nuclei. The cytoplasm is usually divided as well, resulting in two daughter

cells.

Interphase
During interphase, the cell undergoes normal growth processes while also preparing for cell
division. In order for a cell to move from interphase into the mitotic phase, many internal and
external conditions must be met. The three stages of interphase are called G1, S, and G2.
G1 Phase (First Gap)
The first stage of interphase is called the G1 phase (first gap) because, from a microscopic
aspect, little change is visible. However, during the G1 stage, the cell is quite active at the
biochemical level. The cell is accumulating the building blocks of chromosomal DNA and
the associated proteins as well as accumulating sufficient energy reserves to complete the
task of replicating each chromosome in the nucleus.
S Phase (Synthesis of DNA)
Throughout interphase, nuclear DNA remains in a semi-condensed chromatin configuration.
In the S phase, DNA replication can proceed through the mechanisms that result in the

formation of identical pairs of DNA molecules—sister chromatids—that are firmly attached
to the centromeric region. The centrosome is duplicated during the S phase. The two
centrosomes will give rise to the mitotic spindle, the apparatus that orchestrates the
movement of chromosomes during mitosis. At the center of each animal cell, the centrosomes
of animal cells are associated with a pair of rod-like objects, the centrioles, which are at right
angles to each other. Centrioles help organize cell division. Centrioles are not present in the
centrosomes of other eukaryotic species, such as plants and most fungi.
G2 Phase (Second Gap)
In the G2 phase, the cell replenishes its energy stores and synthesizes proteins necessary for
chromosome manipulation. Some cell organelles are duplicated, and the cytoskeleton is
dismantled to provide resources for the mitotic phase. There may be additional cell growth
during G2. The final preparations for the mitotic phase must be completed before the cell is
able to enter the first stage of mitosis.

The Mitotic Phase
The mitotic phase is a multistep process during which the duplicated chromosomes are
aligned, separated, and move into two new, identical daughter cells. The first portion of the
mitotic phase is called karyokinesis, or nuclear division. The second portion of the mitotic
phase, called cytokinesis, is the physical separation of the cytoplasmic components into the
two daughter cells.
Link to Learning

Revisit the stages of mitosis at this site.
Karyokinesis (Mitosis)
Karyokinesis, also known as mitosis, is divided into a series of phases—prophase,
prometaphase, metaphase, anaphase, and telophase—that result in the division of the cell
nucleus ([link]). Karyokinesis is also called mitosis.
Art Connection
Karyokinesis (or mitosis) is divided into five stages—prophase, prometaphase, metaphase,
anaphase, and telophase. The pictures at the bottom were taken by fluorescence microscopy
(hence, the black background) of cells artificially stained by fluorescent dyes: blue
fluorescence indicates DNA (chromosomes) and green fluorescence indicates microtubules
(spindle apparatus). (credit “mitosis drawings”: modification of work by Mariana Ruiz
Villareal; credit “micrographs”: modification of work by Roy van Heesbeen; credit
“cytokinesis micrograph”: Wadsworth Center/New York State Department of Health; scale-

bar data from Matt
Russell)

Which of the following is the correct order of events in mitosis?
a. Sister chromatids line up at the metaphase plate. The kinetochore becomes attached to
the mitotic spindle. The nucleus reforms and the cell divides. Cohesin proteins break
down and the sister chromatids separate.
b. The kinetochore becomes attached to the mitotic spindle. Cohesin proteins break
down and the sister chromatids separate. Sister chromatids line up at the metaphase
plate. The nucleus reforms and the cell divides.
c. The kinetochore becomes attached to the cohesin proteins. Sister chromatids line up at
the metaphase plate. The kinetochore breaks down and the sister chromatids separate.
The nucleus reforms and the cell divides.
d. The kinetochore becomes attached to the mitotic spindle. Sister chromatids line up at
the metaphase plate. Cohesin proteins break down and the sister chromatids separate.
The nucleus reforms and the cell divides.
During prophase, the “first phase,” the nuclear envelope starts to dissociate into small
vesicles, and the membranous organelles (such as the Golgi complex or Golgi apparatus, and

