
"vehicle" in which to insert a desired DNA fragment. Modified plasmids are usually reintroduced into a bacterial host
for replication. As the bacteria divide, they copy their own DNA (including the plasmids). The inserted DNA fragment
is copied along with the rest of the bacterial DNA. In a bacterial cell, the fragment of DNA from the human genome
(or another organism that is being studied) is referred to as foreign DNA to differentiate it from the DNA of the
bacterium (the host DNA).

Plasmids occur naturally in bacterial populations (such as Escherichia coli) and have genes that can contribute
favorable traits to the organism, such as antibiotic resistance (the ability to be unaffected by antibiotics). Plasmids
have been highly engineered as vectors for molecular cloning and for the subsequent large-scale production of
important molecules, such as insulin. A valuable characteristic of plasmid vectors is the ease with which a foreign
DNA fragment can be introduced. These plasmid vectors contain many short DNA sequences that can be cut with
different commonly available restriction enzymes. Restriction enzymes (also called restriction endonucleases)
recognize specific DNA sequences and cut them in a predictable manner; they are naturally produced by bacteria as
a defense mechanism against foreign DNA. Many restriction enzymes make staggered cuts in the two strands of
DNA, such that the cut ends have a 2- to 4-nucleotide single-stranded overhang. The sequence that is recognized by
the restriction enzyme is a four- to eight-nucleotide sequence that is a palindrome. Like with a word palindrome, this
means the sequence reads the same forward and backward. In most cases, the sequence reads the same forward
on one strand and backward on the complementary strand. When a staggered cut is made in a sequence like this,
the overhangs are complementary (Figure 10.5).

FIGURE 10.5 In this (a) six-nucleotide restriction enzyme recognition site, notice that the sequence of six nucleotides reads the same in the
5' to 3' direction on one strand as it does in the 5' to 3' direction on the complementary strand. This is known as a palindrome. (b) The
restriction enzyme makes breaks in the DNA strands, and (c) the cut in the DNA results in “sticky ends”. Another piece of DNA cut on either
end by the same restriction enzyme could attach to these sticky ends and be inserted into the gap made by this cut.

Because these overhangs are capable of coming back together by hydrogen bonding with complementary overhangs
on a piece of DNA cut with the same restriction enzyme, these are called “sticky ends.” The process of forming
hydrogen bonds between complementary sequences on single strands to form double-stranded DNA is called
annealing. Addition of an enzyme called DNA ligase, which takes part in DNA replication in cells, permanently joins
the DNA fragments when the sticky ends come together. In this way, any DNA fragment can be spliced between the
two ends of a plasmid DNA that has been cut with the same restriction enzyme (Figure 10.6).
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FIGURE 10.6 This diagram shows the steps involved in molecular cloning.

Plasmids with foreign DNA inserted into them are called recombinant DNA molecules because they contain new
combinations of genetic material. Proteins that are produced from recombinant DNA molecules are called
recombinant proteins. Not all recombinant plasmids are capable of expressing genes. Plasmids may also be
engineered to express proteins only when stimulated by certain environmental factors, so that scientists can control
the expression of the recombinant proteins.

Reproductive Cloning
Reproductive cloning is a method used to make a clone or an identical copy of an entire multicellular organism.
Most multicellular organisms undergo reproduction by sexual means, which involves the contribution of DNA from
two individuals (parents), making it impossible to generate an identical copy or a clone of either parent. Recent
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advances in biotechnology have made it possible to reproductively clone mammals in the laboratory.

Natural sexual reproduction involves the union, during fertilization, of a sperm and an egg. Each of these gametes is
haploid, meaning they contain one set of chromosomes in their nuclei. The resulting cell, or zygote, is then diploid
and contains two sets of chromosomes. This cell divides mitotically to produce a multicellular organism. However,
the union of just any two cells cannot produce a viable zygote; there are components in the cytoplasm of the egg cell
that are essential for the early development of the embryo during its first few cell divisions. Without these
provisions, there would be no subsequent development. Therefore, to produce a new individual, both a diploid
genetic complement and an egg cytoplasm are required. The approach to producing an artificially cloned individual
is to take the egg cell of one individual and to remove the haploid nucleus. Then a diploid nucleus from a body cell of
a second individual, the donor, is put into the egg cell. The egg is then stimulated to divide so that development
proceeds. This sounds simple, but in fact it takes many attempts before each of the steps is completed successfully.

The first cloned agricultural animal was Dolly, a sheep who was born in 1996. The success rate of reproductive
cloning at the time was very low. Dolly lived for six years and died of a lung tumor (Figure 10.7). There was
speculation that because the cell DNA that gave rise to Dolly came from an older individual, the age of the DNA may
have affected her life expectancy. Since Dolly, several species of animals (such as horses, bulls, and goats) have
been successfully cloned.

There have been attempts at producing cloned human embryos as sources of embryonic stem cells. In the
procedure, the DNA from an adult human is introduced into a human egg cell, which is then stimulated to divide. The
technology is similar to the technology that was used to produce Dolly, but the embryo is never implanted into a
surrogate carrier. The cells produced are called embryonic stem cells because they have the capacity to develop into
many different kinds of cells, such as muscle or nerve cells. The stem cells could be used to research and ultimately
provide therapeutic applications, such as replacing damaged tissues. The benefit of cloning in this instance is that
the cells used to regenerate new tissues would be a perfect match to the donor of the original DNA. For example, a
leukemia patient would not require a sibling with a tissue match for a bone-marrow transplant. Freda Miller and
Elaine Fuchs, working independently, discovered stem cells in different layers of the skin. These cells help the skin
repair itself, and their discovery may have applications in treatments of skin disease and potentially other
conditions, such as nerve damage.
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VISUAL CONNECTION

FIGURE 10.7 Dolly the sheep was the first agricultural animal to be cloned. To create Dolly, the nucleus was removed from a donor egg cell.
The enucleated egg was placed next to the other cell, then they were shocked to fuse. They were shocked again to start division. The cells
were allowed to divide for several days until an early embryonic stage was reached, before being implanted in a surrogate mother.

Why was Dolly a Finn-Dorset and not a Scottish Blackface sheep?

Genetic Engineering

Using recombinant DNA technology to modify an organism’s DNA to achieve desirable traits is called genetic
engineering. Addition of foreign DNA in the form of recombinant DNA vectors that are generated by molecular
cloning is the most common method of genetic engineering. An organism that receives the recombinant DNA is
called a genetically modified organism (GMO). If the foreign DNA that is introduced comes from a different species,
the host organism is called transgenic. Bacteria, plants, and animals have been genetically modified since the early
1970s for academic, medical, agricultural, and industrial purposes. These applications will be examined in more
detail in the next module.

LINK TO LEARNING

Watch this short video (http://openstax.org/l/transgenic) explaining how scientists create a transgenic animal.

Although the classic methods of studying the function of genes began with a given phenotype and determined the
genetic basis of that phenotype, modern techniques allow researchers to start at the DNA sequence level and ask:
"What does this gene or DNA element do?" This technique, called reverse genetics, has resulted in reversing the
classical genetic methodology. One example of this method is analogous to damaging a body part to determine its
function. An insect that loses a wing cannot fly, which means that the wing’s function is flight. The classic genetic
method compares insects that cannot fly with insects that can fly, and observes that the non-flying insects have lost
wings. Similarly in a reverse genetics approach, mutating or deleting genes provides researchers with clues about
gene function. Alternately, reverse genetics can be used to cause a gene to overexpress itself to determine what
phenotypic effects may occur.

230 10 • Biotechnology

Access for free at openstax.org

http://openstax.org/l/transgenic


10.2 Biotechnology in Medicine and Agriculture
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe uses of biotechnology in medicine
• Describe uses of biotechnology in agriculture

It is easy to see how biotechnology can be used for medicinal purposes. Knowledge of the genetic makeup of our
species, the genetic basis of heritable diseases, and the invention of technology to manipulate and fix mutant genes
provides methods to treat diseases. Biotechnology in agriculture can enhance resistance to disease, pests, and
environmental stress to improve both crop yield and quality.

Genetic Diagnosis and Gene Therapy

The process of testing for suspected genetic defects before administering treatment is called genetic diagnosis by
genetic testing. In some cases in which a genetic disease is present in an individual’s family, family members may
be advised to undergo genetic testing. For example, mutations in the BRCA genes may increase the likelihood of
developing breast, ovarian, and some other cancers. A person with breast cancer can be screened for these
mutations. If one of the high-risk mutations is found, relatives may also wish to be screened for that particular
mutation, or simply be more vigilant for the occurrence of cancers. Genetic testing is also offered for fetuses (or
embryos with in vitro fertilization) to determine the presence or absence of disease-causing genes in families with
specific debilitating diseases.

LINK TO LEARNING

See how human DNA is extracted (http://openstax.org/l/DNA_extraction) for uses such as genetic testing.

Gene therapy is a genetic engineering technique that may one day be used to cure certain genetic diseases. In its
simplest form, it involves the introduction of a non-mutated gene at a random location in the genome to cure a
disease by replacing a protein that may be absent in these individuals because of a genetic mutation. The non-
mutated gene is usually introduced into diseased cells as part of a vector transmitted by a virus, such as an
adenovirus, that can infect the host cell and deliver the foreign DNA into the genome of the targeted cell (Figure
10.8). To date, gene therapies have been primarily experimental procedures in humans. A few of these experimental
treatments have been successful, but the methods may be important in the future as the factors limiting its success
are resolved.
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FIGURE 10.8 This diagram shows the steps involved in curing disease with gene therapy using an adenovirus vector. (credit: modification of
work by NIH)

Production of Vaccines, Antibiotics, and Hormones

Traditional vaccination strategies use weakened or inactive forms of microorganisms or viruses to stimulate the
immune system. Modern techniques use specific genes of microorganisms cloned into vectors and mass-produced
in bacteria to make large quantities of specific substances to stimulate the immune system. The substance is then
used as a vaccine. In some cases, such as the H1N1 flu vaccine, genes cloned from the virus have been used to
combat the constantly changing strains of this virus.

Antibiotics kill bacteria and are naturally produced by microorganisms such as fungi; penicillin is perhaps the most
well-known example. Antibiotics are produced on a large scale by cultivating and manipulating fungal cells. The
fungal cells have typically been genetically modified to improve the yields of the antibiotic compound.

Recombinant DNA technology was used to produce large-scale quantities of the human hormone insulin in E. coli as
early as 1978. Previously, it was only possible to treat diabetes with pig insulin, which caused allergic reactions in
many humans because of differences in the insulin molecule. In addition, human growth hormone (HGH) is used to
treat growth disorders in children. The HGH gene was cloned from a cDNA (complementary DNA) library and
inserted into E. coli cells by cloning it into a bacterial vector.

Transgenic Animals

Although several recombinant proteins used in medicine are successfully produced in bacteria, some proteins need
a eukaryotic animal host for proper processing. For this reason, genes have been cloned and expressed in animals
such as sheep, goats, chickens, and mice. Animals that have been modified to express recombinant DNA are called
transgenic animals (Figure 10.9).
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FIGURE 10.9 It can be seen that two of these mice are transgenic because they have a gene that causes them to fluoresce under a UV light.
The non-transgenic mouse does not have the gene that causes fluorescence. (credit: Ingrid Moen et al.)

Several human proteins are expressed in the milk of transgenic sheep and goats. In one commercial example, the
FDA has approved a blood anticoagulant protein that is produced in the milk of transgenic goats for use in humans.
Mice have been used extensively for expressing and studying the effects of recombinant genes and mutations.

Transgenic Plants

Manipulating the DNA of plants (creating genetically modified organisms, or GMOs) has helped to create desirable
traits such as disease resistance, herbicide, and pest resistance, better nutritional value, and better shelf life (Figure
10.10). Plants are the most important source of food for the human population. Farmers developed ways to select
for plant varieties with desirable traits long before modern-day biotechnology practices were established.

FIGURE 10.10 Corn, a major agricultural crop used to create products for a variety of industries, is often modified through plant
biotechnology. (credit: Keith Weller, USDA)

Transgenic plants have received DNA from other species. Because they contain unique combinations of genes and
are not restricted to the laboratory, transgenic plants and other GMOs are closely monitored by government
agencies to ensure that they are fit for human consumption and do not endanger other plant and animal life.
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Because foreign genes can spread to other species in the environment, particularly in the pollen and seeds of plants,
extensive testing is required to ensure ecological stability. Staples like corn, potatoes, and tomatoes were the first
crop plants to be genetically engineered.

Transformation of Plants Using Agrobacterium tumefaciens
In plants, tumors caused by the bacterium Agrobacterium tumefaciens occur by transfer of DNA from the bacterium
to the plant. The artificial introduction of DNA into plant cells is more challenging than in animal cells because of the
thick plant cell wall. Researchers used the natural transfer of DNA from Agrobacterium to a plant host to introduce
DNA fragments of their choice into plant hosts. In nature, the disease-causing A. tumefaciens have a set of plasmids
that contain genes that integrate into the infected plant cell’s genome. Researchers manipulate the plasmids to
carry the desired DNA fragment and insert it into the plant genome.

The Organic Insecticide Bacillus thuringiensis
Bacillus thuringiensis (Bt) is a bacterium that produces protein crystals that are toxic to many insect species that
feed on plants. Insects that have eaten Bt toxin stop feeding on the plants within a few hours. After the toxin is
activated in the intestines of the insects, death occurs within a couple of days. The crystal toxin genes have been
cloned from the bacterium and introduced into plants, therefore allowing plants to produce their own crystal Bt
toxin that acts against insects. Bt toxin is safe for the environment and non-toxic to mammals (including humans).
As a result, it has been approved for use by organic farmers as a natural insecticide. There is some concern,
however, that insects may evolve resistance to the Bt toxin in the same way that bacteria evolve resistance to
antibiotics.

FlavrSavr Tomato
The first GM crop to be introduced into the market was the FlavrSavr Tomato produced in 1994. Molecular genetic
technology was used to slow down the process of softening and rotting caused by fungal infections, which led to
increased shelf life of the GM tomatoes. Additional genetic modification improved the flavor of this tomato. The
FlavrSavr tomato did not successfully stay in the market because of problems maintaining and shipping the crop.

10.3 Genomics and Proteomics
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Define genomics and proteomics
• Define whole genome sequencing
• Explain different applications of genomics and proteomics

The study of nucleic acids began with the discovery of DNA, progressed to the study of genes and small fragments,
and has now exploded to the field of genomics. Genomics is the study of entire genomes, including the complete set
of genes, their nucleotide sequence and organization, and their interactions within a species and with other species.
The advances in genomics have been made possible by DNA sequencing technology. Just as information technology
has led to Google Maps that enable us to get detailed information about locations around the globe, genomic
information is used to create similar maps of the DNA of different organisms.

Mapping Genomes

Genome mapping is the process of finding the location of genes on each chromosome. The maps that are created
are comparable to the maps that we use to navigate streets. A genetic map is an illustration that lists genes and
their location on a chromosome. Genetic maps provide the big picture (similar to a map of interstate highways) and
use genetic markers (similar to landmarks). A genetic marker is a gene or sequence on a chromosome that shows
genetic linkage with a trait of interest. The genetic marker tends to be inherited with the gene of interest, and one
measure of distance between them is the recombination frequency during meiosis. Early geneticists called this
linkage analysis.

Physical maps get into the intimate details of smaller regions of the chromosomes (similar to a detailed road map)
(Figure 10.11). A physical map is a representation of the physical distance, in nucleotides, between genes or genetic
markers. Both genetic linkage maps and physical maps are required to build a complete picture of the genome.
Having a complete map of the genome makes it easier for researchers to study individual genes. Human genome
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maps help researchers in their efforts to identify human disease-causing genes related to illnesses such as cancer,
heart disease, and cystic fibrosis, to name a few. In addition, genome mapping can be used to help identify
organisms with beneficial traits, such as microbes with the ability to clean up pollutants or even prevent pollution.
Research involving plant genome mapping may lead to methods that produce higher crop yields or to the
development of plants that adapt better to climate change.

FIGURE 10.11 This is a physical map of the human X chromosome. (credit: modification of work by NCBI, NIH)

Genetic maps provide the outline, and physical maps provide the details. It is easy to understand why both types of
genome-mapping techniques are important to show the big picture. Information obtained from each technique is
used in combination to study the genome. Genomic mapping is used with different model organisms that are used
for research. Genome mapping is still an ongoing process, and as more advanced techniques are developed, more
advances are expected. Genome mapping is similar to completing a complicated puzzle using every piece of
available data. Mapping information generated in laboratories all over the world is entered into central databases,
such as the National Center for Biotechnology Information (NCBI). Efforts are made to make the information more
easily accessible to researchers and the general public. Just as we use global positioning systems instead of paper
maps to navigate through roadways, NCBI allows us to use a genome viewer tool to simplify the data mining
process.
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LINK TO LEARNING

Online Mendelian Inheritance in Man (OMIM) (http://openstax.org/l/OMIM2) is a searchable online catalog of human
genes and genetic disorders. This website shows genome mapping, and also details the history and research of each
trait and disorder. Click the link to search for traits (such as handedness) and genetic disorders (such as diabetes).

Whole Genome Sequencing

Although there have been significant advances in the medical sciences in recent years, doctors are still confounded
by many diseases and researchers are using whole genome sequencing to get to the bottom of the problem. Whole
genome sequencing is a process that determines the DNA sequence of an entire genome. Whole genome
sequencing is a brute-force approach to problem solving when there is a genetic basis at the core of a disease.
Several laboratories now provide services to sequence, analyze, and interpret entire genomes.

In 2010, whole genome sequencing was used to save a young boy whose intestines had multiple mysterious
abscesses. The child had several colon operations with no relief. Finally, a whole genome sequence revealed a
defect in a pathway that controls apoptosis (programmed cell death). A bone marrow transplant was used to
overcome this genetic disorder, leading to a cure for the boy. He was the first person to be successfully diagnosed
using whole genome sequencing.

The first genomes to be sequenced, such as those belonging to viruses, bacteria, and yeast, were smaller in terms of
the number of nucleotides than the genomes of multicellular organisms. The genomes of other model organisms,
such as the mouse (Mus musculus), the fruit fly (Drosophila melanogaster), and the nematode (Caenorhabditis
elegans) are now known. A great deal of basic research is performed in model organisms because the information
can be applied to other organisms. A model organism is a species that is studied as a model to understand the
biological processes in other species that can be represented by the model organism. For example, fruit flies are
able to metabolize alcohol like humans, so the genes affecting sensitivity to alcohol have been studied in fruit flies in
an effort to understand the variation in sensitivity to alcohol in humans. Having entire genomes sequenced helps
with the research efforts in these model organisms (Figure 10.12).

FIGURE 10.12 Much basic research is done with model organisms, such as the mouse, Mus musculus; the fruit fly, Drosophila
melanogaster; the nematode Caenorhabditis elegans; the yeast Saccharomyces cerevisiae; and the common weed, Arabidopsis thaliana.
(credit "mouse": modification of work by Florean Fortescue; credit "nematodes": modification of work by "snickclunk"/Flickr; credit
"common weed": modification of work by Peggy Greb, USDA; scale-bar data from Matt Russell)

The first human genome sequence was published in 2003. The number of whole genomes that have been
sequenced steadily increases and now includes hundreds of species and thousands of individual human genomes.
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Applying Genomics

The introduction of DNA sequencing and whole genome sequencing projects, particularly the Human Genome
Project, has expanded the applicability of DNA sequence information. Genomics is now being used in a wide variety
of fields, such as metagenomics, pharmacogenomics, and mitochondrial genomics. The most commonly known
application of genomics is to understand and find cures for diseases.

Predicting Disease Risk at the Individual Level
Predicting the risk of disease involves screening and identifying currently healthy individuals by genome analysis at
the individual level. Intervention with lifestyle changes and drugs can be recommended before disease onset.
However, this approach is most applicable when the problem arises from a single gene mutation. Such defects only
account for about 5 percent of diseases found in developed countries. Most of the common diseases, such as heart
disease, are multifactorial or polygenic, which refers to a phenotypic characteristic that is determined by two or
more genes, and also environmental factors such as diet. In April 2010, scientists at Stanford University published
the genome analysis of a healthy individual (Stephen Quake, a scientist at Stanford University, who had his genome
sequenced); the analysis predicted his propensity to acquire various diseases. A risk assessment was done to
analyze Quake’s percentage of risk for 55 different medical conditions. A rare genetic mutation was found that
showed him to be at risk for sudden heart attack. He was also predicted to have a 23 percent risk of developing
prostate cancer and a 1.4 percent risk of developing Alzheimer’s disease. The scientists used databases and several
publications to analyze the genomic data. Even though genomic sequencing is becoming more affordable and
analytical tools are becoming more reliable, ethical issues surrounding genomic analysis at a population level
remain to be addressed. For example, could such data be legitimately used to charge more or less for insurance or
to affect credit ratings?

Gene Editing
For thousands of years, humans have engaged in some level of control over genes and heredity regarding the plants
and animals we rely on. The technology now exists to exert that control more directly by precisely altering the DNA
of organisms. The technique is usually referred to as CRISPR, for the portions of DNA it targets: "Clustered Regularly
Interspaced Short Palindromic Repeats." In essence, DNA contains repetitive sequences with "spacers" between
them. CRISPR-associated nucleases (known as "Cas") are enzymes that can identify, attach to, and cut the strand at
precise locations. In 2012, Jennifer Doudna and Emmanuelle Charpentier developed a method to combine the Cas
nuclease with a synthetically produced "guide RNA" that leads the nuclease to selected locations on the DNA
strand. The discovery revolutionized gene editing. Researchers around the world have used CRISPR to manipulate
the actual DNA of plants, animals, laboratory cell lines, and (in trials) human patients. Doudna and Charpentier were
awarded the Nobel Prize for their work.

Gene editing is so promising because it can be used experimentally to understand disease or organismal limitations,
then be applied to overcome those issues. For example, in a human trial, cancerous cells were removed from a
person, edited to remove their cancerous properties at the DNA level, and reintroduced into the patient so that
those now edited cells could multiply and replace the cancerous ones. Using the person's own cells increases the
likelihood of acceptance and success.

Like other applications of genomics, the prospect of directly editing genes brings up a number of ethical issues. Both
Doudna and Chapentier, as well as many other genetic engineers, support only certain CRISPR applications. And
many governments and other entities place strict guidelines on the uses of the powerful technology.

