the phy-
logenetic species concept. Consider, for example, a species 
composed of five populations, with evolutionary relationships 
like those indicated in figure 23.7.  Suppose that population C 
becomes isolated and evolves differences that make it qualify as 
a species by any concept (for example, reproductively isolated, 
ecologically differentiated). But this distinction would mean 
that the remaining populations, which might still be perfectly 
capable of exchanging genes, would be paraphyletic, rather 
than monophyletic. Such situations probably occur often in the 
natural world.
 Phylogenetic species concepts, of which there are many 
different permutations, are increasingly used, but are also con-
tentious for the reasons just discussed. Evolutionary biologists 
are trying to find ways to reconcile the historical perspective of 
the PSC with the process-oriented perspective of the BSC and 
other species concepts.

Learning Outcomes Review 23.3
By defi nition, a clade is monophyletic. A paraphyletic group contains the 
most recent common ancestor, but not all its descendants; a polyphyletic 
group does not contain the most recent common ancestor of all members. 
The phylogenetic species concept focuses on the possession of shared 
derived characters, in contrast to the biological species concept, which 
emphasizes reproductive isolation. The PSC solves some problems of the BSC 
but has diffi  culties of its own.

 ■ Under the biological species concept, is it possible for a 
species to be polyphyletic?

 23.4 Phylogenetics and 
Comparative Biology

Learning Outcomes
Explain the concept of homoplasy.1. 
Describe how phylogenetic trees can reveal the existence 2. 
of homoplasy. 
Discuss how a phylogenetic tree can indicate the timing 3. 
of species diversification.

Phylogenies not only provide information about evolutionary 
relationships among species, but they are also indispensable for 
understanding how evolution has occurred. By examining the 
distribution of traits among species in the context of their phy-
logenetic relationships, much can be learned about how and 
why evolution may have proceeded. In this way, phylogenetics 
is the basis of all comparative biology.

Homologous features are derived from the same 
ancestral source; homoplastic features are not
In chapter 21 , we pointed out that  homologous structures  are those 
that are derived from the same body part in a common ancestor. 
Thus, the forelegs of a dolphin (flipper) and of a horse (leg) are 
homologous because they are derived from the same bones in an 
ancestral vertebrate. By contrast, the wings of birds and those of 
dragonflies are homoplastic structures because they are derived 
from different ancestral structures. Phylogenetic analysis can help 
determine whether structures are homologous or homoplastic.

Homologous parental care in dinosaurs, 
crocodiles, and birds
Recent fossil discoveries have revealed that many species of 
dinosaurs exhibited parental care. They incubated eggs laid in 
nests and took care of growing baby dinosaurs, many of which 
could not have fended for themselves. Some recent fossils show 
dinosaurs sitting on a nest in exactly the same posture used 
by birds today (figure 23.8a)!  Initially, these discoveries were 
treated as remarkable and unexpected—dinosaurs apparently 
had independently evolved behaviors similar to those of modern-
day organisms. But examination of the phylogenetic position of 
dinosaurs (see figure 23.5) indicates that they are most closely 
related to two living groups of animals—crocodiles and birds—
both of which exhibit parental care (figure 23.8b).
 It appears likely, therefore, that the parental care exhibited 
by crocodiles, dinosaurs, and birds did not evolve convergently 
from different ancestors that did not exhibit parental care; rather, 
the behaviors are homologous, inherited by each of these groups 
from their common ancestor that cared for its young.

Homoplastic convergence: Saber teeth 
and plant conducting tubes
In other cases, by contrast, phylogenetic analysis can indicate 
that similar traits have evolved independently in different 
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Phylogeny of Carnivores

Question:  How many times have saber teeth evolved in carnivores?

Hypothesis: Saber teeth are homologous and have only evolved once in carnivores (or, conversely, saber teeth are convergent and have evolved multiple times 

in carnivores).

Phylogenic Analysis: Examine the distribution of saber teeth on a phylogeny of carnivores, and use parsimony to infer the history of saber tooth evolution 

(note that not all branches within marsupials and placentals are shown on the phylogeny).

Result: Saber teeth have evolved at least three times in mammals: once within marsupials, once in felines, and at least once in nimravids.

Interpretation: Note that it is possible that saber teeth evolved twice in nimravids, but another possibility that requires the same number of evolutionary changes 

(and thus is equally parsimonious) is that saber teeth evolved only once in the ancestor of nimravids and then were subsequently lost in one group of nimravids.

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Figure 23.8 Parental care in dinosaurs 
and crocodiles a. Fossil dinosaur incubating 
its eggs. This remarkable fossil of Oviraptor 

shows the dinosaur sitting on its nest of eggs just 
as chickens do today. Not only is the dinosaur 
squatting on the nest, but its forelimbs are 
outstretched, perhaps to shade the eggs. 
b. Crocodile exhibiting parental care. Female 
crocodilians build nests and then remain nearby, 
guarding them, while the eggs incubate. When 
they are ready to hatch, the baby crocodiles 
vocalize; females respond by digging up the eggs 
and carrying the babies to the water. 

clades. This convergent evolution from different ancestral 
sources indicates that such traits represent homoplasies. As 
one example, the fossil record reveals that extremely elon-
gated canine teeth (saber teeth) occurred in a number of dif-
ferent groups of extinct carnivorous mammals. Although how 
these teeth were actually used is still debated, all saber-

toothed carnivores had body proportions similar to those of 
cats, which suggests that these different types of carnivores 
all evolved into a similar predatory lifestyle. Examination of 
the saber-toothed character state in a phylogenetic context 
reveals that it most likely evolved independently at least three 
times (figure 23.9). 

Figure 23.9 Distribution of saber-toothed mammals. Saber teeth have evolved at least three times in mammals: once within 
marsupials, once in felines, and at least once in a now-extinct group of catlike carnivores called nimravids. It is possible that the condition 
evolved twice in nimravids, but another possibility that requires the same number of evolutionary changes (and thus is equally parsimonious) 
is tha t saber teeth evolved only once in the ancestor of nimravids and then were subsequently lost in one group of nimravids (not all of the 
branches within marsupials and placentals are shown).
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Figure 23.10 Convergent evolution of conducting tubes. Sieve tubes, which transport hormones and other substances throughout 
the plant, have evolved in two distantly related plant groups (  brown algae are stramenopiles and angiosperms are tracheophytes).
© Dr. Richard Kessel & Dr. Gene Shih/Visuals Unlimited

 Conducting tubes in plants provide a similar example. 
The tracheophytes, a large group of land plants discussed in 
chapter 30 , transport photosynthetic products, hormones, and 
other molecules over long distances through elongated, tubular 
cells that have perforated walls at the end. These structures are 
stacked upon each other to create a conduit called a sieve tube. 
Sieve tubes facilitate long-distance transport that is essential 
for the survival of tall plants on land.
 Most members of the brown algae, which includes kelp, 
also have sieve elements (see figure 23.10  for a comparison of 
the sieve plates in brown algae and angiosperms) that aid in the 
rapid transport of materials. The land plants and brown algae 
are distantly related (see figure 23.10), and their last common 
ancestor was a single-celled organism that could not have had a 
multicellular transport system. This indicates that the strong 
structural and functional similarity of sieve elements in these 
plant groups is an example of convergent evolution.

Complex characters evolve through 
a sequence of evolutionary changes
Most complex characters do not evolve, fully formed, in one 
step. Rather, they are often built up, step-by-step, in a series of 
evolutionary transitions. Phylogenetic analysis can help dis-
cover these evolutionary sequences.
 Modern-day birds—with their wings, feathers, light 
bones, and breastbone—are exquisitely adapted flying ma-
chines. Fossil discoveries in recent years now allow us to recon-
struct the evolution of these features. When the fossils are 
arranged phylogenetically, it becomes clear that the features 
characterizing living birds did not evolve simultaneously. 
  Figure  23.11  shows how the features important to flight evolved 
sequentially, probably over a long period of time, in the ances-
tors of modern birds.
 One important finding often revealed by studies of the 
evolution of complex characters is that the initial stages of a 
character evolved as an adaptation to some environmental se-
lective pressure different from that for which the character is 
currently adapted. Examination of figure 23.11 reveals that the 

first feathery structures evolved deep in the theropod phylog-
eny, in animals with forearms clearly not modified for flight. 
Therefore, the initial feather-like structures must have evolved 
for some other reason, perhaps serving as insulation or deco-
ration. Through time, these structures have become modified 
to the extent that modern feathers produce excellent aerody-
namic  performance.

Phylogenetic methods can be used to 
distinguish between competing hypotheses
Understanding the causes of patterns of biological diversity ob-
served today can be difficult because a single pattern often 
could have resulted from several different processes. In many 
cases, scientists can use phylogenies to distinguish between 
competing hypotheses.

Larval dispersal in marine snails
An example of this use of phylogenetic analysis concerns the 
evolution of larval forms in marine snails. Most species of snails 
produce microscopic larvae that drift in the ocean currents, 
sometimes traveling hundreds or thousands of miles before be-
coming established and transforming into adults. Some species, 
however, have evolved larvae that settle to the ocean bottom 
very quickly and thus don’t disperse far from their place of ori-
gin. Studies of fossil snails indicate that the proportion of spe-
cies that produce nondispersing larvae has increased through 
geological time (figure 23.12). 
 Two processes could produce an increase in nondispers-
ing larvae through time. First, if evolutionary change from dis-
persing to nondispersing occurs more often than change in the 
opposite direction, then the proportion of species that are non-
dispersing would increase through time.
 Alternatively, if species that are nondispersing speciate 
more frequently, or become extinct less frequently, than dis-
persing species, then through time the proportion of nondis-
persers would also increase (assuming that the descendants of 
nondispersing species also were nondispersing). This latter 
case is a reasonable hypothesis because nondispersing species 
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Other dinosaurs Coelophysis Tyrannosaurus Sinosauropteryx Velociraptor Caudipteryx Archaeopteryx Modern Birds 

Light bones 

Wishbone, breastbone, 
loss of fingers 4 and 5 

Downy feathers 

Long arms, highly mobile 
wrist, feathers with vanes, 
shafts, and barbs 

Long, aerodynamic feathers 

Arms longer than legs 

Loss of teeth 
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Figure 23.11 The evolution of birds. Th  e traits we think of as characteristic of modern birds have evolved in stages over many 
millions of years.
From Richard O. Prum and Alan H. Brush, “The Evolutionary Origin and Diversifi cation of Feathers,” Quarterly Review of Biology, September 2002. Reprinted 
with permission of the University of Chicago Press.

Figure 23.12  Larvae dispersal. Increase  through time in 
the proportion of species whose larvae do not disperse far from 
their place of birth.

eny, as shown by more dispersing → nondispersing branch-
points in figure 23.13a.  In contrast, if nondispersing species 
underwent greater speciation, then clades of nondispersing 
species would contain more species than clades of dispersing 
species, as shown in figure 23.13b.
 Evidence for both processes was revealed in an examina-
tion of the phylogeny of marine snails in the genus Conus, in 
which 30% of species are nondispersing (figure 23.13c). The 
phylogeny indicates that possession of dispersing larvae was the 
ancestral state; nondispersing larvae are inferred to have evolved 
eight times, with no evidence for evolutionary reversal from 
nondispersing to dispersing larvae.
 At the same time, clades of nondispersing larvae tend to 
have on average 3.5 times as many species as dispersing larvae, 
which suggests that in nondispersing species, rates of speciation 
are higher, rates of extinction are lower, or both.
 This analysis therefore indicates that the evolutionary in-
crease in nondispersing larvae through time may be a result 
both of a bias in the direction in which evolution proceeds plus 
an increase in rate of diversification (that is, speciation rate mi-
nus extinction rate) in nondispersing clades.
 The lack of evolutionary reversal is not surprising be-
cause when larvae evolve to become nondispersing, they of-
ten lose a variety of structures used for feeding while drifting 
in the ocean current. In most cases, once a structure is lost, 
it rarely re-evolves, and thus the standard view is that the 

probably have lower amounts of gene flow than dispersing 
species, and thus might more easily become geographically 
isolated, increasing the likelihood of allopatric speciation (see 
chapter 22) .
 These two processes would result in different phyloge-
netic patterns. If evolution from a dispersing ancestor to a non-
dispersing descendant occurred more often than the reverse, 
then an excess of such changes should be evident in the phylog-
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Dispersing larvae Nondispersing larvae 

Dispersing larvae 
Nondispersing larvae 

Figure 23.13 Phylogenetic investigation of the evolution of nondispersing larvae. a. In this hypothetical example, the 
evolutionary transition fr  om dispersing to nondispersing larvae occurs more frequently (four times) than the converse (once). By contrast, in 
(b) clades that have nondispersing larvae diversify to a greater extent due to higher rates of speciation or lower rates of extinction (assuming 
that extinct forms are not shown). c. Phylogeny for Conus, a genus of marine snails. Nondispersing larvae have evolved eight separate times 
from dispersing larvae, with no instances of evolution in the reverse direction. This phylogeny does not show all species, however; 
nondispersing clades contain on average 3.5 times as many species as dispersing clades.

 It is important to remember that patterns of evolution 
suggested by phylogenetic analysis are not always correct—
evolution does not necessarily occur parsimoniously. In the 
limpet study, for example, it is possible that within the clade in 
the light blue box, presence of a larva was retained as the ances-
tral state, and direct development evolved independently six 
times (figure 23.14b). Phylogenetic analysis cannot rule out this 
possibility, even if it is less phylogenetically parsimonious.
 If the re-evolution of lost traits seems unlikely, then the 
alternative hypothesis that direct development evolved six times—
rather than only once at the base of the clade, with two instances 
of evolutionary reversal—should be considered. For example, 
studies of the morphology or embryology of direct-developing 
species might shed light on whether such structures are homolo-
gous or convergent. In some cases, artificial selection experiments 
in the laboratory or genetic manipulations can test the hypothesis 
that it is difficult for lost structures to re-evolve. Conclusions from 
phylogenetic analyses are always stronger when supported by re-
sults of other types of studies.

evolution of nondispersing larvae is a one-way street, with 
few examples of re-evolution of dispersing larvae.

Loss of the larval stage in marine invertebrates
A related phenomenon in many marine invertebrates is the loss 
of the larval stage entirely. Most marine invertebrates—in 
groups as diverse as snails, sea stars, and anemones—pass 
through a larval stage as they develop. But in a number of dif-
ferent types of organisms, the larval stage is omitted, and the 
eggs develop directly into adults.
 The evolutionary loss of the larval stage has been sug-
gested as another example of a nonreversible evolutionary 
change because once the larval stages are lost, it is difficult for 
them to re-evolve—or so the argument goes. A recent study on 
one group of marine limpets, shelled marine organisms related 
to snails, shows that this is not necessarily the case. Among these 
limpets, direct development has evolved many times; however, 
in three cases, the phylogeny strongly suggests that evolution 
reversed and a larval stage re-evolved (figure 23.14a). 
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Figure 23.14 Evolution of 
direct development in a 
family of limpets. a. Direct 
development evolved many 
times  (indicated by beige lines 
stemming from a red ancestor), 
and three instances of reversed 
evolution from direct 
development to larval 
development are indicated (red 
lines from a beige ancestor). b. A 
less parsimonious interpretation 
of evolution in the clade in the 
light blue box is that, rather than 
two evolutionary reversals, six 
instances of the evolution of 
development occurred without 
any evolutionary reversal.

Figure 23.15 Evolutionary diversifi cation of the 
Phytophaga, the largest clade of herbivorous beetles. 
Clades that originated deep in the phylogenetic tree feed on 
conifers;  clades that feed on angiosperms, which evolved more 
recently, originated more recently. Age of clades is established by 
examination of fossil beetles.

appears to have arisen five times independently within herbivo-
rous beetles; in each case, the angiosperm-specializing clade is 
substantially more species-rich than the clade to which it is 
most closely related (termed a sister clade) and which specializes 
on some other type of plant.
 Why specialization on angiosperms has led to great 
species diversity is not yet clear and is the focus of much 
current research. One possibility is that this diversity is 
linked to the great species-richness of angiosperms them-
selves. With more than 250,000 species of angiosperms, 
beetle clades specializing on them may have had a multitude 

Phylogenetics helps explain 
species diversifi cation
One of the central goals of evolutionary biology is to explain pat-
terns of species diversity: Why do some types of plants and ani-
mals exhibit more  species richness—a greater number of species 
per clade—than others? Phylogenetic analysis can be used both 
to suggest and to test hypotheses about such differences.

Species richness in beetles
Beetles (order Coleoptera) are the most diverse group of ani-
mals. Approximately 60% of all animal species are insects, and 
approximately 80% of all insect species are beetles. Among bee-
tles, families that are herbivorous are particularly species-rich.
 Examination of the phylogeny provides insight into bee-
tle evolutionary diversification (figure 23.15).  Among the Phy-
tophaga, the clade which contains most herbivorous beetle 
species, the deepest branches belong to beetle families that spe-
cialize on conifers. This finding agrees with the fossil record 
because conifers were among the earliest seed plant groups to 
evolve. By contrast, the flowering plants (angiosperms) evolved 
more recently, in the Cretaceous, and beetle families specializ-
ing on them have shorter evolutionary branches, indicating 
their more recent evolutionary appearance.
 This correspondence between phylogenetic position and 
timing of plant origins suggests that beetles have been remark-
ably conservative in their diet. The family Nemonychidae, for 
example, appears to have remained specialized on conifers since 
the beginning of the Jurassic, approximately 210 mya.

Phylogenetic explanations for beetle diversification
The phylogenetic perspective suggests factors that may be re-
sponsible for the incredible diversity of beetles. The phylogeny 
for the Phytophaga indicates that it is not the evolution of her-
bivory itself that is linked to great species richness. Rather, spe-
cialization on angiosperms seems to have been a prerequisite 
for great species diversification. Specialization on angiosperms 
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Figure 23.16   Evolution of HIV and SIV. HIV has evolved 
multiple times and from strains of SIV in different primate species 
(each primate species indicated by a different color). The three-way 
branching event on the right side of the phylogeny results because 
the data do not clearly indicate the relationships among the 
three clades.

of opportunities to adapt to feed on individual species, thus 
promoting divergence and  speciation.

Learning Outcomes Review 23.4
Homologous traits are derived from the same ancestral character states, 
whereas homoplastic traits are not, even though they may have similar 
function. Phylogenetic analysis can help determine whether homology or 
homoplasy has occurred. By correlating phylogenetic branching with known 
evolutionary events, the timing and cause of diversifi cation can be inferred.

 ■ Does the possession of the same character state by all 
members of a clade mean that the ancestor of that 
clade necessarily possessed that character state?

23.5 Phylogenetics and Disease 
Evolution  

Learning Outcome
Discuss how phylogenetic analysis can help identify 1. 
patterns of disease transmission.

The examples so far have illustrated the use of phylogenetic 
analysis to examine relationships among species. Such analyses 
can also be conducted on virtually any group of biological enti-
ties, as long as evolutionary divergence in these groups occurs 
by a branching process, with little or no genetic exchange be-
tween different groups. No example illustrates this better than 
recent attempts to understand the evolution of the virus that 
causes autoimmune deficiency syndrome (AIDS).