endoplasmic reticulum), fragment and disperse toward the periphery of the cell. The
nucleolus disappears (disperses). The centrosomes begin to move to opposite poles of the
cell. Microtubules that will form the mitotic spindle extend between the centrosomes, pushing
them farther apart as the microtubule fibers lengthen. The sister chromatids begin to coil
more tightly with the aid of condensin proteins and become visible under a light microscope.
During prometaphase, the “first change phase,” many processes that were begun in prophase
continue to advance. The remnants of the nuclear envelope fragment. The mitotic spindle
continues to develop as more microtubules assemble and stretch across the length of the
former nuclear area. Chromosomes become more condensed and discrete. Each sister
chromatid develops a protein structure called a kinetochore in the centromeric region ([link]).
The proteins of the kinetochore attract and bind mitotic spindle microtubules. As the spindle
microtubules extend from the centrosomes, some of these microtubules come into contact
with and firmly bind to the kinetochores. Once a mitotic fiber attaches to a chromosome, the
chromosome will be oriented until the kinetochores of sister chromatids face the opposite
poles. Eventually, all the sister chromatids will be attached via their kinetochores to
microtubules from opposing poles. Spindle microtubules that do not engage the chromosomes
are called polar microtubules. These microtubules overlap each other midway between the
two poles and contribute to cell elongation. Astral microtubules are located near the poles, aid
in spindle orientation, and are required for the regulation of mitosis.
During prometaphase, mitotic spindle microtubules from opposite poles attach to each sister
chromatid at the kinetochore. In anaphase, the connection between the sister chromatids
breaks down, and the microtubules pull the chromosomes toward opposite

poles.
During metaphase, the “change phase,” all the chromosomes are aligned in a plane called
the metaphase plate, or the equatorial plane, midway between the two poles of the cell. The
sister chromatids are still tightly attached to each other by cohesin proteins. At this time, the
chromosomes are maximally condensed.
During anaphase, the “upward phase,” the cohesin proteins degrade, and the sister chromatids
separate at the centromere. Each chromatid, now called a chromosome, is pulled rapidly

toward the centrosome to which its microtubule is attached. The cell becomes visibly
elongated (oval shaped) as the polar microtubules slide against each other at the metaphase
plate where they overlap.
During telophase, the “distance phase,” the chromosomes reach the opposite poles and begin
to decondense (unravel), relaxing into a chromatin configuration. The mitotic spindles are
depolymerized into tubulin monomers that will be used to assemble cytoskeletal components
for each daughter cell. Nuclear envelopes form around the chromosomes, and nucleosomes
appear within the nuclear area.
Cytokinesis
Cytokinesis, or “cell motion,” is the second main stage of the mitotic phase during which cell
division is completed via the physical separation of the cytoplasmic components into two
daughter cells. Division is not complete until the cell components have been apportioned and
completely separated into the two daughter cells. Although the stages of mitosis are similar
for most eukaryotes, the process of cytokinesis is quite different for eukaryotes that have cell
walls, such as plant cells.
In cells such as animal cells that lack cell walls, cytokinesis follows the onset of anaphase. A
contractile ring composed of actin filaments forms just inside the plasma membrane at the
former metaphase plate. The actin filaments pull the equator of the cell inward, forming a
fissure. This fissure, or “crack,” is called the cleavage furrow. The furrow deepens as the
actin ring contracts, and eventually the membrane is cleaved in two ([link]).
In plant cells, a new cell wall must form between the daughter cells. During interphase, the
Golgi apparatus accumulates enzymes, structural proteins, and glucose molecules prior to
breaking into vesicles and dispersing throughout the dividing cell. During telophase, these
Golgi vesicles are transported on microtubules to form a phragmoplast (a vesicular structure)
at the metaphase plate. There, the vesicles fuse and coalesce from the center toward the cell
walls; this structure is called a cell plate. As more vesicles fuse, the cell plate enlarges until it
merges with the cell walls at the periphery of the cell. Enzymes use the glucose that has
accumulated between the membrane layers to build a new cell wall. The Golgi membranes
become parts of the plasma membrane on either side of the new cell wall ([link]).
During cytokinesis in animal cells, a ring of actin filaments forms at the metaphase plate. The
ring contracts, forming a cleavage furrow, which divides the cell in two. In plant cells, Golgi
vesicles coalesce at the former metaphase plate, forming a phragmoplast. A cell plate formed
by the fusion of the vesicles of the phragmoplast grows from the center toward the cell walls,

and the membranes of the vesicles fuse to form a plasma membrane that divides the cell in

two.