Genome-wide Association Studies
Since 2005, it has been possible to conduct a type of study called a genome-wide association study, or GWAS. A
GWAS is a method that identifies differences between individuals in single nucleotide polymorphisms (SNPs) that
may be involved in causing diseases. The method is particularly suited to diseases that may be affected by one or
many genetic changes throughout the genome. It is very difficult to identify the genes involved in such a disease
using family history information. The GWAS method relies on a genetic database that has been in development since
2002 called the International HapMap Project. The HapMap Project sequenced the genomes of several hundred
individuals from around the world and identified groups of SNPs. The groups include SNPs that are located near to
each other on chromosomes so they tend to stay together through recombination. The fact that the group stays
together means that identifying one marker SNP is all that is needed to identify all the SNPs in the group. There are
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several million SNPs identified, but identifying them in other individuals who have not had their complete genome
sequenced is much easier because only the marker SNPs need to be identified.

In a common design for a GWAS, two groups of individuals are chosen; one group has the disease, and the other
group does not. The individuals in each group are matched in other characteristics to reduce the effect of
confounding variables causing differences between the two groups. For example, the genotypes may differ because
the two groups are mostly taken from different parts of the world. Once the individuals are chosen, and typically
their numbers are a thousand or more for the study to work, samples of their DNA are obtained. The DNA is analyzed
using automated systems to identify large differences in the percentage of particular SNPs between the two groups.
Often the study examines a million or more SNPs in the DNA. The results of GWAS can be used in two ways: the
genetic differences may be used as markers for susceptibility to the disease in undiagnosed individuals, and the
particular genes identified can be targets for research into the molecular pathway of the disease and potential
therapies. An offshoot of the discovery of gene associations with disease has been the formation of companies that
provide so-called “personal genomics” that will identify risk levels for various diseases based on an individual’s SNP
complement. The science behind these services is controversial.

Because GWAS looks for associations between genes and disease, these studies provide data for other research into
causes, rather than answering specific questions themselves. An association between a gene difference and a
disease does not necessarily mean there is a cause-and-effect relationship. However, some studies have provided
useful information about the genetic causes of diseases. For example, three different studies in 2005 identified a
gene for a protein involved in regulating inflammation in the body that is associated with a disease-causing
blindness called age-related macular degeneration. This opened up new possibilities for research into the cause of
this disease. A large number of genes have been identified to be associated with Crohn’s disease using GWAS, and
some of these have suggested new hypothetical mechanisms for the cause of the disease.

Pharmacogenomics
Pharmacogenomics involves evaluating the effectiveness and safety of drugs on the basis of information from an
individual's genomic sequence. Personal genome sequence information can be used to prescribe medications that
will be most effective and least toxic on the basis of the individual patient’s genotype. Studying changes in gene
expression could provide information about the gene transcription profile in the presence of the drug, which can be
used as an early indicator of the potential for toxic effects. For example, genes involved in cellular growth and
controlled cell death, when disturbed, could lead to the growth of cancerous cells. Genome-wide studies can also
help to find new genes involved in drug toxicity. The gene signatures may not be completely accurate, but can be
tested further before pathologic symptoms arise.

Metagenomics
Traditionally, microbiology has been taught with the view that microorganisms are best studied under pure culture
conditions, which involves isolating a single type of cell and culturing it in the laboratory. Because microorganisms
can go through several generations in a matter of hours, their gene expression profiles adapt to the new laboratory
environment very quickly. On the other hand, many species resist being cultured in isolation. Most microorganisms
do not live as isolated entities, but in microbial communities known as biofilms. For all of these reasons, pure
culture is not always the best way to study microorganisms. Metagenomics is the study of the collective genomes of
multiple species that grow and interact in an environmental niche. Metagenomics can be used to identify new
species more rapidly and to analyze the effect of pollutants on the environment (Figure 10.13). Metagenomics
techniques can now also be applied to communities of higher eukaryotes, such as fish.
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FIGURE 10.13 Metagenomics involves isolating DNA from multiple species within an environmental niche. The DNA is cut up and
sequenced, allowing entire genome sequences of multiple species to be reconstructed from the sequences of overlapping pieces.

Creation of New Biofuels
Knowledge of the genomics of microorganisms is being used to find better ways to harness biofuels from algae and
cyanobacteria. The primary sources of fuel today are coal, oil, wood, and other plant products such as ethanol.
Although plants are renewable resources, there is still a need to find more alternative renewable sources of energy
to meet our population’s energy demands. The microbial world is one of the largest resources for genes that encode
new enzymes and produce new organic compounds, and it remains largely untapped. This vast genetic resource
holds the potential to provide new sources of biofuels (Figure 10.14).

FIGURE 10.14 Renewable fuels were tested in Navy ships and aircraft at the first Naval Energy Forum. (credit: modification of work by John
F. Williams, US Navy)
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Mitochondrial Genomics
Mitochondria are intracellular organelles that contain their own DNA. Mitochondrial DNA mutates at a rapid rate and
is often used to study evolutionary relationships. Another feature that makes studying the mitochondrial genome
interesting is that in most multicellular organisms, the mitochondrial DNA is passed on from the mother during the
process of fertilization. For this reason, mitochondrial genomics is often used to trace genealogy.

Genomics in Forensic Analysis
Information and clues obtained from DNA samples found at crime scenes have been used as evidence in court
cases, and genetic markers have been used in forensic analysis. Genomic analysis has also become useful in this
field. In 2001, the first use of genomics in forensics was published. It was a collaborative effort between academic
research institutions and the FBI to solve the mysterious cases of anthrax (Figure 10.15) that was transported by
the US Postal Service. Anthrax bacteria were made into an infectious powder and mailed to news media and two
U.S. Senators. The powder infected the administrative staff and postal workers who opened or handled the letters.
Five people died, and 17 were sickened from the bacteria. Using microbial genomics, researchers determined that a
specific strain of anthrax was used in all the mailings; eventually, the source was traced to a scientist at a national
biodefense laboratory in Maryland.

FIGURE 10.15 Bacillus anthracis is the organism that causes anthrax. (credit: modification of work by CDC; scale-bar data from Matt
Russell)

Genomics in Agriculture
Genomics can reduce the trials and failures involved in scientific research to a certain extent, which could improve
the quality and quantity of crop yields in agriculture (Figure 10.16). Linking traits to genes or gene signatures helps
to improve crop breeding to generate hybrids with the most desirable qualities. Scientists use genomic data to
identify desirable traits, and then transfer those traits to a different organism to create a new genetically modified
organism, as described in the previous module. Scientists are discovering how genomics can improve the quality
and quantity of agricultural production. For example, scientists could use desirable traits to create a useful product
or enhance an existing product, such as making a drought-sensitive crop more tolerant of the dry season.
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FIGURE 10.16 Transgenic agricultural plants can be made to resist disease. These transgenic plums are resistant to the plum pox virus.
(credit: Scott Bauer, USDA ARS)

Proteomics
Proteins are the final products of genes that perform the function encoded by the gene. Proteins are composed of
amino acids and play important roles in the cell. All enzymes (except ribozymes) are proteins and act as catalysts
that affect the rate of reactions. Proteins are also regulatory molecules, and some are hormones. Transport proteins,
such as hemoglobin, help transport oxygen to various organs. Antibodies that defend against foreign particles are
also proteins. In the diseased state, protein function can be impaired because of changes at the genetic level or
because of direct impact on a specific protein.

A proteome is the entire set of proteins produced by a cell type. Proteomes can be studied using the knowledge of
genomes because genes code for mRNAs, and the mRNAs encode proteins. The study of the function of proteomes
is called proteomics. Proteomics complements genomics and is useful when scientists want to test their
hypotheses that were based on genes. Even though all cells in a multicellular organism have the same set of genes,
the set of proteins produced in different tissues is different and dependent on gene expression. Thus, the genome is
constant, but the proteome varies and is dynamic within an organism. In addition, RNAs can be alternatively spliced
(cut and pasted to create novel combinations and novel proteins), and many proteins are modified after translation.
Although the genome provides a blueprint, the final architecture depends on several factors that can change the
progression of events that generate the proteome.

Genomes and proteomes of patients suffering from specific diseases are being studied to understand the genetic
basis of the disease. The most prominent disease being studied with proteomic approaches is cancer (Figure 10.17).
Proteomic approaches are being used to improve the screening and early detection of cancer; this is achieved by
identifying proteins whose expression is affected by the disease process. An individual protein is called a
biomarker, whereas a set of proteins with altered expression levels is called a protein signature. For a biomarker or
protein signature to be useful as a candidate for early screening and detection of a cancer, it must be secreted in
body fluids such as sweat, blood, or urine, so that large-scale screenings can be performed in a noninvasive fashion.
The current problem with using biomarkers for the early detection of cancer is the high rate of false-negative results.
A false-negative result is a negative test result that should have been positive. In other words, many cases of cancer
go undetected, which makes biomarkers unreliable. Some examples of protein biomarkers used in cancer detection
are CA-125 for ovarian cancer and PSA for prostate cancer. Protein signatures may be more reliable than biomarkers
to detect cancer cells. Proteomics is also being used to develop individualized treatment plans, which involves the
prediction of whether or not an individual will respond to specific drugs and the side effects that the individual may
have. Proteomics is also being used to predict the possibility of disease recurrence.
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FIGURE 10.17 This machine is preparing to do a proteomic pattern analysis to identify specific cancers so that an accurate cancer
prognosis can be made. (credit: Dorie Hightower, NCI, NIH)

The National Cancer Institute has developed programs to improve the detection and treatment of cancer. The
Clinical Proteomic Technologies for Cancer and the Early Detection Research Network are efforts to identify protein
signatures specific to different types of cancers. The Biomedical Proteomics Program is designed to identify protein
signatures and design effective therapies for cancer patients.
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Key Terms
anneal in molecular biology, the process by which

two single strands of DNA hydrogen bond at
complementary nucleotides to form a double-
stranded molecule

biomarker an individual protein that is uniquely
produced in a diseased state

biotechnology the use of artificial methods to modify
the genetic material of living organisms or cells to
produce novel compounds or to perform new
functions

cloning the production of an exact copy—specifically,
an exact genetic copy—of a gene, cell, or organism

gel electrophoresis a technique used to separate
molecules on the basis of their ability to migrate
through a semisolid gel in response to an electric
current

gene therapy the technique used to cure heritable
diseases by replacing mutant genes with good
genes

genetic engineering alteration of the genetic makeup
of an organism using the molecular methods of
biotechnology

genetic map an outline of genes and their location on
a chromosome that is based on recombination
frequencies between markers

genetic testing identifying gene variants in an
individual that may lead to a genetic disease in that
individual

genetically modified organism (GMO) an organism
whose genome has been artificially changed

genomics the study of entire genomes, including the
complete set of genes, their nucleotide sequence
and organization, and their interactions within a
species and with other species

metagenomics the study of the collective genomes of
multiple species that grow and interact in an
environmental niche

model organism a species that is studied and used as

a model to understand the biological processes in
other species represented by the model organism

pharmacogenomics the study of drug interactions
with the genome or proteome; also called
toxicogenomics

physical map a representation of the physical
distance between genes or genetic markers

plasmid a small circular molecule of DNA found in
bacteria that replicates independently of the main
bacterial chromosome; plasmids code for some
important traits for bacteria and can be used as
vectors to transport DNA into bacteria in genetic
engineering applications

polymerase chain reaction (PCR) a technique used
to make multiple copies of DNA

protein signature a set of over- or under-expressed
proteins characteristic of cells in a particular
diseased tissue

proteomics study of the function of proteomes
recombinant DNA a combination of DNA fragments

generated by molecular cloning that does not exist
in nature

recombinant protein a protein that is expressed from
recombinant DNA molecules

reproductive cloning cloning of entire organisms
restriction enzyme an enzyme that recognizes a

specific nucleotide sequence in DNA and cuts the
DNA double strand at that recognition site, often
with a staggered cut leaving short single strands or
“sticky” ends

reverse genetics a form of genetic analysis that
manipulates DNA to disrupt or affect the product of
a gene to analyze the gene’s function

transgenic describing an organism that receives DNA
from a different species

whole genome sequencing a process that
determines the nucleotide sequence of an entire
genome

Chapter Summary
10.1 Cloning and Genetic Engineering

Nucleic acids can be isolated from cells for the
purposes of further analysis by breaking open the cells
and enzymatically destroying all other major
macromolecules. Fragmented or whole chromosomes
can be separated on the basis of size by gel
electrophoresis. Short stretches of DNA can be
amplified by PCR. DNA can be cut (and subsequently
re-spliced together) using restriction enzymes. The
molecular and cellular techniques of biotechnology
allow researchers to genetically engineer organisms,

modifying them to achieve desirable traits.

Cloning may involve cloning small DNA fragments
(molecular cloning), or cloning entire organisms
(reproductive cloning). In molecular cloning with
bacteria, a desired DNA fragment is inserted into a
bacterial plasmid using restriction enzymes and the
plasmid is taken up by a bacterium, which will then
express the foreign DNA. Using other techniques,
foreign genes can be inserted into eukaryotic
organisms. In each case, the organisms are called
transgenic organisms. In reproductive cloning, a donor
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nucleus is put into an enucleated egg cell, which is
then stimulated to divide and develop into an
organism.

In reverse genetics methods, a gene is mutated or
removed in some way to identify its effect on the
phenotype of the whole organism as a way to
determine its function.

10.2 Biotechnology in Medicine and
Agriculture

Genetic testing is performed to identify disease-
causing genes, and can be used to benefit affected
individuals and their relatives who have not developed
disease symptoms yet. Gene therapy—by which
functioning genes are incorporated into the genomes of
individuals with a non-functioning mutant gene—has
the potential to cure heritable diseases. Transgenic
organisms possess DNA from a different species,
usually generated by molecular cloning techniques.
Vaccines, antibiotics, and hormones are examples of
products obtained by recombinant DNA technology.
Transgenic animals have been created for experimental
purposes and some are used to produce some human
proteins.

Genes are inserted into plants, using plasmids in the
bacterium Agrobacterium tumefaciens, which infects
plants. Transgenic plants have been created to improve
the characteristics of crop plants—for example, by
giving them insect resistance by inserting a gene for a
bacterial toxin.

10.3 Genomics and Proteomics

Genome mapping is similar to solving a big,
complicated puzzle with pieces of information coming
from laboratories all over the world. Genetic maps

provide an outline for the location of genes within a
genome, and they estimate the distance between
genes and genetic markers on the basis of the
recombination frequency during meiosis. Physical
maps provide detailed information about the physical
distance between the genes. The most detailed
information is available through sequence mapping.
Information from all mapping and sequencing sources
is combined to study an entire genome.

Whole genome sequencing is the latest available
resource to treat genetic diseases. Some doctors are
using whole genome sequencing to save lives.
Genomics has many industrial applications, including
biofuel development, agriculture, pharmaceuticals, and
pollution control.

Imagination is the only barrier to the applicability of
genomics. Genomics is being applied to most fields of
biology; it can be used for personalized medicine,
prediction of disease risks at an individual level, the
study of drug interactions before the conduction of
clinical trials, and the study of microorganisms in the
environment as opposed to the laboratory. It is also
being applied to the generation of new biofuels,
genealogical assessment using mitochondria,
advances in forensic science, and improvements in
agriculture.

Proteomics is the study of the entire set of proteins
expressed by a given type of cell under certain
environmental conditions. In a multicellular organism,
different cell types will have different proteomes, and
these will vary with changes in the environment. Unlike
a genome, a proteome is dynamic and under constant
flux, which makes it more complicated and more useful
than the knowledge of genomes alone.

Visual Connection Questions
1. Figure 10.7 Why was Dolly a Finn-Dorset and not a

Scottish Blackface sheep?

Review Questions
2. In gel electrophoresis of DNA, the different bands in

the final gel form because the DNA molecules
________.
a. are from different organisms
b. have different lengths
c. have different nucleotide compositions
d. have different genes

3. In the reproductive cloning of an animal, the
genome of the cloned individual comes from
________.
a. a sperm cell
b. an egg cell
c. any gamete cell
d. a body cell
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4. What carries a gene from one organism into a
bacteria cell?
a. a plasmid
b. an electrophoresis gel
c. a restriction enzyme
d. polymerase chain reaction

5. What is a genetically modified organism (GMO)?
a. a plant with certain genes removed
b. an organism with an artificially altered genome
c. a hybrid organism
d. any agricultural organism produced by

breeding or biotechnology

6. What is the role of Agrobacterium tumefaciens in
the production of transgenic plants?
a. Genes from A. tumefaciens are inserted into

plant DNA to give the plant different traits.
b. Transgenic plants have been given resistance

to the pest A. tumefaciens.
c. A. tumefaciens is used as a vector to move

genes into plant cells.
d. Plant genes are incorporated into the genome

of Agrobacterium tumefaciens.

7. What is the most challenging issue facing genome
sequencing?
a. the inability to develop fast and accurate

sequencing techniques
b. the ethics of using information from genomes

at the individual level
c. the availability and stability of DNA
d. all of the above

8. Genomics can be used in agriculture to:
a. generate new hybrid strains
b. improve disease resistance
c. improve yield
d. all of the above

9. What kind of diseases are studied using genome-
wide association studies?
a. viral diseases
b. single-gene inherited diseases
c. diseases caused by multiple genes
d. diseases caused by environmental factors

Critical Thinking Questions
10. What is the purpose and benefit of the polymerase

chain reaction?

11. Today, it is possible for a diabetic patient to
purchase human insulin from a pharmacist. What
technology makes this possible and why is it a
benefit over how things used to be?

12. Describe two of the applications for genome
mapping.

13. Identify a possible advantage and a possible
disadvantage of a genetic test that would identify
genes in individuals that increase their probability
of having Alzheimer's disease later in life.
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INTRODUCTION

CHAPTER 11
Evolution and Its Processes

11.1 Discovering How Populations Change
11.2 Mechanisms of Evolution
11.3 Evidence of Evolution
11.4 Speciation
11.5 Common Misconceptions about Evolution

All species of living organisms—from the bacteria on our skin, to the trees in our
yards, to the birds outside—evolved at some point from a different species. Although it may seem
that living things today stay much the same from generation to generation, that is not the case:
evolution is ongoing. Evolution is the process through which the characteristics of species change
and through which new species arise.

FIGURE 11.1 The diversity of life on Earth is the result of evolution, a continuous process that is still occurring. (credit
“wolf”: modification of work by Gary Kramer, USFWS; credit “coral”: modification of work by William Harrigan, NOAA;
credit “river”: modification of work by Vojtěch Dostál; credit “protozoa”: modification of work by Sharon Franklin,
Stephen Ausmus, USDA ARS; credit “fish” modification of work by Christian Mehlführer; credit “mushroom”, “bee”:
modification of work by Cory Zanker; credit “tree”: modification of work by Joseph Kranak)

CHAPTER OUTLINE



The theory of evolution is the unifying theory of biology, meaning it is the framework within which
biologists ask questions about the living world. Its power is that it provides direction for
predictions about living things that are borne out in experiment after experiment. The Ukrainian-
born American geneticist Theodosius Dobzhansky famously wrote that “nothing makes sense in
biology except in the light of evolution.”1 He meant that the principle that all life has evolved and
diversified from a common ancestor is the foundation from which we understand all other
questions in biology. This chapter will explain some of the mechanisms for evolutionary change
and the kinds of questions that biologists can and have answered using evolutionary theory.

11.1 Discovering How Populations Change
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain how Darwin’s theory of evolution differed from the current view at the time
• Describe how the present-day theory of evolution was developed
• Describe how population genetics is used to study the evolution of populations

The theory of evolution by natural selection describes a mechanism for species change over time.
That species change had been suggested and debated well before Darwin. The view that species
were static and unchanging was grounded in the writings of Plato, yet there were also ancient
Greeks that expressed evolutionary ideas.

In the eighteenth century, ideas about the evolution of animals were reintroduced by the
naturalist Georges-Louis Leclerc, Comte de Buffon and even by Charles Darwin’s grandfather,
Erasmus Darwin. During this time, it was also accepted that there were extinct species. At the
same time, James Hutton, the Scottish naturalist, proposed that geological change occurred
gradually by the accumulation of small changes from processes (over long periods of time) just
like those happening today. This contrasted with the predominant view that the geology of the
planet was a consequence of catastrophic events occurring during a relatively brief past. Hutton’s
view was later popularized by the geologist Charles Lyell in the nineteenth century. Lyell became a
friend to Darwin and his ideas were very influential on Darwin’s thinking. Lyell argued that the
greater age of Earth gave more time for gradual change in species, and the process provided an
analogy for gradual change in species.

In the early nineteenth century, Jean-Baptiste Lamarck published a book that detailed a
mechanism for evolutionary change that is now referred to as inheritance of acquired
characteristics. In Lamarck’s theory, modifications in an individual caused by its environment, or
the use or disuse of a structure during its lifetime, could be inherited by its offspring and, thus,
bring about change in a species. While this mechanism for evolutionary change as described by
Lamarck was discredited, Lamarck’s ideas were an important influence on evolutionary thought.
The inscription on the statue of Lamarck that stands at the gates of the Jardin des Plantes in Paris
describes him as the “founder of the doctrine of evolution.”

1 Theodosius Dobzhansky. “Biology, Molecular and Organismic.” American Zoologist 4, no. 4 (1964): 449.
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Charles Darwin and Natural Selection

The actual mechanism for evolution was independently conceived of and described by two naturalists, Charles
Darwin and Alfred Russell Wallace, in the mid-nineteenth century. Importantly, each spent time exploring the
natural world on expeditions to the tropics. From 1831 to 1836, Darwin traveled around the world on H.M.S. Beagle,
visiting South America, Australia, and the southern tip of Africa. Wallace traveled to Brazil to collect insects in the
Amazon rainforest from 1848 to 1852 and to the Malay Archipelago from 1854 to 1862. Darwin’s journey, like
Wallace’s later journeys in the Malay Archipelago, included stops at several island chains, the last being the
Galápagos Islands (west of Ecuador). On these islands, Darwin observed species of organisms on different islands
that were clearly similar, yet had distinct differences. For example, the ground finches inhabiting the Galápagos
Islands comprised several species that each had a unique beak shape (Figure 11.2). He observed both that these
finches closely resembled another finch species on the mainland of South America and that the group of species in
the Galápagos formed a graded series of beak sizes and shapes, with very small differences between the most
similar. Darwin imagined that the island species might be all species modified from one original mainland species. In
1860, he wrote, “Seeing this gradation and diversity of structure in one small, intimately related group of birds, one
might really fancy that from an original paucity of birds in this archipelago, one species had been taken and modified
for different ends.”2

FIGURE 11.2 Darwin observed that beak shape varies among finch species. He postulated that the beak of an ancestral species had
adapted over time to equip the finches to acquire different food sources. This illustration shows the beak shapes for four species of ground
finch: 1. Geospiza magnirostris (the large ground finch), 2. G. fortis (the medium ground finch), 3. G. parvula (the small tree finch), and 4.
Certhidea olivacea (the green-warbler finch).