HIV has evolved from a simian 
viral counterpart
AIDS was first recognized in the early 1980s, and it rapidly 
became epidemic in the human population. Current estimates 
are that more than  33 million people are infected with the hu-
man immunodeficiency virus (HIV), of whom more than 2 mil-
lion die each year.
 At first, scientists were perplexed about where HIV had 
originated and how it had infected humans. In the mid-1980s, 
however, scientists discovered a related virus in laboratory 
 mon keys, termed simian immunodeficiency virus (SIV). In 
 biochemical terms, the viruses are very similar, although genetic 
differences exist. At last count, SIV has been detected in  36 spe-
cies of primates, but only in species found in sub-Saharan Africa. 
Interestingly, SIV—which appears to be transmitted sexually—
does not appear to cause any illness in these primates.
 Based on the degree of genetic differentiation among 
strains of SIV, scientists estimate that SIV may have been 
around for more than a million years in these primates, perhaps 
providing enough time for these species to adapt to the virus 
and thus prevent it from having adverse effects.

Phylogenetic analysis identifi es 
the path of transmission
Phylogenetic analysis of strains of HIV and SIV reveals three 
clear findings. First, HIV obviously descended from SIV. All 
strains of HIV are phylogenetically nested within clades of SIV 
strains, indicating that HIV is derived from SIV (figure 23.16) .
 Second, a number of different strains of HIV exist, and 
they appear to represent independent transfers from different 
primate species. Each of the human strains is more closely re-
lated to a strain of SIV than it is to other HIV strains, indicat-
ing separate origins of the HIV strains.
 Finally, humans have acquired HIV from different host 
species. HIV-1, which is the virus responsible for the global 
epidemic, has three subtypes. Each of these subtypes is most 
closely related to a different strain of chimpanzee SIV, indicat-
ing that the transfer occurred from chimps to humans. By con-
trast, subtypes of HIV-2, which is much less widespread (in 
some cases known from only one individual), are related to 
SIV found in West African monkeys, primarily the sooty man-
gabey (Cercocebus atys). Moreover, the subtypes of HIV-2 also 
appear to represent several independent cross-species trans-
missions to humans.
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Figure 23.17 Evolution of HIV strains reveals the source 
of infection. HIV mutates so rapidly that a single HIV-infected 
individual often contains multiple genotypes in his or her body. As 
a result, it is possible to create a phylogeny of HIV strains and to 
identify the source of infection of a particular individual. In this 
case, the HIV strains of the victim clearly are derived from strains 
in the body of another individual, the patient. Other HIV strains 
are from HIV-infected individuals in the local community.  

Inquiry question 

? What would the phylogeny look like if the victim had not 
gotten HIV from the patient?

patient, and from a large number of HIV-infected people in 
the local community. The phylogenetic analysis clearly dem-
onstrated that the victim’s viral strain was most closely relat-
ed to the patient’s (figure 23.17) . This analysis, which for the 
first time established phylogenetics as a legally admissible 
form of evidence in courts in the United States, helped con-
vict the dentist, who is now serving a 50-year sentence for 
attempted murder.

Learning Outcome Review 23.5
Modern phylogenetic techniques and analysis can track the evolution of 
disease strains, uncovering sources and progression. The HIV virus provides 
a prime example: Analysis of viral strains has shown that the progression 
from simian immunodefi ciency virus (SIV) into human hosts has occurred 
several times. Phylogenetic analysis is also used to track the transmission 
of human  disease .

 ■ Could HIV have arisen in humans and then have been 
transmitted to other primate species?

Transmission from other primates to humans
Several hypotheses have been proposed to explain how SIV 
jumped from chimps and monkeys to humans. The most likely 
idea is that transmission occurred as the result of blood-to-
blood contact that may occur when humans kill and butcher 
monkeys and apes. Recent years have seen a huge increase in 
the rate at which primates are hunted for the “bushmeat” mar-
ket, particularly  in central and western Africa. This increase has 
resulted from a combination of increased human populations 
desiring ever greater amounts of protein, combined with in-
creased access to the habitats in which these primates live as the 
result of road building and economic development. The unfor-
tunate result is that population sizes of many primate species, 
including our closest relatives, are plummeting toward extinc-
tion. A second consequence of this hunting is that humans are 
increasingly brought into contact with bodily fluids of these 
animals, and it is easy to imagine how during the butchering 
process, blood from a recently killed animal might enter the 
human bloodstream through cuts in the skin, perhaps obtained 
during the hunting process.

Establishing the crossover time line and location
Where and when did this cross-species transmission occur? 
HIV strains are most diverse in Africa, and the incidence of 
HIV is higher there than elsewhere in the world. Combined 
with the evidence that HIV is related to SIV in African pri-
mates, it seems certain that AIDS appeared first in Africa.
 As for when the jump from other primates to humans oc-
curred, the fact that AIDS was not recognized until the 1980s 
suggests that HIV probably arose recently. Descendants of 
slaves brought to North America from West Africa in the 19th 
century lacked the disease, indicating that it probably did not 
occur at the time of the slave trade.
 Once the disease was recognized in the 1980s, scientists 
scoured repositories of blood samples to see whether HIV 
could be detected in blood samples from the past. The earliest 
HIV-positive result was found in a sample from 1959, pushing 
the date of origin back at least two decades. Based on the 
amount of genetic difference between strains of HIV-1, includ-
ing the 1959 sample, and assuming the operation of a molecular 
clock, scientists estimate that the deadly strain of AIDS proba-
bly crossed into humans some time before 1940.

Phylogenies can be used to track the evolution 
of AIDS among individuals
The AIDS virus evolves extremely rapidly, so much so that dif-
ferent strains can exist within different individuals in a single 
population. As a result, phylogenetic analysis can be applied to 
answer very specific questions; just as phylogeny proved useful 
in determining the source of HIV, it can also pinpoint the 
source of infection for particular individuals.
 This ability became apparent in a court case in Louisi-
ana in 1998, in which a dentist was accused of injecting his 
former girlfriend with blood drawn from an HIV-infected 
patient. The dentist’s records revealed that he had drawn 
blood from the patient and had done so in a suspicious man-
ner. Scientists sequenced the viral strains from the victim, the 
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The phylogenetic species concept focuses on shared 
derived characters.
The phylogenetic species concept emphasizes the possession 
of shared derived characters, whereas the biological species concept 
focuses on reproductive isolation. Many versions of this concept only 
recognize species that are monophyletic.

The PSC ( phylogenetic species concept) also has drawbacks.
Among criticisms of the PSC (phylogenetic species concept) are that 
it subdivides groups too far via impractical distinctions, and that the 
PSC defi nition of a group may not always apply as 
selection proceeds.

23.4 Phylogenetics and Comparative Biology
Homologous features are derived from the same ancestral source; 
homoplastic features are not.
Homologous structures can be identifi ed by phylogenetic analysis, 
establishing whether or not different structures have been built from 
the same ancestral structure.

Complex characters evolve through a sequence of evolutionary 
changes.
Most complex features do not evolve in a single step but include 
stages of transition. They may have begun as an adaptation to a 
selective pressure different from the one for which the feature is 
currently adapted.

Phylogenetic methods can be used to distinguish between 
competing hypotheses.
Different evolutionary scenarios can be distinguished by 
phylogenetic analysis. The minimum number of times a trait may 
have evolved can be established, as well as the direction of trait 
evolution, the timing, and the cause of diversifi cation.

Phylogenetics helps explain species diversifi cation.
Questions regarding the causes of species richness may be addressed 
with phylogenetic analysis.

23.5 Phylogenetics and Disease Evolution
HIV has evolved from a simian viral counterpart.
Phylogenetic methods have indicated that HIV is related to SIV.

Phylogenetic analysis identifi es the path of transmission.
It is clear that HIV has descended from SIV, and that independent 
transfers from simians to humans have occurred several times. 
Application of fi ndings has allowed identifi cation of the fi rst 
occurrence in humans, in 1959.

Phylogenies can be used to track the evolution of AIDS 
among individuals.
Even though HIV evolves rapidly, phylogenetic analysis can trace the 
origin of a current strain to a specifi c source of infection.

23.1 Systematics
Branching diagrams depict evolutionary relationships.
Systematics is the study of evolutionary relationships, which are 
depicted on branching evolutionary trees, called phylogenies.

Similarity may not accurately predict evolutionary relationships.
The rate of evolution can vary among species and can even reverse 
direction. Closely related species can therefore be dissimilar in 
phenotypic characteristics.
Conversely, convergent evolution results in distantly related species 
being phenotypically similar.

23.2 Cladistics
The cladistic method requires that character variation be identifi ed as 
ancestral or derived.
Derived character states are those that differ from the ancestral 
condition.
Character polarity is established using an outgroup comparison in 
which the outgroup consists of closely related species or a group of 
species, relative to the group under study.
Character states exhibited by the outgroup are assumed to be 
ancestral, and other character states are considered derived.
A cladogram is a graphically represented hypothesis of evolutionary 
relationships.

Homoplasy complicates cladistic analysis.
Homoplasy refers to a shared character state, such as wings of birds 
and wings of insects, that has not been inherited from a common 
ancestor.
Cladograms are constructed based on the principle of parsimony, 
which indicates that the phylogeny requiring the fewest evolutionary 
changes is accepted as the best working hypothesis.

Other phylogenetic methods work better than cladistics in 
some situations.
When evolutionary change is rapid, other methods, such as 
statistical approaches and the use of the molecular clock, are 
sometimes more useful.

23.3 Systematics and Classifi cation
Current classifi cation sometimes does not refl ect evolutionary 
relationships.
A monophyletic group consists of the most recent common ancestor 
and all of its descendants.
A paraphyletic group consists of the most recent common ancestor 
and some of its descendants.
A polyphyletic group does not contain the most recent ancestor of 
the group. Some currently recognized taxa are not monophyletic, 
such as reptiles, which are paraphyletic with respect to birds.

Chapter Review
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c. homoplasy will be common.
d. all of the above

 3. In a paraphyletic group
a. all species are more closely related to each other than they 

are to a species outside the group.
b. evolutionary reversal is common.
c. polyphyly also usually occurs.
d. some species are more closely related to species outside the 

group than they are to some species within the group.
 4. Species recognized by the phylogenetic species concept

a. sometimes also would be recognized as species by the 
biological species concept.

b. are sometimes paraphyletic.
c. are characterized by symplesiomorphies.
d. are more frequent in plants than in animals. 

S Y N T H E S I Z E
 1. List the synapomorphy and the taxa defi ned by that synapomorphy 

for the groups pictured in fi gure 23.2. Name each group defi ned 
by a set of synapomorphies in a way that might be construed as 
informative about what kind of characters defi ne the group.

 2. Identifying “outgroups” is a central component of cladistic 
analysis. As described on page 458 , a group is chosen that is 
closely related to, but not a part of the group under study. If 
one does not know the relationships of members of the group 
under study, how can one be certain that an appropriate 
outgroup is chosen? Can you think of any approaches that 
would minimize the effect of a poor choice of outgroup?

 3. As noted in your reading, cladistics is a widely utilized method 
of systematics, and our classifi cation system (taxonomy) is 
increasingly becoming refl ective of our knowledge of 
evolutionary relationships. Using birds as an example, discuss 
the advantages and disadvantages of recognizing them as 
reptiles versus as a group separate and equal to reptiles.

 4. Across many species of limpets, loss of larval development and 
reversal from direct development appears to have occurred 
multiple times. Under the simple principle of parsimony are 
changes in either direction merely counted equally in evaluating 
the most parsimonious hypothesis? If it is much more likely to 
lose a larval mode than to re-evolve it from direct development, 
should that be taken into account? If so, how?

 5. Birds, pterosaurs (a type of fl ying reptile that lived in the 
Cretaceous period), and bats all have modifi ed their forelimbs 
to serve as wings, but they have done so in different ways. Are 
these structures homologous? If so, how can they be both 
homologous and convergent? Do any organisms possess wings 
that are convergent, but not homologous?

 6. In what sense does the biological species concept focus on 
evolutionary mechanisms and the phylogenetic species concept 
on evolutionary patterns? Which, if either, is correct? 

U N D E R S T A N D
 1. Overall similarity of phenotypes may not always refl ect 

evolutionary relationships
a. due to convergent evolution.
b. because of variation in rates of evolutionary change of 

different kinds of characters.
c. due to homoplasy.
d. due to all of the above.

 2. Cladistics
a. is based on overall similarity of phenotypes.
b. requires distinguishing similarity due to inheritance from a 

common ancestor from other reasons for similarity.
c. is not affected by homoplasy.
d. is none of the above.

 3. The principle of parsimony
a. helps evolutionary biologists distinguish among competing 

phylogenetic hypotheses.
b. does not require that the polarity of traits be determined.
c. is a way to avoid having to use outgroups in a phylogenetic 

analysis.
d. cannot be applied to molecular traits.

 4. Parsimony suggests that parental care in birds, crocodiles, and 
some dinosaurs
a. evolved independently multiple times by convergent evolution.
b. evolved once in an ancestor common to all three groups.
c. is a homoplastic trait.
d. is not a homologous trait.

 5. The forelimb of a bird and the forelimb of a rhinoceros
a. are homologous and symplesiomorphic.
b. are not homologous but are symplesiomorphic.
c. are homologous and synapomorphic.
d. are not homologous but are synapomorphic.

 6. In order to determine polarity for different states of a character
a. there must be a fossil record of the groups in question.
b. genetic sequence data must be available.
c. an appropriate name for the taxonomic group must be selected.
d. an outgroup must be identifi ed.

 7. A paraphyletic group includes
a. an ancestor and all of its descendants.
b. an ancestor and some of its descendants.
c. descendants of more than one common ancestor.
d. all of the above.

 8. Sieve tubes and sieve elements are
a. homoplastic because they have different function.
b. homologous because they have similar function.
c. homoplastic because their common ancestor was 

single-celled.
d. structures involved in transport within animals.

A P P L Y
 1. A taxonomic group that contains species that have similar 

phenotypes due to convergent evolution is
a. paraphyletic. c. polyphyletic.
b. monophyletic.  d. a good cladistic group.

 2. Rapid rates of character change relative to the rate of speciation 
pose a problem for cladistics because
a. the frequency with which distantly related species evolve 

the same derived character state may be high.
b. evolutionary reversals may occur frequently.

Review Questions

O N L I N E  R E S O U R C E
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G Introduction

Genomes contain the raw material for evolution, and many clues to evolution are hidden in the ever-changing nature of 

genomes. As more genomes have been sequenced, the new and exciting fi eld of comparative genomics has emerged and has 

yielded some surprising results as well as many, many questions. Comparing whole genomes, not just individual genes, enhances 

our ability to understand the workings of evolution, to improve crops, and to identify the genetic basis of disease so that we might 

develop more eff ective treatments with minimal side eff ects. The focus of this chapter is the role of comparative genomics in 

enhancing our understanding of genome evolution and how this new knowledge can be applied to improve our lives.

Chapter  24 
Genome Evolution

Chapter Outline

24.1  Comparative Genomics

24.2 Whole-Genome Duplications

24.3  Evolution Within Genomes

24.4  Gene Function and Expression Patterns

24.5  Nonprotein-Coding DNA and Regulatory 
Function

24.6  Genome Size and Gene Number

24.7  Genome Analysis and Disease Prevention 
and Treatment

24.8  Crop Improvement Through Genome Analysis

 24.1 Comparative Genomics

Learning Outcomes
Describe the kinds of differences that can be found 1. 
between genomes.
Relate timescale to genome evolution.2. 
Explain why genomes may evolve at different rates.3. 

A key challenge of modern evolutionary biology is finding a 
way to link changes in DNA sequences, which we are now 
able to study in great detail, with the evolution of the com-
plex morphological characters used to construct a traditional 
phylogeny. Many different genes contribute to complex char-
acters. Making the connection between a specific change in a 
gene and a modification in a morphological character is par-
ticularly difficult.
 Comparing genomes (entire DNA sequences) pro-
vides a powerful tool for exploring evolutionary divergence 
among organisms to connect DNA level changes with 

CHAPTER
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1996
12.7 Mb
5,805 genes

Saccharomyces cerevisiae
(baker’s yeast)

1998
97 Mb
20,000 genes

Caenorhabditis elegans
(a translucent worm)

1999
120 Mb
21,116 genes

Drosophila melanogaster
(fruit fly)

2000
125 Mb
25,498 genes

Arabidopsis thaliana
(wall cress)

23.25 µm

2000
2,500 Mb
22,698 genes

Homo sapiens
(human)

2002
2,600 Mb
37,000 genes

Mus musculus
(mouse)

2002
365 Mb
33,609 genes

Fugu rubripes
(pufferfish)

2002
230 Mb
13,749 genes

Anopheles gambiae
(mosquito)

2002
13.8 Mb
4,824 genes

Schizosaccharomyces pombe
(fission yeast)

2002
430 Mb
43,000 genes

Oryza sativa
(rice)

2002
23 Mb
5,300 genes

Plasmodium falciparum
(malaria parasite)

2004
2,718 Mb
23,829 genes

Rattus norvegicus
(rat)

2009
2,870 Mb
22,000 genes

Bos taurus
(domestic cow)

2005
3,100 Mb
20,000–25,000 genes

Pan troglodytes
(chimpanzee)

2008
2,500 Mb
59,000 genes

Zea mays
(maize)

2008
2,200 Mb
18,500 genes

Ornithorynchus anatinus
(duck-billed platypus)

2500 µm

1.8 µm 1 µm
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Figure 24.1 Milestones of comparative eukaryotic genomics.     

 morphological differences. Genomes are more than instruc-
tion books for building and maintaining an organism; they 
also record the history of life.   The growing number of fully 
sequenced genomes in all kingdoms is leading to a revolu-

tion in comparative evolutionary biology (figure 24.1) .    Ge-
netic differences between species can be explored in a very 
direct way, examining the footprints on the evolutionary 
path between different species.

www.ravenbiology.com
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Evolutionary diff erences accumulate 
over long periods
Genomes of viruses and bacteria can evolve in a matter of 
days, whereas complex eukaryotic species evolve over millions 
of years. To illustrate this point, we compare four vertebrate 
genomes: human, tiger pufferfish (Fugu rubripes), mouse (Mus 
musculus), and chimpanzee (Pan troglodytes).

Comparison between human and pufferfish genomes
The draft (preliminary) sequence of the tiger pufferfish was 
completed in 2002; it was only the second vertebrate genome 
to be sequenced. For the first time, we were able to compare 
the genomes of two vertebrates: humans and pufferfish. These 
two animals last shared a common ancestor 450 mya.
 Some human and pufferfish genes have been conserved 
during evolution, but others are unique to each species. About 
25% of human genes have no counterparts in Fugu. Also, exten-
sive genome rearrangements have occurred during the 450 mil-
lion years since the mammal lineage and the teleost fish diverged, 
indicating a considerable scrambling of gene order. Finally, the 
human genome is 97% repetitive DNA (chapter 18 ), but repeti-
tive DNA accounts for less than one-sixth of the Fugu sequence.

Comparison between human and mouse genomes
Later in 2002, a draft sequence of the mouse genome was com-
pleted by an international consortium of investigators, allowing 
for the first time a comparison of two mammalian genomes. In 
contrast to the human–pufferfish genome comparison, the dif-
ferences between these two mammalian genomes are miniscule.
 The human genome has about 400 million more nucleo-
tides than that of the mouse. A comparison of the genomes re-
veals that both have about 25,000 genes, and that they share 
the bulk of them; in fact, the human genome shares 99% of its 
genes with mice. Humans and mice diverged about 75 mya, ap-
proximately one-sixth of the amount of time that separates hu-
mans from pufferfish. There are only 300 genes unique to either 
human or mouse, constituting about 1% of the genome. Even 
450 million years after last sharing a common ancestor, 75% of 
the genes found in humans have counterparts in pufferfish.   