G0 Phase
Not all cells adhere to the classic cell cycle pattern in which a newly formed daughter cell
immediately enters the preparatory phases of interphase, closely followed by the mitotic
phase. Cells in G0 phase are not actively preparing to divide. The cell is in
a quiescent (inactive) stage that occurs when cells exit the cell cycle. Some cells enter
G0 temporarily until an external signal triggers the onset of G1. Other cells that never or
rarely divide, such as mature cardiac muscle and nerve cells, remain in G0 permanently.
Scientific Method Connection
Determine the Time Spent in Cell Cycle Stages
Problem: How long does a cell spend in interphase compared to each stage of mitosis?
Background: A prepared microscope slide of blastula cross-sections will show cells arrested
in various stages of the cell cycle. It is not visually possible to separate the stages of
interphase from each other, but the mitotic stages are readily identifiable. If 100 cells are
examined, the number of cells in each identifiable cell cycle stage will give an estimate of the
time it takes for the cell to complete that stage.
Problem Statement: Given the events included in all of interphase and those that take place
in each stage of mitosis, estimate the length of each stage based on a 24-hour cell cycle.
Before proceeding, state your hypothesis.
Test your hypothesis: Test your hypothesis by doing the following:
1. Place a fixed and stained microscope slide of whitefish blastula cross-sections under
the scanning objective of a light microscope.

2. Locate and focus on one of the sections using the scanning objective of your
microscope. Notice that the section is a circle composed of dozens of closely packed
individual cells.
3. Switch to the low-power objective and refocus. With this objective, individual cells
are visible.
4. Switch to the high-power objective and slowly move the slide left to right, and up and
down to view all the cells in the section ([link]). As you scan, you will notice that
most of the cells are not undergoing mitosis but are in the interphase period of the cell
cycle.
Slowly scan whitefish blastula cells with the high-power objective as illustrated in
image (a) to identify their mitotic stage. (b) A microscopic image of the scanned cells
is shown. (credit “micrograph”: modification of work by Linda Flora; scale-bar data

from Matt Russell)
5. Practice identifying the various stages of the cell cycle, using the drawings of the
stages as a guide ([link]).
6. Once you are confident about your identification, begin to record the stage of each
cell you encounter as you scan left to right, and top to bottom across the blastula
section.
7. Keep a tally of your observations and stop when you reach 100 cells identified.
8. The larger the sample size (total number of cells counted), the more accurate the
results. If possible, gather and record group data prior to calculating percentages and
making estimates.
Record your observations: Make a table similar to [link] in which you record your
observations.
Results of Cell Stage Identification
Phase or Stage Individual Totals Group Totals Percent
Interphase
Prophase
Metaphase
Anaphase
Telophase
Cytokinesis
Totals
100
100
100 percent

Analyze your data/report your results: To find the length of time whitefish blastula cells
spend in each stage, multiply the percent (recorded as a decimal) by 24 hours. Make a table
similar to [link] to illustrate your data.
Estimate of Cell Stage Length
Phase or Stage Percent (as Decimal) Time in Hours
Interphase
Prophase
Metaphase
Anaphase
Telophase
Cytokinesis
Draw a conclusion: Did your results support your estimated times? Were any of the
outcomes unexpected? If so, discuss which events in that stage might contribute to the
calculated time.

Section Summary
The cell cycle is an orderly sequence of events. Cells on the path to cell division proceed
through a series of precisely timed and carefully regulated stages. In eukaryotes, the cell
cycle consists of a long preparatory period, called interphase. Interphase is divided into G1, S,
and G2 phases. The mitotic phase begins with karyokinesis (mitosis), which consists of five
stages: prophase, prometaphase, metaphase, anaphase, and telophase. The final stage of the
mitotic phase is cytokinesis, during which the cytoplasmic components of the daughter cells
are separated either by an actin ring (animal cells) or by cell plate formation (plant cells).