Wallace and Darwin both observed similar patterns in other organisms and independently conceived a mechanism
to explain how and why such changes could take place. Darwin called this mechanism natural selection. Natural
selection, Darwin argued, was an inevitable outcome of three principles that operated in nature. First, the
characteristics of organisms are inherited, or passed from parent to offspring. Second, more offspring are produced
than are able to survive; in other words, resources for survival and reproduction are limited. The capacity for
reproduction in all organisms outstrips the availability of resources to support their numbers. Thus, there is a
competition for those resources in each generation. Both Darwin and Wallace’s understanding of this principle came
from reading an essay by the economist Thomas Malthus, who discussed this principle in relation to human
populations. Third, offspring vary among each other in regard to their characteristics and those variations are
inherited. Out of these three principles, Darwin and Wallace reasoned that offspring with inherited characteristics
that allow them to best compete for limited resources will survive and have more offspring than those individuals
with variations that are less able to compete. Because characteristics are inherited, these traits will be better
represented in the next generation. This will lead to change in populations over generations in a process that Darwin

2 Charles Darwin, Journal of Researches into the Natural History and Geology of the Countries Visited during the Voyage of H.M.S. Beagle
Round the World, under the Command of Capt. Fitz Roy, R.N, 2nd. ed. (London: John Murray, 1860), http://www.archive.org/details/
journalofresea00darw.
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called “descent with modification.”

Papers by Darwin and Wallace (Figure 11.3) presenting the idea of natural selection were read together in 1858
before the Linnaean Society in London. The following year Darwin’s book, On the Origin of Species, was published,
which outlined in considerable detail his arguments for evolution by natural selection.

FIGURE 11.3 (a) Charles Darwin and (b) Alfred Wallace wrote scientific papers on natural selection that were presented together before the
Linnean Society in 1858.

Demonstrations of evolution by natural selection can be time consuming. One of the best demonstrations has been
in the very birds that helped to inspire the theory, the Galápagos finches. Peter and Rosemary Grant and their
colleagues have studied Galápagos finch populations every year since 1976 and have provided important
demonstrations of the operation of natural selection. The Grants found changes from one generation to the next in
the beak shapes of the medium ground finches on the Galápagos island of Daphne Major. The medium ground finch
feeds on seeds. The birds have inherited variation in the bill shape with some individuals having wide, deep bills and
others having thinner bills. Large-billed birds feed more efficiently on large, hard seeds, whereas smaller billed birds
feed more efficiently on small, soft seeds. During 1977, a drought period altered vegetation on the island. After this
period, the number of seeds declined dramatically: the decline in small, soft seeds was greater than the decline in
large, hard seeds. The large-billed birds were able to survive better than the small-billed birds the following year.
The year following the drought when the Grants measured beak sizes in the much-reduced population, they found
that the average bill size was larger (Figure 11.4). This was clear evidence for natural selection (differences in
survival) of bill size caused by the availability of seeds. The Grants had studied the inheritance of bill sizes and knew
that the surviving large-billed birds would tend to produce offspring with larger bills, so the selection would lead to
evolution of bill size. Subsequent studies by the Grants have demonstrated selection on and evolution of bill size in
this species in response to changing conditions on the island. The evolution has occurred both to larger bills, as in
this case, and to smaller bills when large seeds became rare.

FIGURE 11.4 A drought on the Galápagos island of Daphne Major in 1977 reduced the number of small seeds available to finches, causing
many of the small-beaked finches to die. This caused an increase in the finches’ average beak size between 1976 and 1978.

Variation and Adaptation
Natural selection can only take place if there is variation, or differences, among individuals in a population.
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Importantly, these differences must have some genetic basis; otherwise, selection will not lead to change in the
next generation. This is critical because variation among individuals can be caused by non-genetic reasons, such as
an individual being taller because of better nutrition rather than different genes.

Genetic diversity in a population comes from two main sources: mutation and sexual reproduction. Mutation, a
change in DNA, is the ultimate source of new alleles or new genetic variation in any population. An individual that
has a mutated gene might have a different trait than other individuals in the population. However, this is not always
the case. A mutation can have one of three outcomes on the organisms’ appearance (or phenotype):

• A mutation may affect the phenotype of the organism in a way that gives it reduced fitness—lower likelihood of
survival, resulting in fewer offspring.

• A mutation may produce a phenotype with a beneficial effect on fitness.
• Many mutations, called neutral mutations, will have no effect on fitness.

Mutations may also have a whole range of effect sizes on the fitness of the organism that expresses them in their
phenotype, from a small effect to a great effect. Sexual reproduction and crossing over in meiosis also lead to
genetic diversity: when two parents reproduce, unique combinations of alleles assemble to produce unique
genotypes and, thus, phenotypes in each of the offspring.

A heritable trait that aids the survival and reproduction of an organism in its present environment is called an
adaptation. An adaptation is a “match” of the organism to the environment. Adaptation to an environment comes
about when a change in the range of genetic variation occurs over time that increases or maintains the match of the
population with its environment. The variations in finch beaks shifted from generation to generation providing
adaptation to food availability.

Whether or not a trait is favorable depends on the environment at the time. The same traits do not always have the
same relative benefit or disadvantage because environmental conditions can change. For example, finches with
large bills were benefited in one climate, while small bills were a disadvantage; in a different climate, the
relationship reversed.

Patterns of Evolution
The evolution of species has resulted in enormous variation in form and function. When two species evolve in
different directions from a common point, it is called divergent evolution. Such divergent evolution can be seen in
the forms of the reproductive organs of flowering plants, which share the same basic anatomies; however, they can
look very different as a result of selection in different physical environments, and adaptation to different kinds of
pollinators (Figure 11.5).

FIGURE 11.5 Flowering plants evolved from a common ancestor. Notice that the (a) dense blazing star and (b) purple coneflower vary in
appearance, yet both share a similar basic morphology. (credit a, b: modification of work by Cory Zanker)

In other cases, similar phenotypes evolve independently in distantly related species. For example, flight has evolved
in both bats and insects, and they both have structures we refer to as wings, which are adaptations to flight. The
wings of bats and insects, however, evolved from very different original structures. When similar structures arise
through evolution independently in different species it is called convergent evolution. The wings of bats and insects
are called analogous structures; they are similar in function and appearance, but do not share an origin in a
common ancestor. Instead they evolved independently in the two lineages. The wings of a hummingbird and an
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ostrich are homologous structures, meaning they share similarities (despite their differences resulting from
evolutionary divergence). The wings of hummingbirds and ostriches did not evolve independently in the
hummingbird lineage and the ostrich lineage—they descended from a common ancestor with wings.

The Modern Synthesis

The mechanisms of inheritance, genetics, were not understood at the time Darwin and Wallace were developing
their idea of natural selection. This lack of understanding was a stumbling block to comprehending many aspects of
evolution. In fact, blending inheritance was the predominant (and incorrect) genetic theory of the time, which made
it difficult to understand how natural selection might operate. Darwin and Wallace were unaware of the genetics
work by Austrian monk Gregor Mendel, which was published in 1866, not long after publication of On the Origin of
Species. Mendel’s work was rediscovered in the early twentieth century at which time geneticists were rapidly
coming to an understanding of the basics of inheritance. Initially, the newly discovered particulate nature of genes
made it difficult for biologists to understand how gradual evolution could occur. But over the next few decades
genetics and evolution were integrated in what became known as the modern synthesis—the coherent
understanding of the relationship between natural selection and genetics that took shape by the 1940s and is
generally accepted today. In sum, the modern synthesis describes how evolutionary pressures, such as natural
selection, can affect a population’s genetic makeup, and, in turn, how this can result in the gradual evolution of
populations and species. The theory also connects this gradual change of a population over time, called
microevolution, with the processes that gave rise to new species and higher taxonomic groups with widely
divergent characters, called macroevolution.

Population Genetics

Recall that a gene for a particular character may have several variants, or alleles, that code for different traits
associated with that character. For example, in the ABO blood type system in humans, three alleles determine the
particular blood-type carbohydrate on the surface of red blood cells. Each individual in a population of diploid
organisms can only carry two alleles for a particular gene, but more than two may be present in the individuals that
make up the population. Mendel followed alleles as they were inherited from parent to offspring. In the early
twentieth century, biologists began to study what happens to all the alleles in a population in a field of study known
as population genetics.

Until now, we have defined evolution as a change in the characteristics of a population of organisms, but behind that
phenotypic change is genetic change. In population genetic terms, evolution is defined as a change in the frequency
of an allele in a population. Using the ABO system as an example, the frequency of one of the alleles, IA, is the
number of copies of that allele divided by all the copies of the ABO gene in the population. For example, a study in
Jordan found a frequency of IA to be 26.1 percent.3 The IB, I0 alleles made up 13.4 percent and 60.5 percent of the
alleles respectively, and all of the frequencies add up to 100 percent. A change in this frequency over time would
constitute evolution in the population.

There are several ways the allele frequencies of a population can change. One of those ways is natural selection. If a
given allele confers a phenotype that allows an individual to have more offspring that survive and reproduce, that
allele, by virtue of being inherited by those offspring, will be in greater frequency in the next generation. Since allele
frequencies always add up to 100 percent, an increase in the frequency of one allele always means a corresponding
decrease in one or more of the other alleles. Highly beneficial alleles may, over a very few generations, become
“fixed” in this way, meaning that every individual of the population will carry the allele. Similarly, detrimental alleles
may be swiftly eliminated from the gene pool, the sum of all the alleles in a population. Part of the study of
population genetics is tracking how selective forces change the allele frequencies in a population over time, which
can give scientists clues regarding the selective forces that may be operating on a given population. The studies of
changes in wing coloration in the peppered moth from mottled white to dark in response to soot-covered tree trunks
and then back to mottled white when factories stopped producing so much soot is a classic example of studying
evolution in natural populations (Figure 11.6).

3 Sahar S. Hanania, Dhia S. Hassawi, and Nidal M. Irshaid, “Allele Frequency and Molecular Genotypes of ABO Blood Group System in a
Jordanian Population,” Journal of Medical Sciences 7 (2007): 51-58, doi:10.3923/jms.2007.51.58
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FIGURE 11.6 As the Industrial Revolution caused trees to darken from soot, darker colored peppered moths were better camouflaged than
the lighter colored ones, which caused there to be more of the darker colored moths in the population.

In the early twentieth century, English mathematician Godfrey Hardy and German physician Wilhelm Weinberg
independently provided an explanation for a somewhat counterintuitive concept. Hardy’s original explanation was in
response to a misunderstanding as to why a “dominant” allele, one that masks a recessive allele, should not
increase in frequency in a population until it eliminated all the other alleles. The question resulted from a common
confusion about what “dominant” means, but it forced Hardy, who was not even a biologist, to point out that if there
are no factors that affect an allele frequency those frequencies will remain constant from one generation to the
next. This principle is now known as the Hardy-Weinberg equilibrium. The theory states that a population’s allele
and genotype frequencies are inherently stable—unless some kind of evolutionary force is acting on the population,
the population would carry the same alleles in the same proportions generation after generation. Individuals would,
as a whole, look essentially the same and this would be unrelated to whether the alleles were dominant or
recessive. The four most important evolutionary forces, which will disrupt the equilibrium, are natural selection,
mutation, genetic drift, and migration into or out of a population. A fifth factor, nonrandom mating, will also disrupt
the Hardy-Weinberg equilibrium but only by shifting genotype frequencies, not allele frequencies (unless the allele
contributes toward increased or decreased reproductive potential). In nonrandom mating, individuals are more
likely to mate with individuals with specific phenotypes rather than at random. Since nonrandom mating does not
change allele frequencies, it does not cause evolution directly. Natural selection has been described. Mutation
creates one allele out of another one and changes an allele’s frequency by a small, but continuous amount each
generation. Each allele is generated by a low, constant mutation rate that will slowly increase the allele’s frequency
in a population if no other forces act on the allele. If natural selection acts against the allele, it will be removed from
the population at a low rate leading to a frequency that results from a balance between selection and mutation. This
is one reason that genetic diseases remain in the human population at very low frequencies. If the allele is favored
by selection, it will increase in frequency. Genetic drift causes random changes in allele frequencies when
populations are small. Genetic drift can often be important in evolution, as discussed in the next section. Finally, if
two populations of a species have different allele frequencies, migration of individuals between them will cause
frequency changes in both populations. As it happens, there is no population in which one or more of these
processes are not operating, so populations are always evolving, and the Hardy-Weinberg equilibrium will never be
exactly observed. However, the Hardy-Weinberg principle gives scientists a baseline expectation for allele
frequencies in a non-evolving population to which they can compare evolving populations and thereby infer what
evolutionary forces might be at play. The population is evolving if the frequencies of alleles or genotypes deviate
from the value expected from the Hardy-Weinberg principle.

Darwin identified a special case of natural selection that he called sexual selection. Sexual selection affects an
individual’s ability to mate and thus produce offspring, and it leads to the evolution of dramatic traits that often
appear maladaptive in terms of survival but persist because they give their owners greater reproductive success.
Sexual selection occurs in two ways: through intrasexual selection, as male–male or female–female competition for
mates, and through intersexual selection, as female or male selection of mates. Male–male competition takes the
form of conflicts between males, which are often ritualized, but may also pose significant threats to a male’s
survival. Sometimes the competition is for territory, with females more likely to mate with males with higher quality
territories. Female choice occurs when females choose a male based on a particular trait, such as feather colors, the
performance of a mating dance, or the building of an elaborate structure. In some cases male–male competition
and female choice combine in the mating process. In each of these cases, the traits selected for, such as fighting
ability or feather color and length, become enhanced in the males. In general, it is thought that sexual selection can

11.1 • Discovering How Populations Change 253



proceed to a point at which natural selection against a character’s further enhancement prevents its further
evolution because it negatively impacts the male’s ability to survive. For example, colorful feathers or an elaborate
display make the male more obvious to predators.

11.2 Mechanisms of Evolution
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the four basic causes of evolution: natural selection, mutation, genetic drift, and gene flow
• Explain how each evolutionary force can influence the allele frequencies of a population

The Hardy-Weinberg equilibrium principle says that allele frequencies in a population will remain constant in the
absence of the four factors that could change them. Those factors are natural selection, mutation, genetic drift, and
migration (gene flow). In fact, we know they are probably always affecting populations.

Natural Selection

Natural selection has already been discussed. Alleles are expressed in a phenotype. Depending on the
environmental conditions, the phenotype confers an advantage or disadvantage to the individual with the phenotype
relative to the other phenotypes in the population. If it is an advantage, then that individual will likely have more
offspring than individuals with the other phenotypes, and this will mean that the allele behind the phenotype will
have greater representation in the next generation. If conditions remain the same, those offspring, which are
carrying the same allele, will also benefit. Over time, the allele will increase in frequency in the population.

Mutation

Mutation is a source of new alleles in a population. Mutation is a change in the DNA sequence of the gene. A
mutation can change one allele into another, but the net effect is a change in frequency. The change in frequency
resulting from mutation is small, so its effect on evolution is small unless it interacts with one of the other factors,
such as selection. A mutation may produce an allele that is selected against, selected for, or selectively neutral.
Harmful mutations are removed from the population by selection and will generally only be found in very low
frequencies equal to the mutation rate. Beneficial mutations will spread through the population through selection,
although that initial spread is slow. Whether or not a mutation is beneficial or harmful is determined by whether it
helps an organism survive to sexual maturity and reproduce. It should be noted that mutation is the ultimate source
of genetic variation in all populations—new alleles, and, therefore, new genetic variations arise through mutation.

Genetic Drift

Another way a population’s allele frequencies can change is genetic drift (Figure 11.7), which is simply the effect of
chance. Genetic drift is most important in small populations. Drift would be completely absent in a population with
infinite individuals, but, of course, no population is this large. Genetic drift occurs because the alleles in an offspring
generation are a random sample of the alleles in the parent generation. Alleles may or may not make it into the next
generation due to chance events including mortality of an individual, events affecting finding a mate, and even the
events affecting which gametes end up in fertilizations. If one individual in a population of ten individuals happens
to die before it leaves any offspring to the next generation, all of its genes—a tenth of the population’s gene
pool—will be suddenly lost. In a population of 100, that 1 individual represents only 1 percent of the overall gene
pool; therefore, it has much less impact on the population’s genetic structure and is unlikely to remove all copies of
even a relatively rare allele.

Imagine a population of ten individuals, half with allele A and half with allele a (the individuals are haploid). In a
stable population, the next generation will also have ten individuals. Choose that generation randomly by flipping a
coin ten times and let heads be A and tails be a. It is unlikely that the next generation will have exactly half of each
allele. There might be six of one and four of the other, or some different set of frequencies. Thus, the allele
frequencies have changed and evolution has occurred. A coin will no longer work to choose the next generation
(because the odds are no longer one half for each allele). The frequency in each generation will drift up and down on
what is known as a random walk until at one point either all A or all a are chosen and that allele is fixed from that
point on. This could take a very long time for a large population. This simplification is not very biological, but it can
be shown that real populations behave this way. The effect of drift on frequencies is greater the smaller a population
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is. Its effect is also greater on an allele with a frequency far from one half. Drift will influence every allele, even those
that are being naturally selected.

VISUAL CONNECTION

FIGURE 11.7 Genetic drift in a population can lead to the elimination of an allele from a population by chance. In each generation, a
random set of individuals reproduces to produce the next generation. The frequency of alleles in the next generation is equal to the
frequency of alleles among the individuals reproducing.

Do you think genetic drift would happen more quickly on an island or on the mainland?

Genetic drift can also be magnified by natural or human-caused events, such as a disaster that randomly kills a large
portion of the population, which is known as the bottleneck effect that results in a large portion of the gene pool
suddenly being wiped out (Figure 11.8). In one fell swoop, the genetic structure of the survivors becomes the
genetic structure of the entire population, which may be very different from the pre-disaster population. The
disaster must be one that kills for reasons unrelated to the organism’s traits, such as a hurricane or lava flow. A
mass killing caused by unusually cold temperatures at night, is likely to affect individuals differently depending on
the alleles they possess that confer cold hardiness.

FIGURE 11.8 A chance event or catastrophe can reduce the genetic variability within a population.
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Another scenario in which populations might experience a strong influence of genetic drift is if some portion of the
population leaves to start a new population in a new location, or if a population gets divided by a physical barrier of
some kind. In this situation, those individuals are unlikely to be representative of the entire population which results
in the founder effect. The founder effect occurs when the genetic structure matches that of the new population’s
founding fathers and mothers. The founder effect is believed to have been a key factor in the genetic history of the
Afrikaner population of Dutch settlers in South Africa, as evidenced by mutations that are common in Afrikaners but
rare in most other populations. This is likely due to a higher-than-normal proportion of the founding colonists, which
were a small sample of the original population, carried these mutations. As a result, the population expresses
unusually high incidences of Huntington’s disease (HD) and Fanconi anemia (FA), a genetic disorder known to cause
bone marrow and congenital abnormalities, and even cancer.4

LINK TO LEARNING

Visit this site (http://openstax.org/l/genetic_drift2) to learn more about genetic drift and to run simulations of allele
changes caused by drift.

Gene Flow

Another important evolutionary force is gene flow, or the flow of alleles in and out of a population resulting from the
migration of individuals or gametes (Figure 11.9). While some populations are fairly stable, others experience more
flux. Many plants, for example, send their seeds far and wide, by wind or in the guts of animals; these seeds may
introduce alleles common in the source population to a new population in which they are rare.

FIGURE 11.9 Gene flow can occur when an individual travels from one geographic location to another and joins a different population of the
species. In the example shown here, the brown allele is introduced into the green population.

11.3 Evidence of Evolution
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain sources of evidence for evolution
• Define homologous and vestigial structures

The evidence for evolution is compelling and extensive. Looking at every level of organization in living systems,
biologists see the signature of past and present evolution. Darwin dedicated a large portion of his book, On the
Origin of Species, identifying patterns in nature that were consistent with evolution and since Darwin our
understanding has become clearer and broader.

Fossils

Fossils provide solid evidence that organisms from the past are not the same as those found today; fossils show the
gradual evolutionary changes over time. Scientists determine the age of fossils and categorize them all over the
world to determine when the organisms lived relative to each other. The resulting fossil record tells the story of the
past, and shows the evolution of form over millions of years (Figure 11.10). For example, highly detailed fossil

4 A. J. Tipping et al., “Molecular and Genealogical Evidence for a Founder Effect in Fanconi Anemia Families of the Afrikaner Population of
South Africa,” PNAS 98, no. 10 (2001): 5734-5739, doi: 10.1073/pnas.091402398.
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records have been recovered for sequences of species in the evolution of whales and modern horses. The fossil
record of horses in North America is especially rich and many contain transition fossils: those showing intermediate
anatomy between earlier and later forms. The fossil record extends back to a dog-like ancestor some 55 million
years ago that gave rise to the first horse-like species 55 to 42 million years ago in the genus Eohippus. The series of
fossils tracks the change in anatomy resulting from a gradual drying trend that changed the landscape from a
forested one to a prairie. Successive fossils show the evolution of teeth shapes and foot and leg anatomy to a
grazing habit, with adaptations for escaping predators, for example in species of Mesohippus found from 40 to 30
million years ago. Later species showed gains in size, such as those of Hipparion, which existed from about 23 to 2
million years ago. The fossil record shows several adaptive radiations in the horse lineage, which is now much
reduced to only one genus, Equus, with several species.

FIGURE 11.10 This illustration shows an artist’s renderings of these species derived from fossils of the evolutionary history of the horse
and its ancestors. The species depicted are only four from a very diverse lineage that contains many branches, dead ends, and adaptive
radiations. One of the trends, depicted here is the evolutionary tracking of a drying climate and increase in prairie versus forest habitat
reflected in forms that are more adapted to grazing and predator escape through running. Przewalski's horse is one of a few living species
of horse.

Anatomy and Embryology

Another type of evidence for evolution is the presence of structures in organisms that share the same basic form.
For example, the bones in the appendages of a human, dog, bird, and whale all share the same overall construction
(Figure 11.11). That similarity results from their origin in the appendages of a common ancestor. Over time,
evolution led to changes in the shapes and sizes of these bones in different species, but they have maintained the
same overall layout, evidence of descent from a common ancestor. Scientists call these synonymous parts
homologous structures. Some structures exist in organisms that have no apparent function at all, and appear to be
residual parts from a past ancestor. For example, some snakes have pelvic bones despite having no legs because
they descended from reptiles that did have legs. These unused structures without function are called vestigial
structures. Other examples of vestigial structures are wings on flightless birds (which may have other functions),
leaves on some cacti, traces of pelvic bones in whales, and the sightless eyes of cave animals.

FIGURE 11.11 The similar construction of these appendages indicates that these organisms share a common ancestor.
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LINK TO LEARNING

Click through the activities at this interactive site (http://openstax.org/l/bone_structure2) to guess which bone
structures are homologous and which are analogous, and to see examples of all kinds of evolutionary adaptations
that illustrate these concepts.