Comparison between human and chimpanzee genomes
Humans and chimpanzees, Pan troglodytes, diverged only 
about 4.1 mya, leaving even less time for their genomes to ac-
cumulate mutational differences. The chimp genome was se-
quenced in 2005, providing a comparative window between us 
and our closest living relative. A 1.5% difference in insertions 
and deletions (indels) is found between chimps and humans. 
Comparing chimp and human indels to outgroups can allow 
a determination of whether the indel was ancestrally present, 
and thus can identify which species has the derived condi-
tion. Fifty-three of the potentially human-specific indels lead 
to loss-of-function changes that might correlate with some of 
the traits that distinguish us from chimps, including a larger 
cranium and lack of body hair. As will be discussed later in this 
chapter, mutations leading to differences in the patterns of 
gene expression are particularly important in understanding 
why chimps are chimps and humans are humans.

 Comparisons of single-nucleotide substitutions reveal that 
only 2.7% of the two genomes have consistent differences in sin-
gle nucleotides. Mutations in coding DNA are classified into two 
groups: those that alter the amino acids coded for in the sequence 
(nonsynonymous changes) and those that do not (synonymous 
changes). For example, a synonymous mutation that changed 
UUU to UUC would still code for phenylalanine (use the genetic 
code in table 15.1 to see if you can identify examples of possible 
synonymous and nonsynonymous changes ) . 

Genomes evolve at diff erent rates
A comparison of the mouse and rat genomes reveals a smaller 
ratio of nonsynonymous to synonymous changes than that seen 
between humans and chimps. The higher ratio in the primates 
indicates that fewer nonsynonymous mutations have been 
removed by natural selection than has occurred in mice and 
rats. The removal of nonsynonymous codons during evolu-
tion is called stabilizing selection. Stabilizing selection prevents 
change and maintains the same protein structure across species. 
For 387 human and chimp genes, the rate of nonsynonymous 
changes was higher than expected. Selection has not been pre-
venting change in protein structure between these genes in hu-
man and chimp. Rather, divergent selection has been at work. 
Comparing these sequences with an outgroup, the macaque, we 
see that chimps have experienced a higher rate of divergent se-
lection than humans since they last shared a common ancestor.

Plant, fungal, and animal genomes  
have unique and shared genes
We now step back  farther and consider genomic differences 
among the eukaryotic kingdoms that diverged long before the 
examples just discussed. You have already seen that many genes 
are highly conserved in animals. Are plant genes also highly con-
served, and if so, are they similar to animal and fungal genes?

Comparison between two plant genomes
The first plant genome to be sequenced was Arabidopsis thali-
ana, the wall cress, a tiny member of the mustard family often 
used as a model organism for studying flowering plant molec-
ular genetics and development. Its genome sequence, largely 
completed in 2000, revealed 25,948 genes, about as many as 
humans have, in a genome with a size of only 125 million 
base-pairs, a 30-fold smaller genome than that of humans.
 Rice, Oryza sativa, belongs to the grass family, which in-
cludes maize (corn), wheat, barley, sorghum, and sugarcane. 
Unlike most grasses, rice has a relatively small genome of 430 
million base-pairs. Its close relative maize, Zea mays, has a 60-
fold larger genome.  Although rice and Arabidopsis are distant 
relatives, they share many genes. More than 80% of the genes 
found in rice, including duplicates, are also found in Arabidop-
sis. Among the other 20% are genes that may be responsible 
for some of the physiological and morphological differences 
between rice and Arabidopsis. It is probable that many of the 
other differences between the two species reflect differences 
in gene expression, as discussed later in this chapter. (The 
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Nicotiana sylvestris

Diploid (SS)

Nicotiana tomentosiformis

Diploid (TT)

Nicotiana tabacum

Allopolyploid (SSTT) 

ST hybrid

Genome duplication

chapter 24 Genome Evolution 477

morphological and physiological distinctions are described in 
chapter 30.  )

Comparison of plants with animals and fungi
About one-third of the genes in Arabidopsis and rice appear to 
be in some sense “plant” genes—that is, genes not found in any 
animal or fungal genome sequenced so far. These include the 
many thousands of genes involved in photosynthesis and  photo-
synthetic anatomy. Few plant genomes have been sequenced to 
date, however.
 Among the remaining genes found in plants are many that 
are very similar to those found in animal and fungal genomes, 
particularly the genes involved in basic intermediary metabo-
lism, in genome replication and repair, and in transcription and 
protein synthesis. Prior to the availability of whole-genome 
sequences, assessment of the extent of genetic similarity and 
difference among diverse organisms had been difficult at best.

Learning Outcomes Review 24.1
Genomes vary in number of similar genes, arrangement of genes, 
total number of base pairs, and base-pair diff erences. Closely related 
organisms such as humans and chimps exhibit highly similar genomes.  

Would you expect a high degree of similarity between  ■

genomes of a bony fish, such as a swordfish, and a 
cartilaginous fish, such as a shark? What genes might 
be different?

 24.2 Whole-Genome Duplications 

Learning Outcomes
Differentiate between autopolyploidy and allopolyploidy.1. 
Explain why most crosses between two species do not 2. 
result in a new polyploid species.
Explain why the genome of a polyploid is not identical to 3. 
the sum of the two parental genomes.

Polyploidy (three or more chromosome sets) can give rise to 
new species, as you learned in chapter 22 .  Polyploidy can result 
from either genome duplication in one species or from hybrid-
ization of two different species. In autopolyploids  , the genome 
of one species is duplicated through a meiotic error, resulting in 
four copies of each chromosome. Allopolyploids   result from the 
hybridization and subsequent duplication of the genomes of two 
different species (figure 24.2) . The origins of wheat, illustrated 
in figure 24.3 , involve two successive allopolyploid events.

Ancient and newly created polyploids guide 
studies of genome evolution
Two avenues of research have lead to intriguing insights into 
genome alterations following polyploidization. The first 
method  studies ancient polyploids, called paleopolyploids.

Figure 24.2 Allopolyploidy occurred in 
tobacco 5 mya, but can be approximated by crossing 
the progenitor species and initiating a doubling 
of chromosomes, often through tissue culture 
followed by plant regeneration, which can lead to 
chromosome doubling. Tobacco species have many 
chromosomes, not all of which are visible in a single 
plane of a cell.  

www.ravenbiology.com
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Triticum turgidum

Tetraploid: 2n=28 (AABB) 

Diploid: 2n=14 (AA)

Triticum searsii

Diploid: 2n=14 (BB)

Trticum tauschii

Diploid: 2n=14 (CC) 

Triticum aestivum

Hexaploid: 2n=42 (AABBCC) 

Sterile hybrid: 1n =14 (AB)

Chromosome doubling

Sterile hybrid: 1n=21 (ABC) 

Chromosome doubling

Triticum monococcum

Inquiry question

? Sketch out what would happen in meiosis in a 3n banana cell, 
referring back to chapter 11   if necessary. 

Sequence comparisons and phylogenetic tools establish the 
time and patterns of polyploidy events (figure 24.4) .   Sequence 
divergence between homologues, as well as the presence or 
absence of duplicated gene pairs from the hybridization, can 
be used for historical reconstructions of genome evolution.  
All copies of duplicate gene pairs arising through polyploidy 
are not necessarily found thousands or millions of years after 
polyploidization. The loss of duplicate genes is considered 
later in this section.
 The second approach is to create synthetic polyploids
by crossing plants most closely related to the ancestral species 
and then chemically inducing chromosome doubling. Unless 
the hybrid genome becomes doubled  , the plant will be sterile 
because it will lack homologous chromosomes that need to pair 
during metaphase I of meiosis.
 Because meiosis requires an even number of chromo-
some sets, species with ploidy levels that are multiples of two 
can reproduce sexually. However, meiosis would be a disaster 
in a 3n organism such as asexually propagated commercial ba-
nanas since three sets of chromosomes can’t be evenly divided 
between two cells. Triploid bananas are seedless . The aborted 
ovules appear as the little brown dots in the center of any cross 
section of a banana.

  Figure 24.3 Evolutionary 
history of wheat. Domestic wheat 
arose in southwestern Asia in the 
hilly country of what is now Iraq. 
This region contains a rich assembly 
of grasses of the genus Triticum. 
Domestic wheat (T. aestivum) is 
a polyploid species of Triticum 
that arose through two so-called 
allopolyploid events. (1) Two different 
diploid genomes, symbolized here as 
AA and BB, hybridized to form an 
AB species hybrid; the species were so 
different that A and B chromosomes 
could not pair in meiosis, so the 
AB hybrid was sterile. However, in 
some plants the chromosome number 
spontaneously doubled due to a 
failure of chromosomes to separate in 
meiosis, producing a fertile tetraploid 
species, AABB. This wheat (durum 
semolina) is used in the production 
of pasta. (2) In a similar fashion, the 
tetraploid species AABB hybridized 
much more recently, within the 
last 10,000 years, with a different 
diploid species, with genome CC. The 
second hybridization produced, after 
another doubling event, the hexaploid 
T. aestivum, AABBCC. This bread 
wheat is one of the most important 
food plants in the world. Not all 
chromosomes appear in a single plane 
of any cell.

478 part IV Evolution
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tula (a forage legume often used in research), and the garden 
pea (Pisum sativum) underwent a major polyploidization event 
44 to 58 mya and again 15 mya (figure 24.6) .
 A quick comparison of the genomes of soybean and M. 
truncatula reveal a huge difference in genome size. In addition 
to increasing genome size through polyploidization, genomes 
like M. trunculata definitely downsized over evolutionary time 
as well. The total size of a genome cannot be explained solely 
on the basis of polyploidization.
 A number of independent whole-genome duplications in 
plants cluster around 65  mya, coinciding with a mass extinction 
event caused by a catastrophic change due to an asteroid impact 
or increased volcanic activity. Polyploids may have had a better 
chance of surviving the extinction event with increased genes 
and alleles available for selection.

  Figure 24.4 Sequence comparisons of numerous genes 
in a polyploid genome tell us how long ago allopolyploidy 
or autopolyploidy events occurred. Complex analyses of 
sequence divergence among duplicate gene pairs and presence or 
absence of duplicate gene pairs provide information about when 
both genome duplication and gene loss occurred. The graph reveals 
multiple polyploidy events over evolutionary time.

Inquiry question

? Why is there a decrease in the number of duplicate genes 
after multiple rounds of polyploidization?

 Figure 24.5 
Polyploidy 
has occurred 
numerous times 
in the evolution 
of the fl owering 
plants.

In the following sections we examine further the effect of poly-
ploidization on genomes. Plant examples have been selected to 
illustrate key points in this section because polyploidization oc-
curs more frequently in plants. The somewhat surprising find-
ings, however, are not limited to the plant kingdom.

Evidence of ancient polyploidy 
is found in plant genomes 
Polyploidy has occurred numerous times in the evolution of 
the flowering plants (figure 24.5) . The legume clade that in-
cludes the soybean (Glycine max), the plant Medicago trunca-

 Figure 24.6 
Genome downsizing. 
Genome downsizing 
must have occurred in 
M. truncatula.

www.ravenbiology.com
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Hypothesis: Some duplicated genes may be eliminated after polyploidy.

Prediction: More duplicate genes will be present when an allopolyploid 

forms than a few  generations later.

Test: Make a synthetic polyploid from two Nicotiana species and look at 

the chromosomes under a microscope then and after 3 generations of 

self-fertilizing offspring.

Result: Over time, N. tomentosiformis chromosomes are lost or shortened.

Conclusion: Chromosomes and genes are preferentially eliminated 

following polyploidy.

Further Experiments: Why might the chromosomes and genes of one 

species be preferentially eliminated? How could you test your explanation?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Nicotiana sylvestris 

Diploid Diploid

Nicotiana tabacum

Allpolyploid

Polyploidy

Duplicate gene loss

Nicotiana tabacum

Nicotiana tomentosiformis

Polyploidy induces elimination 
of duplicated genes
Formation of an allopolyploid from two different species is of-
ten followed by a rapid loss of genes (figure 24.7)  or even whole 
chromosomes. In some polyploids, however, loss of one copy 
of many duplicated genes arises over a much longer period. In 
some species a great deal of gene loss occurs in the first few 
generations after polyploidization.
 Modern tobacco, Nicotiana tabacum arose from the 
hybridization and genome duplication of a cross between 
Nicotiana sylvestris (female parent) and N. tomentosiformis 
(male parent) (see figure 24.2). To complement the analy-
sis based on a cross that occurred over 5 mya, researchers 
constructed synthetic N. tabacum and observed the chro-
mosome loss that followed. Curiously, the loss of chromo-
somes is not even. More N. tomentosiformis chromosomes 
were jettisoned than those of N. sylvestris. Similar unequal 
chromosome loss has been observed in synthetic wheat hy-
brids, in which 13% of the genome of one parent is lost in 
contrast to 0.5% of the other parental genome. It is possi-
ble that different rates of genome replication could explain 
the differential loss, as is true for synthetic human–mouse 
hybrid cultured cells.

Polyploidy can alter gene expression
A striking discovery is the change in gene expression that 
 occurs in the early generations after polyploidization. Some 
of this may be connected to an increase in the methylation 
of  cytosines in the DNA. Methylated genes cannot be tran-
scribed, as described in chapter 16  . Simply put, polyploidiza-
tion can lead to a short-term silencing of some genes. In sub-
sequent generations, there is a decrease in methylation.

Transposons jump around following 
polyploidization
Barbara McClintock, in her Nobel Prize-winning work on 
transposable (mobile) genetic elements, referred to these jump-
ing DNA regions as controlling elements. She hypothesized that 
transposons could respond to genome shock and jump into a 
new position in the genome. Depending on where the transpo-
son moved, new phenotypes could emerge.
 Recent work on transposon activity following hybridiza-
tion supports McClintock’s hypothesis. Again, during the early 
generations following a polyploidization event, new transpo-
son insertions occur because of unusually active transposition. 

Figure 24.7 Polyploidy may be followed by the unequal 
loss of duplicate genes from the combined genomes. 
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These new insertions may cause gene mutations, changes in 
gene expression, and chromosomal rearrangements, all of 
which provide additional genetic variation on which evolution 
might act.

Learning Outcomes Review 24.2
Autopolyploids arise from duplication of a species’ genome; 
allopolyploids occur from hybridization between two species. Unless the 
number of chromosomes doubles, an allopolyploid will likely be sterile 
because of lack of homologous pairs at meiosis. Polyploidization can lead 
to major changes in genome structure, including loss of genes, alteration 
of gene expression, increased transposon hopping, and chromosomal 
rearrangements. Polyploidy is considered important in generation of 
biodiversity and adaptation, especially in plants.

What would be the result if a synthetic autopolyploid  ■

eliminated one of four duplicate chromosomes?

 Figure 24.8 Segmental duplication on the human Y chromosome. Each orange   region has 98% sequence similarity with a 
sequence on a different human chromosome. Each dark blue region has 98% sequence similarity with a sequence elsewhere on the 
Y chromosome.

to separate during meiosis is the most common way that 
aneuploids occur.
 In general, plants are better able to tolerate aneuploidy 
than animals, but the explanation for this difference is elusive.

DNA segments may be duplicated 
One of the greatest sources of novel traits in genomes is dupli-
cation of segments of DNA. Two genes within an organism that 
have arisen from the duplication of a single gene in an ancestor 
are called paralogues. In contrast, orthologues reflect the con-
servation of a single gene from a common ancestor.
 When a gene duplicates, the most likely fates of the 
duplicate gene are (1) losing function through subsequent 
mutation, (2) gaining a novel function through subsequent 
mutation, and (3) having the total function of the ancestral 
gene partitioned into the two duplicates. Gene families grow 
through gene duplication. In reality, however, most duplicate 
genes lose function.
 How then can researchers claim that gene duplication is 
a major evolutionary force for gene innovation, that is, genes 
gaining new function? One piece of the answer can be found by 
noting where gene duplication is most likely to occur in the ge-
nome. In humans, the highest rates of duplication have occurred 
in the three most gene-rich chromosomes of the genome. The 
seven chromosomes with the fewest genes also show the least 
amount of duplication. (Remember, having fewer genes does 
not mean that there is less total DNA.)
 Even more compelling, certain types of human genes ap-
pear to be more likely to be duplicated: growth and develop-
ment genes, immune system genes, and cell-surface receptors. 
About 5% of the human genome consists of segmental duplica-
tions (figure 24.8).  Finally, and important, gene duplication is 
thought to be a major evolutionary force for gene innovation 
because the duplicated genes are found to have different pat-
terns of gene expression (see chapter 25   for examples). For ex-
ample, the two duplicated copies may be expressed in different 
or overlapping sets of tissues or organs during development.
 Segmental duplications may account for differences be-
tween human and chimp. Species-specific segmental duplica-
tions tend to contain genes that are differentially expressed 
between the species. This is true for genes expressed in liver, 
kidney, or heart. A simple explanation is that there are more 
copies of the gene being expressed, but experimental evidence 
shows that it is more likely that the regulatory DNA near the 
duplicate is different. 

 24.3 Evolution Within Genomes

Learning Outcomes
Define the terms segmental duplication, genome 1. 
rearrangement, and pseudogene.
Explain why horizontal gene transfer can complicate 2. 
evolutionary hypotheses.

From individual genes to whole chromosomes, duplications of 
portions of genomes contribute to evolution. Duplications pro-
vide opportunities for genes with the same function to diverge 
because a “backup pair” of genes is in place. After duplication, 
one gene can lose function, because the duplicate compensates 
for it. The mutated gene is not selected against   because another 
functioning gene, not just an allele, exists. The duplicated gene 
can also diverge and acquire new functions because a backup 
copy exists. 

Individual chromosomes may be duplicated
Aneuploidy refers to the duplication or loss of an individ-
ual chromosome rather than of an entire genome .  Failure 
of a pair of homologous chromosomes or sister chromatids 
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Genomes may become rearranged
Humans have one fewer chromosome than chimpanzees, go-
rillas, and orangutans (figure 24.9).  It’s not that we have lost a 
chromosome. Rather, at some point in time, two midsized ape 
chromosomes fused to make what is now human chromosome 
2, the second largest chromosome in our genome.
 The fusion leading to human chromosome 2 is an exam-
ple of the sort of genome reorganization that has occurred in 
many species. Rearrangements like this can provide evolution-
ary clues, but they are not always definitive proof of how closely 
related two species are.
 Consider the organization of known orthologues shared 
by humans, chickens, and mice. One study estimated that 72 
chromosome rearrangements had occurred since the chicken 
and human last shared a common ancestor. This number is sub-
stantially less than the estimated 128 rearrangements between 
chicken and mouse, or 171 between mouse and human.
 This does not mean that chickens and humans are more 
closely related than mice and humans or mice and chickens. 
What these data actually show is that chromosome rearrange-
ments have occurred at a much lower frequency in the lineages 
that led to humans and to chickens than in the lineages lead-
ing to mice. Chromosomal rearrangements in mouse ancestors 
seem to have occurred at twice the rate seen in the human line. 
These different rates of change help counter the notion that 
humans existed hundreds of millions of years ago.
 Genomes that have undergone relatively slow  chromosome 
change are the most helpful in reconstructing the hypothetical 
genomes of ancestral vertebrates. If regions of chromosomes 
have changed little in distantly related vertebrates over the last 
300 million years, then we can reasonably infer that the common 
ancestor of these vertebrates had genomic similarities.
 Variation in the organization of genomes is as intriguing as 
gene sequence differences. Chromosome rearrangements are com-
mon, yet over long segments of chromosomes, the linear order of 
mouse and human genes is the same—the common ancestral se-

quence has been preserved in both species. This conservation of 
synteny (see chapter 18)   was anticipated from earlier gene-mapping 
studies, and it provides strong evidence that evolution actively shapes 
the organization of the eukaryotic  genome. As seen in figure 24.10 , 
the conservation of synteny allows researchers to more readily lo-
cate a gene in a different species using information about synteny, 
thus underscoring the power of a comparative genomic approach.