Art Connections
[link] Which of the following is the correct order of events in mitosis?
a. Sister chromatids line up at the metaphase plate. The kinetochore becomes attached to
the mitotic spindle. The nucleus reforms and the cell divides. Cohesin proteins break
down and the sister chromatids separate.
b. The kinetochore becomes attached to the mitotic spindle. Cohesin proteins break
down and the sister chromatids separate. Sister chromatids line up at the metaphase
plate. The nucleus reforms and the cell divides.
c. The kinetochore becomes attached to the cohesin proteins. Sister chromatids line up at
the metaphase plate. The kinetochore breaks down and the sister chromatids separate.
The nucleus reforms and the cell divides.
d. The kinetochore becomes attached to the mitotic spindle. Sister chromatids line up at
the metaphase plate. Cohesin proteins break down and the sister chromatids separate.
The nucleus reforms and the cell divides.
[link] D. The kinetochore becomes attached to the mitotic spindle. Sister chromatids line up
at the metaphase plate. Cohesin proteins break down and the sister chromatids separate. The
nucleus reforms and the cell divides.

Review Questions
Chromosomes are duplicated during what stage of the cell cycle?
a.
b.
c.
d.

G1 phase
S phase
prophase
prometaphase

B
Which of the following events does not occur during some stages of interphase?
a.
b.
c.
d.

DNA duplication
organelle duplication
increase in cell size
separation of sister chromatids

D
The mitotic spindles arise from which cell structure?
a.
b.
c.
d.

centromere
centrosome
kinetochore
cleavage furrow

B
Attachment of the mitotic spindle fibers to the kinetochores is a characteristic of which stage
of mitosis?
a.
b.
c.
d.

prophase
prometaphase
metaphase
anaphase

B
Unpacking of chromosomes and the formation of a new nuclear envelope is a characteristic
of which stage of mitosis?
a.
b.
c.
d.

prometaphase
metaphase
anaphase
telophase

D
Separation of the sister chromatids is a characteristic of which stage of mitosis?

a.
b.
c.
d.

prometaphase
metaphase
anaphase
telophase

C
The chromosomes become visible under a light microscope during which stage of mitosis?
a.
b.
c.
d.

prophase
prometaphase
metaphase
anaphase

A
The fusing of Golgi vesicles at the metaphase plate of dividing plant cells forms what
structure?
a.
b.
c.
d.

cell plate
actin ring
cleavage furrow
mitotic spindle

A

Free Response
Briefly describe the events that occur in each phase of interphase.
During G1, the cell increases in size, the genomic DNA is assessed for damage, and the cell
stockpiles energy reserves and the components to synthesize DNA. During the S phase, the
chromosomes, the centrosomes, and the centrioles (animal cells) duplicate. During the
G2 phase, the cell recovers from the S phase, continues to grow, duplicates some organelles,
and dismantles other organelles.
Chemotherapy drugs such as vincristine and colchicine disrupt mitosis by binding to tubulin
(the subunit of microtubules) and interfering with microtubule assembly and disassembly.
Exactly what mitotic structure is targeted by these drugs and what effect would that have on
cell division?
The mitotic spindle is formed of microtubules. Microtubules are polymers of the protein
tubulin; therefore, it is the mitotic spindle that is disrupted by these drugs. Without a
functional mitotic spindle, the chromosomes will not be sorted or separated during mitosis.
The cell will arrest in mitosis and die.
Describe the similarities and differences between the cytokinesis mechanisms found in
animal cells versus those in plant cells.

There are very few similarities between animal cell and plant cell cytokinesis. In animal cells,
a ring of actin fibers is formed around the periphery of the cell at the former metaphase plate
(cleavage furrow). The actin ring contracts inward, pulling the plasma membrane toward the
center of the cell until the cell is pinched in two. In plant cells, a new cell wall must be
formed between the daughter cells. Due to the rigid cell walls of the parent cell, contraction
of the middle of the cell is not possible. Instead, a phragmoplast first forms. Subsequently, a
cell plate is formed in the center of the cell at the former metaphase plate. The cell plate is
formed from Golgi vesicles that contain enzymes, proteins, and glucose. The vesicles fuse
and the enzymes build a new cell wall from the proteins and glucose. The cell plate grows
toward and eventually fuses with the cell wall of the parent cell.
List some reasons why a cell that has just completed cytokinesis might enter the G0 phase
instead of the G1 phase.
Many cells temporarily enter G0 until they reach maturity. Some cells are only triggered to
enter G1 when the organism needs to increase that particular cell type. Some cells only
reproduce following an injury to the tissue. Some cells never divide once they reach maturity.
What cell cycle events will be affected in a cell that produces mutated (non-functional)
cohesin protein?
If cohesin is not functional, chromosomes are not packaged after DNA replication in the S
phase of interphase. It is likely that the proteins of the centromeric region, such as the
kinetochore, would not form. Even if the mitotic spindle fibers could attach to the chromatids
without packing, the chromosomes would not be sorted or separated during mitosis.