Another piece of evidence of evolution is the convergence of form in organisms that share similar environments. For
example, species of unrelated animals, such as the arctic fox and ptarmigan (a bird), living in the arctic region have
temporary white coverings during winter to blend with the snow and ice (Figure 11.12). The similarity occurs not
because of common ancestry, indeed one covering is of fur and the other of feathers, but because of similar
selection pressures—the benefits of not being seen by predators.

FIGURE 11.12 The white winter coat of (a) the arctic fox and (b) the ptarmigan’s plumage are adaptations to their environments. (credit a:
modification of work by Keith Morehouse)

Embryology, the study of the development of the anatomy of an organism to its adult form also provides evidence of
relatedness between now widely divergent groups of organisms. Structures that are absent in some groups often
appear in their embryonic forms and disappear by the time the adult or juvenile form is reached. For example, all
vertebrate embryos, including humans, exhibit gill slits at some point in their early development. These disappear in
the adults of terrestrial groups, but are maintained in adult forms of aquatic groups such as fish and some
amphibians. Great ape embryos, including humans, have a tail structure during their development that is lost by the
time of birth. The reason embryos of unrelated species are often similar is that mutational changes that affect the
organism during embryonic development can cause amplified differences in the adult, even while the embryonic
similarities are preserved.

Biogeography

The geographic distribution of organisms on the planet follows patterns that are best explained by evolution in
conjunction with the movement of tectonic plates over geological time. Broad groups that evolved before the
breakup of the supercontinent Pangaea (about 200 million years ago) are distributed worldwide. Groups that
evolved since the breakup appear uniquely in regions of the planet, for example the unique flora and fauna of
northern continents that formed from the supercontinent Laurasia and of the southern continents that formed from
the supercontinent Gondwana. The presence of Proteaceae in Australia, southern Africa, and South America is best
explained by the plant family’s presence there prior to the southern supercontinent Gondwana breaking up (Figure
11.13).
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FIGURE 11.13 The Proteacea family of plants evolved before the supercontinent Gondwana broke up. Today, members of this plant family
are found throughout the southern hemisphere (shown in red). (credit “Proteacea flower”: modification of work by “dorofofoto”/Flickr)

The great diversification of the marsupials in Australia and the absence of other mammals reflects that island
continent’s long isolation. Australia has an abundance of endemic species—species found nowhere else—which is
typical of islands whose isolation by expanses of water prevents migration of species to other regions. Over time,
these species diverge evolutionarily into new species that look very different from their ancestors that may exist on
the mainland. The marsupials of Australia, the finches on the Galápagos, and many species on the Hawaiian Islands
are all found nowhere else but on their island, yet display distant relationships to ancestral species on mainlands.

Molecular Biology

Like anatomical structures, the structures of the molecules of life reflect descent with modification. Evidence of a
common ancestor for all of life is reflected in the universality of DNA as the genetic material and of the near
universality of the genetic code and the machinery of DNA replication and expression. Fundamental divisions in life
between the three domains are reflected in major structural differences in otherwise conservative structures such
as the components of ribosomes and the structures of membranes. In general, the relatedness of groups of
organisms is reflected in the similarity of their DNA sequences—exactly the pattern that would be expected from
descent and diversification from a common ancestor.

DNA sequences have also shed light on some of the mechanisms of evolution. For example, it is clear that the
evolution of new functions for proteins commonly occurs after gene duplication events. These duplications are a
kind of mutation in which an entire gene is added as an extra copy (or many copies) in the genome. These
duplications allow the free modification of one copy by mutation, selection, and drift, while the second copy
continues to produce a functional protein. This allows the original function for the protein to be kept, while
evolutionary forces tweak the copy until it functions in a new way.

11.4 Speciation
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the definition of species and how species are identified as different
• Explain allopatric and sympatric speciation
• Describe adaptive radiation

The biological definition of species, which works for sexually reproducing organisms, is a group of actually or
potentially interbreeding individuals. According to this definition, one species is distinguished from another by the
possibility of matings between individuals from each species to produce fertile offspring. There are exceptions to
this rule. Many species are similar enough that hybrid offspring are possible and may often occur in nature, but for
the majority of species this rule generally holds. In fact, the presence of hybrids between similar species suggests

11.4 • Speciation 259



that they may have descended from a single interbreeding species and that the speciation process may not yet be
completed.

Given the extraordinary diversity of life on the planet there must be mechanisms for speciation: the formation of
two species from one original species. Darwin envisioned this process as a branching event and diagrammed the
process in the only illustration found in On the Origin of Species (Figure 11.14a). For speciation to occur, two new
populations must be formed from one original population, and they must evolve in such a way that it becomes
impossible for individuals from the two new populations to interbreed. Biologists have proposed mechanisms by
which this could occur that fall into two broad categories. Allopatric speciation, meaning speciation in “other
homelands,” involves a geographic separation of populations from a parent species and subsequent evolution.
Sympatric speciation, meaning speciation in the “same homeland,” involves speciation occurring within a parent
species while remaining in one location.

Biologists think of speciation events as the splitting of one ancestral species into two descendant species. There is
no reason why there might not be more than two species formed at one time except that it is less likely and such
multiple events can also be conceptualized as single splits occurring close in time.

FIGURE 11.14 The only illustration in Darwin’s On the Origin of Species is (a) a diagram showing speciation events leading to biological
diversity. The diagram shows similarities to phylogenetic charts that are drawn today to illustrate the relationships of species. (b) Modern
elephants evolved from the Palaeomastodon, a species that lived in Egypt 35–50 million years ago.

Speciation through Geographic Separation

A geographically continuous population has a gene pool that is relatively homogeneous. Gene flow, the movement of
alleles across the range of the species, is relatively free because individuals can move and then mate with
individuals in their new location. Thus, the frequency of an allele at one end of a distribution will be similar to the
frequency of the allele at the other end. When populations become geographically discontinuous that free-flow of
alleles is prevented. When that separation lasts for a period of time, the two populations are able to evolve along
different trajectories. Thus, their allele frequencies at numerous genetic loci gradually become more and more
different as new alleles independently arise by mutation in each population. Typically, environmental conditions,
such as climate, resources, predators, and competitors, for the two populations will differ causing natural selection
to favor divergent adaptations in each group. Different histories of genetic drift, enhanced because the populations
are smaller than the parent population, will also lead to divergence.

Given enough time, the genetic and phenotypic divergence between populations will likely affect characters that
influence reproduction enough that were individuals of the two populations brought together, mating would be less
likely, or if a mating occurred, offspring would be non-viable or infertile. Many types of diverging characters may
affect the reproductive isolation (inability to interbreed) of the two populations. These mechanisms of reproductive
isolation can be divided into prezygotic mechanisms (those that operate before fertilization) and postzygotic
mechanisms (those that operate after fertilization). Prezygotic mechanisms include traits that allow the individuals
to find each other, such as the timing of mating, sensitivity to pheromones, or choice of mating sites. If individuals
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are able to encounter each other, character divergence may prevent courtship rituals from leading to a mating either
because female preferences have changed or male behaviors have changed. Physiological changes may interfere
with successful fertilization if mating is able to occur. Postzygotic mechanisms include genetic incompatibilities that
prevent proper development of the offspring, or if the offspring live, they may be unable to produce viable gametes
themselves as in the example of the mule, the infertile offspring of a female horse and a male donkey.

If the two isolated populations are brought back together and the hybrid offspring that formed from matings
between individuals of the two populations have lower survivorship or reduced fertility, then selection will favor
individuals that are able to discriminate between potential mates of their own population and the other population.
This selection will enhance the reproductive isolation.

Isolation of populations leading to allopatric speciation can occur in a variety of ways: from a river forming a new
branch, erosion forming a new valley, or a group of organisms traveling to a new location without the ability to
return, such as seeds floating over the ocean to an island. The nature of the geographic separation necessary to
isolate populations depends entirely on the biology of the organism and its potential for dispersal. If two flying
insect populations took up residence in separate nearby valleys, chances are that individuals from each population
would fly back and forth, continuing gene flow. However, if two rodent populations became divided by the formation
of a new lake, continued gene flow would be unlikely; therefore, speciation would be more likely.

Biologists group allopatric processes into two categories. If a few members of a species move to a new geographical
area, this is called dispersal. If a natural situation arises to physically divide organisms, this is called vicariance.

Scientists have documented numerous cases of allopatric speciation taking place. For example, along the west
coast of the United States, two separate subspecies of spotted owls exist. The northern spotted owl has genetic and
phenotypic differences from its close relative, the Mexican spotted owl, which lives in the south (Figure 11.15). The
cause of their initial separation is not clear, but it may have been caused by the glaciers of the ice age dividing an
initial population into two.5

FIGURE 11.15 The northern spotted owl and the Mexican spotted owl inhabit geographically separate locations with different climates and
ecosystems. The owl is an example of incipient speciation. (credit “northern spotted owl”: modification of work by John and Karen
Hollingsworth, USFWS; credit “Mexican spotted owl”: modification of work by Bill Radke, USFWS)

5 Courtney, S.P., et al, “Scientific Evaluation of the Status of the Northern Spotted Owl,” Sustainable Ecosystems Institute (2004),
Portland, OR.
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Additionally, scientists have found that the further the distance between two groups that once were the same
species, the more likely for speciation to take place. This seems logical because as the distance increases, the
various environmental factors would likely have less in common than locations in close proximity. Consider the two
owls; in the north, the climate is cooler than in the south; the other types of organisms in each ecosystem differ, as
do their behaviors and habits; also, the hunting habits and prey choices of the owls in the south vary from the
northern ones. These variances can lead to evolved differences in the owls, and over time speciation will likely occur
unless gene flow between the populations is restored.

In some cases, a population of one species disperses throughout an area, and each finds a distinct niche or isolated
habitat. Over time, the varied demands of their new lifestyles lead to multiple speciation events originating from a
single species, which is called adaptive radiation. From one point of origin, many adaptations evolve causing the
species to radiate into several new ones. Island archipelagos like the Hawaiian Islands provide an ideal context for
adaptive radiation events because water surrounds each island, which leads to geographical isolation for many
organisms (Figure 11.16). The Hawaiian honeycreeper illustrates one example of adaptive radiation. From a single
species, called the founder species, numerous species have evolved, including the eight shown in Figure 11.16.

FIGURE 11.16 The honeycreeper birds illustrate adaptive radiation. From one original species of bird, multiple others evolved, each with its
own distinctive characteristics.

Notice the differences in the species’ beaks in Figure 11.16. Change in the genetic variation for beaks in response to
natural selection based on specific food sources in each new habitat led to evolution of a different beak suited to the
specific food source. The fruit and seed-eating birds have thicker, stronger beaks which are suited to break hard
nuts. The nectar-eating birds have long beaks to dip into flowers to reach their nectar. The insect-eating birds have
beaks like swords, appropriate for stabbing and impaling insects. Darwin’s finches are another well-studied example
of adaptive radiation in an archipelago.

LINK TO LEARNING

Click through this interactive site (http://openstax.org/l/bird_evolution) to see how island birds evolved; click to see
images of each species in evolutionary increments from five million years ago to today.
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Speciation without Geographic Separation

Can divergence occur if no physical barriers are in place to separate individuals who continue to live and reproduce
in the same habitat? A number of mechanisms for sympatric speciation have been proposed and studied.

One form of sympatric speciation can begin with a chromosomal error during meiosis or the formation of a hybrid
individual with too many chromosomes. Polyploidy is a condition in which a cell, or organism, has an extra set, or
sets, of chromosomes. Scientists have identified two main types of polyploidy that can lead to reproductive isolation
of an individual in the polyploid state. In some cases a polyploid individual will have two or more complete sets of
chromosomes from its own species in a condition called autopolyploidy (Figure 11.17). The prefix “auto” means
self, so the term means multiple chromosomes from one’s own species. Polyploidy results from an error in meiosis
in which all of the chromosomes move into one cell instead of separating.

FIGURE 11.17 Autopolyploidy results when mitosis is not followed by cytokinesis.

For example, if a plant species with 2n = 6 produces autopolyploid gametes that are also diploid (2n = 6, when they
should be n = 3), the gametes now have twice as many chromosomes as they should have. These new gametes will
be incompatible with the normal gametes produced by this plant species. But they could either self-pollinate or
reproduce with other autopolyploid plants with gametes having the same diploid number. In this way, sympatric
speciation can occur quickly by forming offspring with 4n called a tetraploid. These individuals would immediately
be able to reproduce only with those of this new kind and not those of the ancestral species. The other form of
polyploidy occurs when individuals of two different species reproduce to form a viable offspring called an
allopolyploid. The prefix “allo” means “other” (recall from allopatric); therefore, an allopolyploid occurs when
gametes from two different species combine. Figure 11.18 illustrates one possible way an allopolyploidy can form.
Notice how it takes two generations, or two reproductive acts, before the viable fertile hybrid results.

FIGURE 11.18 Alloploidy results when two species mate to produce viable offspring. In the example shown, a normal gamete from one
species fuses with a polyploid gamete from another. Two matings are necessary to produce viable offspring.

The cultivated forms of wheat, cotton, and tobacco plants are all allopolyploids. Although polyploidy occurs
occasionally in animals, most chromosomal abnormalities in animals are lethal; it takes place most commonly in
plants. Scientists have discovered more than 1/2 of all plant species studied relate back to a species evolved
through polyploidy.
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Sympatric speciation may also take place in ways other than polyploidy. For example, imagine a species of fish that
lived in a lake. As the population grew, competition for food also grew. Under pressure to find food, suppose that a
group of these fish had the genetic flexibility to discover and feed off another resource that was unused by the other
fish. What if this new food source was found at a different depth of the lake? Over time, those feeding on the second
food source would interact more with each other than the other fish; therefore they would breed together as well.
Offspring of these fish would likely behave as their parents and feed and live in the same area, keeping them
separate from the original population. If this group of fish continued to remain separate from the first population,
eventually sympatric speciation might occur as more genetic differences accumulated between them.

This scenario does play out in nature, as do others that lead to reproductive isolation. One such place is Lake
Victoria in Africa, famous for its sympatric speciation of cichlid fish. Researchers have found hundreds of sympatric
speciation events in these fish, which have not only happened in great number, but also over a short period of time.
Figure 11.19 shows this type of speciation among a cichlid fish population in Nicaragua. In this locale, two types of
cichlids live in the same geographic location; however, they have come to have different morphologies that allow
them to eat various food sources.

FIGURE 11.19 Cichlid fish from Lake Apoyeque, Nicaragua, show evidence of sympatric speciation. Lake Apoyeque, a crater lake, is 1800
years old, but genetic evidence indicates that the lake was populated only 100 years ago by a single population of cichlid fish. Nevertheless,
two populations with distinct morphologies and diets now exist in the lake, and scientists believe these populations may be in an early
stage of speciation.

Finally, a well-documented example of ongoing sympatric speciation occurred in the apple maggot fly, Rhagoletis
pomonella, which arose as an isolated population sometime after the introduction of the apple into North America.
The native population of flies fed on hawthorn species and is host-specific: it only infests hawthorn trees.
Importantly, it also uses the trees as a location to meet for mating. It is hypothesized that either through mutation
or a behavioral mistake, flies jumped hosts and met and mated in apple trees, subsequently laying their eggs in
apple fruit. The offspring matured and kept their preference for the apple trees effectively dividing the original
population into two new populations separated by host species, not by geography. The host jump took place in the
nineteenth century, but there are now measureable differences between the two populations of fly. It seems likely
that host specificity of parasites in general is a common cause of sympatric speciation.

11.5 Common Misconceptions about Evolution
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Identify common misconceptions about evolution
• Identify common criticisms of evolution

Although the theory of evolution initially generated some controversy, by 20 years after the publication of On the
Origin of Species it was almost universally accepted by biologists, particularly younger biologists. Nevertheless, the
theory of evolution is a difficult concept and misconceptions about how it works abound. In addition, there are those
that reject it as an explanation for the diversity of life.

LINK TO LEARNING

This website (http://openstax.org/l/misconception2) addresses some of the main misconceptions associated with
the theory of evolution.
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Evolution Is Just a Theory

Critics of the theory of evolution dismiss its importance by purposefully confounding the everyday usage of the word
“theory” with the way scientists use the word. In science, a “theory” is understood to be a concept that has been
extensively tested and supported over time. We have a theory of the atom, a theory of gravity, and the theory of
relativity, each of which describes what scientists understand to be facts about the world. In the same way, the
theory of evolution describes facts about the living world. As such, a theory in science has survived significant
efforts to discredit it by scientists, who are naturally skeptical. While theories can sometimes be overturned or
revised, this does not lessen their weight but simply reflects the constantly evolving state of scientific knowledge. In
contrast, a “theory” in common vernacular means a guess or suggested explanation for something. This meaning is
more akin to the concept of a “hypothesis” used by scientists, which is a tentative explanation for something that is
proposed to either be supported or disproved. When critics of evolution say evolution is “just a theory,” they are
implying that there is little evidence supporting it and that it is still in the process of being rigorously tested. This is a
mischaracterization. If this were the case, geneticist Theodosius Dobzhansky would not have said that “nothing in
biology makes sense, except in the light of evolution.”6

Individuals Evolve

An individual is born with the genes it has—these do not change as the individual ages. Therefore, an individual
cannot evolve or adapt through natural selection. Evolution is the change in genetic composition of a population
over time, specifically over generations, resulting from differential reproduction of individuals with certain alleles.
Individuals do change over their lifetime, but this is called development; it involves changes programmed by the set
of genes the individual acquired at birth in coordination with the individual’s environment. When thinking about the
evolution of a characteristic, it is probably best to think about the change of the average value of the characteristic in
the population over time. For example, when natural selection leads to bill-size change in medium ground finches in
the Galápagos, this does not mean that individual bills on the finches are changing. If one measures the average bill
size among all individuals in the population at one time, and then measures the average bill size in the population
several years later after there has been a strong selective pressure, this average value may be different as a result of
evolution. Although some individuals may survive from the first time to the second, those individuals will still have
the same bill size. However, there may be enough new individuals with different bill sizes to change the average bill
size.

Evolution Explains the Origin of Life

It is a common misunderstanding that evolution includes an explanation of life’s origins. Some of the theory’s critics
complain that it cannot explain the origin of life. The theory does not try to explain the origin of life. The theory of
evolution explains how populations change over time and how life diversifies—the origin of species. It does not shed
light on the beginnings of life including the origins of the first cells, which is how life is defined. The mechanisms of
the origin of life on Earth are a particularly difficult problem because it occurred a very long time ago, over a very
long time, and presumably just occurred once. Importantly, biologists believe that the presence of life on Earth
precludes the possibility that the events that led to life on Earth can be repeated because the intermediate stages
would immediately become food for existing living things. The early stages of life included the formation of organic
molecules such as carbohydrates, amino acids, or nucleotides. If these were formed from inorganic precursors
today, they would simply be broken down by living things. The early stages of life also probably included more
complex aggregations of molecules into enclosed structures with an internal environment, a boundary layer of some
form, and the external environment. Such structures, if they were formed now, would be quickly consumed or
broken down by living organisms.

However, once a mechanism of inheritance was in place in the form of a molecule like DNA or RNA, either within a
cell or within a pre-cell, these entities would be subject to the principle of natural selection. More effective
reproducers would increase in frequency at the expense of inefficient reproducers. So while evolution does not
explain the origin of life, it may have something to say about some of the processes operating once pre-living
entities acquired certain properties.

6 Theodosius Dobzhansky. “Biology, Molecular and Organismic.” American Zoologist 4, no. 4 (1964): 449.
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Organisms Evolve on Purpose

Statements such as “organisms evolve in response to a change in an environment,” are quite common. There are
two easy misunderstandings possible with such a statement. First of all, the statement must not be understood to
mean that individual organisms evolve, as was discussed above. The statement is shorthand for “a population
evolves in response to a changing environment.” However, a second misunderstanding may arise by interpreting the
statement to mean that the evolution is somehow intentional. A changed environment results in some individuals in
the population, those with particular phenotypes, benefiting and, therefore, producing proportionately more
offspring than other phenotypes. This results in change in the population if the characters are genetically
determined.

It is also important to understand that the variation that natural selection works on is already in a population and
does not arise in response to an environmental change. For example, applying antibiotics to a population of bacteria
will, over time, select for a population of bacteria that are resistant to antibiotics. The resistance, which is caused by
a gene, did not arise by mutation because of the application of the antibiotic. The gene for resistance was already
present in the gene pool of the bacteria, likely at a low frequency. The antibiotic, which kills the bacterial cells
without the resistance gene, strongly selects for individuals that are resistant, since these would be the only ones
that survived and divided. Experiments have demonstrated that mutations for antibiotic resistance do not arise as a
result of antibiotic application.

In a larger sense, evolution is also not goal directed. Species do not become “better” over time; they simply track
their changing environment with adaptations that maximize their reproduction in a particular environment at a
particular time. Evolution has no goal of making faster, bigger, more complex, or even smarter species. This kind of
language is common in popular literature. Certain organisms, ourselves included, are described as the “pinnacle” of
evolution, or “perfected” by evolution. What characteristics evolve in a species are a function of the variation
present and the environment, both of which are constantly changing in a non-directional way. What trait is fit in one
environment at one time may well be fatal at some point in the future. This holds equally well for a species of insect
as it does the human species.

Evolution Is Controversial among Scientists

The theory of evolution was controversial when it was first proposed in 1859, yet within 20 years virtually every
working biologist had accepted evolution as the explanation for the diversity of life. The rate of acceptance was
extraordinarily rapid, partly because Darwin had amassed an impressive body of evidence. The early controversies
involved both scientific arguments against the theory and the arguments of religious leaders. It was the arguments
of the biologists that were resolved after a short time, while the arguments of religious leaders have persisted to this
day.

The theory of evolution replaced the predominant theory at the time that species had all been specially created
within relatively recent history. Despite the prevalence of this theory, it was becoming increasingly clear to
naturalists during the nineteenth century that it could no longer explain many observations of geology and the living
world. The persuasiveness of the theory of evolution to these naturalists lay in its ability to explain these
phenomena, and it continues to hold extraordinary explanatory power to this day. Its continued rejection by some
religious leaders results from its replacement of special creation, a tenet of their religious belief. These leaders
cannot accept the replacement of special creation by a mechanistic process that excludes the actions of a deity as
an explanation for the diversity of life including the origins of the human species. It should be noted, however, that
most of the major denominations in the United States have statements supporting the acceptance of evidence for
evolution as compatible with their theologies.
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The nature of the arguments against evolution by religious leaders has evolved over time. One current argument is
that the theory is still controversial among biologists. This claim is simply not true. The number of working scientists
who reject the theory of evolution, or question its validity and say so, is small. A Pew Research poll in 2009 found
that 97 percent of the 2500 scientists polled believe species evolve.7 The support for the theory is reflected in
signed statements from many scientific societies such as the American Association for the Advancement of Science,
which includes working scientists as members. Many of the scientists that reject or question the theory of evolution
are non-biologists, such as engineers, physicians, and chemists. There are no experimental results or research
programs that contradict the theory. There are no papers published in peer-reviewed scientific journals that appear
to refute the theory. The latter observation might be considered a consequence of suppression of dissent, but it
must be remembered that scientists are skeptics and that there is a long history of published reports that
challenged scientific orthodoxy in unpopular ways. Examples include the endosymbiotic theory of eukaryotic
origins, the theory of group selection, the microbial cause of stomach ulcers, the asteroid-impact theory of the
Cretaceous extinction, and the theory of plate tectonics. Research with evidence and ideas with scientific merit are
considered by the scientific community. Research that does not meet these standards is rejected.