Gene inactivation results in pseudogenes
The loss of gene function is another important way genomes 
evolve. Consider the olfactory receptor (OR) genes that are re-
sponsible for our sense of smell. These genes code for receptors 
that bind odorants, initiating a cascade of signaling events that 
eventually lead to our perception of scents.
 Gene inactivation seems to be the best explanation for 
our reduced sense of smell relative to that of the great apes and 
other mammals. Mice have about 1500 OR genes, the largest 
mammalian gene family.  Mice have about 50% more OR genes 
than humans. Only 20% of the mouse OR genes are pseudo-
genes, in contrast to about 60% in humans, which are inac-
tive pseudogenes (sequences of DNA that are very similar to 
functional genes but that do not produce a functional product 
because they have premature stop codons, missense mutations, 
or deletions that prevent the production of an active protein). 
In contrast, half the chimpanzee and gorilla OR genes function 
effectively, and over 95% of New World monkey OR genes and 
probably all mouse OR genes are working quite well. The most 
likely explanation for these differences is that humans came to 
rely on other senses, reducing the selection pressure against 
loss of OR gene function by random mutation. 
 An older question about the possibility of positive selec-
tion for OR genes in chimps was resolved with the completion 
of the chimp genome. A careful analysis indicated that both 
humans and chimps are gradually losing OR genes to pseudo-
genes and that there is no evidence to support positive selection 
for any of the OR genes in the chimp.

 Figure 24.9 Living 
great apes. All living great 
apes, with the exception 
of humans, have a haploid 
chromosome number of 24. 
Humans have not lost a 
chromosome; rather, two 
smaller chromosomes fused to 
make a single chromosome.
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Rearranged DNA can acquire new functions
Errors in meiosis that rearrange parts of genes most often create 
pseudogenes, but occasionally a broken piece of a gene can end up in 
a new spot in the genome where it acquires a new function. One of 
the most intriguing examples occurred within a family of fish in the 
suborder Notothenioidae  found in the Antarctic ocean. These fish 
are called icefish because they survive the frigid temperatures in the 
Antarctic, in part because of a protein in their blood that works like 
antifreeze. Reconstructing evolutionary history using comparative 
genomics reveals that 9 bp of a gene coding for a digestive enzyme 
evolved to encode part of an antifreeze protein. The series of errors 
that gave rise to the new protein persisted only because the change 
coincided with a massive cooling of the Antarctic waters. Natural 
selection acted on this mutation over millions of years.  

Horizontal gene transfer complicates matters
Evolutionary biologists build phylogenies on the assumption 
that genes are passed from generation to generation, a pro-
cess called vertical gene transfer (VGT). Hitchhiking genes 
from other species, a process referred to as horizontal gene 
transfer (HGT) and sometimes called lateral gene transfer, can 
lead to phylogenetic complexity. HGT was likely most prev-
00000000000000000000000012147alent very early in the his-
tory of life, when the boundaries between individual cells and 
species seem to have been less firm than they are now and DNA 
more readily moved among different organisms. Although ear-
lier in the history of life, gene swapping between species was 
rampant, HGT continues today in prokaryotes and eukaryotes. 
An intriguing example of more recent HGT between moss and 
a flowering plant is described in chapter 26.  

Gene swapping in early lineages
The extensive gene swapping among early organisms has caused 
many researchers to reexamine the base of the tree of life. Early 
phylogenies based on ribosomal RNA (rRNA) sequences indi-
cate that an early prokaryote gave rise to two major domains: 
the Bacteria and the Archaea.  From one of these lineages, the 
domain Eukarya emerged; its organelles originated as unicel-
lular organisms engulfed specialized prokaryotes .

 This rRNA phylogeny is being revised as more microbial 
genomes are sequenced. By 2009, the Microbial Genome Pro-
gram of the U.S. Department of Energy had sequenced 485 
microbial genomes and 30 microbial communities.  With new 
sequencing technology, microbial genomes can be sequenced 
in less than a day. Phylogenies built with rRNA sequences sug-
gest that the domain Archaea is more closely related to the 
Eukarya than to the Bacteria. But as more microbial genomes 
are sequenced, investigators find bacterial and archaeal genes 
showing up in the same organism! The most likely conclu-
sion is that organisms swapped genes, even absorbing DNA 
obtained from a food source. Perhaps the base of the tree of 
life is better viewed as a web than a branch (figure 24.11). 

 Figure 24.10 Synteny and gene identifi cation. Genes sequenced in the model legume, Medicago truncatula, can be used to identify 
homologous genes in soybean, Glycine max, because large regions of the genomes are syntenic as illustrated for some of the linkage groups 
(chromosomes) of the two species. Regions of the same color represent homologous genes.

 Figure 24.11 Horizontal gene transfer. Early in the 
history of life, organisms may have freely exchanged genes beyond 
multiple endosymbiotic events. To a lesser extent, this transfer 
continues today. The tree of life may be more like a web or a net.
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Gene swapping evidence in the human genome
Let’s move closer to home and look at the human genome, 
which is riddled with foreign DNA, often in the form of trans-
posons. The many transposons of the human genome provide a 
paleontological record over several hundred million years.
 Comparisons of versions of a transposon that has duplicated 
many times allow researchers to construct a “family tree” to iden-
tify the ancestral form of the transposon. The percent of sequence 
divergence found in duplicates allows an estimate of the time at 
which that particular transposon originally invaded the human ge-
nome. In humans, most of the DNA hitchhiking seems to have 
occurred millions of years ago in very distant ancestor genomes.
 Our genome carries many more ancient transposons than 
genomes of Drosophila, C. elegans, and Arabidopsis. One explana-
tion for the observed low level of transposons in Drosophila is 
that fruit flies somehow eliminate unnecessary DNA from their 
genome 75 times faster than humans do. Our genome has sim-
ply hung on to hitchhiking DNA more often.
 The human genome has had minimal transposon activity 
in the past 50 million years; mice, by contrast, are continuing 
to acquire new transposable elements. This difference may ex-
plain in part the more rapid change in chromosome organiza-
tion in mice than in humans.

Learning Outcomes Review 24.3
In segmental duplication, part of a chromosome and the genes it 
contains are duplicated. In genome rearrangement, segments of 
chromosomes may change places or chromosomes may fuse with 
one another. Pseudogenes have become inactivated in the course 
of evolution but still persist in the genome. All these changes have 
evolutionary consequences. Horizontal gene transfer has led to 
an unexpected mixing of genes among organisms, creating many 
phylogenetic questions.

How would you determine whether a gene was a  ■

pseudogene or an example of horizontal gene transfer?

 The best explanation for why a mouse develops into a mouse 
and not a human is that the same or similar genes are expressed 
at different times, in different tissues, and in different amounts 
and combinations. For example, the cystic fibrosis gene (cystic 
fibrosis transmembrane conductance regulator, CFTR ), which has 
been identified in both species and affects a chloride ion channel, 
illustrates this point. Defects in the human CFTR gene cause es-
pecially devastating effects in the lungs, but mice with the mutant 
CFTR gene do not have lung symptoms. Possibly variations in 
expression of CFTR between mouse and human explain the dif-
ference in lung symptoms when CFTR is defective. 

Chimp and human gene 
transcription patterns diff er
Humans and chimps diverged from a common ancestor only 
about 4.1 mya—too little time for much genetic differentiation to 
evolve, but enough for significant morphological and behavioral 
differences to have developed. Sequence comparisons indicate 
that chimp DNA is 98.7% identical to human DNA. If just the 
gene sequences encoding proteins are considered, the similarity 
increases to 99.2%. How could two species differ so much in body 
and behavior, and yet have almost equivalent sets of genes?
 One potential answer to this question is based on the 
 observation that chimp and human genomes show very dif-
ferent  patterns of gene transcription activity, at least in brain 
cells. Investigators used microarrays containing up to 18,000 
human genes to analyze RNA isolated from cells in the fluid 
extracted from several regions of living brains of chimps and 
humans. (See  figure 18.10   for a summary of this technique.) 
The RNA was linked with a fluorescent tag and then incubated 
with the microarray under conditions that allow the formation 
of DNA–RNA hybrids if the sequences are complementary. If 
the transcript of a particular gene is present in the cells, then 
the microarray spot corresponding to that gene lights up un-
der UV light. The more copies of the RNA, the more intense 
the signal.
 Because the chimp genome is so similar to that of hu-
mans, the microarray detects the activity of chimp genes 
reasonably well. Although the same genes were transcribed 
in chimp and human brain cells, the patterns and levels of 
transcription varied. Much of the difference between hu-
man and chimp brains lies in which genes are transcribed, 
and when and where that transcription occurs.

Inquiry question

? You are given a microarray of ape genes and RNA from both 
human and ape brain cells. Using the experimental technique 
described for comparison of humans and chimps, what would 
you expect to find in terms of genes being transcribed? What 
about levels of transcription?

 Posttranscriptional differences may also play a role in 
building distinct organisms from similar genomes. As re-
search continues to push the frontiers of proteomics and 
functional genomics, a more detailed picture of the subtle 
differences in the developmental and physiological processes 
of closely related species will be revealed. The integration of 

 24.4 Gene Function 
and Expression Patterns

Learning Outcomes
Explain how species with nearly identical genes can look 1. 
very different.
Describe the action of the 2. FOXP2 gene across species.

Gene function can be inferred by comparing genes in differ-
ent species. You saw earlier that the function of 1000 human 
genes was understood once the mouse genome was sequenced. 
One of the major puzzles arising from comparative genomics 
is that organisms with very different forms can share so many 
conserved genes in their genomic toolkit.
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development and genome evolution is explored in depth in 
the following chapter.

Speech is uniquely human: An example 
of complex expression
Development of human culture is closely tied to the capacity 
to control the larynx and mouth to produce speech. Humans 
with a single point mutation in the transcription factor gene 
FOXP2 have impaired speech and grammar but not impaired 
language comprehension.
 The FOXP2 gene is also found in chimpanzees, gorillas, 
orangutans, rhesus macaques, and even the mouse, yet none 
of these mammals speak (figure 24.12).   The gene is expressed 
in areas of the brain that affect motor function, including the 
complex coordination needed to create words.
 FOXP2 protein in mice and humans differs by only three 
amino acids. There is only a single amino acid difference between 
mouse and chimp, gorilla, and rhesus macaque, which all have 
identical amino acid sequences for FOXP2. Two more amino acid 
differences exist between humans and the sequence shared by 
chimp, gorilla, and macaques. The difference of only two amino 
acids between human and other primate FOXP2 appears to have 
made it possible for language to arise. Evidence points to strong 
selective pressure for the two  FOXP2 mutations that allow brain, 
larynx, and mouth to coordinate to produce speech.
 Is it   possible that two amino acid changes lead to speech, 
language, and ultimately human culture? This box of myster-
ies will take a long time to unpack, but hints indicate that the 
changes are linked to signaling and gene expression. The two 

Figure 24.12 Evolution of  FOXP2. Comparisons of 
synonymous and nonsynomous changes in mouse and primate 
 FOXP2 genes indicate that changing two amino acids in the 
gene corresponds to the emergence of human language. Black 
bars represent synonymous changes and gray bars represent 
nonsynonymous changes.

altered amino acids may change the ability of FOXP2 tran-
scription factor to be phosphorylated. One way signaling path-
ways operate is through activation or inactivation of an existing 
transcription factor by phosphorylation.
 Comparative genomics efforts are now extending beyond 
primates. A role for  FOXP2 in songbird singing and vocal learn-
ing has been proposed. Mice communicate via squeaks, with 
lost young mice emitting high-pitched squeaks. FOXP2 muta-
tions leave mice squeakless. For both mice and songbirds, it is a 
stretch to claim that FOXP2 is a language gene—but it likely is 
needed in the neuromuscular pathway to make sounds.

Learning Outcomes Review 24.4
To understand functional diff erences between genes shared by species, 
one must look beyond sequence similarity. Alterations in the time and 
place of gene expression can lead to marked diff erences in phenotype. As 
an example, the FOXP2 factor appears to be involved in sound production 
in mice, chimps, gorillas, macaques, and humans, and only very small 
diff erences may have led to human speech.

How can a single-nucleotide difference in a gene lead to a  ■

noticeably different phenotype? Give examples.

 24.5 Nonprotein-Coding DNA 
and Regulatory Function

Learning Outcome 
Describe the role of nonprotein-coding DNA.1. 

So far, we have primarily compared genes that code for pro-
teins. As more genomes are sequenced, we learn that much 
of the genome is composed of nonprotein-coding DNA 
(ncDNA). The repetitive DNA is often retrotransposon DNA, 
contributing to as much as 30% of animal genomes and 40 to 
80% of plant genomes. (Refer to chapter 18  for more informa-
tion on repetitive DNA in genomes.)
 Perhaps the most unexpected finding in comparing the 
mouse and human genomes lies in the similarities between 
the repetitive DNA, mostly retrotransposons, in the two 
species. This DNA does not code for proteins. Retrotrans-
poson DNA in both species shows that it has independently 
ended up in comparable regions of the genome.
 At first glance it appeared that all this extra DNA was 
“junk” DNA, DNA just along for the ride. But it is begin-
ning to look like this ncDNA may have more of a function 
than was previously assumed. If the DNA had no function, 
differences should begin to accumulate in mouse and hu-
man as mutations occur and occasionally become fixed due 
to genetic drift. The fact that the “junk” regions are so con-
served in mouse and human indicates that, in fact, muta-
tions are being selected out to maintain some function, thus 
keeping them similar. Hence, these regions of DNA must 
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    24.6 Genome Size 
and Gene Number

Learning Outcome 
Explain why genome size and gene number do not 1. 
correlate.

Genome size was a major factor in selecting which genomes 
would be sequenced first. Practical considerations led to the 
choice of organisms with relatively small genomes. Consider-
ing genome size, the original gene count for the human ge-
nome was estimated at 100,000 genes.
 As sequence data were analyzed, the predicted number 
of genes started to decrease. A very different picture emerged. 
Our genome has only 25% of the 100,000 anticipated genes, 
approximately the same number of genes as the tiny Arabidopsis
plant. Humans have nine times the amount of DNA found in 
the 3.65 × 108 bp   -pufferfish genome, but about the same num-
ber of genes. Keep in mind that the number of genes may not 
correspond to the number of proteins. For example, alternative 
splicing (see chapter 16)   can produce multiple, distinct tran-
scripts from a single gene.

Noncoding DNA infl ates genome size
Why do humans have so much extra DNA? Much of it appears 
to be in the form of introns, noncoding segments within a gene’s 
sequence, that are substantially bigger than those in pufferfish. 
The Fugu genome has only a handful of “giant” genes contain-
ing long introns; studying them should provide insight into the 
evolutionary forces that have driven the change in genome size 
during vertebrate evolution.  
 As described earlier, large expanses of retrotransposon 
DNA contribute to the differences in genome size from one spe-
cies to another. Although part of the genome, ncDNA does not 
contain genes in the usual sense. As another example, Drosophila
exhibits less ncDNA than Anopheles, although the evolutionary 
force driving this reduction in noncoding regions is unclear. The 
number of genes are not correlated with genome size.

Plants have widely varying genome size
Plants have an even greater range of genome sizes. As much as 
a 200-fold difference has been found, yet all these plants weigh 
in with about 30,000 to 59,000 genes. Tulips for example, have 
170 times more DNA than Arabidopsis.
 Both rice and Arabidopsis have higher copy numbers for 
gene families (multiple slightly divergent copies of a gene) than 
are seen in animals or fungi, suggesting that these plants have 
undergone numerous episodes of polyploidy, segmental dupli-
cation, or both during the 150 to 200 million years since rice 
and Arabidopsis diverged from a common ancestor.
 Whole-genome duplication is insufficient to explain the 
size of some genomes. Wheat and rice are very closely related 
and have similar gene content, and yet the wheat genome is 
40 times larger than the rice genome. This difference cannot be 
explained solely by the fact that bread wheat is a hexaploid (6n) 
and rice is a diploid (2n).
 Now that the rice genome is fully sequenced, attention has 
shifted to sequencing the other cereal grains, especially maize 
and wheat, both of which apparently contain lots of repetitive 
DNA, which has increased their DNA content, but not neces-
sarily their  gene content. Comparisons between the rice, maize, 
and wheat genomes should provide clues about the genome of 
their common ancestor and the dynamic evolutionary balance 
between opposing forces that increase genome size (polyploidy, 
transposable element proliferation, and gene duplication) and 
those that decrease genome size (mutational loss).

Learning Outcome Review 24.6
Increases or decreases in genome size do not correlate with the number 
of genes. Evidently DNA content is not the same as gene content. 
Polyploidy in plants does not by itself explain diff erences in genome size. 
Often a greater amount of DNA is explained by the presence of introns 
and nonprotein-coding sequences than by gene duplicates.

How might a genome with a small number of genes and  ■

a small number of total base pairs evolve into a genome 
with the same small number of genes and a thousand-fold 
larger genome?

have some function. The point is that the differences in the 
“junk” DNA between mouse and human are too small to 
have resulted from genetic drift.
 The possibility that this DNA is rich in regulatory RNA 
sequences is being actively investigated. RNAs that are not 
translated can play several roles, including silencing other genes. 
Small RNAs can form double-stranded RNA with complemen-
tary mRNA sequences, blocking translation. They can also par-
ticipate in the targeted degradation of RNAs. For details on 
other possible functions of ncDNA, refer to chapter 16  . 
 In one study, researchers collected almost all of the RNA 
transcripts made by mouse cells taken from every tissue. Al-
though most of the transcripts coded for mouse proteins, as 
many as 4280 could not be matched to any known mouse pro-
tein. This finding suggests that a large part of the transcribed 
genome consists of genes that do not code for proteins—that 
is, transcripts that function as RNA. Perhaps this function can 
explain why a single retrotransposon can cause heritable differ-
ences in coat color in mice. 

Learning Outcome Review 24.5
DNA that does not code for protein may regulate gene expression, often 
through its RNA transcript. Nonprotein-coding sequences can be found in 
retrotransposon-rich regions of the genome.