Glossary
anaphase
stage of mitosis during which sister chromatids are separated from each
other
cell cycle
ordered series of events involving cell growth and cell division that
produces two new daughter cells
cell plate
structure formed during plant cell cytokinesis by Golgi vesicles, forming a
temporary structure (phragmoplast) and fusing at the metaphase plate;
ultimately leads to the formation of cell walls that separate the two daughter
cells
centriole
rod-like structure constructed of microtubules at the center of each animal
cell centrosome
cleavage furrow
constriction formed by an actin ring during cytokinesis in animal cells that
leads to cytoplasmic division
condensin
proteins that help sister chromatids coil during prophase

cytokinesis
division of the cytoplasm following mitosis that forms two daughter cells.
G0 phase
distinct from the G1 phase of interphase; a cell in G0 is not preparing to
divide
G1 phase
(also, first gap) first phase of interphase centered on cell growth during
mitosis
G2 phase
(also, second gap) third phase of interphase during which the cell undergoes
final preparations for mitosis
interphase
period of the cell cycle leading up to mitosis; includes G1, S, and G2 phases
(the interim period between two consecutive cell divisions
karyokinesis
mitotic nuclear division
kinetochore
protein structure associated with the centromere of each sister chromatid
that attracts and binds spindle microtubules during prometaphase
metaphase plate
equatorial plane midway between the two poles of a cell where the
chromosomes align during metaphase
metaphase
stage of mitosis during which chromosomes are aligned at the metaphase
plate
mitosis
(also, karyokinesis) period of the cell cycle during which the duplicated
chromosomes are separated into identical nuclei; includes prophase,
prometaphase, metaphase, anaphase, and telophase
mitotic phase
period of the cell cycle during which duplicated chromosomes are
distributed into two nuclei and cytoplasmic contents are divided; includes
karyokinesis (mitosis) and cytokinesis
mitotic spindle
apparatus composed of microtubules that orchestrates the movement of
chromosomes during mitosis
prometaphase
stage of mitosis during which the nuclear membrane breaks down and
mitotic spindle fibers attach to kinetochores
prophase
stage of mitosis during which chromosomes condense and the mitotic
spindle begins to form
quiescent

refers to a cell that is performing normal cell functions and has not initiated
preparations for cell division
S phase
second, or synthesis, stage of interphase during which DNA replication
occurs
telophase
stage of mitosis during which chromosomes arrive at opposite poles,
decondense, and are surrounded by a new nuclear envelope
Cancer and the Cell Cycle
By the end of this section, you will be able to:
•
•
•
•

Describe how cancer is caused by uncontrolled cell growth
Understand how proto-oncogenes are normal cell genes that, when mutated,
become oncogenes
Describe how tumor suppressors function
Explain how mutant tumor suppressors cause cancer

Cancer comprises many different diseases caused by a common mechanism:
uncontrolled cell growth. Despite the redundancy and overlapping levels of cell
cycle control, errors do occur. One of the critical processes monitored by the cell
cycle checkpoint surveillance mechanism is the proper replication of DNA during
the S phase. Even when all of the cell cycle controls are fully functional, a small
percentage of replication errors (mutations) will be passed on to the daughter cells.
If changes to the DNA nucleotide sequence occur within a coding portion of a gene
and are not corrected, a gene mutation results. All cancers start when a gene
mutation gives rise to a faulty protein that plays a key role in cell reproduction.
The change in the cell that results from the malformed protein may be minor:
perhaps a slight delay in the binding of Cdk to cyclin or an Rb protein that
detaches from its target DNA while still phosphorylated. Even minor mistakes,
however, may allow subsequent mistakes to occur more readily. Over and over,
small uncorrected errors are passed from the parent cell to the daughter cells and
amplified as each generation produces more non-functional proteins from
uncorrected DNA damage. Eventually, the pace of the cell cycle speeds up as the
effectiveness of the control and repair mechanisms decreases. Uncontrolled growth
of the mutated cells outpaces the growth of normal cells in the area, and a tumor
(“-oma”) can result.
Proto-oncogenes
The genes that code for the positive cell cycle regulators are called proto-oncogenes. Protooncogenes are normal genes that, when mutated in certain ways, become oncogenes, genes
that cause a cell to become cancerous. Consider what might happen to the cell cycle in a cell
with a recently acquired oncogene. In most instances, the alteration of the DNA sequence will
result in a less functional (or non-functional) protein. The result is detrimental to the cell and
will likely prevent the cell from completing the cell cycle; however, the organism is not
harmed because the mutation will not be carried forward. If a cell cannot reproduce, the