Other Theories Should Be Taught

A common argument from some people is that alternative theories to evolution should be taught in public schools.
Critics of evolution use this strategy to create uncertainty about the validity of the theory without offering actual
evidence. In fact, there are no viable alternative scientific theories to evolution. The last such theory, proposed by
Lamarck in the nineteenth century, was replaced by the theory of natural selection. A single exception was a
research program in the Soviet Union based on Lamarck’s theory during the early twentieth century that set that
country’s agricultural research back decades. Special creation is not a viable alternative scientific theory because it
is not a scientific theory, since it relies on an untestable explanation. Intelligent design, despite the claims of its
proponents, is also not a scientific explanation. This is because intelligent design posits the existence of an
unknown designer of living organisms and their systems. Whether the designer is unknown or supernatural, it is a
cause that cannot be measured; therefore, it is not a scientific explanation. There are two reasons not to teach
nonscientific theories. First, these explanations for the diversity of life lack scientific usefulness because they do
not, and cannot, give rise to research programs that promote our understanding of the natural world. Experiments
cannot test non-material explanations for natural phenomena. For this reason, teaching these explanations as
science in public schools is not in the public interest. Second, in the United States, it is illegal to teach them as
science because the U.S. Supreme Court and lower courts have ruled that the teaching of religious belief, such as
special creation or intelligent design, violates the establishment clause of the First Amendment of the U.S.
Constitution, which prohibits government sponsorship of a particular religion.

The theory of evolution and science in general is, by definition, silent on the existence or non-existence of the
spiritual world. Science is only able to study and know the material world. Individual biologists have sometimes
been vocal atheists, but it is equally true that there are many deeply religious biologists. Nothing in biology
precludes the existence of a god or other supreme beings, indeed biology as a science has nothing to say about it.
Individual biologists are free to reconcile their personal and scientific knowledge as they see fit. The Voices for
Evolution project (http://ncse.com/voices), developed through the National Center for Science Education, works to
gather the diversity of perspectives on evolution to advocate it being taught in public schools.

7 Pew Research Center for the People & the Press, Public Praises Science; Scientists Fault Public, Media (Washington, DC, 2009), 37.
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Key Terms
adaptation a heritable trait or behavior in an

organism that aids in its survival in its present
environment

adaptive radiation a speciation when one species
radiates out to form several other species

allopatric speciation a speciation that occurs via a
geographic separation

analogous structure a structure that is similar
because of evolution in response to similar selection
pressures resulting in convergent evolution, not
similar because of descent from a common ancestor

bottleneck effect the magnification of genetic drift as
a result of natural events or catastrophes

convergent evolution an evolution that results in
similar forms on different species

dispersal an allopatric speciation that occurs when a
few members of a species move to a new
geographical area

divergent evolution an evolution that results in
different forms in two species with a common
ancestor

founder effect a magnification of genetic drift in a
small population that migrates away from a large
parent population carrying with it an
unrepresentative set of alleles

gene flow the flow of alleles in and out of a
population due to the migration of individuals or
gametes

gene pool all of the alleles carried by all of the
individuals in the population

genetic drift the effect of chance on a population’s
gene pool

homologous structure a structure that is similar
because of descent from a common ancestor

inheritance of acquired characteristics a phrase
that describes the mechanism of evolution

proposed by Lamarck in which traits acquired by
individuals through use or disuse could be passed
on to their offspring thus leading to evolutionary
change in the population

macroevolution a broader scale of evolutionary
changes seen over paleontological time

microevolution the changes in a population’s genetic
structure (i.e., allele frequency)

migration the movement of individuals of a
population to a new location; in population genetics
it refers to the movement of individuals and their
alleles from one population to another, potentially
changing allele frequencies in both the old and the
new population

modern synthesis the overarching evolutionary
paradigm that took shape by the 1940s and is
generally accepted today

natural selection the greater relative survival and
reproduction of individuals in a population that have
favorable heritable traits, leading to evolutionary
change

population genetics the study of how selective
forces change the allele frequencies in a population
over time

speciation a formation of a new species
sympatric speciation a speciation that occurs in the

same geographic space
variation the variety of alleles in a population
vestigial structure a physical structure present in an

organism but that has no apparent function and
appears to be from a functional structure in a
distant ancestor

vicariance an allopatric speciation that occurs when
something in the environment separates organisms
of the same species into separate groups

Chapter Summary
11.1 Discovering How Populations Change

Evolution by natural selection arises from three
conditions: individuals within a species vary, some of
those variations are heritable, and organisms have
more offspring than resources can support. The
consequence is that individuals with relatively
advantageous variations will be more likely to survive
and have higher reproductive rates than those
individuals with different traits. The advantageous
traits will be passed on to offspring in greater
proportion. Thus, the trait will have higher
representation in the next and subsequent generations
leading to genetic change in the population.

The modern synthesis of evolutionary theory grew out
of the reconciliation of Darwin’s, Wallace’s, and
Mendel’s thoughts on evolution and heredity.
Population genetics is a theoretical framework for
describing evolutionary change in populations through
the change in allele frequencies. Population genetics
defines evolution as a change in allele frequency over
generations. In the absence of evolutionary forces
allele frequencies will not change in a population; this
is known as Hardy-Weinberg equilibrium principle.
However, in all populations, mutation, natural
selection, genetic drift, and migration act to change
allele frequencies.
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11.2 Mechanisms of Evolution

There are four factors that can change the allele
frequencies of a population. Natural selection works by
selecting for alleles that confer beneficial traits or
behaviors, while selecting against those for deleterious
qualities. Mutations introduce new alleles into a
population. Genetic drift stems from the chance
occurrence that some individuals have more offspring
than others and results in changes in allele frequencies
that are random in direction. When individuals leave or
join the population, allele frequencies can change as a
result of gene flow.

11.3 Evidence of Evolution

The evidence for evolution is found at all levels of
organization in living things and in the extinct species
we know about through fossils. Fossils provide
evidence for the evolutionary change through now
extinct forms that led to modern species. For example,
there is a rich fossil record that shows the evolutionary
transitions from horse ancestors to modern horses that
document intermediate forms and a gradual adaptation
o changing ecosystems. The anatomy of species and
the embryological development of that anatomy reveal
common structures in divergent lineages that have
been modified over time by evolution. The geographical
distribution of living species reflects the origins of
species in particular geographic locations and the
history of continental movements. The structures of
molecules, like anatomical structures, reflect the
relationships of living species and match patterns of
similarity expected from descent with modification.

11.4 Speciation

Speciation occurs along two main pathways:
geographic separation (allopatric speciation) and
through mechanisms that occur within a shared habitat
(sympatric speciation). Both pathways force
reproductive isolation between populations. Sympatric
speciation can occur through errors in meiosis that

form gametes with extra chromosomes, called
polyploidy. Autopolyploidy occurs within a single
species, whereas allopolyploidy occurs because of a
mating between closely related species. Once the
populations are isolated, evolutionary divergence can
take place leading to the evolution of reproductive
isolating traits that prevent interbreeding should the
two populations come together again. The reduced
viability of hybrid offspring after a period of isolation is
expected to select for stronger inherent isolating
mechanisms.

11.5 Common Misconceptions about
Evolution

The theory of evolution is a difficult concept and
misconceptions abound. The factual nature of
evolution is often challenged by wrongly associating
the scientific meaning of a theory with the vernacular
meaning. Evolution is sometimes mistakenly
interpreted to mean that individuals evolve, when in
fact only populations can evolve as their gene
frequencies change over time. Evolution is often
assumed to explain the origin of life, which it does not
speak to. It is often spoken in goal-directed terms by
which organisms change through intention, and
selection operates on mutations present in a
population that have not arisen in response to a
particular environmental stress. Evolution is often
characterized as being controversial among scientists;
however, it is accepted by the vast majority of working
scientists. Critics of evolution often argue that
alternative theories to evolution should be taught in
public schools; however, there are no viable alternative
scientific theories to evolution. The alternative religious
beliefs should not be taught as science because it
cannot be proven, and in the United States it is
unconstitutional. Science is silent on the question of
the existence of a god while scientists are able to
reconcile religious belief and scientific knowledge.

Visual Connection Questions
1. Figure 11.7 Do you think genetic drift would happen

more quickly on an island or on the mainland?

Review Questions
2. Which scientific concept did Charles Darwin and

Alfred Wallace independently discover?
a. mutation
b. natural selection
c. overbreeding
d. sexual reproduction
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3. Which of the following situations will lead to natural
selection?
a. The seeds of two plants land near each other

and one grows larger than the other.
b. Two types of fish eat the same kind of food,

and one is better able to gather food than the
other.

c. Male lions compete for the right to mate with
females, with only one possible winner.

d. all of the above

4. What is the difference between micro- and
macroevolution?
a. Microevolution describes the evolution of small

organisms, such as insects, while
macroevolution describes the evolution of large
organisms, like people and elephants.

b. Microevolution describes the evolution of
microscopic entities, such as molecules and
proteins, while macroevolution describes the
evolution of whole organisms.

c. Microevolution describes the evolution of
populations, while macroevolution describes
the emergence of new species over long
periods of time.

d. Microevolution describes the evolution of
organisms over their lifetimes, while
macroevolution describes the evolution of
organisms over multiple generations.

5. Population genetics is the study of ________.
a. how allele frequencies in a population change

over time
b. populations of cells in an individual
c. the rate of population growth
d. how genes affect embryological development

6. Galápagos medium ground finches are found on
Santa Cruz and San Cristóbal islands, which are
separated by about 100 km of ocean. Occasionally,
individuals from either island fly to the other island
to stay. This can alter the allele frequencies of the
population through which of the following
mechanisms?
a. natural selection
b. genetic drift
c. gene flow
d. mutation

7. In which of the following pairs do both evolutionary
processes introduce new genetic variation into a
population?
a. natural selection and genetic drift
b. mutation and gene flow
c. natural selection and gene flow
d. gene flow and genetic drift

8. The wing of a bird and the arm of a human are
examples of ________.
a. vestigial structures
b. molecular structures
c. homologous structures
d. analogous structures

9. The fact that DNA sequences are more similar in
more closely related organisms is evidence of
what?
a. optimal design in organisms
b. adaptation
c. mutation
d. descent with modification

10. Which situation would most likely lead to
allopatric speciation?
a. A flood causes the formation of a new lake.
b. A storm causes several large trees to fall

down.
c. A mutation causes a new trait to develop.
d. An injury causes an organism to seek out a

new food source.

11. What is the main difference between dispersal
and vicariance?
a. One leads to allopatric speciation, whereas

the other leads to sympatric speciation.
b. One involves the movement of the organism,

whereas the other involves a change in the
environment.

c. One depends on a genetic mutation occurring,
whereas the other does not.

d. One involves closely related organisms,
whereas the other involves only individuals of
the same species.

12. Which variable increases the likelihood of
allopatric speciation taking place more quickly?
a. lower rate of mutation
b. longer distance between divided groups
c. increased instances of hybrid formation
d. equivalent numbers of individuals in each

population
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13. The word “theory” in theory of evolution is best
replaced by ________.
a. fact
b. hypothesis
c. idea
d. alternate explanation

14. Why are alternative scientific theories to evolution
not taught in public school?
a. more theories would confuse students
b. there are no viable scientific alternatives
c. it is against the law
d. alternative scientific theories are suppressed

by the science establishment

Critical Thinking Questions
15. If a person scatters a handful of plant seeds from

one species in an area, how would natural
selection work in this situation?

16. Explain the Hardy-Weinberg principle of
equilibrium.

17. Describe natural selection and give an example of
natural selection at work in a population.

18. Why do scientists consider vestigial structures
evidence for evolution?

19. Why do island chains provide ideal conditions for
adaptive radiation to occur?

20. Two species of fish had recently undergone
sympatric speciation. The males of each species
had a different coloring through which females
could identify and choose a partner from her own
species. After some time, pollution made the lake
so cloudy it was hard for females to distinguish
colors. What might take place in this situation?

21. How does the scientific meaning of “theory” differ
from the common, everyday meaning of the word?

22. Explain why the statement that a monkey is more
evolved than a mouse is incorrect.
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INTRODUCTION

CHAPTER 12
Diversity of Life

12.1 Organizing Life on Earth
12.2 Determining Evolutionary Relationships

This bee and Echinacea flower could not look more different, yet they are
related, as are all living organisms on Earth. By following pathways of similarities and
differences—both visible and genetic—scientists seek to map the history of evolution from single-
celled organisms to the tremendous diversity of creatures that have crawled, germinated, floated,
swam, flown, and walked on this planet.

12.1 Organizing Life on Earth
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Discuss the need for a comprehensive classification system
• List the different levels of the taxonomic classification system
• Describe how systematics and taxonomy relate to phylogeny

All life on Earth evolved from a common ancestor. Biologists map how organisms are related by
constructing phylogenetic trees. In other words, a “tree of life” can be constructed to illustrate
when different organisms evolved and to show the relationships among different organisms, as
shown in Figure 12.2. Notice that from a single point, the three domains of Archaea, Bacteria, and

FIGURE 12.1 Although they look different, this bee and flower are distantly related. (credit: modification of work by
John Beetham)
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Eukarya diverge and then branch repeatedly. The small branch that plants and animals (including
humans) occupy in this diagram shows how recently these groups had their origin compared with
other groups.

FIGURE 12.2 In the evolution of life on Earth, the three domains of life—Archaea, Bacteria, and Eukarya—branch from
a single point. (credit: modification of work by Eric Gaba)

The phylogenetic tree in Figure 12.2 illustrates the pathway of evolutionary history. The pathway
can be traced from the origin of life to any individual species by navigating through the
evolutionary branches between the two points. Also, by starting with a single species and tracing
backward to any branch point, the organisms related to it by various degrees of closeness can be
identified.

A phylogeny is the evolutionary history and the relationships among a species or group of species.
The study of organisms with the purpose of deriving their relationships is called systematics.

Many disciplines within the study of biology contribute to understanding how past and present life
evolved over time, and together they contribute to building, updating, and maintaining the “tree of
life.” Information gathered may include data collected from fossils, from studying morphology,
from the structure of body parts, or from molecular structure, such as the sequence of amino
acids in proteins or DNA nucleotides. By considering the trees generated by different sets of data
scientists can put together the phylogeny of a species.

Scientists continue to discover new species of life on Earth as well as new character information,
thus trees change as new data arrive.

The Levels of Classification

Taxonomy (which literally means “arrangement law”) is the science of naming and grouping
species to construct an internationally shared classification system. The taxonomic classification
system (also called the Linnaean system after its inventor, Carl Linnaeus, a Swedish naturalist)
uses a hierarchical model. A hierarchical system has levels and each group at one of the levels
includes groups at the next lowest level, so that at the lowest level each member belongs to a
series of nested groups. An analogy is the nested series of directories on the main disk drive of a
computer. For example, in the most inclusive grouping, scientists divide organisms into three
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domains: Bacteria, Archaea, and Eukarya. Within each domain is a second level called a kingdom. Each domain
contains several kingdoms. Within kingdoms, the subsequent categories of increasing specificity are: phylum, class,
order, family, genus, and species.

As an example, the classification levels for the domestic dog are shown in Figure 12.3. The group at each level is
called a taxon (plural: taxa). In other words, for the dog, Carnivora is the taxon at the order level, Canidae is the
taxon at the family level, and so forth. Organisms also have a common name that people typically use, such as
domestic dog, or wolf. Each taxon name is capitalized except for species, and the genus and species names are
italicized. Scientists refer to an organism by its genus and species names together, commonly called a scientific
name, or Latin name. This two-name system is called binomial nomenclature. The scientific name of the wolf is
therefore Canis lupus. Recent study of the DNA of domestic dogs and wolves suggest that the domestic dog is a
subspecies of the wolf, not its own species, thus it is given an extra name to indicate its subspecies status, Canis
lupus familiaris.

Figure 12.3 also shows how taxonomic levels move toward specificity. Notice how within the domain we find the dog
grouped with the widest diversity of organisms. These include plants and other organisms not pictured, such as
fungi and protists. At each sublevel, the organisms become more similar because they are more closely related.
Before Darwin’s theory of evolution was developed, naturalists sometimes classified organisms using arbitrary
similarities, but since the theory of evolution was proposed in the 19th century, biologists work to make the
classification system reflect evolutionary relationships. This means that all of the members of a taxon should have a
common ancestor and be more closely related to each other than to members of other taxa.

Recent genetic analysis and other advancements have found that some earlier taxonomic classifications do not
reflect actual evolutionary relationships, and therefore, changes and updates must be made as new discoveries take
place. One dramatic and recent example was the breaking apart of prokaryotic species, which until the 1970s were
all classified as bacteria. Their division into Archaea and Bacteria came about after the recognition that their large
genetic differences warranted their separation into two of three fundamental branches of life.
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VISUAL CONNECTION

FIGURE 12.3 At each sublevel in the taxonomic classification system, organisms become more similar. Dogs and wolves are the same
species because they can breed and produce viable offspring, but they are different enough to be classified as different subspecies. (credit
“plant”: modification of work by "berduchwal"/Flickr; credit “insect”: modification of work by Jon Sullivan; credit “fish”: modification of
work by Christian Mehlführer; credit “rabbit”: modification of work by Aidan Wojtas; credit “cat”: modification of work by Jonathan Lidbeck;
credit “fox”: modification of work by Kevin Bacher, NPS; credit “jackal”: modification of work by Thomas A. Hermann, NBII, USGS; credit
“wolf” modification of work by Robert Dewar; credit “dog”: modification of work by "digital_image_fan"/Flickr)

In what levels are cats and dogs considered to be part of the same group?

Classification and Phylogeny

Scientists use a tool called a phylogenetic tree to show the evolutionary pathways and relationships between
organisms. A phylogenetic tree is a diagram used to reflect evolutionary relationships among organisms or groups
of organisms. The hierarchical classification of groups nested within more inclusive groups is reflected in diagrams.
Scientists consider phylogenetic trees to be a hypothesis of the evolutionary past because one cannot go back
through time to confirm the proposed relationships.

Unlike with a taxonomic classification, a phylogenetic tree can be read like a map of evolutionary history, as shown
in Figure 12.4. Shared characteristics are used to construct phylogenetic trees. The point where a split occurs in a
tree, called a branch point, represents where a single lineage evolved into distinct new ones. Many phylogenetic
trees have a single branch point at the base representing a common ancestor of all the branches in the tree.
Scientists call such trees rooted, which means there is a single ancestral taxon at the base of a phylogenetic tree to
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which all organisms represented in the diagram descend from. When two lineages stem from the same branch point,
they are called sister taxa, for example the two species of orangutans. A branch point with more than two groups
illustrates a situation for which scientists have not definitively determined relationships. An example is illustrated by
the three branches leading to the gorilla subspecies; their exact relationships are not yet understood. It is important
to note that sister taxa share an ancestor, which does not mean that one taxon evolved from the other. The branch
point, or split, represents a common ancestor that existed in the past, but that no longer exists. Humans did not
evolve from chimpanzees (nor did chimpanzees evolve from humans) although they are our closest living relatives.
Both humans and chimpanzees evolved from a common ancestor that lived, scientists believe, six million years ago
and looked different from both modern chimpanzees and modern humans.

FIGURE 12.4 A phylogenetic tree is rooted and shows how different organisms, in this case the species and subspecies of living apes,
evolved from a common ancestor.

The branch points and the branches in phylogenetic tree structure also imply evolutionary change. Sometimes the
significant character changes are identified on a branch or branch point. For example, in Figure 12.5, the branch
point that gives rise to the mammal and reptile lineage from the frog lineage shows the origin of the amniotic egg
character. Also the branch point that gives rise to organisms with legs is indicated at the common ancestor of
mammals, reptiles, amphibians, and jawed fishes.

FIGURE 12.5 This phylogenetic tree is rooted by an organism that lacked a vertebral column. At each branch point, organisms with different
characters are placed in different groups.

LINK TO LEARNING

This interactive exercise (http://openstax.org/l/tree_of_life3) allows you to explore the evolutionary relationships
among species.

Limitations of Phylogenetic Trees

It is easy to assume that more closely related organisms look more alike, and while this is often the case, it is not
always true. If two closely related lineages evolved under significantly different surroundings or after the evolution
of a major new adaptation, they may look quite different from each other, even more so than other groups that are
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not as closely related. For example, the phylogenetic tree in Figure 12.5 shows that lizards and rabbits both have
amniotic eggs, whereas salamanders (within the frog lineage) do not; yet on the surface, lizards and salamanders
appear more similar than the lizards and rabbits.

Another aspect of phylogenetic trees is that, unless otherwise indicated, the branches do not show length of time,
they show only the order in time of evolutionary events. In other words, a long branch does not necessarily mean
more time passed, nor does a short branch mean less time passed— unless specified on the diagram. For example,
in Figure 12.5, the tree does not indicate how much time passed between the evolution of amniotic eggs and hair.
What the tree does show is the order in which things took place. Again using Figure 12.5, the tree shows that the
oldest trait is the vertebral column, followed by hinged jaws, and so forth. Remember that any phylogenetic tree is a
part of the greater whole, and similar to a real tree, it does not grow in only one direction after a new branch
develops. So, for the organisms in Figure 12.5, just because a vertebral column evolved does not mean that
invertebrate evolution ceased, it only means that a new branch formed. Also, groups that are not closely related, but
evolve under similar conditions, may appear more similar to each other than to a close relative.

12.2 Determining Evolutionary Relationships
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Compare homologous and analogous traits
• Discuss the purpose of cladistics

Scientists collect information that allows them to make evolutionary connections between organisms. Similar to
detective work, scientists must use evidence to uncover the facts. In the case of phylogeny, evolutionary
investigations focus on two types of evidence: morphologic (form and function) and genetic.