How would you determine whether RNA produced by a  ■

nonprotein-coding gene has a regulatory function?
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genomes is the potential to capitalize on the extensive re-
search on rat physiology, especially heart disease, and the 
long history of genetics in mice. Linking genes to disease 
has become much easier.
 Humans have been found to contain segmental dupli-
cations that are absent in the chimp. Some of these duplica-
tions correspond to human disease. These differences can 
aid medical researchers in developing treatments for genetic 
disease. For example, some of the regions duplicated only in 
humans correspond with regions of the human genome that 
have been implicated in Prader-Willi syndrome and spinal 
muscular atrophy. Children with Prader-Willi lack muscle 
tone and struggle with life-threatening obesity because of 
an insatiable appetite. Spinal muscular atrophy affects all 
muscles in the body, but especially those nearest the trunk. 
Affected individuals can have difficulty swallowing and 
breathing, as well as experiencing weakness in the legs, but 
ethical issues surrounding chimpanzee research and protec-
tion should be of paramount importance.   

Pathogen–host genome diff erences  
reveal drug targets
With genome sequences in hand, pharmaceutical researchers 
are more likely to find suitable drug targets to eliminate patho-
gens without harming the host. Diseases in many developing 
countries—including malaria and Chagas disease—have both 
human and insect hosts. Both these infections are caused by 
protists (see chapter 29). The value of comparative genomics in 
drug discovery is illustrated for both malaria and Chagas dis-
ease in the following sections.

Malaria
Anopheles gambiae, the malaria-carrying mosquito, along 
with Plasmodium falciparum, the protistan parasite it trans-
mits, together have an enormous effect on human health, 
resulting in 1.7 to 2.5 million deaths each year from ma-
laria. The genomes of both Anopheles and Plasmodium were 
sequenced in 2002.

Plasmodium falciparum, which causes malaria, has a 
relatively small genome of 2.46 × 107 bp     that proved very 
difficult to sequence. It has an unusually high proportion 
of adenine and thymine, making it hard to distinguish one 
portion of the genome from the next. The project took 
five years to complete. P. falciparum appears to have about 
5300 genes, with those of related function clustered to-
gether, suggesting that they might share the same regula-
tory DNA.

P. falciparum is a particularly crafty organism that hides 
from our immune system inside red blood cells, regularly 
changing the proteins it presents on the surface of the red 
blood cell. This “cloaking” has made developing a vaccine or 
other treatment for malaria particularly difficult.
 Recently, a link to chloroplast-like structures in P.  fal-
ciparum has raised other possibilities for treatment. An odd 
 subcellular component called the apicoplast, found only in 
Plasmodium and its relatives, appears to be derived from a 

 24.7 Genome Analysis 
and Disease Prevention 
and Treatment

Learning Outcomes
Describe how comparative genomics can reveal the genetic 1. 
basis for disease.
Explain how genome comparisons between a pathogen 2. 
and its host can aid drug development.

Comparisons among individual human genomes continue to 
provide information on genetic disease detection and the best 
course of treatment. An even broader array of possibilities arises 
when comparisons are made among species. There are advan-
tages to comparing both closely and distantly related pairs of 
species, as well as comparing the genomes of a pathogen and its 
host. Examples of the benefits of each type of genome compari-
son follow.

Distantly related genomes off er clues 
for causes of disease
Sequences that are conserved between humans and puffer-
fish provide valuable clues for understanding the genetic 
basis of many human diseases. Amino acids critical to pro-
tein function tend to be preserved over the course of evolu-
tion, and changes at such sites within genes are more likely 
to cause disease.
 It is difficult to distinguish functionally conserved sites 
when comparing human proteins with those of other mammals 
because not enough time has elapsed for sufficient changes to 
accumulate at nonconserved sites. A promising exception is the 
duck-billed platypus (Ornithorhynchus anatinus  ), which diverged 
from other mammals about 166 mya and whose genome pro-
vides clues to the evolution of the immune system. Because the 
pufferfish genome is only distantly related to humans, con-
served sequences are far more easily distinguished than even in 
the platypus. 

Closely related organisms enhance 
medical research
It is much easier to design experiments to identify gene func-
tion in an experimental system like the mouse than it is in hu-
mans. Comparing mouse and human genomes quickly revealed 
the function of 1000 previously unidentified human genes. The 
effects of these genes can be studied in mice, and the results can 
be used in potential treatments for human diseases. 
 A draft of the rat genome has been completed, and 
even more exciting news about the evolution of mammalian 
genomes may emerge from comparisons of these species. 
One of the most exciting aspects of comparing rat and mice 
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 chloroplast appropriated from algae engulfed by the parasite’s 
ancestor (figure 24.13) .
 Analysis of the Plasmodium genome reveals that about 
12% of all the parasite’s proteins, encoded by the nuclear 
genome, head for the apicoplast. These proteins act there 
to produce fatty acids. The apicoplast is the only location in 
which the parasite makes the fatty acids, suggesting that drugs 
targeted at this biochemical pathway might be very effective 
against malaria.
 Another disease-prevention possibility is to look at 
  chloroplast-specific herbicides, which might kill Plasmodium by 
targeting the chloroplast-derived apicoplast.

Chagas disease
Trypanosoma cruzi, an insect-borne protozoan, kills about 21,000 
people in Central and South America each year. As many as 
18 million suffer from this infection, called Chagas disease, the 
symptoms of which include damage to the heart and other in-
ternal organs. Genome sequencing of T. cruzi was completed 
in 2005.
 A surprising and hopeful finding is that a common core of 
6200 genes is shared among T. cruzi and two other insect-borne 
pathogens: T. brucei and Leishmania major. T. brucei causes Af-
rican sleeping sickness, and L. major infections result in lesions 
of the skin of the limbs and face. These core genes are being 
considered as possible targets for drug treatments.
 Currently, no effective vaccines and only a few drugs 
with limited effectiveness are available to treat any of these 
diseases. The genomic similarities may aid not only in tar-
geting drug development, but perhaps also result in a treat-
ment or vaccine that is effective against all three devastating 
illnesses (figure 24.14) .

Learning Outcomes Review 24.7
DNA sequences conserved over evolutionary time tend to be those 
critical for protein function and survival. Variations in these conserved 
sequences may provide clues to diseases with a hereditary component. 
Knowledge of a pathogenic organism’s genome and its diff erences from 
a host’s genome may allow targeting of drugs and vaccines that aff ect 
the invader but leave the host unharmed.

A pathogen makes a critical protein that differs from  ■

the human version by only seven amino acids. What 
approaches might lead to an effective drug against the 
pathogen? What drawbacks might be encountered? 

 Figure 24.14 Comparative genomics may aid in drug development. The organisms that cause Chagas disease, African 
sleeping sickness, and leishmaniasis, which claim millions of lives in developing nations each year, share 6200 core genes. Drug development 
targeted at proteins encoded by the shared core genes could yield a single treatment for all three diseases.

 Figure 24.13 Plasmodium apicoplast. Drugs targeting 
enzymes used for fatty acid biosynthesis within Plasmodium 
apicoplasts (colored dark green) offer hope for treating malaria.

488 part IV Evolution
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chapter 24 Genome Evolution 489

 24.8 Crop Improvement Through 
Genome Analysis

Learning Outcome 
Describe how the genome sequence of one plant can be 1. 
used to improve a number of crop species.

Farmers and researchers have long relied on genetics for 
crop improvement. Whole-genome sequences offer even 
more information for research on artificial selection for crop 
improvement. Highly conserved genes can be characterized 
in a model system and then used to identify orthologues in 
crop  species.

Model plant genomes provide links 
to genetics of crop plants
Arabidopsis is a flowering plant mainly used for experimental 
purposes, but with no commercial significance. The second 
plant genome for which a draft sequence has been prepared—
rice—is, however, of enormous economic significance. Rice, as 
mentioned earlier, belongs to the grass family, which includes a 
number of other important cereal crop plants. Together, these 
crops provide most of the world’s food and animal feed.
 Unlike most grasses, rice has a relatively small genome 
of 4.3 × 108 bp  , in contrast to the maize (corn) genome (2.5 ×
109 bp  ) and that of barley (an enormous 4.9 × 109 bp  ). Two dif-
ferent subspecies of rice have been sequenced, yielding similar 
results. The proportion of the rice nuclear genome devoted to 
repetitive DNA, for example, was 42% in one variety, and 45% 
in the other.

 Genome sequencing is underway for maize and for an-
other model plant, Medicago truncatula. M. truncatula has a 
much smaller genome than its close relative, soybean, mak-
ing it much easier to sequence. Large regions of M. truncatula 
DNA are syntenous with soybean DNA, increasing the odds 
of finding agriculturally important soybean genes using the 
M. truncatula genome (see figure 24.10).

Benefi cial bacterial genes can be  
located and utilized
Genome sequences of beneficial microbes may also improve crop 
yield. Pseudomonas fluorescens naturally protects plant roots from 
disease by excreting protective compounds. In 2005, P. fluorescens 
became the first biological control agent to have its genome se-
quenced. Work on identifying chemical pathways that produce 
protective compounds should proceed rapidly, given the bacteri-
um’s small genome size. Understanding these pathways can lead 
to more effective methods of protecting crops from   disease—for 
example, isolation of a protective gene (or genes) could lead to 
being able to insert this beneficial gene into a crop plant’s ge-
nome, so that the plant could protect itself directly. Bt (Bacillus 
thuringiensis) crops, as described in chapter 17 ,  are one example.  

Learning Outcome Review 24.8
Comparative genomics extends the benefi ts of sequenced genomes 
in model plant species to other species important as crops, allowing 
 potential improvement. A growing understanding of microbial 
genomes may also be used to improve crop yield by allowing targeted 
protection.

One ounce of soybeans contains half as much protein  ■

as one ounce of beefsteak. How would you go about 
increasing the protein content in soybeans?

Chapter Review

24.1  Comparative Genomics

Evolutionary diff erences accumulate over long periods.
Even distantly related species may often have many genes in common. 
Changes in DNA codons that do not alter the amino acid specifi ed are 
termed synonymous changes.

Genomes evolve at diff erent rates.
Mouse DNA has apparently mutated twice as fast as human DNA, 
and insect evolution is even more rapid. Short generation time may be 
responsible for these rate differences.

Plant, fungal, and animal genomes have unique and shared genes.
Plants, animals, and fungi have approximately 70% of their genes 
in common.

24.2  Whole-Genome Duplications  

Ancient and newly created polyploids guide studies of 
genome evolution.
Autopolyploidy results from an error in meiosis that leads to a 
duplicated genome; allopolyploidy is the result of hybridization 
between species (see fi gure 24.2).

Evidence of ancient polyploidy is found in plant genomes.
Polyploidy has occurred numerous times in the evolution of 
fl owering plants, and downsizing of genomes is common.

Polyploidy induces elimination of duplicated genes.
Downsizing of a polyploid genome can be caused by unequal loss of 
duplicated genes (see fi gure 24.7  ).

www.ravenbiology.com

rav32223_ch24_474-491.indd   489rav32223_ch24_474-491.indd   489 11/12/09   2:49:57 PM11/12/09   2:49:57 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m

www.ravenbiology.com


Apago PDF Enhancer

Polyploidy can alter gene expression.
Polyploidization can lead to short-term silencing of genes via 
methylation of cytosines in the DNA.

Transposons jump around following polyploidization.
Transposons become highly active after polyploidization; their 
insertions into new positions may lead to new phenotypes.

24.3  Evolution Within Genomes

Individual chromosomes may be duplicated.
Aneuploidy creates problems in gamete formation. It is tolerated 
better in plants than in animals.

DNA segments may be duplicated (see fi gure 24.8).
Duplicated DNA is common for genes associated with growth and 
development, immunity, and cell-surface receptors. Paralogues are 
duplicated ancestral genes; orthologues are conserved ancestral genes.

Genomes may become rearranged.
Genomes may be rearranged by moving gene locations within a 
chromosome or by the fusion of two chromosomes.
Conservation of synteny refers to preservation of long segments of 
ancestral chromosome sequences identifi able in related species (see 
fi gure 24.10).

Gene inactivation results in pseudogenes.
Some ancestral genes become inactivated as they acquire mutations 
and are termed pseudogenes  .

Rearranged DNA can acquire new functions.
Occasionally part of a gene can end up in a new spot in the genome 
where its function changes.

Horizontal gene transfer complicates matters.
Horizontal gene transfer creates many phylogenetic questions, such 
as the origins of the three major domains (see fi gure 24.11  ).

24.4  Gene Function and Expression Patterns

Chimp and human gene transcription patterns diff er.
Even when species have highly similar genes, expression of these 
genes may vary greatly. Posttranscriptional differences may also 
contribute to species differences.

Speech is uniquely human: An example of complex expression.
Small evolutionary changes in the FOXP2 protein and its expression 
may have led to human speech (see fi gure 24.12 ) .

24.5  Nonprotein-Coding DNA and Regulatory 
Function

Nonprotein-coding sequences are found in retrotransposon-rich 
regions of the genome. Noncoding DNA may contain regulatory 
RNA sequences for silencing other genes.

24.6  Genome Size and Gene Number

Noncoding DNA infl ates genome size.
Genome size is most often infl ated due to the presence of introns and 
nonprotein-coding sequences. Genome size does not correlate with 
the number of genes.

Plants have widely varying genome size.
As much as a 200-fold difference in genome size has been found in 
plants; the number of genes has a narrower range.

24.7  Genome Analysis and Disease Prevention 
and Treatment

Distantly related genomes off er clues for causes of disease.
Changes in amino acid sequences of critical proteins are a likely 
cause of diseases, and these differences can be identifi ed by 
genome comparison.

Closely related organisms enhance medical research.
By comparing related organisms, researchers can focus on genes that 
cause diseases and devise possible treatments.

Pathogen–host genome diff erences reveal drug targets.
Analysis of the genomes of pathogenic organisms may provide new 
avenues of treatment and prevention.

24.8  Crop Improvement Through Genome   
Analysis

Model plant genomes provide links to genetics of crop plants.
Research on Arabidopsis and Medicago species may provide insight into 
improvements in crop production and value.

Benefi cial bacterial genes can be located and utilized.
Bacterial genes that produce protective compounds may be identifi ed 
and used to engineer crop plants. 
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chapter 24 Genome Evolution 491

U N D E R S T A N D
 1. Humans and pufferfi sh diverged from a common ancestor about 

450 mya, and these two genomes have
a. very few of the same genes in common.
b. all the same genes.
c. a large proporation of the genes in in common.
d. no nucleotide divergence.

 2. Genome comparisons have suggested that mouse DNA has 
mutated about twice as fast as human DNA. What is a possible 
explanation for this discrepancy?
a. Mice are much smaller than humans.
b. Mice live in much less sanitary conditions than humans 

and are therefore exposed to a wider range of mutation-
causing substances.

c. Mice have a smaller genome size.
d. Mice have a much shorter generation time.

 3. Polyploidy in plants
a. has only arisen once and therefore is very rare.
b. only occurs naturally when there is a hybridization event 

between two species.
c. is common, but never occurs in animals.
d. is common, and does occur in some animals.

 4. Homologous genes in distantly related organisms can often 
be easily located on chromosomes due to
a. horizontal gene transfer.
b. conservation of synteny.
c. gene inactivation.
d. pseudogenes.

 5. All of the following are believed to contribute to genomic 
diversity among various species, except

a. gene duplication.
b. gene transcription.
c. lateral gene transfer.
d. chromosomal rearrangements.

 6. What is the fate of most duplicated genes?
a. Gene inactivation
b. Gain of a novel function through subsequent mutation
c. They are transferred to a new organism using lateral 

gene transfer.
d. They become orthologues.

A P P L Y
 1. Chimp and human DNA whole genome sequences differ by 

about 2.7%. Determine which of the following explanations is 
most consistent with the substantial differences in morphology 
and behavior between the two species.
 a. It must be due largely to gene expression.
b. It must be due exclusively to environmental differences.
c. It cannot be explained with current genetic theory.
d. The differences are caused by random effects 

during development.

 2. You are offered a summer research opportunity to investigate 
a region of ncDNA in maize. A friend politely smiles and says 
that only graduate students get to work on the coding regions 
of DNA. How would you critique your friend’s statement?
a. The friend has a point; ncDNA is “junk” DNA and 

therefore not very important.
b. The ncDNA produces protein through mechanisms other 

than transcription.
c. Most ncDNA is usually translated.
d. Often ncDNA produces RNA transcripts that themselves 

have regulatory function.
 3. Analyze the conclusion that the Medicago truncatula genome has 

been downsized relative to its ancestral legume, and circle the 
evidence that is consistent with this conclusion.
a. Medicago has a proportional decrease in the number 

of genes.
b. Medicago has a proportional increase in the number 

of genes.
c. Medicago has an increase in the amount of DNA.
d. Medicago has a decrease in the amount of DNA.

 4. Analyze why a herbicide that targets the chloroplast is effective 
against malaria.
a. Because Plasmodium needs a functional apicoplast
b. Because the main vector for malaria is a plant
c. Because mosquitoes require plant leaves for food
d. Because Plasmodium mitochondria are very similar 

to chloroplasts

S Y N T H E S I Z E
 1. The  FOXP2 gene is associated with speech in humans. It is also 

found in chimpanzees, gorillas, orangutans, rhesus macaques, 
and even the mouse, yet none of these mammals speak. Develop 
a hypothesis that explains why FOXP2 supports speech in 
humans but not other mammals.   

 2. One of the common misconceptions about sequencing projects 
(especially the high-profi le Human Genome Project) is that 
creating a complete road map of the DNA will lead directly 
to cures for genetically based diseases. Given the percentage 
similarity in DNA between humans and chimps, is this 
simplistic view justifi ed? Explain.

 3. How does horizontal gene transfer (HGT) complicate 
phylogenetic analysis? 

Review Questions

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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HIntroduction

How is it that closely related species of frogs can have completely different patterns of development? One frog goes from 

fertilized egg to adult frog with no intermediate tadpole stage. The sister species has an extra developmental stage neatly 

slipped in between early development and the formation of limbs—the tadpole stage. The answer to this and other such 

 evolutionary differences in development that yield novel phenotypes are now being investigated with modern genetic 

and  genomic tools. Research findings are accentuating the biological puzzle that many developmental genes are highly 

conserved, and a tremendous diversity of life shares this basic toolkit of developmental genes. In this chapter, we explore the 

emerging field of developmental evolution, a field that brings together previously distinct fields of biology.

Chapter Outline

25.1  Overview of Evolutionary 
Developmental Biology

25.2  One or Two Gene Mutations, New Form

25.3  Same Gene, New Function

25.4  Different Genes, Convergent Function

25.5  Gene Duplication and Divergence

25.6  Functional Analysis of Genes Across Species

25.7  Diversity of Eyes in the Natural World: 
A Case Study

Chapter 25
Evolution 
of Development 

 25.1 Overview of Evolutionary 
Developmental Biology 

Learning Outcomes
Explain how the same gene can produce different 1. 
morphologies in different species.
Identify types of genes most likely to affect 2. 
morphology. 

Ultimately, to explain the differences among species, we need 
to look at changes in developmental processes. These  chang-
es result in a different phenotype and trace back to changes 
in genes.
 Phenotypic diversity could either result from many dif-
ferent genes or be explained by how a smaller set of genes are 
deployed and regulated. In some cases, changes in the protein-
coding region have been implicated in novel phenotypes. In 
other cases, a conserved set of genes appear to be responsible 
for the basic body plan of organisms with changes in regulation 
of gene expression accounting for phenotypic differences. The 
latter is true for two sea urchin species.