mutation is not propagated and the damage is minimal. Occasionally, however, a gene
mutation causes a change that increases the activity of a positive regulator. For example, a
mutation that allows Cdk to be activated without being partnered with cyclin could push the
cell cycle past a checkpoint before all of the required conditions are met. If the resulting
daughter cells are too damaged to undergo further cell divisions, the mutation would not be
propagated and no harm would come to the organism. However, if the atypical daughter cells
are able to undergo further cell divisions, subsequent generations of cells will probably
accumulate even more mutations, some possibly in additional genes that regulate the cell
cycle.
The Cdk gene in the above example is only one of many genes that are considered protooncogenes. In addition to the cell cycle regulatory proteins, any protein that influences the
cycle can be altered in such a way as to override cell cycle checkpoints. An oncogene is any
gene that, when altered, leads to an increase in the rate of cell cycle progression.

Tumor Suppressor Genes
Like proto-oncogenes, many of the negative cell cycle regulatory proteins were discovered in
cells that had become cancerous. Tumor suppressor genes are segments of DNA that code for
negative regulator proteins, the type of regulators that, when activated, can prevent the cell
from undergoing uncontrolled division. The collective function of the best-understood tumor
suppressor gene proteins, Rb, p53, and p21, is to put up a roadblock to cell cycle progression
until certain events are completed. A cell that carries a mutated form of a negative regulator
might not be able to halt the cell cycle if there is a problem. Tumor suppressors are similar to
brakes in a vehicle: Malfunctioning brakes can contribute to a car crash.
Mutated p53 genes have been identified in more than one-half of all human tumor cells. This
discovery is not surprising in light of the multiple roles that the p53 protein plays at the
G1 checkpoint. A cell with a faulty p53 may fail to detect errors present in the genomic DNA
([link]). Even if a partially functional p53 does identify the mutations, it may no longer be
able to signal the necessary DNA repair enzymes. Either way, damaged DNA will remain
uncorrected. At this point, a functional p53 will deem the cell unsalvageable and trigger
programmed cell death (apoptosis). The damaged version of p53 found in cancer cells,
however, cannot trigger apoptosis.
Art Connection
The role of normal p53 is to monitor DNA and the supply of oxygen (hypoxia is a condition
of reduced oxygen supply). If damage is detected, p53 triggers repair mechanisms. If repairs
are unsuccessful, p53 signals apoptosis. A cell with an abnormal p53 protein cannot repair
damaged DNA and thus cannot signal apoptosis. Cells with abnormal p53 can become

cancerous. (credit: modification of work by Thierry

Soussi)
Human papillomavirus can cause cervical cancer. The virus encodes E6, a protein that binds
p53. Based on this fact and what you know about p53, what effect do you think E6 binding
has on p53 activity?
a.
b.
c.
d.

E6 activates p53
E6 inactivates p53
E6 mutates p53
E6 binding marks p53 for degradation

The loss of p53 function has other repercussions for the cell cycle. Mutated p53 might lose its
ability to trigger p21 production. Without adequate levels of p21, there is no effective block
on Cdk activation. Essentially, without a fully functional p53, the G1 checkpoint is severely
compromised and the cell proceeds directly from G1 to S regardless of internal and external
conditions. At the completion of this shortened cell cycle, two daughter cells are produced
that have inherited the mutated p53 gene. Given the non-optimal conditions under which the
parent cell reproduced, it is likely that the daughter cells will have acquired other mutations
in addition to the faulty tumor suppressor gene. Cells such as these daughter cells quickly
accumulate both oncogenes and non-functional tumor suppressor genes. Again, the result is
tumor growth.
Link to Learning

Watch an animation of how cancer results from errors in the cell cycle.