Two Measures of Similarity

Organisms that share similar physical features and genetic sequences tend to be more closely related than those
that do not. Features that overlap both morphologically and genetically are referred to as homologous structures;
the similarities stem from common evolutionary paths. For example, as shown in Figure 12.6, the bones in the wings
of bats and birds, the arms of humans, and the foreleg of a horse are homologous structures. Notice the structure is
not simply a single bone, but rather a grouping of several bones arranged in a similar way in each organism even
though the elements of the structure may have changed shape and size.
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FIGURE 12.6 Bat and bird wings, the foreleg of a horse, the flipper of a whale, and the arm of a human are homologous structures,
indicating that bats, birds, horses, whales, and humans share a common evolutionary past. (credit a photo: modification of work by Steve
Hillebrand, USFWS; credit b photo: modification of work by U.S. BLM; credit c photo: modification of work by Virendra Kankariya; credit d
photo: modification of work by Russian Gov./Wikimedia Commons)

Misleading Appearances
Some organisms may be very closely related, even though a minor genetic change caused a major morphological
difference to make them look quite different. For example, chimpanzees and humans, the skulls of which are shown
in Figure 12.7 are very similar genetically, sharing 99 percent1 of their genes. However, chimpanzees and humans
show considerable anatomical differences, including the degree to which the jaw protrudes in the adult and the
relative lengths of our arms and legs.

1 Gibbons, A. (2012, June 13). Science Now. Retrieved from http://news.sciencemag.org/sciencenow/2012/06/bonobo-genome-
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FIGURE 12.7 (a) The chimpanzee jaw protrudes to a much greater degree than (b) the human jaw. (credit a: modification of work by
"Pastorius"/Wikimedia Commons)

However, unrelated organisms may be distantly related yet appear very much alike, usually because common
adaptations to similar environmental conditions evolved in both. An example is the streamlined body shapes, the
shapes of fins and appendages, and the shape of the tails in fishes and whales, which are mammals. These
structures bear superficial similarity because they are adaptations to moving and maneuvering in the same
environment—water. When a characteristic that is similar occurs by adaptive convergence (convergent evolution),
and not because of a close evolutionary relationship, it is called an analogous structure. In another example,
insects use wings to fly like bats and birds. We call them both wings because they perform the same function and
have a superficially similar form, but the embryonic origin of the two wings is completely different. The difference in
the development, or embryogenesis, of the wings in each case is a signal that insects and bats or birds do not share
a common ancestor that had a wing. The wing structures, shown in Figure 12.8 evolved independently in the two
lineages.

Similar traits can be either homologous or analogous. Homologous traits share an evolutionary path that led to the
development of that trait, and analogous traits do not. Scientists must determine which type of similarity a feature
exhibits to decipher the phylogeny of the organisms being studied.

sequenced.html
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FIGURE 12.8 The wing of a honey bee is similar in shape to a bird wing and a bat wing and serves the same function (flight). The bird and
bat wings are homologous structures. However, the honey bee wing has a different structure (it is made of a chitinous exoskeleton, not a
boney endoskeleton) and embryonic origin. The bee and bird or bat wing types illustrate an analogy—similar structures that do not share an
evolutionary history. (credit a photo: modification of work by U.S. BLM; credit b: modification of work by Steve Hillebrand, USFWS; credit c:
modification of work by Jon Sullivan)

LINK TO LEARNING

This website (https://openstax.org/l/relationships2) has several examples to show how appearances can be
misleading in understanding the phylogenetic relationships of organisms.

Molecular Comparisons
With the advancement of DNA technology, the area of molecular systematics, which describes the use of
information on the molecular level including DNA sequencing, has blossomed. New analysis of molecular characters
not only confirms many earlier classifications, but also uncovers previously made errors. Molecular characters can
include differences in the amino-acid sequence of a protein, differences in the individual nucleotide sequence of a
gene, or differences in the arrangements of genes. Phylogenies based on molecular characters assume that the
more similar the sequences are in two organisms, the more closely related they are. Different genes change
evolutionarily at different rates and this affects the level at which they are useful at identifying relationships. Rapidly
evolving sequences are useful for determining the relationships among closely related species. More slowly evolving
sequences are useful for determining the relationships between distantly related species. To determine the
relationships between very different species such as Eukarya and Archaea, the genes used must be very ancient,
slowly evolving genes that are present in both groups, such as the genes for ribosomal RNA. Comparing
phylogenetic trees using different sequences and finding them similar helps to build confidence in the inferred
relationships.
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Sometimes two segments of DNA in distantly related organisms randomly share a high percentage of bases in the
same locations, causing these organisms to appear closely related when they are not. For example, the fruit fly
shares 60 percent of its DNA with humans.2 In this situation, computer-based statistical algorithms have been
developed to help identify the actual relationships, and ultimately, the coupled use of both morphologic and
molecular information is more effective in determining phylogeny.

EVOLUTION CONNECTION

Why Does Phylogeny Matter?
In addition to enhancing our understanding of the evolutionary history of species, our own included, phylogenetic
analysis has numerous practical applications. Two of those applications include understanding the evolution and
transmission of disease and making decisions about conservation efforts. A 2010 study3 of MRSA (methicillin-
resistant Staphylococcus aureus), an antibiotic resistant pathogenic bacterium, traced the origin and spread of the
strain throughout the past 40 years. The study uncovered the timing and patterns in which the resistant strain
moved from its point of origin in Europe to centers of infection and evolution in South America, Asia, North America,
and Australasia. The study suggested that introductions of the bacteria to new populations occurred very few times,
perhaps only once, and then spread from that limited number of individuals. This is in contrast to the possibility that
many individuals had carried the bacteria from one place to another. This result suggests that public health officials
should concentrate on quickly identifying the contacts of individuals infected with a new strain of bacteria to control
its spread.

A second area of usefulness for phylogenetic analysis is in conservation. Biologists have argued that it is important
to protect species throughout a phylogenetic tree rather than just those from one branch of the tree. Doing this will
preserve more of the variation produced by evolution. For example, conservation efforts should focus on a single
species without sister species rather than another species that has a cluster of close sister species that recently
evolved. If the single evolutionarily distinct species goes extinct a disproportionate amount of variation from the tree
will be lost compared to one species in the cluster of closely related species. A study published in 20074 made
recommendations for conservation of mammal species worldwide based on how evolutionarily distinct and at risk of
extinction they are. The study found that their recommendations differed from priorities based on simply the level of
extinction threat to the species. The study recommended protecting some threatened and valued large mammals
such as the orangutans, the giant and lesser pandas, and the African and Asian elephants. But they also found that
some much lesser known species should be protected based on how evolutionary distinct they are. These include a
number of rodents, bats, shrews and hedgehogs. In addition there are some critically endangered species that did
not rate as very important in evolutionary distinctiveness including species of deer mice and gerbils. While many
criteria affect conservation decisions, preserving phylogenetic diversity provides an objective way to protect the full
range of diversity generated by evolution.

Building Phylogenetic Trees

How do scientists construct phylogenetic trees? Presently, the most accepted method for constructing phylogenetic
trees is a method called cladistics. This method sorts organisms into clades, groups of organisms that are most
closely related to each other and the ancestor from which they descended. For example, in Figure 12.9, all of the
organisms in the shaded region evolved from a single ancestor that had amniotic eggs. Consequently, all of these
organisms also have amniotic eggs and make a single clade, also called a monophyletic group. Clades must include
the ancestral species and all of the descendants from a branch point.

2 Background on comparative genomic analysis. (2002, December). Retrieved from http://www.genome.gov/10005835
3 Harris, S.R. et al. 2010. Evolution of MRSA during hospital transmission and intercontinental spread. Science 327:469–474.
4 Isaac NJ, Turvey ST, Collen B, Waterman C, Baillie JE (2007) Mammals on the EDGE: Conservation Priorities Based on Threat and
Phylogeny. PLoS ONE 2(3): e296. doi:10.1371/journal.pone.0000296
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VISUAL CONNECTION

FIGURE 12.9 Lizards, rabbits, and humans all descend from a common ancestor in which the amniotic egg evolved. Thus, lizards, rabbits,
and humans all belong to the clade Amniota. Vertebrata is a larger clade that also includes fish and lamprey.

Which animals in this figure belong to a clade that includes animals with hair? Which evolved first: hair or the
amniotic egg?

Clades can vary in size depending on which branch point is being referenced. The important factor is that all of the
organisms in the clade or monophyletic group stem from a single point on the tree. This can be remembered
because monophyletic breaks down into “mono,” meaning one, and “phyletic,” meaning evolutionary relationship.

Shared Characteristics
Cladistics rests on three assumptions. The first is that living things are related by descent from a common ancestor,
which is a general assumption of evolution. The second is that speciation occurs by splits of one species into two,
never more than two at a time, and essentially at one point in time. This is somewhat controversial, but is acceptable
to most biologists as a simplification. The third assumption is that traits change enough over time to be considered
to be in a different state .It is also assumed that one can identify the actual direction of change for a state. In other
words, we assume that an amniotic egg is a later character state than non-amniotic eggs. This is called the polarity
of the character change. We know this by reference to a group outside the clade: for example, insects have non-
amniotic eggs; therefore, this is the older or ancestral character state. Cladistics compares ingroups and outgroups.
An ingroup (lizard, rabbit and human in our example) is the group of taxa being analyzed. An outgroup (lancelet,
lamprey and fish in our example) is a species or group of species that diverged before the lineage containing the
group(s) of interest. By comparing ingroup members to each other and to the outgroup members, we can determine
which characteristics are evolutionary modifications determining the branch points of the ingroup’s phylogeny.

If a characteristic is found in all of the members of a group, it is a shared ancestral character because there has
been no change in the trait during the descent of each of the members of the clade. Although these traits appear
interesting because they unify the clade, in cladistics they are considered not helpful when we are trying to
determine the relationships of the members of the clade because every member is the same. In contrast, consider
the amniotic egg characteristic of Figure 12.9. Only some of the organisms have this trait, and to those that do, it is
called a shared derived character because this trait changed at some point during descent. This character does tell
us about the relationships among the members of the clade; it tells us that lizards, rabbits, and humans group more
closely together than any of these organisms do with fish, lampreys, and lancelets.

A sometimes confusing aspect of “ancestral” and “derived” characters is that these terms are relative. The same
trait could be either ancestral or derived depending on the diagram being used and the organisms being compared.
Scientists find these terms useful when distinguishing between clades during the building of phylogenetic trees, but
it is important to remember that their meaning depends on context.

Choosing the Right Relationships
Constructing a phylogenetic tree, or cladogram, from the character data is a monumental task that is usually left up
to a computer. The computer draws a tree such that all of the clades share the same list of derived characters. But
there are other decisions to be made, for example, what if a species presence in a clade is supported by all of the
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shared derived characters for that clade except one? One conclusion is that the trait evolved in the ancestor, but
then changed back in that one species. Also a character state that appears in two clades must be assumed to have
evolved independently in those clades. These inconsistencies are common in trees drawn from character data and
complicate the decision-making process about which tree most closely represents the real relationships among the
taxa.

To aid in the tremendous task of choosing the best tree, scientists often use a concept called maximum parsimony,
which means that events occurred in the simplest, most obvious way. This means that the “best” tree is the one
with the fewest number of character reversals, the fewest number of independent character changes, and the
fewest number of character changes throughout the tree. Computer programs search through all of the possible
trees to find the small number of trees with the simplest evolutionary pathways. Starting with all of the homologous
traits in a group of organisms, scientists can determine the order of evolutionary events of which those traits
occurred that is the most obvious and simple.

LINK TO LEARNING

Practice Parsimony: Go to this website (http://openstax.org/l/parsimony2) to learn how maximum parsimony is used
to create phylogenetic trees (be sure to continue to the second page).

These tools and concepts are only a few of the strategies scientists use to tackle the task of revealing the
evolutionary history of life on Earth. Recently, newer technologies have uncovered surprising discoveries with
unexpected relationships, such as the fact that people seem to be more closely related to fungi than fungi are to
plants. Sound unbelievable? As the information about DNA sequences grows, scientists will become closer to
mapping the evolutionary history of all life on Earth.
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Key Terms
analogous structure a character found in two taxa

that looks similar because of convergent evolution,
not because of descent from a common ancestor

binomial nomenclature a system of two-part
scientific names for an organism, which includes
genus and species names

branch point a point on a phylogenetic tree where a
single lineage splits to distinct new ones

clade a group of taxa with the same set of shared
derived characters, including an ancestral species
and all its descendants

cladistics a method used to organize homologous
traits to describe phylogenies using common
descendent as the primary criterion used to classify
organisms

class the category in the taxonomic classification
system that falls within phylum and includes orders

domain the highest level category in the classification
system and that includes all taxonomic
classifications below it; it is the most inclusive taxon

family the category in the taxonomic classification
system that falls within order and includes genera

genus the category in the taxonomic classification
system that falls within family and includes species;
the first part of the scientific name

kingdom the category in the taxonomic classification
system that falls within domain and includes phyla

maximum parsimony applying the simplest, most
obvious way with the least number of steps

molecular systematics the methods of using
molecular evidence to identify phylogenetic

relationships
monophyletic group (also, clade) organisms that

share a single ancestor
order the category in the taxonomic classification

system that falls within class and includes families
phylogenetic tree diagram used to reflect the

evolutionary relationships between organisms or
groups of organisms

phylogeny evolutionary history and relationship of an
organism or group of organisms

phylum the category in the taxonomic classification
system that falls within kingdom and includes
classes

rooted describing a phylogenetic tree with a single
ancestral lineage to which all organisms
represented in the diagram relate

shared ancestral character a character on a
phylogenetic branch that is shared by a particular
clade

shared derived character a character on a
phylogenetic tree that is shared only by a certain
clade of organisms

sister taxa two lineages that diverged from the same
branch point

species the most specific category of classification
systematics the science of determining the

evolutionary relationships of organisms
taxon a single level in the taxonomic classification

system
taxonomy the science of classifying organisms

Chapter Summary
12.1 Organizing Life on Earth

Scientists continually obtain new information that
helps to understand the evolutionary history of life on
Earth. Each group of organisms went through its own
evolutionary journey, called its phylogeny. Each
organism shares relatedness with others, and based on
morphologic and genetic evidence scientists attempt to
map the evolutionary pathways of all life on Earth.
Historically, organisms were organized into a
taxonomic classification system. However, today many
scientists build phylogenetic trees to illustrate
evolutionary relationships and the taxonomic
classification system is expected to reflect evolutionary
relationships.

12.2 Determining Evolutionary
Relationships

To build phylogenetic trees, scientists must collect

character information that allows them to make
evolutionary connections between organisms. Using
morphologic and molecular data, scientists work to
identify homologous characteristics and genes.
Similarities between organisms can stem either from
shared evolutionary history (homologies) or from
separate evolutionary paths (analogies). After
homologous information is identified, scientists use
cladistics to organize these events as a means to
determine an evolutionary timeline. Scientists apply
the concept of maximum parsimony, which states that
the likeliest order of events is probably the simplest
shortest path. For evolutionary events, this would be
the path with the least number of major divergences
that correlate with the evidence.
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Visual Connection Questions
1. Figure 12.3 In what levels are cats and dogs

considered to be part of the same group?
2. Figure 12.9 Which animals in this figure belong to a

clade that includes animals with hair? Which
evolved first: hair or the amniotic egg?

Review Questions
3. What is a phylogeny a description of?

a. mutations
b. DNA
c. evolutionary history
d. organisms on Earth

4. What do scientists in the field of systematics
accomplish?
a. discover new fossil sites
b. organize and classify organisms
c. name new species
d. communicate between field biologists

5. Which statement about the taxonomic classification
system is correct?
a. There are more domains than kingdoms.
b. Kingdoms are the top category of classification.
c. A phylum may be represented in more than one

kingdom.
d. Species are the most specific category of

classification.

6. Which best describes the relationship between
chimpanzees and humans?
a. chimpanzees evolved from humans
b. humans evolved from chimpanzees
c. chimpanzees and humans evolved from a

common ancestor
d. chimpanzees and humans belong to the same

species

7. Which best describes a branch point in a
phylogenetic tree?
a. a hypothesis
b. new lineage
c. hybridization
d. a mating

8. Which statement about analogies is correct?
a. They occur only as errors.
b. They are synonymous with homologous traits.
c. They are derived by response to similar

environmental pressures.
d. They are a form of mutation.

9. What kind of trait is important to cladistics?
a. shared derived traits
b. shared ancestral traits
c. analogous traits
d. parsimonious traits

10. What is true about organisms that are a part of the
same clade?
a. They all share the same basic characteristics.
b. They evolved from a shared ancestor.
c. They all are on the same tree.
d. They have identical phylogenies.

11. Which assumption of cladistics is stated
incorrectly?
a. Living things are related by descent from a

common ancestor.
b. Speciation can produce one, two, or three

new species.
c. Traits change from one state to another.
d. The polarity of a character state change can

be determined.

12. A monophyletic group is a ________.
a. phylogenetic tree
b. shared derived trait
c. character state
d. clade

Critical Thinking Questions
13. How does a phylogenetic tree indicate major

evolutionary events within a lineage?

14. List the different levels of the taxonomic
classification system.

15. Dolphins and fish have similar body shapes. Is this
feature more likely a homologous or analogous
trait?

16. Describe maximum parsimony.

17. How does a biologist determine the polarity of a
character change?
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INTRODUCTION

CHAPTER 13
Diversity of Microbes, Fungi, and
Protists

13.1 Prokaryotic Diversity
13.2 Eukaryotic Origins
13.3 Protists
13.4 Fungi

Until the late twentieth century, scientists most commonly grouped living things
into five kingdoms—animals, plants, fungi, protists, and bacteria—based on several criteria, such
as absence or presence of a nucleus and other membrane-bound organelles, absence or presence
of cell walls, multicellularity, and mode of nutrition. In the late twentieth century, the pioneering
work of Carl Woese and others compared nucleotide sequences of small-subunit ribosomal RNA
(SSU rRNA), which resulted in a dramatically different way to group organisms on Earth. Based on
differences in the structure of cell membranes and in rRNA, Woese and his colleagues proposed

FIGURE 13.1 Living things are very diverse, from simple, single-celled bacteria to complex, multicellular organisms.
(credit "ringworm": modification of work by Dr. Lucille K. Georg, CDC; credit "Trypanosomes": modification of work by
Dr. Myron G. Schultz, CDC; credit “tree mold”: modification of work by Janice Haney Carr, Robert Simmons, CDC;
credit "coral fungus": modification of work by Cory Zanker; credit "bacterium": modification of work by Dr. David Cox,
CDC; credit "cup fungus": modification of work by "icelight"/Flickr; credit "MRSA": modification of work by Janice
Haney Carr, CDC; credit "moldy grapefruit": modification of work by Joseph Smilanick)
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that all life on Earth evolved along three lineages, called domains. The three domains are called
Bacteria, Archaea, and Eukarya.

Two of the three domains—Bacteria and Archaea—are prokaryotic, meaning that they lack both a
nucleus and true membrane-bound organelles. However, they are now considered, on the basis of
membrane structure and rRNA, to be as different from each other as they are from the third
domain, the Eukarya. Prokaryotes were the first inhabitants on Earth, perhaps appearing
approximately 3.9 billion years ago. Today they are ubiquitous—inhabiting the harshest
environments on the planet, from boiling hot springs to permanently frozen environments in
Antarctica, as well as more benign environments such as compost heaps, soils, ocean waters, and
the guts of animals (including humans). The Eukarya include the familiar kingdoms of animals,
plants, and fungi. They also include a diverse group of kingdoms formerly grouped together as
protists.

13.1 Prokaryotic Diversity
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the evolutionary history of prokaryotes
• Describe the basic structure of a typical prokaryote
• Identify bacterial diseases that caused historically important plagues and epidemics
• Describe the uses of prokaryotes in food processing and bioremediation

Prokaryotes are present everywhere. They cover every imaginable surface where there is
sufficient moisture, and they live on and inside of other living things. There are more prokaryotes
inside and on the exterior of the human body than there are human cells in the body. Some
prokaryotes thrive in environments that are inhospitable for most other living things. Prokaryotes
recycle nutrients—essential substances (such as carbon and nitrogen)—and they drive the
evolution of new ecosystems, some of which are natural while others are man-made. Prokaryotes
have been on Earth since long before multicellular life appeared.

Prokaryotic Diversity

The advent of DNA sequencing provided immense insight into the relationships and origins of
prokaryotes that were not possible using traditional methods of classification. A major insight
identified two groups of prokaryotes that were found to be as different from each other as they
were from eukaryotes. This recognition of prokaryotic diversity forced a new understanding of the
classification of all life and brought us closer to understanding the fundamental relationships of all
living things, including ourselves.

Early Life on Earth
When and where did life begin? What were the conditions on Earth when life began? Prokaryotes
were the first forms of life on Earth, and they existed for billions of years before plants and animals
appeared. Earth is about 4.54 billion years old. This estimate is based on evidence from the dating
of meteorite material, since surface rocks on Earth are not as old as Earth itself. Most rocks
available on Earth have undergone geological changes that make them younger than Earth itself.
Some meteorites are made of the original material in the solar disk that formed the objects of the
solar system, and they have not been altered by the processes that altered rocks on Earth. Thus,
the age of meteorites is a good indicator of the age of the formation of Earth. The original estimate
of 4.54 billion years was obtained by Clair Patterson in 1956. His meticulous work has since been
corroborated by ages determined from other sources, all of which point to an Earth age of about
4.54 billion years.

Early Earth had a very different atmosphere than it does today. Evidence indicates that during the
first 2 billion years of Earth’s existence, the atmosphere was anoxic, meaning that there was no
oxygen. Therefore, only those organisms that can grow without oxygen—anaerobic
organisms—were able to live. Organisms that convert solar energy into chemical energy are called
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phototrophs. Phototrophic organisms that required an organic source of carbon appeared within one billion years of
the formation of Earth. Then, cyanobacteria, also known as blue-green algae, evolved from these simple
phototrophs one billion years later. Cyanobacteria are able to use carbon dioxide as a source of carbon.
Cyanobacteria (Figure 13.2) began the oxygenation of the atmosphere. The increase in oxygen concentration
allowed the evolution of other life forms.

FIGURE 13.2 This hot spring in Yellowstone National Park flows toward the foreground. Cyanobacteria in the spring are green, and as water
flows down the heat gradient, the intensity of the color increases because cell density increases. The water is cooler at the edges of the
stream than in the center, causing the edges to appear greener. (credit: Graciela Brelles-Mariño)

Before the atmosphere became oxygenated, the planet was subjected to strong radiation; thus, the first organisms
would have flourished where they were more protected, such as in ocean depths or beneath the surface of Earth. At
this time, too, strong volcanic activity was common on Earth, so it is likely that these first organisms—the first
prokaryotes—were adapted to very high temperatures. These are not the typical temperate environments in which
most life flourishes today; thus, we can conclude that the first organisms that appeared on Earth likely were able to
withstand harsh conditions.