CHAPTER
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 Closely related sea urchins have been discovered that 
have very distinctive developmental patterns (figure 25.1).  The  
direct-developing urchin never makes a pluteus (free-
swimming) larva—it just jumps ahead to its adult form. We 
could speculate that the two forms have different develop-
mental genes, but it turns out that this is not the case. Instead, 
the two forms have undergone dramatic changes in patterns 
of developmental gene expression, even though their adult 
form is nearly the same. In this case, patterns of expression 
have changed. 

Highly conserved genes produce 
diverse morphologies
Transcription factors and genes involved in signaling pathways 
are responsible for coordination of development. As you saw in 
chapter 9,   key elements of kinase and G protein-signaling path-
ways are also highly conserved among organisms. Even subtle 
changes in a signaling pathway can alter the enzyme that is ac-
tivated or repressed, the transcription factor that is activated or 
repressed, or the activation or repression of gene expression. 
Any of these changes can have dramatic effects on the develop-
ment of an organism. 
 A relatively small number of gene families, about two 
dozen, regulate animal and plant development. The develop-
mental roles of several of these families, including Hox gene 
transcription factors, are described in chapter 19. 
 Hox (homeobox) genes appeared before the divergence of 
plants and animals; in plants, they have a role in shoot growth 
and leaf development, and in animals they establish body plans. 
These genes code for proteins with a highly conserved homeo-
domain that binds to the regulatory region of other genes to ac-
tivate or repress these genes’ expression. Hox genes specify when 
and where genes are expressed.

 Another family of transcription factors, MADS box genes, 
are found throughout the eukaryotes. The MADS box also codes 
for a DNA-binding motif. Large numbers of MADS box genes 
establish the body plan of plants, especially the flowers. Although 
the MADS box region is highly conserved, variation exists in  other 
regions of the coding sequence. Later in this chapter, we consider 
how there came to be so many MADS box genes in plants and how 
such similar genes can have very different functions.

Developmental mechanisms 
exhibit evolutionary change
Understanding how development evolves requires integration 
of knowledge about genes, gene expression, development, and 
evolution. Either transcription factors or signaling molecules 
can be modified during evolution, changing the timing or posi-
tion of gene expression and, as a result, gene function. 

Heterochrony
Alterations in timing of developmental events due to a genetic 
change are called heterochrony. A heterochronic mutation 
could affect a gene that controls when a plant transitions from 
the juvenile to the adult stage, at which point it can produce 
reproductive organs. A mutation in a gene that delays flowering 
in plants can result in a small plant that flowers quickly rather 
than requiring months or years of growth.
 Most mutations that affect developmental regulatory 
genes are lethal, but every so often a novel phenotype emerges 
that persists because of increased fitness. If a mutation lead-
ing to early  flowering increased the fitness of a plant, the new 
phenotype will persist. For example, a tundra plant that flowers 
earlier, enabling it to be fertilized and set seed,   could have in-
creased fitness over an individual of the same species that flow-
ers later, just as the short summer comes to a close.

 Figure 25.1 Direct and indirect sea urchin development. Phylogenetic analysis shows that indirect development (pluteus larva) 
was the ancestral state. Direct-developing sea urchins have lost an intermediate stage of development.
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Hypothesis: A transcription factor can affect the expression of more 

than one gene.

Prediction: The protein encoded by a transcription factor gene will have 

multiple DNA- or protein-binding sites.

Test: Experimentally identify molecules that bind to the transcription factor.

Result: This transcription factor has a site that binds to the regulatory 

region of a gene and a site that binds to a transcription factor that 

regulates expression of a second gene.

Conclusion: A single transcription factor can regulate the expression of 

more than one gene.

Further Experiments: Determine the specific developmental role of 

each binding domain by creating mutations in regions of the gene that 

code for specific binding sites in the protein.
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Homeosis
Alternations in the spatial pattern of gene expression can re-
sult in homeosis. A four-winged Drosophila fly is  an example of 
a homeotic mutation in which gene expression patterns shift. 
Mutations in three genes in the Bithorax complex are required 
to produce this phenotype, which resembles more ancestral in-
sects with four rather than two wings.
 The Drosophila Antennapedia mutant, which has a leg where 
an antenna should be, is another example of a homeotic mutation. 
Mutations in genes such as Antennapedia can arise spontaneously 
in the natural world or by mutagenesis in the laboratory, but their 
bizarre phenotypes would have little survival value in nature.

Changes in translated regions of transcription factors
The coding sequence of a gene can contain multiple regions 
with different functions (figure 25.2).  The DNA-binding mo-
tifs, exemplified by MADS box and Hox genes, could be altered 
so that they no longer bind to their target genes; as a result, that 
developmental pathway would cease to function. Alternatively, 
the modified transcription factor might bind to a different tar-
get and initiate a new sequence of developmental events.
 The regulatory region sequence of a transcription factor must 
also be considered in the evolution of developmental mechanisms. 
A sequence change could alter the transcription complex that forms 
at a regulatory region, resulting in novel expression patterns. Either 
the time or place of gene expression could be affected, giving rise 
to heterochrony or homeosis. In this case, the downstream targets 
might be the same, but the cells that express the target genes or the 
time at which these target genes are expressed could change.

Changes in signaling pathways
Coordinating information about neighboring cells and the exter-
nal environment is essential for successful development. Signaling 
pathways are essential for cell-to-cell communication. If the struc-
ture of a ligand changes, it may no longer bind to its target receptor, 
or it could bind to a different receptor or no receptor at all. If, as a 
result of a genetic change, a receptor is produced in a different cell 
type, a homeotic phenotype may appear. And, as mentioned earlier, 
small changes in signaling molecules can alter their targets.
 The sections that follow use specific examples of the evo-
lution of diverse morphologies. For each example, consider 
how the mechanism of development has been altered and what 
the outcome is. Keep in mind that these are the successful ex-
amples; most morphological novelties that arise quickly, but do 
not improve fitness, go extinct.

Learning Outcomes Review 25.1
Highly conserved genes can undergo small changes in their coding or 
regulatory regions that alter the place or time of gene expression and 
function, resulting in new body plans. Changes in transcription factors and 
signaling pathways are the most common source of new morphologies.

Two closely related species of  ■  Drosophila in Hawaii can be 
distinguished by the presence of one pair of wings versus two 
pairs. How would you explain the evolution of this difference?

  Figure 25.2   Transcription factors have a key role in the 
evolution of development. 
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 This study points out the importance of having  well-
documented phylogenies in place to enable the analysis of de-
velopmental pattern evolution. A second, somewhat unusual, 
feature of this example is that the driving selective force for 
these subspecies was artificial. Wild relatives are still found 
scattered along the rocky coasts of Spain and the Mediterra-
nean region. The most likely scenario is that humans found 
a cal mutant and selected for that phenotype through cultiva-
tion. The large heads of broccoli and cauliflower offer a larger 
amount of a vegetable material than the wild kale plants and a 
tasty alternative to Brassica leaves.

Cichlid fi sh jaws demonstrate 
morphological diversity
Our second example of how a single gene can change form 
and function comes from natural selection of cichlid fish in 
Lake Malawi in East Africa. In less than a few million years, 
hundreds of species have evolved in the lake from a com-
mon ancestor. The rapid speciation of cichlids is discussed 
in chapter 22.  
 One explanation for the successful speciation is that dif-
ferent species have acquired different niches based on feed-
ing habits. There are bottom eaters, biters, and rammers. The 
rammers have particularly long snouts with which to ram their 
prey; biters have an intermediate snout; and the bottom feeders 

Figure 25.3 Evolution of caulifl ower and broccoli. 
A point mutation that converted an amino acid-coding region 
into a stop codon resulted in the extensive reproductive branching 
pattern that was artifi cially selected for in two crop plants that are 
subspecies of Brassica oleracea.

  25.2 One or Two Gene Mutations, 
New Form

Learning Outcome
Explain how a small number of mutations can give rise to a 1. 
new species.

Here we consider three examples of single gene mutations with 
altered morphology: (1) wild cabbage, (2) jaw shape in cichlid 
fish, and (3) bony armor in threespine sticklebacks. In all cases, 
the change increased fitness in a particular environment at a 
specific time, leading to selection of the new phenotypes.

Caulifl ower and broccoli began 
with a stop codon
The species Brassica oleracea is particularly fascinating because 
individual members can have extraordinarily diverse pheno-
types. The diversity in form is so great that B. oleracea members 
are divided into subspecies (figure 25.3). 
 Wild cabbage, kale, tree kale, red cabbage, green cabbage, 
brussels sprouts, broccoli, and cauliflower are all members of 
the same species. Some flower early, some late. Some have long 
stems, others have short ones. Some form a few flowers, and 
others, like broccoli and cauliflower, initiate many flowers but 
development of the flowers is arrested. Curiously,  these plants 
with such different appearances are very closely related.
 One piece of the puzzle lies with the gene CAL (Cauli-
flower), which was first cloned in a close Brassica relative, 
Arabidopsis. In combination with another mutation, Apetala1, 
Arabidopsis plants can be turned from plants with a limited 
number of simple flowers into miniature broccoli or cauli-
flower plants with masses of arrested flower meristems or 
flower buds. These two genes are needed for the transition 
to making flowers and arose through duplication of a single 
ancestral gene within the brassica group  . When they are ab-
sent, meristems continue to make branches, but are delayed in 
producing flowers.
 The CAL gene was cloned from large numbers of B. olera-
cea subspecies, and a stop codon, TAG, was found in the middle 
of the CAL coding sequences of broccoli and cauliflower. A phy-
logenetic analysis of B. oleracea coupled with the CAL sequence 
analysis leads to the conclusion that this stop codon appeared 
after the ancestors of broccoli and cauliflower diverged from 
other subspecies members, but before broccoli and cauliflower 
diverged from each other (see figure 25.3).

Inquiry question

? Knowing that cauliflower and broccoli have a stop codon in the 
middle of the CAL gene-coding sequence, predict the wild-type 
function of CAL. What additional evolutionary events may have 
occurred since broccoli and cauliflower diverged?
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have short snouts adapted to scrounging for food at the base of 
the lake (figure 25.4). 
 How did these fish acquire such different snout forms? 
An extensive genetic analysis revealed that two genes, of yet 
unknown function, are likely responsible for the shape and 
size of the jaw. The results of crossing long- and short-snouted 
cichlids indicate the importance of a single gene in determining 
jaw length and height.
 Regulating the length versus the height of the jaw may well be 
an early and important developmental event. The overall size of the 
fish and the extent of muscle development both hinge on the form 
of the jaw. The range of jaw forms appears to have persisted because 
the cichlids establish unique niches for feeding within the lake.
 Our third example underscores the critical link between per-
sistence of a new mutation and increased fitness. The freshwater, 
threespine stickleback fish,  Gasterousteus aculeatus,   originated after 
the last ice age from marine populations with bony plates that protect 
the fish from predators. Freshwater populations, subject to less pre-
dation, have lost their bony armor. The Ectodysplasin (Eda) gene is 
one of a few associated with reduced armor in freshwater threespine 
sticklebacks. The Eda allele that causes reduced armor originated 
about 2 mya in marine sticklebacks and persists with a frequency of 
about 1% in marine environments. The frequency is much higher 
in freshwater populations. To test the fitness of the Eda allele in 
freshwater, marine sticklebacks that were heterozygous for the Eda 
allele were moved to four freshwater environments and allowed to 
breed. Positive selection for the reduced armor allele was observed 
and correlated with longer length in juvenile fish, likely because 
fewer resources were allocated to armor development. Although 
the reduced armor allele has persisted in marine populations for 
2 million years  as a rare genetic variant, increased frequency of the 
allele and phenotype are only seen under adaptive conditions.

Learning Outcome Review 25.2
Although most mutations are lethal, some confer a fi tness advantage. 
These may consist of very small mutations, such as a change to a single 
codon, that have large eff ects on development and morphology.

A cichlid hatches with a much longer jaw than ever  ■

observed before. You determine that a mutation is 
responsible for the extra-long jaw. Is this fish a new 
species? How would you determine this?

 Figure 25.4 Diversity of cichlid fi sh jaws. A difference in one gene is responsible for a short snout in Labeotropheus fuelleborni and a 
long snout in Metriaclima zebra. Genes that affect jaw length can affect body shape as well because of the constraints the size of the jaw places 
on muscle development.

 25.3 Same Gene, New Function

Learning Outcome
Explain how a gene could acquire a new function. 1. 

In the preceding chapter, we discussed the similarity between 
human and mouse genomes. If all but 300 of the 20,000 to 
25,000 human genes are shared with mice, why are mice and 
humans so different? Part of the answer is that genes with simi-
lar sequences in two different species may work in slightly or 
even dramatically different ways.

Ancestral genes may be 
co-opted for new functions
The evolution of chordates can partially be explained by the 
co-option of an existing gene for a new function. Ascidians 
are basal chordates that have a notochord but no vertebrae 
(chapter 35).   The Brachyury gene of ascidians encodes a tran-
scription factor, and it is expressed in the developing notochord 
(figure 25.5). 

Brachyury is not a novel gene that appeared as verte-
brates evolved. It is also found in invertebrates. For example, 
a mollusk homologue of Brachyury is associated with  anterior–
posterior axis specification. Most likely, an ancestral Brachyury
gene was co-opted for a new role in notochord development. 

Brachyury is a member of a gene family with a specific 
domain, that is, a conserved sequence of base-pairs within the 
gene. A region of Brachyury encodes a protein domain called the 
T box, which is a transcription factor. So, Brachyury-encoded 
protein turns on a gene or genes. The details of which genes are 
regulated by Brachyury are only now being discovered.
 In mice and dogs, a mutation in Brachyury that prevents 
the encoded protein from binding to DNA causes a short tail to 
develop. In some dog breeds it is customary to “bob” (surgically 
shorten) a puppy’s tail. Nonlethal, short-tail mutations are be-
ing used to breed dogs like Welsh corgis to avoid bobbing. Hu-
mans lack tails, but have wild-type copies of Brachyury. Genes in 
addition to Brachyury must be needed to make a tail.
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Figure 25.5 Co-opting a gene for a new function. 
Brachyury is a gene found in invertebrates that has been used 
for notochord development in this ascidian, a basal chordate. By 
attaching the Brachyury promoter to a gene with a protein product 
that stains blue, it is possible to see that Brachyury gene expression 
in ascidians is associated with the development of the notochord, a 
novel function compared with its function in organisms lacking a 
notochord. The orthologue in the nematode Caenorhabditis elegans 
is important for hind gut and male tail development, but there is no 
evidence of a notochord precursor.  

  How a single genetic toolkit can be used to build an in-
sect, a bird, a bat, a whale, or a human is an intriguing puzzle 
for evolutionary developmental biologists, exemplified with 
the Brachyury gene. One explanation is that Brachyury turns on 
different genes or combinations of genes in different animals. 
Although there are not yet enough data to sort out the details 

of Brachyury, we can look at limb formation for an explanation 
of how such a change could have evolved. 

Limbs have developed through modifi cation 
of transcriptional regulation
Most tetrapods have four limbs—two hindlimbs and two fore-
limbs, although two or more limbs have been lost in snakes 
and many lizards. The forelimb in a bird is actually the wing. 
Our forelimb is the arm. Clearly, these are two very different 
structures, but they have a common evolutionary origin. As you 
learned in chapter 23,   these are termed homologous structures.
 At the genetic level, humans and birds both express the 
Tbx5 gene in developing forelimb buds. Like Brachyury, Tbx5 
is a member of a transcription factor gene family with T box 
domain, that is, a conserved sequence of base-pairs within 
the gene. So, Tbx5-encoded protein turns on a gene or genes 
that are needed to make a limb. Mutations in the human Tbx5 
gene cause Holt–Oram syndrome, resulting in forelimb and 
heart abnormalities.
 What seems to have changed as birds and humans evolved 
are the genes that are transcribed because of the Tbx5 protein 
(figure 25.6).  In the ancestral tetrapod, perhaps Tbx5 protein 
bound to only one gene and triggered transcription. In humans 
and birds, different genes are expressed in response to Tbx5.
 Tbx5 evolution corresponds to changes in the coding 
sequence for the Tbx5 protein in different species. But, it 
is also possible for changes in noncoding regions of a gene 
to alter gene expression during evolution. The paired-like 
 homeo domain transcription factor 1 (pitx1) is expressed in the 
hindlimbs of developing mouse embryos and its homologue 

Figure 25.6 Tbx5 regulates wing and arm development. Wings and arms are very different, but the development of each 
depends on Tbx5. Why the difference? Tbx5 turns on different genes in birds and humans. 
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low them to thermoregulate (figure 25.7).The origins of these 
patterns are best explained by co-option, the recruitment of ex-
isting regulatory programs for new functions.

Distal-less is one of the genes co-opted for butterfly spot 
development. Limb development in insects and arthropods re-
quires Distal-less, but the expression of this gene also predicts 
where spots will form on butterfly wings (figure  27.7).   Distal-
less determines the center of the spot, but several other genes 
have been co-opted to determine the overall size and pattern of 
different spots.

Figure 25.7 Butterfl y eyespot evolution. The Distal-

less gene, usually used for limb development, was recruited for 
eyespot development on butterf ly wings. Distal-less initiates the 
development of different colored spots in different butterf ly 
species by regulating different pigment genes in different 
species. Eyespots can protect butterf lies by startling predators. 

is expressed in the pelvic region of the ninespine stickleback 
fish (Pungitius pungitius). Much like Brachyury gene evolution, 
pitx1 was co-opted for a new function in tetrapods. Within the 
sticklebacks, pitx1 gene expression is different in marine and 
freshwater populations of the same species, yet the pitx1 pro-
teins in both populations have identical amino acid sequences. 
The explanation for the difference can be found in the regula-
tory regions of the gene that are not translated into protein.
 Marine sticklebacks have skeletal armor, including spines, 
in the pelvic region that protects them from predatory fish. Iso-
lated populations in freshwater have lost the pelvic skeletal ar-
mor and do not express pitx1 in the pelvic region. Loss of gene 
expression, rather than a change in the protein structure of this 
transcription factor accounts for the morphological differences 
between the marine and freshwater sticklebacks.

Learning Outcome Review 25.3
During the long course of evolution, genes have been co-opted for new 
functions. A change in the protein-coding region of a transcription 
factor can change the genes it can bind to and regulate. A change in 
the regulatory region of a gene can change where or when that gene is 
expressed, which can lead to altered morphology.

A marine threespine stickleback fish is mated with a  ■

freshwater threespine with reduced armor, and all the 
offspring have reduced armor. Both populations have 
identical pitx1 coding regions. Could pitx1 be the cause of 
the difference in armor? How could you test this?

 25.4 Diff erent Genes, 
Convergent Function

Learning Outcomes
Differentiate between homologous structures and 1. 
homoplastic structures.
Explain how two very similar morphologies can arise from 2. 
different developmental pathways.

Homoplastic structures, also known as analogous structures, have 
the same or similar functions, but arose independently —unlike 
homologous structures that arose once from a common ances-
tor. Phylogenies reveal convergent events, but the origin of the 
convergence may not be easily understood. In many cases dif-
ferent developmental pathways have been modified, as is the 
case with the spots on butterfly wings. In other cases, such as 
flower shape, it is not always as clear whether the same or dif-
ferent genes are responsible for convergent evolution.