Microbial mats may represent the earliest forms of life on Earth, and there is fossil evidence of their presence,
starting about 3.5 billion years ago. A microbial mat is a large biofilm, a multi-layered sheet of prokaryotes (Figure
13.3a), including mostly bacteria, but also archaea. Microbial mats are a few centimeters thick, and they typically
grow on moist surfaces. Their various types of prokaryotes carry out different metabolic pathways, and for this
reason, they reflect various colors. Prokaryotes in a microbial mat are held together by a gummy-like substance that
they secrete.

The first microbial mats likely obtained their energy from hydrothermal vents. A hydrothermal vent is a fissure in
Earth’s surface that releases geothermally heated water. With the evolution of photosynthesis about 3 billion years
ago, some prokaryotes in microbial mats came to use a more widely available energy source—sunlight—whereas
others were still dependent on chemicals from hydrothermal vents for food.

FIGURE 13.3 (a) This microbial mat grows over a hydrothermal vent in the Pacific Ocean. Chimneys such as the one indicated by the arrow
allow gases to escape. (b) This photo shows stromatolites that are nearly 1.5 billion years old, found in Glacier National Park, Montana.
(credit a: modification of work by Dr. Bob Embley, NOAA PMEL; credit b: modification of work by P. Carrara, NPS)
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Fossilized microbial mats represent the earliest record of life on Earth. A stromatolite is a sedimentary structure
formed when minerals are precipitated from water by prokaryotes in a microbial mat (Figure 13.3b). Stromatolites
form layered rocks made of carbonate or silicate. Although most stromatolites are artifacts from the past, there are
places on Earth where stromatolites are still forming. For example, living stromatolites have been found in the Anza-
Borrego Desert State Park in San Diego County, California. Efforts to understand the earliest microbial mats may also
have implications on the search for life elsewhere. Nora Noffke, who identified many of the features used in dating
and categorizing microbially produced sedimentary structures, emphasizes that similar formations could be used to
find evidence of life on Mars. When analyzing photos taken by the NASA Curiosity rover, Noffke showcased the
similarities between fossilized microbial mats found on the two planets.

Some prokaryotes are able to thrive and grow under conditions that would kill a plant or animal. Bacteria and
archaea that grow under extreme conditions are called extremophiles, meaning “lovers of extremes.”
Extremophiles have been found in extreme environments of all kinds, including the depths of the oceans, hot
springs, the Arctic and the Antarctic, very dry places, deep inside Earth, harsh chemical environments, and high
radiation environments. Extremophiles give us a better understanding of prokaryotic diversity and open up the
possibility of the discovery of new therapeutic drugs or industrial applications. They have also opened up the
possibility of finding life in other places in the solar system, which have harsher environments than those typically
found on Earth. Many of these extremophiles cannot survive in moderate environments.

LINK TO LEARNING

Read this transcript (https://openstax.org/l/extremophiles) of NASA scientist Richard Hoover discussing the
implications that the existence extremophiles on Earth have on the possibility of finding life on other planets in our
solar system, such as Mars.

Biofilms

Until a couple of decades ago, microbiologists thought of prokaryotes as isolated entities living apart. This model,
however, does not reflect the true ecology of prokaryotes, most of which prefer to live in communities where they
can interact. A biofilm is a microbial community held together in a gummy-textured matrix, consisting primarily of
polysaccharides secreted by the organisms, together with some proteins and nucleic acids. Biofilms grow attached
to surfaces. Some of the best-studied biofilms are composed of prokaryotes, although fungal biofilms have also
been described.

Biofilms are present almost everywhere. They cause the clogging of pipes and readily colonize surfaces in industrial
settings. They have played roles in recent, large-scale outbreaks of bacterial contamination of food. Biofilms also
colonize household surfaces, such as kitchen counters, cutting boards, sinks, and toilets.

Interactions among the organisms that populate a biofilm, together with their protective environment, make these
communities more robust than are free-living, or planktonic, prokaryotes. Overall, biofilms are very difficult to
destroy, because they are resistant to many of the common forms of sterilization.

Characteristics of Prokaryotes

There are many differences between prokaryotic and eukaryotic cells. However, all cells have four common
structures: a plasma membrane that functions as a barrier for the cell and separates the cell from its environment;
cytoplasm, a jelly-like substance inside the cell; genetic material (DNA and RNA); and ribosomes, where protein
synthesis takes place. Prokaryotes come in various shapes, but many fall into three categories: cocci (spherical),
bacilli (rod-shaped), and spirilla (spiral-shaped) (Figure 13.4).
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FIGURE 13.4 Many prokaryotes fall into three basic categories based on their shape: (a) cocci, or spherical; (b) bacilli, or rod-shaped; and
(c) spirilla, or spiral-shaped. (credit a: modification of work by Janice Haney Carr, Dr. Richard Facklam, CDC; credit c: modification of work
by Dr. David Cox, CDC; scale-bar data from Matt Russell)

The Prokaryotic Cell

Recall that prokaryotes (Figure 13.5) are unicellular organisms that lack organelles surrounded by membranes.
Therefore, they do not have a nucleus but instead have a single chromosome—a piece of circular DNA located in an
area of the cell called the nucleoid. Most prokaryotes have a cell wall lying outside the plasma membrane. The
composition of the cell wall differs significantly between the domains Bacteria and Archaea (and their cell walls also
differ from the eukaryotic cell walls found in plants and fungi.) The cell wall functions as a protective layer and is
responsible for the organism’s shape. Some other structures are present in some prokaryotic species, but not in
others. For example, the capsule found in some species enables the organism to attach to surfaces and protects it
from dehydration. Some species may also have flagella (singular, flagellum) used for locomotion, and pili (singular,
pilus) used for attachment to surfaces and to other bacteria for conjugation. Plasmids, which consist of small,
circular pieces of DNA outside of the main chromosome, are also present in many species of bacteria.

FIGURE 13.5 The features of a typical bacterium cell are shown.

Both Bacteria and Archaea are types of prokaryotic cells. They differ in the lipid composition of their cell membranes
and in the characteristics of their cell walls. Both types of prokaryotes have the same basic structures, but these are
built from different chemical components that are evidence of an ancient separation of their lineages. The archaeal
plasma membrane is chemically different from the bacterial membrane; some archaeal membranes are lipid
monolayers instead of phosopholipid bilayers.

The Cell Wall
The cell wall is a protective layer that surrounds some prokaryotic cells and gives them shape and rigidity. It is
located outside the cell membrane and prevents osmotic lysis (bursting caused by increasing volume). The chemical
compositions of the cell walls vary between Archaea and Bacteria, as well as between bacterial species. Bacterial
cell walls contain peptidoglycan, composed of polysaccharide chains cross-linked to peptides. Bacteria are divided
into two major groups: Gram-positive and Gram-negative, based on their reaction to a procedure called Gram
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staining. The different bacterial responses to the staining procedure are caused by cell wall structure. Gram-positive
organisms have a thick wall consisting of many layers of peptidoglycan. Gram-negative bacteria have a thinner cell
wall composed of a few layers of peptidoglycan and additional structures, surrounded by an outer membrane
(Figure 13.6).

VISUAL CONNECTION

FIGURE 13.6 Bacteria are divided into two major groups: Gram-positive and Gram-negative. Both groups have a cell wall composed of
peptidoglycans: In Gram-positive bacteria, the wall is thick, whereas in Gram-negative bacteria, the wall is thin. In Gram-negative bacteria,
the cell wall is surrounded by an outer membrane.

Which of the following statements is true?

a. Gram-positive bacteria have a single cell wall formed from peptidoglycan.
b. Gram-positive bacteria have an outer membrane.
c. The cell wall of Gram-negative bacteria is thick, and the cell wall of Gram-positive bacteria is thin.
d. Gram-negative bacteria have a cell wall made of peptidoglycan, while Gram-positive bacteria have a cell wall

made of phospholipids.

Archaeal cell walls do not contain peptidoglycan. There are four different types of archaeal cell walls. One type is
composed of pseudopeptidoglycan. The other three types of cell walls contain polysaccharides, glycoproteins, and
surface-layer proteins known as S-layers.

Reproduction

Reproduction in prokaryotes is primarily asexual and takes place by binary fission. Recall that the DNA of a
prokaryote exists usually as a single, circular chromosome. Prokaryotes do not undergo mitosis. Rather, the
chromosome loop is replicated, and the two resulting copies attached to the plasma membrane move apart as the
cell grows in a process called binary fission. The prokaryote, now enlarged, is pinched inward at its equator, and the
two resulting cells, which are clones, separate. Binary fission does not provide an opportunity for genetic
recombination, but prokaryotes can alter their genetic makeup in three ways.

Binary fission as a way of reproduction does not provide an opportunity for genetic recombination and increased
genetic variability. However, prokaryotes can alter their genetic makeup by three mechanisms of obtaining
exogenous DNA. In a process called transformation, the cell takes in DNA found in its environment that is shed by
other prokaryotes, alive or dead. A pathogen is an organism that causes a disease. If a nonpathogenic bacterium
takes up DNA from a pathogen and incorporates the new DNA in its own chromosome, it too may become
pathogenic. In transduction, bacteriophages, the viruses that infect bacteria, move DNA from one bacterium to
another. Archaea have a different set of viruses that infect them and translocate genetic material from one individual
to another. During conjugation, DNA is transferred from one prokaryote to another by means of a pilus that brings
the organisms into contact with one another. The DNA transferred is usually a plasmid, but parts of the chromosome
can also be moved.

Cycles of binary fission can be very rapid, on the order of minutes for some species. This short generation time
coupled with mechanisms of genetic recombination result in the rapid evolution of prokaryotes, allowing them to
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respond to environmental changes (such as the introduction of an antibiotic) very quickly.

How Prokaryotes Obtain Energy and Carbon

Prokaryotes are metabolically diverse organisms. Prokaryotes fill many niches on Earth, including being involved in
nutrient cycles such as the nitrogen and carbon cycles, decomposing dead organisms, and growing and multiplying
inside living organisms, including humans. Different prokaryotes can use different sources of energy to assemble
macromolecules from smaller molecules. Phototrophs obtain their energy from sunlight. Chemotrophs obtain their
energy from chemical compounds.

Bacterial Diseases in Humans

Devastating pathogen-borne diseases and plagues, both viral and bacterial in nature, have affected and continue to
affect humans. It is worth noting that all pathogenic prokaryotes are Bacteria; there are no known pathogenic
Archaea in humans or any other organism. Pathogenic organisms evolved alongside humans. In the past, the true
cause of these diseases was not understood, and some cultures thought that diseases were a spiritual punishment
or were mistaken about material causes. Over time, people came to realize that staying apart from afflicted persons,
improving sanitation, and properly disposing of the corpses and personal belongings of victims of illness reduced
their own chances of getting sick.

Historical Perspective

There are records of infectious diseases as far back as 3,000 B.C. A number of significant pandemics caused by
Bacteria have been documented over several hundred years. Some of the largest pandemics led to the decline of
cities and cultures. Many were zoonoses that appeared with the domestication of animals, as in the case of
tuberculosis. A zoonosis is a disease that infects animals but can be transmitted from animals to humans.

Infectious diseases remain among the leading causes of death worldwide. Their impact is less significant in many
developed countries, but they are important determiners of mortality in developing countries. The development of
antibiotics did much to lessen the mortality rates from bacterial infections, but access to antibiotics is not universal,
and the overuse of antibiotics has led to the development of resistant strains of bacteria. Public sanitation efforts
that dispose of sewage and provide clean drinking water have done as much or more than medical advances to
prevent deaths caused by bacterial infections.

In 430 B.C., the plague of Athens killed one-quarter of the Athenian troops that were fighting in the Great
Peloponnesian War. The disease killed a quarter of the population of Athens in over 4 years and weakened Athens’
dominance and power. The source of the plague may have been identified recently when researchers from the
University of Athens were able to analyze DNA from teeth recovered from a mass grave. The scientists identified
nucleotide sequences from a pathogenic bacterium that causes typhoid fever.1

From 541 to 750 A.D., an outbreak called the plague of Justinian (likely a bubonic plague) eliminated, by some
estimates, one-quarter to one-half of the human population. The population in Europe declined by 50 percent
during this outbreak. Bubonic plague would decimate Europe more than once.

One of the most devastating pandemics was the Black Death (1346 to 1361), which is believed to have been
another outbreak of bubonic plague caused by the bacterium Yersinia pestis. This bacterium is carried by fleas living
on black rats. The Black Death reduced the world’s population from an estimated 450 million to about 350 to 375
million. Bubonic plague struck London hard again in the mid-1600s. There are still approximately 1,000 to 3,000
cases of plague globally each year. Although contracting bubonic plague before antibiotics meant almost certain
death, the bacterium responds to several types of modern antibiotics, and mortality rates from plague are now very
low.

LINK TO LEARNING

Watch a video (http://openstax.org/l/black_death2) on the modern understanding of the Black Death (bubonic

1 Papagrigorakis M. J., Synodinos P. N., Yapijakis C, “Ancient typhoid epidemic reveals possible ancestral strain of Salmonella enterica
serovar Typhi, Infect Genet Evol 7 (2007): 126-7.
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plague) in Europe during the fourteenth century.

Over the centuries, Europeans developed resistance to many infectious diseases. However, European conquerors
brought disease-causing bacteria and viruses with them when they reached the Western hemisphere, triggering
epidemics that completely devastated populations of Native Americans (who had no natural resistance to many
European diseases).

The Antibiotic Crisis

The word antibiotic comes from the Greek anti, meaning “against,” and bios, meaning “life.” An antibiotic is an
organism-produced chemical that is hostile to the growth of other organisms. Today’s news and media often
address concerns about an antibiotic crisis. Are antibiotics that were used to treat bacterial infections easily
treatable in the past becoming obsolete? Are there new “superbugs”—bacteria that have evolved to become more
resistant to our arsenal of antibiotics? Is this the beginning of the end of antibiotics? All of these questions challenge
the healthcare community.

One of the main reasons for resistant bacteria is the overuse and incorrect use of antibiotics, such as not completing
a full course of prescribed antibiotics. The incorrect use of an antibiotic results in the natural selection of resistant
forms of bacteria. The antibiotic kills most of the infecting bacteria, and therefore only the resistant forms remain.
These resistant forms reproduce, resulting in an increase in the proportion of resistant forms over non-resistant
ones.

Another problem is the excessive use of antibiotics in livestock. The routine use of antibiotics in animal feed
promotes bacterial resistance as well. In the United States, 70 percent of the antibiotics produced are fed to
animals. The antibiotics are not used to prevent disease, but to enhance production of their products.

LINK TO LEARNING

Watch an overview report (http://openstax.org/l/antibiotics2) on the problem of routine antibiotic administration to
livestock and antibiotic-resistant bacteria.

Staphylococcus aureus, often called “staph,” is a common bacterium that can live in and on the human body, which
usually is easily treatable with antibiotics. A very dangerous strain, however, has made the news over the past few
years (Figure 13.7). This strain, methicillin-resistant Staphylococcus aureus (MRSA), is resistant to many
commonly used antibiotics, including methicillin, amoxicillin, penicillin, and oxacillin. While MRSA infections have
been common among people in healthcare facilities, it is appearing more commonly in healthy people who live or
work in dense groups (like military personnel and prisoners). The Journal of the American Medical Association
reported that, among MRSA-afflicted persons in healthcare facilities, the average age is 68 years, while people with
“community-associated MRSA” (CA-MRSA) have an average age of 23 years.2

FIGURE 13.7 This scanning electron micrograph shows methicillin-resistant Staphylococcus aureus bacteria, commonly known as MRSA.
(credit: modification of work by Janice Haney Carr, CDC; scale-bar data from Matt Russell)

2 Naimi, T. S., LeDell, K. H., Como-Sabetti, K., et al., “Comparison of community- and health care-associated methicillin-resistant
Staphylococcus aureus infection,” JAMA 290 (2003): 2976-2984, doi: 10.1001/jama.290.22.2976.
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In summary, society is facing an antibiotic crisis. Some scientists believe that after years of being protected from
bacterial infections by antibiotics, we may be returning to a time in which a simple bacterial infection could again
devastate the human population. Researchers are working on developing new antibiotics, but few are in the drug
development pipeline, and it takes many years to generate an effective and approved drug.

Foodborne Diseases

Prokaryotes are everywhere: They readily colonize the surface of any type of material, and food is not an exception.
Outbreaks of bacterial infection related to food consumption are common. A foodborne disease (colloquially called
“food poisoning”) is an illness resulting from the consumption of food contaminated with pathogenic bacteria,
viruses, or other parasites. Although the United States has one of the safest food supplies in the world, the Center
for Disease Control and Prevention (CDC) has reported that “76 million people get sick, more than 300,000 are
hospitalized, and 5,000 Americans die each year from foodborne illness.”3

The characteristics of foodborne illnesses have changed over time. In the past, it was relatively common to hear
about sporadic cases of botulism, the potentially fatal disease produced by a toxin from the anaerobic bacterium
Clostridium botulinum. A can, jar, or package created a suitable anaerobic environment where Clostridium could
grow. Proper sterilization and canning procedures have reduced the incidence of this disease.

Most cases of foodborne illnesses are now linked to produce contaminated by animal waste. For example, there
have been serious, produce-related outbreaks associated with raw spinach in the United States and with vegetable
sprouts in Germany (Figure 13.8). The raw spinach outbreak in 2006 was produced by the bacterium E. coli strain
O157:H7. Most E. coli strains are not particularly dangerous to humans, (indeed, they live in our large intestine), but
O157:H7 is potentially fatal.

FIGURE 13.8 (a) Locally grown vegetable sprouts were the cause of a European E. coli outbreak that killed 31 people and sickened about
3,000 in 2010. (b) Escherichia coli are shown here in a scanning electron micrograph. The strain of E. coli that caused a deadly outbreak in
Germany is a new one not involved in any previous E. coli outbreaks. It has acquired several antibiotic resistance genes and specific genetic
sequences involved in aggregation ability and virulence. It has recently been sequenced. (credit b: Rocky Mountain Laboratories, NIAID,
NIH; scale-bar data from Matt Russell)

All types of food can potentially be contaminated with harmful bacteria of different species. Recent outbreaks of
Salmonella reported by the CDC occurred in foods as diverse as peanut butter, alfalfa sprouts, and eggs.

CAREER CONNECTION

Epidemiologist
Epidemiology is the study of the occurrence, distribution, and determinants of health and disease in a population. It
is, therefore, related to public health. An epidemiologist studies the frequency and distribution of diseases within
human populations and environments.

Epidemiologists collect data about a particular disease and track its spread to identify the original mode of

3 http://www.cdc.gov/ecoli/2006/september, Centers for Disease Control and Prevention, “Multi-state outbreak of E. coli O157:H7
infections from spinach,” September-October (2006).
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transmission. They sometimes work in close collaboration with historians to try to understand the way a disease
evolved geographically and over time, tracking the natural history of pathogens. They gather information from
clinical records, patient interviews, and any other available means. That information is used to develop strategies
and design public health policies to reduce the incidence of a disease or to prevent its spread. Epidemiologists also
conduct rapid investigations in case of an outbreak to recommend immediate measures to control it.

Epidemiologists typically have a graduate-level education. An epidemiologist often has a bachelor’s degree in some
field and a master’s degree in public health (MPH). Many epidemiologists are also physicians (and have an MD) or
they have a PhD in an associated field, such as biology or epidemiology.

Beneficial Prokaryotes

Not all prokaryotes are pathogenic. On the contrary, pathogens represent only a very small percentage of the
diversity of the microbial world. In fact, our life and all life on this planet would not be possible without prokaryotes.

Prokaryotes, and Food and Beverages

According to the United Nations Convention on Biological Diversity, biotechnology is “any technological application
that uses biological systems, living organisms, or derivatives thereof, to make or modify products or processes for
specific use.”4 The concept of “specific use” involves some sort of commercial application. Genetic engineering,
artificial selection, antibiotic production, and cell culture are current topics of study in biotechnology. However,
humans have used prokaryotes to create products before the term biotechnology was even coined. And some of the
goods and services are as simple as cheese, yogurt, sour cream, vinegar, cured sausage, sauerkraut, and fermented
seafood that contains both bacteria and archaea (Figure 13.9).

FIGURE 13.9 Some of the products derived from the use of prokaryotes in early biotechnology include (a) cheese, (b) salami, (c) yogurt,
and (d) fish sauce. (credit b: modification of work by Alisdair McDiarmid; credit c: modification of work by Kris Miller; credit d: modification
of work by Jane Whitney)

Cheese production began around 4,000 years ago when humans started to breed animals and process their milk.
Evidence suggests that cultured milk products, like yogurt, have existed for at least 4,000 years.

4 http://www.cbd.int/convention/articles/?a=cbd-02http://www.cbd.int/convention/articles/?a=cbd-02, United Nations Convention on
Biological Diversity, “Article 2: Use of Terms.”
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Using Prokaryotes to Clean up Our Planet: Bioremediation

Microbial bioremediation is the use of prokaryotes (or microbial metabolism) to remove pollutants. Bioremediation
has been used to remove agricultural chemicals (pesticides and fertilizers) that leach from soil into groundwater.
Certain toxic metals, such as selenium and arsenic compounds, can also be removed from water by bioremediation.
The reduction of to and to Se0 (metallic selenium) is a method used to remove selenium ions from
water. Mercury is an example of a toxic metal that can be removed from an environment by bioremediation. Mercury
is an active ingredient of some pesticides; it is used in industry and is also a byproduct of certain industries, such as
battery production. Mercury is usually present in very low concentrations in natural environments but it is highly
toxic because it accumulates in living tissues. Several species of bacteria can carry out the biotransformation of
toxic mercury into nontoxic forms. These bacteria, such as Pseudomonas aeruginosa, can convert Hg2+ to Hg0,
which is nontoxic to humans.

Probably one of the most useful and interesting examples of the use of prokaryotes for bioremediation purposes is
the cleanup of oil spills. The importance of prokaryotes to petroleum bioremediation has been demonstrated in
several oil spills in recent years, such as the Exxon Valdez spill in Alaska (1989) (Figure 13.10), the Prestige oil spill
in Spain (2002), the spill into the Mediterranean from a Lebanon power plant (2006,) and more recently, the BP oil
spill in the Gulf of Mexico (2010). To clean up these spills, bioremediation is promoted by adding inorganic nutrients
that help bacteria already present in the environment to grow. Hydrocarbon-degrading bacteria feed on the
hydrocarbons in the oil droplet, breaking them into inorganic compounds. Some species, such as Alcanivorax
borkumensis, produce surfactants that solubilize the oil, while other bacteria degrade the oil into carbon dioxide. In
the case of oil spills in the ocean, ongoing, natural bioremediation tends to occur, inasmuch as there are oil-
consuming bacteria in the ocean prior to the spill. Under ideal conditions, it has been reported that up to 80 percent
of the nonvolatile components in oil can be degraded within 1 year of the spill. Other oil fractions containing
aromatic and highly branched hydrocarbon chains are more difficult to remove and remain in the environment for
longer periods of time. Researchers have genetically engineered other bacteria to consume petroleum products;
indeed, the first patent application for a bioremediation application in the U.S. was for a genetically modified oil-
eating bacterium.