Insect wing patterns demonstrate 
homoplastic convergence
Insect wings, especially those of moths and butterflies, have 
beautiful patterns that can protect them from predation and al-
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 Not all insects have co-opted the same sets of genes 
for these new functions, but all the evolutionary pathways 
have converged around production of these novel, highly 
patterned wings.

Flower shapes also 
demonstrate convergence
Flowers exhibit two types of symmetry. Looking down on a 
radially symmetrical flower, you see a circle. No matter how 
you cut that flower, as long as you have a straight line that inter-
sects with the center, you end up with two identical parts. Ex-
amples of radially symmetrical flowers are daisies, roses, tulips, 
and many other flowers.
 Bilaterally symmetrical flowers have mirror-image 
halves on each side of a single central axis. If they are cut in 
any other direction, two nonsimilar shapes result. Plants with 
bilaterally symmetrical flowers include snapdragons, mints, 
and peas. Bilaterally symmetrical flowers are attractive to their 
pollinators, and the shape may have been an important factor in 
their evolutionary success. 
 At the crossroads of evolution and development, two 
questions arise: first, What genes are involved in bilateral sym-
metry? And second, Are the same genes involved in the numer-
ous, independent origins of asymmetrical  flowers?

Cycloidia (CYC) is a snapdragon gene responsible for 
the bilateral symmetry of the flower. Snapdragons with 
mutations in CYC have radially symmetrical flowers (see 
figure 42.17b).   Beginning with robust phylogenies, research-
ers have selected flowers that evolved bilateral symmetry 
independently from snapdragons and cloned the CYC gene. 
The CYC gene in closely  related symmetrical flowers has 
also been sequenced.
 Comparisons of the CYC gene sequence among phylo-
genetically diverse flowers indicate that both radial symmetry 
and bilateral symmetry evolved in multiple ways in flowers. 
Although radial symmetry is the ancestral condition, some ra-
dially symmetrical flowers have a bilaterally symmetrical an-
cestor. Loss of CYC function accounts for the loss of bilateral 
symmetry in some of these plants.
 Gain of bilateral symmetry arose independently 
among some species because of the CYC gene. This change 
is an example of convergent evolution through mutations 
of the same gene. In other cases, CYC is not clearly respon-
sible for the bilateral symmetry. Other genes also played 
a role in the convergent evolution of bilaterally sym-
metrical flowers.

Learning Outcomes Review 25.4
Homoplastic features have a similar function but diff erent evolutionary 
origins and are examples of convergent evolution. Homologous features 
have the same evolutionary origins, but may have a diff erent function. 
Knowledge of the underlying genes often reveals that a feature thought 
to be homoplastic has a more common origin than expected.

Both sharks and whales have pectoral fins. Are these features  ■

homologous or homoplastic?
Figure 25.8 Petal evolution through gene duplication. 
Two gene duplications resulted in the AP3 gene in the eudicots that 
has acquired a role in petal development. 

 25.5 Gene Duplication 
and Divergence

Learning Outcome
Describe how duplicated genes could give rise to new 1. 
functions in an organism.

You encountered the role of gene duplication in genome evolu-
tion in chapter 24. In this section, we explore a specific example 
of the evolution of development through gene duplication and 
divergence in flower form.

Gene duplications of paleoAP3 led 
to fl owering-plant morphology
Before the flowering plants originated, a MADS box gene du-
plicated, giving rise to genes called PI and paleoAP3. In ancestral 
flowering plants, these genes affected stamen development, and 
this function has been retained. (Stamens are the male repro-
ductive structures of flowering plants.)
 The paleoAP3 gene duplicated to produce AP3 and an AP3
duplicate some time after members of the poppy family last shared 
a common ancestor with the clade of plants called the eudicots 
(plants like apple, tomato, and Arabidopsis). This clade of eudicots 
is distinguished on the genome level by both the duplication of 
paleoAP3 and the origins of a precise pattern of petal development 
in their last common ancestor (figure 25.8).  The phylogenetic in-
ference is that AP3 gained a role in petal development.
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Figure 25.9 AP3 
has acquired a domain 
necessary for petal 
development. The AP3 
gene includes MADS box 
encoding a DNA-binding 
domain and a highly 
specifi c sequence near the 
C terminus. Without the 3'  
region of the AP3 gene, the 
Arabidopsis plant will not 
make petals. 

Gene divergence of AP3 altered function 
to control petal development
Although the occurrence of AP3 through duplication corre-
sponds with a uniform developmental process for specifying 
petal  development, the correlation could simply be coinciden-
tal. Experiments that mix and match parts of the AP3 and PI
genes, and then introduce them into ap3 mutant plants, confirm 
that the phylogenetic correspondence is not a coincidence. The 
ap3 plants do not produce either petals or stamens. A summary 
of the experiments is shown in figure 25.9. 
 Earlier in this chapter, the MADS box transcription fac-
tor gene family was introduced. One region of a MADS gene 
codes for a DNA-binding motif; other regions code for dif-
ferent functions, including protein–protein binding. The PI 
and AP3 proteins can bind to each other, and, as a result, can 
regulate the transcription of genes needed for stamen and 
petal formation.

The C terminus of AP3
Both AP3 and PI have distinct sequences at the C (carboxy) 
protein terminus (coded for by the 3 ′ end of the genes). The C-
terminus sequence of the AP3 protein is essential for specify-
ing petal function, and it contains a conserved sequence shared 
among the eudicots. The AP3 C-terminus DNA sequence was 
deleted from the wild-type gene, and the new construct was 
inserted into ap3 plants to create a transgenic plant. Other 
transgenic plants were created by inserting the complete AP3 
sequence into ap3 plants. The complete AP3 sequence rescued 
the mutant, and petals were produced. No petals formed when 
the C-terminus motif was absent.
 AP3 is also needed for stamen  development, an ancestral 
trait found in paleoAP3. Plants lacking AP3 fail to produce either 
stamens or petals. Transgenic plants with the C-terminus dele-
tion construct also failed to produce stamens.

The C terminus of PI
The pi mutant phenotype also lacks stamens and petals. To 
test whether the PI C terminus could substitute for the AP3 
C terminus in specifying petal formation, the PI C terminus 

was added to the truncated AP3 gene. No petals formed, but 
stamen development was partially rescued. These experiments 
demonstrate that AP3 has acquired an essential role in petal 
development, encoded in a sequence at the 3′ end of the gene.

Learning Outcome Review 25.5
Gene duplication allows divergence that can lead to novel function. In 
eudicot fl owering plants, the AP3 gene, which arose by duplication from 
the paleoAP3 gene, gained a role in petal development in addition to its 
function in stamen development.

Suppose duplication of a particular gene proved to be  ■

lethal. What changes, if any, would allow this duplication 
to persist and possibly evolve into a new function?

25.6 Functional Analysis of Genes 
Across Species

Learning Outcome
Evaluate the limitations of comparative genomics in 1. 
exploring the evolution of development.

Comparative genomics is amazingly useful for understand-
ing morphological diversity. Limitations exist, however, in 
the inferences about evolution of development that we can 
draw from sequence comparison alone. Functional genom-
ics includes a range of experiments designed to test the ac-
tual function of a gene in different species as explained in 
chapter 18.
 Sequence comparisons among organisms are essen-
tial for both phylogenetic and comparative developmental 
studies. Careful analysis is needed to distinguish paral-
ogues from orthologues. Rapidly evolving research using 
bioinformatics, which utilizes computer programming to 
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 25.7 Diversity of Eyes in the Natural 
World: A Case Study

Learning Outcome
Explain how the compound eye of a fly, the human eye, 1. 
and the eyespot of a ribbon worm could have a common 
evolutionary origin.

The eye is one of the most complex organs. Biologists have studied 
it for centuries. Indeed, explaining how such a complicated struc-
ture could evolve was one of the great challenges  facing Darwin. If 
all parts of a structure such as an eye are required for proper func-
tioning, how could natural selection build such a structure?
 Darwin’s response was that even intermediate  structures—
which provide, for example, the ability to distinguish light from 
dark—would be advantageous compared with the ancestral 
state of no visual capability whatsoever, and thus these struc-
tures would be favored by natural selection. In this way, by in-
cremental improvements in function, natural selection could 
build a complicated structure.

Morphological evidence indicates eyes  
evolved at least twenty times
Comparative anatomists long have noted that the structures of 
the eyes of different types of animals are quite different. Con-
sider, for example, the difference in the eyes of a vertebrate, an 
insect, a mollusk (octopus), and a planarian (figure 25.10).  The 
eyes of these organisms are extremely different in many ways, 
ranging from compound eyes, to simple eyes, to mere eyespots.

Figure 25.10 A diversity of eyes. Morphological and anatomical comparisons of eyes are consistent with the hypothesis of 
independent, convergent evolution of eyes in diverse species such as fl ies and humans.  

analyze DNA and protein data, leads to hypotheses that can be  
tested experimentally.
 You have already seen how this can work with highly 
conserved genes such as Tbx5. However, a single base muta-
tion can change an active gene into an inactive pseudogene 
and experiments are necessary to demonstrate the actual func-
tion of the gene.   

Inquiry question

? Explain how functional analysis was used to support 
the claim that petal development evolved through the 
acquisition of petal function in the AP3 gene of Arabidopsis.

 Tools for functional analysis exist in model systems 
but need to be developed in other organisms on the tree of 
life if we are going to piece together evolutionary history. 
Model systems such as yeast, the flowering plant Arabidop-
sis, the nematode Caenorhabditis elegans, Drosophila, and the 
mouse have been selected because they are easy to  manipu-
late in the laboratory, have short life cycles, and have well-
delineated genomes. Also, it is possible to visualize gene 
expression within parts of the organism using labeled mark-
ers and to create transgenic organisms that contain and ex-
press foreign genes.

Learning Outcome Review 25.6
Genomic similarities alone are not enough to determine the function 
of genes in diff erent species; functional genomics studies whether 
conserved genes operate in the same way across species utilizing model 
organisms and genetic engineering.

What tests and techniques were used to demonstrate the  ■

AP3 gene’s role in petal development?
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 Consequently, these eyes are examples of convergent 
evolution and are homoplastic. For this reason, evolutionary 
biologists traditionally viewed the eyes of different organisms 
as having independently evolved, perhaps as many as 20 times. 
Moreover, this view holds that the most recent common ances-
tor of all these forms was a primitive animal with no ability to 
detect light.

The same gene, Pax6, initiates fl y  
and mouse eye development
In the early 1990s, biologists studied the development of the 
eye in both vertebrates and insects. In each case, a gene was 
discovered that codes for a transcription factor important in 
lens formation; the mouse gene was given the name Pax6, 
whereas the fly gene was called eyeless. A mutation in the eye-
less gene led to a lack of production of the transcription factor, 
and thus the complete absence of eye development, giving the 
gene its name.
 When these genes were sequenced, it became appar-
ent that they were highly similar; in essence, the homologous 
Pax6 gene was responsible for triggering lens formation in 
both insects and vertebrates. A stunning demonstration of 
this homology was conducted by the Swiss biologist Walter 
Gehring, who inserted the mouse version of the Pax6 into the 
genome of a fruit fly, creating a transgenic fly. In this fly, the 
Pax6 gene was turned on by regulatory factors in the fly’s leg 
and an eye formed on the leg of the fly (figure 25.11 )!
 These results were truly shocking to the evolutionary 
biology community. Insects and vertebrates diverged from a 
common ancestor more than 500 mya. Moreover, given the 
large differences in structure of the vertebrate eye and insect 
eye, the standard assumption was that the eyes evolved inde-
pendently, and thus that their development would be controlled 
by completely different genes. That eye development was af-
fected by the same homologous gene, and that these genes 

Figure 25.11 Mouse Pax6 makes an eye on the leg of a fl y. Pax6 and eyeless are functional homologues. The Pax6 master 
regulator gene can initiate compound eye development in a fruit fl y or simple eye development in a mouse.  

Figure 25.12 Cavefi sh have lost their sight. Mexican 
tetras (Astyanax mexicanus) have (a) surface-dwelling members and 
(b) cave-dwelling members of the same species. The cavefi sh have 
very tiny eyes, partly because of reduced expression of Pax6.  

were so similar that the vertebrate gene seemed to function 
normally in the insect genome, was completely unexpected.
 The Pax6 story extends to eyeless fish found in caves 
(figure 25.12).  Fish that live in dark caves need to rely on senses 
other than sight. In cavefish, Pax6 gene expression is greatly 
reduced. Eyes start to develop, but then degenerate.

rav32223_ch25_492-506.indd   502rav32223_ch25_492-506.indd   502 11/12/09   2:09:11 PM11/12/09   2:09:11 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

Eyespot

Eyespot

Probe for
Pax6

Probe for
Pax6
transcripts

Regenerating
head

Regenerated
head

Hypothesis: Pax6 is necessary for eyespot regeneration in ribbon worms.

Prediction: Eyespots will regenerate where Pax6 is expressed.

Test:

2. Visualize Pax6 

transcripts (RNA) in the 

regenerating head region 

using in situ hybridization 

with a colored antisense 

DNA probe that is 

complementary to the 

Pax6 RNA.

1. Cut and remove head.

Conclusion: Pax6 is expressed where eyespots regenerate and is likely 

necessary for eyespot regeneration.

Further Experiments: What additional evidence would convince you 

that Pax6 expression was necessary for eyespot regeneration? Consider 

the approach in Scientific Thinking figure 25.14.

Result: Pax6 transcripts 

are found only where 

eyespots regenerate.

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Hypothesis: Pax6 is necessary for planaria eyespot regeneration which 

occurs when planaria are cut in half longitudinally.

Prediction: Eyespot regeneration will not occur without Pax6 protein.

Test:

Result: Eyespots regenerate.

Conclusion: Pax6 is not required for eyespot regeneration in planaria.

Further Experiments: Can you design an experiment to test if  the 

planaria Pax6 gene can initiate eyespot development in a ribbon worm or 

eye development in a fly?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

1. Cut a planaria in 
half longitudinally.

2. Block expression of 
both Pax6-related 
genes and allow 
heads to regenerate.

3. Control—Allow 
heads to regenerate 
without blocking 
Pax6 expression.

Cut

Eyespot

Eyespots
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Ribbon worms, but not planaria, 
use Pax6 for eye development
Recent discoveries have yielded further surprises about the 
Pax6 gene. Even the very simple ribbon worm, Lineus san-
guineus, relies on Pax6 for development of its eyespots. A Pax6 
homologue has been cloned and has been shown to express at 
the sites where eyespots develop. In contrast, planarian worms 
do not rely on Pax6 for eyespot development.

Ribbon worm eyespot regeneration
The simple marine ribbon worm evolved later than the  
flatworm planaria. Just like planaria, ribbon worms can 
regenerate their head region if it is removed. In an elegant ex-
periment, the head of a ribbon worm was removed, and biolo-
gists followed the regeneration of eyespots. At the same time, 
the expression of the Pax6 homologue was observed using  
in situ  hybridization.

 To observe Pax6 gene expression, an antisense RNA se-
quence of the Pax6 was made and labeled with a color marker. 
When the regenerating ribbon worms were exposed to the 
 anti sense Pax6 probe, the antisense RNA paired with expressed 
Pax6 RNA transcripts and could be seen as colored spots under 
the microscope (figure 25.13). 

Planarian eyespot regeneration
Similar experiments were tried with planaria species that are 
phylogenetically related to ribbon worms, but the conclusion 
was quite different from that in ribbon worms. If a planaria is 
cut in half lengthwise, it can regenerate its missing half, includ-
ing the second eyespot, but no Pax6 gene expression is associ-
ated with regenerating the eyespots.
 Planaria do have Pax6-related genes, but inactivating 
those genes does not stop eye regeneration (figure 25.14). 
 These Pax6-related genes are, however, expressed in the central 
nervous system. A Pax6-responsive element, P3-enhancer, has 
also been identified and shown to be active in planaria. Perhaps 
some clues as to the origin of Pax6 ’s role in eye development 
will be uncovered as comparisons between ribbon worm and 
planarian eyespot regeneration continue.

   Figure 25.13 Pax6 expression correlates with ribbon 
worm eyespot regeneration. 

  Figure 25.14 Pax6 is not required for planaria eyespot 
regeneration. 
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 Chapter Review 

25.1 Overview of Evolutionary 
Developmental Biology

Highly conserved genes produce diverse morphologies.
The Hox genes establish body form in animals; MADS box genes 
have a similar function in plants. Changes in these transcription 
factors and in genes involved in signaling pathways are responsible 
for new morphologies.

Developmental mechanisms exhibit evolutionary change.
Heterochrony refers to alteration of timing of developmental events 
due to genetic changes; homeosis refers to alterations in the spatial 
pattern of gene expression.
Modifi cations of different parts of the coding and regulatory 
sequences of a transcription factor can alter development and 
phenotypic expression (see fi gure 25.2).

25.2  One or Two Gene Mutations, 
New Form

Caulifl ower and broccoli began with a stop codon.
The wide diversity of cabbage subspecies is due to a simple mutation 
of one gene (see fi gure 25.3).

Cichlid fi sh jaws demonstrate morphological diversity.
Jaw and body armor morphology in fi sh have also been modifi ed by 
mutations in one or a few genes.

25.3  Same Gene, New Function (see fi gure 25.6)

Ancestral genes may be co-opted for new functions.
A single gene may act on different genes or combinations of genes in 
different species.

Limbs have developed through modifi cation of transcriptional 
regulation.
Species differences in limbs have resulted from evolutionary changes 
in gene expression and timing of expression.

25.4  Diff erent Genes, Convergent Function

Insect wing patterns demonstrate homoplastic convergence.
Wing patterns in butterfl ies have evolved as wing scales developed 
from ancestral sensory bristles.

Flower shapes also demonstrate convergence
Both radial and bilateral symmetry have arisen in multiple ways in 
fl owers, even though radial symmetry is considered ancestral.

The initiation of eye development  
may have evolved just once
Several explanations are possible for these findings. One is 
that eyes in different types of animals evolved truly indepen-
dently, as originally believed. But if this is the case, why is Pax6
so structurally similar and able to play a similar role in so many 
different groups? Opponents of single evolution of the eye 
point out that Pax6 is involved not only in development of the 
eye, but also in development of the entire forehead region of 
many organisms. Consequently, it is possible that if Pax6 had 
a regulatory role in the forehead of early animals, perhaps it 
has been independently co-opted time and time again to serve 
a role in eye development. This role would be consistent with 
the data on planarians (see figure 25.14).
 Many other biologists find this interpretation unlikely. The 
consistent use of Pax6 in eye development in so many organisms, 
the fact that it functions in the same role in each case, and the 
great similarity in DNA sequence and even functional replace-
ability suggest to many that Pax6 acquired its evolutionary role 
in eye development only a single time, in the common ancestor 
of all extant organisms that use Pax6 in eye development.
 Given the great dissimilarity among eyes of different 
groups, how can this be? One hypothesis is that the common 
ancestor of these groups was not completely blind, as tradition-
ally assumed. Rather, that organism may have had some sort of 

rudimentary visual system—maybe no more than a pigmented 
photoreceptor cell, maybe a slightly more elaborate organ that 
could distinguish light from dark.
 Whatever the exact phenotype, the important point is that 
some sort of basic visual system existed that used Pax6 in its de-
velopment. Subsequently, the descendants of this ancestor di-
versified independently, evolving the sophisticated and complex 
image-forming eyes exhibited by different animal groups today.
 Most evolutionary and developmental biologists today 
support some form of this hypothesis. Nonetheless, no indepen-
dent evidence exists that the common ancestor of most of today’s 
animal groups, a primitive form that lived probably more than 
500 mya, had any ability to detect light. The reason for this belief 
comes not from the fossil record, but from a synthesis of phylo-
genetic and molecular developmental data.

Learning Outcome Review 25.7
Multidisciplinary approaches can clarify the evolutionary history of the 
world’s biological diversity. The Pax6 gene and its many homologues 
indicate that eye development, although highly diverse in outcome, may 
have a single evolutionary origin.

Why would mutations leading to defective Pax6 persist in  ■

cavefish? If these fish were introduced into a habitat with 
light, what would you expect to occur?
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Review Questions

U N D E R S T A N D
 1. Heterochrony is

a. the alteration of the spatial pattern of gene expression.
b. a change in the relative position of a body part.
c. a change in the relative timing of developmental events.
d. a change in a signaling pathway.

 2. Vast differences in the phenotypes of organisms as different 
as fruit fl ies and humans
a. must result from differences among many thousands 

of genes controlling development.
b. have apparently arisen largely through manipulation 

of the timing and regulation of expression of probably less 
than 100 highly conserved genes.

c. can be entirely explained by heterochrony.
d. can be entirely explained by homeotic factors.

 3. Homoplastic structures
a. can involve convergence of completely unrelated 

developmental pathways.
b. always are morphologically distinct.
c. are produced by divergent evolution of homologous 

structures.
d. are derived from the same structure in a shared 

common ancestor.
 4. Hox genes are

a. found in both plants and animals.
b. found only in animals.
c. found only in plants.
d. only associated with genes in the MADS complex.

 5. The Brachyury and pictx1 genes in vertebrates and the Ap3 gene 
in fl owering plants
a. are examples of Hox genes.
b. are examples of co-opting a gene for a new function.
c. are homologues for determining the body plan of eukaryotes.
d. help regulate the formation of appendages.

 6. Which of the following statements about Pax6 is false?
a. Pax6 has a similar function in mice and fl ies.
b. Pax6 is involved in eyespot formation in ribbon worms.
c. Pax6 is required for eye formation in Drosophila.
d. Pax6 is required for eyespot formation in planaria.

 7. Which of the following statements about Tbx5 is true?
a. Tbx5 is found only in tetrapods.
b. Tbx5 is involved in limb development in vertebrates.
c. Tbx5 is only found in the ancestors of tetrapods.
d. Tbx5 interacts with the same set of genes across different 

tetrapod species.
 8. Homeosis

a. refers to a maintained and unchanging genetic environment.
b. is a temporal change in gene expression.
c. is a spatial change in gene expression.
d. is not an important genetic mechanism in development.

 9. Transcription factors are
a. genes.
b. sequences of RNA.
c. proteins that affect the expression of genes.
d. none of the above

25.5  Gene Duplication and Divergence

Gene duplications of paleoAP3 led to fl owering-plant morphology.
Duplication of the AP3 gene and subsequent divergence produced 
fl ower petals, whereas the ancestral form affected only stamen 
development.

Gene divergence of AP3 altered function to control 
petal development.
Studies have narrowed the active region in AP3 to the C terminus, 
which acts differently from the C terminus of the related PI gene; 
only AP3 can produce petals (see fi gure 25.9).

25.6 Functional Analysis of Genes 
Across Species

Sequence comparisons are essential for both phylogenetic and 
comparative development studies, but we can only infer function 
from this information.

25.7 Diversity of Eyes in the Natural World: 
A Case Study

Morphological evidence indicates eyes evolved at least twenty times.
Homoplasy and convergent evolution are supported as explaining the 
diversity of eyes found in the animal kingdom.

The same gene, Pax6, initiates fl y and mouse eye development.
Transgenic experiments showed that the Pax6 gene from a mouse, 
inserted into the genome of Drosophila, could cause development of 
an eye.

Ribbon worms, but not planaria, use Pax6 for eye development.
In planaria, Pax6 gene expression does not occur even when an 
eyespot successfully regenerates.

The initiation of eye development may have evolved just once.
It appears that at some distant point in evolutionary time, Pax6 was 
part of a visual system that later diverged many times.
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 10. Independently derived mutations of the CYC gene in plants
a. suggests bilateral fl oral symmetry among all plants 

is homologous.
b. establishes that radial fl oral symmetry is preferred 

by pollinators.
c. establishes that radial fl oral symmetry is derived 

for all plants.
d. none of the above 

A P P L Y 
 1. Choose the statement that best explains how the Tbx5 protein 

can be responsible for the development of arms in humans and 
wings in birds.
a. Tbx5 is a key component of bone.
b. Tbx5 is a transcription factor that binds to the promoters 

of different genes in humans and birds to initiate arm and 
wing development.

c. Tbx5 was co-opted from its role in tail development for 
the role in limb development.

d. Tbx5 is a signaling molecule involved in the signaling 
pathway for limb development in both species.

 2. Analyze why it was important to create transgenic plants to 
determine the role of AP3 in petal formation and choose the 
most compelling reason.
a. It provided a functional test of the role of AP3 in 

petal development.
b. Duplication of AP3 could not be resolved on the 

phylogeny.
c. To check if the phylogenetic position of AP3 is 

really derived.
d. Because tests already established the role of paleoAP3 

in stamen development.
 3. The Eda allele that causes reduced armor originated about 

2 mya in marine stickleback fish and persists with a frequency 
of about 1% in marine environments. The frequency is much 
higher in freshwater populations. Apply your understanding of 
evolution to determine the most likely reason for the difference 
in Eda allele frequency.
a. There is positive selection for armor in marine 

environments because fish are more buoyant in salt water.
b. Fish have many predators in the marine environment and 

fish with reduced armor have reduced fitness.
c. There is negative selection for armor in freshwater because 

building armor is energetically expensive.
d. Both b and c are valid.

 4. In Drosophila species, the yellow (    y) gene is responsible for 
the patterning of black pigment on the body and the wings. A 
comparison of two species reveals that one has a black spot on 
each wing, and the other species lacks black pigmentation on 
the wing. The sequence of the coding region for y is identical 
in both species. Critique the following explanations and choose 
the most plausible one.
a. The protein coded for by the y gene has a different 

structure in species with the black spots than the 
species without.

b. The species without black pigmentation on the wing has a 
mutation in a regulatory region of the y gene.

c. There is a deletion mutation in one of the exons of the y 
gene in the species without black pigment in the wings.

d. Convergent evolution explains why both species develop 
black wing spots.

S Y N T H E S I Z E 
 1. If the tetrapod ancestor of humans and birds had a single gene 

that was regulated by Tbx5 transcription factor, propose an 
evolutionary hypothesis for how several genes are regulated by 
Tbx5 in humans and birds.

 2. From the chapter on evolution of development it would seem 
that the generation of new developmental patterns would 
be fairly easy and fast, leading to the ability of organisms 
to adapt quickly to environmental changes. Construct an 
explanation for why it   can take millions of years, typically, for 
many of the traits examined to evolve. (Hint: Consider the 
differences in Eda allele frequency in marine and freshwater 
threespine stickleback fi sh.)

 3. There are several ways in which phenotypic diversity among 
major groups of organisms can be explained. On one end 
of the spectrum, such differences could arise out of differences 
in many genes that control development. On the other end, 
small sets of genes might differ in how they regulate the 
expression of various parts of the genome. Evaluate which view 
represents our current understanding.

 4. Critique the argument that eyes have multiple evolutionary 
origins.

 5. Based on the information in fi gure 25.8, construct an 
explanation for the evolutionary differences in genes related 
to AP3 in maize and tomato. Be sure to consider what 
happened before and after the two species diverged from a 
common ancestor.

 6. Having read all of this chapter, return to the claim that the 
difference between direct and indirect development in sea 
urchins is caused by a change in gene expression, not differences 
in genes. Starting at the level of DNA sequence, formulate an 
argument in support of the claim. 

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Chapter 26
The Tree of Life 

Chapter Outline

26.1  Origins of Life

26.2  Classifi cation of Organisms

26.3  Grouping Organisms

26.4  Making Sense of the Protists

26.5  Origin of Plants

26.6  Sorting out the Animals

Introduction

Diff erent life forms descended from the same origin event and have many things in common: they are composed of one or 

more cells, they carry out metabolism and transfer energy with ATP, and they encode hereditary information in DNA.    But 

 living things are also highly diverse, ranging from bacteria and amoebas to blue whales and sequoia trees. Coral reefs, such 

as the one pictured here, are microcosms of diversity, comprising many life forms and sheltering an enormous array of life. 

For generations, biologists have tried to group organisms based on shared characteristics. The most meaningful groupings 

are based on the study of evolutionary relationships among organisms. These phylogenetic approaches and a sea of 

molecular sequence data are leading to new evolutionary hypotheses to explain life’s variety. In this chapter and those that 

follow in this unit, we explore the diversity of the living world. 

CHAPTER
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 Figure 26.1 Cellular compartmentalization. These 
complex, single-celled organisms called Paramecia are classifi ed 
as protists. The yeasts, stained red in this photograph, have been 
consumed and are enclosed within membrane-bounded sacs called 
digestive vacuoles.

 26.1 Origins of Life

Learning Outcomes
Explain what qualifies something as “living.”1. 
Describe different proposals for the origin of life on Earth.2. 

The cell is the basic unit of life, and today all cells come 
from preexisting cells. But, how can we explain the origins 
of the tremendous diversity of life on Earth today? The 
Earth formed as a hot mass of molten rock about 4.5 bya. As 
it cooled, much of the water vapor present in Earth’s atmo-
sphere condensed into liquid water that accumulated on the 
surface in chemically rich oceans. One scenario for the ori-
gin of life is that it originated in this dilute, hot, smelly soup 
of ammonia, formaldehyde, formic acid, cyanide, methane, 
hydrogen sulfide, and organic hydrocarbons. Whether at 
the oceans’ edges, in hydrothermal deep-sea vents, or else-
where, the consensus among researchers is that life arose 
spontaneously from these early waters. Although the way in 
which this happened remains a puzzle, we cannot escape a 
certain curiosity about the earliest steps that eventually led 
to the origin of all living things on Earth, including our-
selves. How did organisms evolve from the complex mol-
ecules that swirled in the early oceans?

All organisms share fundamental 
properties of life
Before we can address the origins of life, we must consider what 
qualifies something as “living.” Biologists have found that the 
following set of properties are common to all organisms on 
Earth, with heredity playing a particularly key role.

Cellular organization. All organisms consist of one or more 
cells—complex, organized assemblages of molecules 
enclosed within membranes (fi gure 26.1). 

Sensitivity. All organisms respond to stimuli—though not 
always to the same stimuli in the same ways.

Growth. All living things assimilate energy and use it to 
maintain internal   order and grow, a process called 
metabolism. Plants, algae, and some bacteria use  
sunlight to create covalent carbon–carbon bonds from 
CO2 and H2O through photosynthesis. This transfer of the 
energy in covalent bonds is essential to all life on Earth.

Development. Both unicellular and multicellular organisms 
undergo systematic, gene-directed changes as they grow 
and mature.

Reproduction. Organisms reproduce, passing on genes from 
one generation to the next.

Regulation. All organisms have regulatory mechanisms that 
coordinate internal processes.

Homeostasis. All living things maintain relatively constant 
internal conditions, different from their environment.

Heredity. All organisms on Earth possess a genetic system that 
is based on the replication of a long, complex molecule 
called DNA. This mechanism allows for adaptation and 
evolution over time and is a distinguishing characteristic 
of living organisms.

 Long before there were cells with the properties of life, 
organic (carbon-based) molecules formed from inorganic mol-
ecules. The formation of proteins, nucleic acids, carbohydrates, 
and lipids were essential, but not sufficient for life. The evolu-
tion of cells required early organic molecules to assemble into 
a functional, interdependent unit.

Life may have had extraterrestrial origins 
Life may not have originated on Earth at all; instead, life may 
have “infected” Earth from some 
other planet. This hypothesis, 
called pan spermia, pro-
poses that meteors or 
cosmic dust may have 
carried significant 
amounts of complex 
organic molecules 
to Earth, kicking 
off the evolution of 
life. Hundreds of 
thousands of me-
teorites and comets 
are known to  have 
slammed into the early 
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Figure 26.2  The Phoenix lander sent gigabytes 
of information and tens of thousands of images of 
Mars’ surface back to Earth, providing clues about 
the possibility of ancient life on Mars.

Earth, and recent findings suggest that at least some may have 
carried organic materials. Nor is life on other  planets ruled out. 
For example, the discovery of liquid water under the surfaces 
of Jupiter’s ice-shrouded moon Europa and Saturn’s moon, 
Enceladus, as well as   suggestions of fossils in rocks from Mars 
lend some credence to this idea. Enceladus may harbor an ocean 
of liquid water, raising intriguing questions about whether it is 
habitable. Plumes of ice and vapor escape its gravitational field 
and contribute to the outermost ring around Saturn. In 2009, 
sodium salt was discovered in Saturn’s ring that appears to origi-
nate from Enceladus. The Mars lander Phoenix confirmed the 
presence of frozen water on the planet in 2008 (figure 26.2).  
Analysis of soil samples from the same mission revealed an alka-
line soil composed of sodium, magnesium, chloride, potassium, 
and other chemicals, but many questions remain about the wa-
tery environment that might have harbored life. 

Life may have originated on early Earth
Conditions on early Earth
The more we learn about the Earth’s early history, the more 
likely it seems that Earth’s first organisms emerged and lived at 
very high temperatures. Rubble from the forming solar system 
slammed into the early Earth beginning about 4.6 bya, keeping 
the surface molten hot. As the bombardment slowed down, tem-
peratures dropped. By about 3.8 bya, ocean temperatures are 
thought to have dropped to a hot  49° to 88°C (120° to 190°F). 
Between 3.8 and 3.5 bya, life first appeared, promptly after the 
Earth was habitable. Thus, as intolerable as early Earth’s infer-
nal temperatures seem to us today, they gave birth to life. 
 Very few geochemists agree on the exact composition 
of the early atmosphere. One popular view is that it con-
tained principally carbon dioxide (CO2) and nitrogen gas 
(N2), along with significant amounts of water vapor (H2O). 
It is possible that the early atmosphere also contained hy-
drogen gas (H2) and compounds in which hydrogen atoms 
were bonded to the other light elements (sulfur, nitrogen, 

and carbon), producing hydrogen sulfide (H2S), ammonia 
(NH3), and methane (CH4).
 We refer to such an atmosphere as a reducing atmosphere 
because of the ample availability of hydrogen atoms and their 
electrons. Because a reducing atmosphere would not require as 
much energy as it would today, it would have made it easier to 
form the carbon-rich molecules from which life evolved. 
 Exactly where on Earth life originated is also an open 
question. Possible locations include the ocean’s edge, under 
frozen oceans, deep in the Earth’s crust, within clay, or at deep-
sea vents.

Organic molecules on early Earth
An early attempt to determine what kinds of organic molecules 
might have been produced on the early Earth was carried out 
in 1953 by Stanley L. Miller and Harold C. Urey. In what has 
become a classic experiment, they attempted to reproduce the 
conditions in the Earth’s primitive oceans under a reducing at-
mosphere. Even if this hypothesis proves incorrect—the jury 
is still out on this—their experiment is critically important be-
cause it ushered in the whole new field of prebiotic chemistry.
 To carry out their experiment, Miller and Urey (1) as-
sembled a reducing atmosphere rich in hydrogen and excluding 
gaseous oxygen; (2) placed this atmosphere over liquid water; 
(3) maintained this mixture at a temperature somewhat below 
100°C; and (4) simulated lightning by bombarding it with en-
ergy in the form of sparks (figure 26.3). 
 They found that within a week, 15% of the carbon origi-
nally present as methane gas (CH4) had converted into other 
simple carbon compounds. Among these compounds were 
formaldehyde (CH2O) and hydrogen cyanide (HCN). These 
compounds then combined to form simple molecules, such as 
formic acid (HCOOH) and urea (NH2CONH2), and more 
complex molecules containing carbon–carbon bonds, including 
the amino acids glycine and alanine.
 In similar experiments performed later by other scien-
tists, more than 30 different carbon compounds were identified, 
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  Figure 26.3 The Miller–Urey experiment. The apparatus consisted of a closed tube connecting two chambers. The upper 
chamber contained a mixture of gases thought to resemble the primitive Earth’s atmosphere. Electrodes discharged sparks through this 
mixture, simulating lightning. Condensers then cooled the gases, causing water droplets to form, which passed into the second heated 
chamber, the “ocean.” Any complex molecules formed in the atmosphere chamber would be dissolved in these droplets and carried to the 
ocean chamber, from which samples were withdrawn for analysis.

including the amino acids glycine, alanine, glutamic acid, valine, 
proline, and aspartic acid. As we saw in chapter 3 ,  amino acids are 
the basic building blocks of proteins, and proteins are one of the 
major kinds of molecules of which organisms are composed. Other 
biologically important molecules were also formed in these experi-
ments. For example, hydrogen cyanide contributed to the produc-
tion of a complex ring-shaped molecule called adenine—one of the 
bases found in DNA and RNA. Thus, the key molecules of life 
could have formed in the reducing atmosphere of the early Earth.

Cells evolved from the functional  
assembly of organic molecules
Organic molecules can convey information or provide energy 
to maintain life through metabolism. Although DNA is the he-
reditary information molecule, RNA can both act as an enzyme 
used in self-replication (a ribozyme) and may have been the 
first genetic material. 
 Many hypotheses for the emergence of metabolic pathways 
exist. One scenario assumes that primitive organisms were auto-
trophic, building all the complex organic molecules they require 
from simple inorganic compounds. For example, glucose may 
have been synthesized from formaldehyde, CH2O,  in the alka-
line conditions that could have existed on early Earth. Glycolysis 
and a version of the Krebs cycle (see chapter 7)   that functioned 
without enzymes are proposed to be the core from which other 
metabolic pathways emerged. Early autotrophs could have made, 
stored, and later used glucose as an energy source.

 In addition to information and metabolism, cells require 
membranes. Constraining organic molecules to a physical space 
within a lipid or protein bubble could lead to an increased con-
centration of specific molecules. This in turn could increase the 
probability of metabolic reactions occurring. At some point, 
these bubbles became living cells with cell membranes and all 
the properties of life described earlier. As detailed in chapter 28 , 
3.5-billion-year-old prokaryotic fossils have been identified. For 
most of the history of life on Earth, these single-celled organ-
isms were the only life forms. Several major evolutionary innova-
tions—eukaryotic cells, sexual reproduction, and multicellularity— 
contributed to the diverse forms of life on Earth today (figure 26.4).  
We will continue with an overview of the amazing diversity of life 
on Earth and the evolutionary relationships among organisms. 

Learning Outcomes Review 26.1
Living organisms consist of one or more cells and are capable of sensing 
their environment, reproducing, developing, and maintaining their 
internal processes. Whether the organic molecules necessary for 
life formed on Earth or formed elsewhere and came to Earth within 
meteors remains an open question. Although conditions on early Earth 
cannot be completely reconstructed, it is likely that the temperatures 
were extreme and that the atmosphere had a very diff erent gaseous 
composition than it does today.

If you read a news headline claiming that life has been  ■

found on Mars, what type of evidence would you require to 
accept the claim?
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