FIGURE 13.10 (a) Cleaning up oil after the Valdez spill in Alaska, the workers hosed oil from beaches and then used a floating boom to
corral the oil, which was finally skimmed from the water surface. Some species of bacteria are able to solubilize and degrade the oil. (b) One
of the most catastrophic consequences of oil spills is the damage to fauna. (credit a: modification of work by NOAA; credit b: modification of
work by GOLUBENKOV, NGO: Saving Taman)

Prokaryotes in and on the Body
Humans are no exception when it comes to forming symbiotic relationships with prokaryotes. We are accustomed to
thinking of ourselves as single organisms, but in reality, we are walking ecosystems. There are 10 to 100 times as
many bacterial and archaeal cells inhabiting our bodies as we have cells in our bodies. Some of these are in mutually
beneficial relationships with us, in which both the human host and the bacterium benefit, while some of the
relationships are classified as commensalism, a type of relationship in which the bacterium benefits and the human
host is neither benefited nor harmed.

Human gut flora lives in the large intestine and consists of hundreds of species of bacteria and archaea, with
different individuals containing different species mixes. The term “flora,” which is usually associated with plants, is
traditionally used in this context because bacteria were once classified as plants. The primary functions of these
prokaryotes for humans appear to be metabolism of food molecules that we cannot break down, assistance with the
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absorption of ions by the colon, synthesis of vitamin K, training of the infant immune system, maintenance of the
adult immune system, maintenance of the epithelium of the large intestine, and formation of a protective barrier
against pathogens.

The surface of the skin is also coated with prokaryotes. The different surfaces of the skin, such as the underarms,
the head, and the hands, provide different habitats for different communities of prokaryotes. Unlike with gut flora,
the possible beneficial roles of skin flora have not been well studied. However, the few studies conducted so far
have identified bacteria that produce antimicrobial compounds as probably responsible for preventing infections by
pathogenic bacteria.

As they would in any ecosystem, the organisms in the microbiome are subject to selection and evolution. Simply to
survive through changes in the human body requires a degree of adaptability and resistance. Because humans and
other animals (such as livestock) ingest more and more antibiotics, the bacteria within our bodies are becoming
resistant to those medicines. Abigail A. Salyers, who provided much of the foundational research on the human
microbiome, focused much of her early work on a type of bacteria (Bacteroides) that could not only become
resistant to antibiotics, but pass on that resistance to surrounding bacteria. Salyers was among the first researchers
to sound the alarm about the dangers of antibiotic resistance and its potential impact on health. Researchers are
actively studying the relationships between various diseases and alterations to the composition of human microbial
flora. Some of this work is being carried out by the Human Microbiome Project, funded in the United States by the
National Institutes of Health.

13.2 Eukaryotic Origins
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the endosymbiotic theory
• Explain the origin of mitochondria and chloroplasts

The fossil record and genetic evidence suggest that prokaryotic cells were the first organisms on Earth. These cells
originated approximately 3.5 billion years ago, which was about 1 billion years after Earth’s formation, and were the
only life forms on the planet until eukaryotic cells emerged approximately 2.1 billion years ago. During the
prokaryotic reign, photosynthetic prokaryotes evolved that were capable of applying the energy from sunlight to
synthesize organic materials (like carbohydrates) from carbon dioxide and an electron source (such as hydrogen,
hydrogen sulfide, or water).

Photosynthesis using water as an electron donor consumes carbon dioxide and releases molecular oxygen (O2) as a
byproduct. The functioning of photosynthetic bacteria over millions of years progressively saturated Earth’s water
with oxygen and then oxygenated the atmosphere, which previously contained much greater concentrations of
carbon dioxide and much lower concentrations of oxygen. Older anaerobic prokaryotes of the era could not function
in their new, aerobic environment. Some species perished, while others survived in the remaining anaerobic
environments left on Earth. Still other early prokaryotes evolved mechanisms, such as aerobic respiration, to exploit
the oxygenated atmosphere by using oxygen to store energy contained within organic molecules. Aerobic respiration
is a more efficient way of obtaining energy from organic molecules, which contributed to the success of these
species (as evidenced by the number and diversity of aerobic organisms living on Earth today). The evolution of
aerobic prokaryotes was an important step toward the evolution of the first eukaryote, but several other
distinguishing features had to evolve as well.

Endosymbiosis

The origin of eukaryotic cells was largely a mystery until a revolutionary hypothesis was comprehensively examined
in the 1960s by Lynn Margulis. The endosymbiotic theory states that eukaryotes are a product of one prokaryotic
cell engulfing another, one living within another, and evolving together over time until the separate cells were no
longer recognizable as such. This once-revolutionary hypothesis had immediate persuasiveness and is now widely
accepted, with work progressing on uncovering the steps involved in this evolutionary process as well as the key
players. It has become clear that many nuclear eukaryotic genes and the molecular machinery responsible for
replicating and expressing those genes appear closely related to the Archaea. On the other hand, the metabolic
organelles and the genes responsible for many energy-harvesting processes had their origins in bacteria. Much
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remains to be clarified about how this relationship occurred; this continues to be an exciting field of discovery in
biology. Several endosymbiotic events likely contributed to the origin of the eukaryotic cell.

Mitochondria
Eukaryotic cells may contain anywhere from one to several thousand mitochondria, depending on the cell’s level of
energy consumption. Each mitochondrion measures 1 to 10 micrometers in length and exists in the cell as a moving,
fusing, and dividing oblong spheroid (Figure 13.11). However, mitochondria cannot survive outside the cell. As the
atmosphere was oxygenated by photosynthesis, and as successful aerobic prokaryotes evolved, evidence suggests
that an ancestral cell engulfed and kept alive a free-living, aerobic prokaryote. This gave the host cell the ability to
use oxygen to release energy stored in nutrients. Several lines of evidence support that mitochondria are derived
from this endosymbiotic event. Most mitochondria are shaped like a specific group of bacteria and are surrounded
by two membranes. The mitochondrial inner membrane involves substantial infoldings or cristae that resemble the
textured outer surface of certain bacteria.

FIGURE 13.11 In this transmission electron micrograph of mitochondria in a mammalian lung cell, the cristae, infoldings of the
mitochondrial inner membrane, can be seen in cross-section. (credit: modification of work by Louisa Howard; scale-bar data from Matt
Russell)

Mitochondria divide on their own by a process that resembles binary fission in prokaryotes. Mitochondria have their
own circular DNA chromosome that carries genes similar to those expressed by bacteria. Mitochondria also have
special ribosomes and transfer RNAs that resemble these components in prokaryotes. These features all support
that mitochondria were once free-living prokaryotes.

Chloroplasts
Chloroplasts are one type of plastid, a group of related organelles in plant cells that are involved in the storage of
starches, fats, proteins, and pigments. Chloroplasts contain the green pigment chlorophyll and play a role in
photosynthesis. Genetic and morphological studies suggest that plastids evolved from the endosymbiosis of an
ancestral cell that engulfed a photosynthetic cyanobacterium. Plastids are similar in size and shape to cyanobacteria
and are enveloped by two or more membranes, corresponding to the inner and outer membranes of cyanobacteria.
Like mitochondria, plastids also contain circular genomes and divide by a process reminiscent of prokaryotic cell
division. The chloroplasts of red and green algae exhibit DNA sequences that are closely related to photosynthetic
cyanobacteria, suggesting that red and green algae are direct descendants of this endosymbiotic event.

Mitochondria likely evolved before plastids because all eukaryotes have either functional mitochondria or
mitochondria-like organelles. In contrast, plastids are only found in a subset of eukaryotes, such as terrestrial plants
and algae. One hypothesis of the evolutionary steps leading to the first eukaryote is summarized in Figure 13.12.
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FIGURE 13.12 The first eukaryote may have originated from an ancestral prokaryote that had undergone membrane proliferation,
compartmentalization of cellular function (into a nucleus, lysosomes, and an endoplasmic reticulum), and the establishment of
endosymbiotic relationships with an aerobic prokaryote and, in some cases, a photosynthetic prokaryote to form mitochondria and
chloroplasts, respectively.

The exact steps leading to the first eukaryotic cell can only be hypothesized, and some controversy exists regarding
which events actually took place and in what order. Spirochete bacteria have been hypothesized to have given rise
to microtubules, and a flagellated prokaryote may have contributed the raw materials for eukaryotic flagella and
cilia. Other scientists suggest that membrane proliferation and compartmentalization, not endosymbiotic events,
led to the development of mitochondria and plastids. However, the vast majority of studies support the
endosymbiotic hypothesis of eukaryotic evolution.

The early eukaryotes were unicellular like most protists are today, but as eukaryotes became more complex, the
evolution of multicellularity allowed cells to remain small while still exhibiting specialized functions. The ancestors
of today’s multicellular eukaryotes are thought to have evolved about 1.5 billion years ago.

13.3 Protists
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the main characteristics of protists
• Describe important pathogenic species of protists
• Describe the roles of protists as food sources and as decomposers

FIGURE 13.13 Protists range from the microscopic, single-celled (a) Acanthocystis turfacea and the (b) ciliate Tetrahymena thermophila to
the enormous, multicellular (c) kelps (Chromalveolata) that extend for hundreds of feet in underwater “forests.” (credit a: modification of
work by Yuiuji Tsukii; credit b: modification of work by Richard Robinson, Public Library of Science; credit c: modification of work by Kip
Evans, NOAA; scale-bar data from Matt Russell)

300 13 • Diversity of Microbes, Fungi, and Protists

Access for free at openstax.org



Eukaryotic organisms that did not fit the criteria for the kingdoms Animalia, Fungi, or Plantae historically were called
protists and were classified into the kingdom Protista. Protists include the single-celled eukaryotes living in pond
water (Figure 13.13), although protist species live in a variety of other aquatic and terrestrial environments, and
occupy many different niches. Not all protists are microscopic and single-celled; there exist some very large
multicellular species, such as the kelps. During the past two decades, the field of molecular genetics has
demonstrated that some protists are more related to animals, plants, or fungi than they are to other protists. For this
reason, protist lineages originally classified into the kingdom Protista have been reassigned into new kingdoms or
other existing kingdoms. The evolutionary lineages of the protists continue to be examined and debated. In the
meantime, the term “protist” still is used informally to describe this tremendously diverse group of eukaryotes. As a
collective group, protists display an astounding diversity of morphologies, physiologies, and ecologies.

Characteristics of Protists

There are over 100,000 described living species of protists, and it is unclear how many undescribed species may
exist. Since many protists live in symbiotic relationships with other organisms and these relationships are often
species specific, there is a huge potential for undescribed protist diversity that matches the diversity of the hosts. As
the catchall term for eukaryotic organisms that are not animals, plants, fungi, or any single phylogenetically related
group, it is not surprising that few characteristics are common to all protists.

Nearly all protists exist in some type of aquatic environment, including freshwater and marine environments, damp
soil, and even snow. Several protist species are parasites that infect animals or plants. A parasite is an organism
that lives on or in another organism and feeds on it, often without killing it. A few protist species live on dead
organisms or their wastes, and contribute to their decay.

Protist Structure
The cells of protists are among the most elaborate of all cells. Most protists are microscopic and unicellular, but
some true multicellular forms exist. A few protists live as colonies that behave in some ways as a group of free-living
cells and in other ways as a multicellular organism. Still other protists are composed of enormous, multinucleate,
single cells that look like amorphous blobs of slime or, in other cases, like ferns. In fact, many protist cells are
multinucleated; in some species, the nuclei are different sizes and have distinct roles in protist cell function.

Single protist cells range in size from less than a micrometer to the 3-meter lengths of the multinucleate cells of the
seaweed Caulerpa. Protist cells may be enveloped by animal-like cell membranes or plant-like cell walls. Others are
encased in glassy silica-based shells or wound with pellicles of interlocking protein strips. The pellicle functions like
a flexible coat of armor, preventing the protist from being torn or pierced without compromising its range of motion.

The majority of protists are motile, but different types of protists have evolved varied modes of movement. Some
protists have one or more flagella, which they rotate or whip. Others are covered in rows or tufts of tiny cilia that
they beat in coordination to swim. Still others send out lobe-like pseudopodia from anywhere on the cell, anchor the
pseudopodium to a substrate, and pull the rest of the cell toward the anchor point. Some protists can move toward
light by coupling their locomotion strategy with a light-sensing organ.

How Protists Obtain Energy

Protists exhibit many forms of nutrition and may be aerobic or anaerobic. Photosynthetic protists (photoautotrophs)
are characterized by the presence of chloroplasts. Other protists are heterotrophs and consume organic materials
(such as other organisms) to obtain nutrition. Amoebas and some other heterotrophic protist species ingest
particles by a process called phagocytosis, in which the cell membrane engulfs a food particle and brings it inward,
pinching off an intracellular membranous sac, or vesicle, called a food vacuole (Figure 13.14). This vesicle then
fuses with a lysosome, and the food particle is broken down into small molecules that can diffuse into the cytoplasm
and be used in cellular metabolism. Undigested remains ultimately are expelled from the cell through exocytosis.
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FIGURE 13.14 The stages of phagocytosis include the engulfment of a food particle, the digestion of the particle using hydrolytic enzymes
contained within a lysosome, and the expulsion of undigested material from the cell.

Some heterotrophs absorb nutrients from dead organisms or their organic wastes, and others are able to use
photosynthesis or feed on organic matter, depending on conditions.

Reproduction

Protists reproduce by a variety of mechanisms. Most are capable some form of asexual reproduction, such as binary
fission to produce two daughter cells, or multiple fission to divide simultaneously into many daughter cells. Others
produce tiny buds that go on to divide and grow to the size of the parental protist. Sexual reproduction, involving
meiosis and fertilization, is common among protists, and many protist species can switch from asexual to sexual
reproduction when necessary. Sexual reproduction is often associated with periods when nutrients are depleted or
environmental changes occur. Sexual reproduction may allow the protist to recombine genes and produce new
variations of progeny that may be better suited to surviving in the new environment. However, sexual reproduction is
also often associated with cysts that are a protective, resting stage. Depending on their habitat, the cysts may be
particularly resistant to temperature extremes, desiccation, or low pH. This strategy also allows certain protists to
“wait out” stressors until their environment becomes more favorable for survival or until they are carried (such as by
wind, water, or transport on a larger organism) to a different environment because cysts exhibit virtually no cellular
metabolism.

Protist Diversity

With the advent of DNA sequencing, the relationships among protist groups and between protist groups and other
eukaryotes are beginning to become clearer. Many relationships that were based on morphological similarities are
being replaced by new relationships based on genetic similarities. Protists that exhibit similar morphological
features may have evolved analogous structures because of similar selective pressures—rather than because of
recent common ancestry. This phenomenon is called convergent evolution. It is one reason why protist classification
is so challenging. The emerging classification scheme groups the entire domain Eukaryota into six “supergroups”
that contain all of the protists as well as animals, plants, and fungi (Figure 13.15); these include the Excavata,
Chromalveolata, Rhizaria, Archaeplastida, Amoebozoa, and Opisthokonta. The supergroups are believed to be
monophyletic; all organisms within each supergroup are believed to have evolved from a single common ancestor,
and thus all members are most closely related to each other than to organisms outside that group. There is still
evidence lacking for the monophyly of some groups.
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FIGURE 13.15 Protists appear in all six eukaryotic supergroups.

Human Pathogens

Many protists are pathogenic parasites that must infect other organisms to survive and propagate. Protist parasites
include the causative agents of malaria, African sleeping sickness, and waterborne gastroenteritis in humans. Other
protist pathogens prey on plants, effecting massive destruction of food crops.

Plasmodium Species
Members of the genus Plasmodium must infect a mosquito and a vertebrate to complete their life cycle. In
vertebrates, the parasite develops in liver cells and goes on to infect red blood cells, bursting from and destroying
the blood cells with each asexual replication cycle (Figure 13.16). Of the four Plasmodium species known to infect
humans, P. falciparum accounts for 50 percent of all malaria cases and is the primary cause of disease-related
fatalities in tropical regions of the world. In 2010, it was estimated that malaria caused between 0.5 and 1 million
deaths, mostly in African children. During the course of malaria, P. falciparum can infect and destroy more than one-
half of a human’s circulating blood cells, leading to severe anemia. In response to waste products released as the
parasites burst from infected blood cells, the host immune system mounts a massive inflammatory response with
delirium-inducing fever episodes, as parasites destroy red blood cells, spilling parasite waste into the blood stream.
P. falciparum is transmitted to humans by the African malaria mosquito, Anopheles gambiae. Techniques to kill,
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sterilize, or avoid exposure to this highly aggressive mosquito species are crucial to malaria control.

FIGURE 13.16 This light micrograph shows a 100× magnification of red blood cells infected with P. falciparum (seen as purple). (credit:
modification of work by Michael Zahniser; scale-bar data from Matt Russell)

LINK TO LEARNING

This movie (https://www.animalplanet.com/tv-shows/monsters-inside-me/videos/malaria-parasite ) depicts the
pathogenesis of Plasmodium falciparum, the causative agent of malaria.

Trypanosomes
T. brucei, the parasite that is responsible for African sleeping sickness, confounds the human immune system by
changing its thick layer of surface glycoproteins with each infectious cycle (Figure 13.17). The glycoproteins are
identified by the immune system as foreign matter, and a specific antibody defense is mounted against the parasite.
However, T. brucei has thousands of possible antigens, and with each subsequent generation, the protist switches
to a glycoprotein coating with a different molecular structure. In this way, T. brucei is capable of replicating
continuously without the immune system ever succeeding in clearing the parasite. Without treatment, African
sleeping sickness leads invariably to death because of damage it does to the nervous system. During epidemic
periods, mortality from the disease can be high. Greater surveillance and control measures have led to a reduction
in reported cases; some of the lowest numbers reported in 50 years (fewer than 10,000 cases in all of sub-Saharan
Africa) have happened since 2009.

In Latin America, another species in the genus, T. cruzi, is responsible for Chagas disease. T. cruzi infections are
mainly caused by a blood-sucking bug. The parasite inhabits heart and digestive system tissues in the chronic phase
of infection, leading to malnutrition and heart failure caused by abnormal heart rhythms. An estimated 10 million
people are infected with Chagas disease, which caused 10,000 deaths in 2008.
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FIGURE 13.17 Trypanosomes are shown in this light micrograph among red blood cells. (credit: modification of work by Myron G. Schultz,
CDC; scale-bar data from Matt Russell)

LINK TO LEARNING

This movie (https://www.animalplanet.com/tv-shows/monsters-inside-me/videos/african-sleeping-sickness)
discusses the pathogenesis of Trypanosoma brucei, the causative agent of African sleeping sickness.

Plant Parasites

Protist parasites of terrestrial plants include agents that destroy food crops. The oomycete Plasmopara viticola
parasitizes grape plants, causing a disease called downy mildew (Figure 13.18a). Grape plants infected with P.
viticola appear stunted and have discolored withered leaves. The spread of downy mildew caused the near collapse
of the French wine industry in the nineteenth century.

FIGURE 13.18 (a) The downy and powdery mildews on this grape leaf are caused by an infection of P. viticola. (b) This potato exhibits the
results of an infection with P. infestans, the potato late blight. (credit a: modification of work by David B. Langston, University of Georgia,
USDA ARS; credit b: USDA ARS)

Phytophthora infestans is an oomycete responsible for potato late blight, which causes potato stalks and stems to
decay into black slime (Figure 13.18b). Widespread potato blight caused by P. infestans precipitated the well-
known Irish potato famine in the nineteenth century that claimed the lives of approximately 1 million people and led
to the emigration from Ireland of at least 1 million more. Late blight continues to plague potato crops in certain parts
of the United States and Russia, wiping out as much as 70 percent of crops when no pesticides are applied.

Beneficial Protists

Protists play critically important ecological roles as producers particularly in the world’s oceans. They are equally
important on the other end of food webs as decomposers.

Protists as Food Sources
Protists are essential sources of nutrition for many other organisms. In some cases, as in plankton, protists are
consumed directly. Alternatively, photosynthetic protists serve as producers of nutrition for other organisms by
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carbon fixation. For instance, photosynthetic dinoflagellates called zooxanthellae pass on most of their energy to the
coral polyps that house them (Figure 13.19). In this mutually beneficial relationship, the polyps provide a protective
environment and nutrients for the zooxanthellae. The polyps secrete the calcium carbonate that builds coral reefs.
Without dinoflagellate symbionts, corals lose algal pigments in a process called coral bleaching, and they eventually
die. This explains why reef-building corals do not reside in waters deeper than 20 meters: Not enough light reaches
those depths for dinoflagellates to photosynthesize.

FIGURE 13.19 Coral polyps obtain nutrition through a symbiotic relationship with dinoflagellates.

Protists themselves and their products of photosynthesis are essential—directly or indirectly—to the survival of
organisms ranging from bacteria to mammals. As primary producers, protists feed a large proportion of the world’s
aquatic species. (On land, terrestrial plants serve as primary producers.) In fact, approximately one-quarter of the
world’s photosynthesis is conducted by protists, particularly dinoflagellates, diatoms, and multicellular algae.

Protists do not create food sources only for sea-dwelling organisms. For instance, certain anaerobic species exist in
the digestive tracts of termites and wood-eating cockroaches, where they contribute to digesting cellulose ingested
by these insects as they bore through wood. The actual enzyme used to digest the cellulose is actually produced by
bacteria living within the protist cells. The termite provides the food source to the protist and its bacteria, and the
protist and bacteria provide nutrients to the termite by breaking down the cellulose.

Agents of Decomposition
Many fungus-like protists are saprobes, organisms that feed on dead organisms or the waste matter produced by
organisms (saprophyte is an equivalent term), and are specialized to absorb nutrients from nonliving organic matter.
For instance, many types of oomycetes grow on dead animals or algae. Saprobic protists have the essential function
of returning inorganic nutrients to the soil and water. This process allows for new plant growth, which in turn
generates sustenance for other organisms along the food chain. Indeed, without saprobic species, such as protists,
fungi, and bacteria, life would cease to exist as all organic carbon became “tied up” in dead organisms.

13.4 Fungi
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• List the characteristics of fungi
• Describe fungal parasites and pathogens of plants and infections in humans
• Describe the importance of fungi to the environment
• Summarize the beneficial role of fungi in food and beverage preparation and in the chemical and

pharmaceutical industry
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