Control of the Cell Cycle
By the end of this section, you will be able to:
•
•
•

Understand how the cell cycle is controlled by mechanisms both internal
and external to the cell
Explain how the three internal control checkpoints occur at the end of G 1, at
the G2/M transition, and during metaphase
Describe the molecules that control the cell cycle through positive and
negative regulation

The length of the cell cycle is highly variable, even within the cells of a single
organism. In humans, the frequency of cell turnover ranges from a few hours in
early embryonic development, to an average of two to five days for epithelial cells,
and to an entire human lifetime spent in G0 by specialized cells, such as cortical
neurons or cardiac muscle cells. There is also variation in the time that a cell
spends in each phase of the cell cycle. When fast-dividing mammalian cells are
grown in culture (outside the body under optimal growing conditions), the length
of the cycle is about 24 hours. In rapidly dividing human cells with a 24-hour cell
cycle, the G1 phase lasts approximately nine hours, the S phase lasts 10 hours, the
G2 phase lasts about four and one-half hours, and the M phase lasts approximately
one-half hour. In early embryos of fruit flies, the cell cycle is completed in about
eight minutes. The timing of events in the cell cycle is controlled by mechanisms
that are both internal and external to the cell.
Regulation of the Cell Cycle by External Events
Both the initiation and inhibition of cell division are triggered by events external to the cell
when it is about to begin the replication process. An event may be as simple as the death of a
nearby cell or as sweeping as the release of growth-promoting hormones, such as human
growth hormone (HGH). A lack of HGH can inhibit cell division, resulting in dwarfism,
whereas too much HGH can result in gigantism. Crowding of cells can also inhibit cell
division. Another factor that can initiate cell division is the size of the cell; as a cell grows, it
becomes inefficient due to its decreasing surface-to-volume ratio. The solution to this
problem is to divide.
Whatever the source of the message, the cell receives the signal, and a series of events within
the cell allows it to proceed into interphase. Moving forward from this initiation point, every
parameter required during each cell cycle phase must be met or the cycle cannot progress.

Regulation at Internal Checkpoints
It is essential that the daughter cells produced be exact duplicates of the parent cell. Mistakes
in the duplication or distribution of the chromosomes lead to mutations that may be passed
forward to every new cell produced from an abnormal cell. To prevent a compromised cell
from continuing to divide, there are internal control mechanisms that operate at three
main cell cycle checkpoints. A checkpoint is one of several points in the eukaryotic cell cycle
at which the progression of a cell to the next stage in the cycle can be halted until conditions
are favorable. These checkpoints occur near the end of G1, at the G2/M transition, and during
metaphase ([link]).
The cell cycle is controlled at three checkpoints. The integrity of the DNA is assessed at the
G1 checkpoint. Proper chromosome duplication is assessed at the G2 checkpoint. Attachment
of each kinetochore to a spindle fiber is assessed at the M
checkpoint.

The G1 Checkpoint
The G1 checkpoint determines whether all conditions are favorable for cell division to
proceed. The G1 checkpoint, also called the restriction point (in yeast), is a point at which the

cell irreversibly commits to the cell division process. External influences, such as growth
factors, play a large role in carrying the cell past the G1 checkpoint. In addition to adequate
reserves and cell size, there is a check for genomic DNA damage at the G1 checkpoint. A cell
that does not meet all the requirements will not be allowed to progress into the S phase. The
cell can halt the cycle and attempt to remedy the problematic condition, or the cell can
advance into G0 and await further signals when conditions improve.
The G2 Checkpoint
The G2 checkpoint bars entry into the mitotic phase if certain conditions are not met. As at
the G1 checkpoint, cell size and protein reserves are assessed. However, the most important
role of the G2 checkpoint is to ensure that all of the chromosomes have been replicated and
that the replicated DNA is not damaged. If the checkpoint mechanisms detect problems with
the DNA, the cell cycle is halted, and the cell attempts to either complete DNA replication or
repair the damaged DNA.
The M Checkpoint
The M checkpoint occurs near the end of the metaphase stage of karyokinesis. The M
checkpoint is also known as the spindle checkpoint, because it determines whether all the
sister chromatids are correctly attached to the spindle microtubules. Because the separation of
the sister chromatids during anaphase is an irreversible step, the cycle will not proceed until
the kinetochores of each pair of sister chromatids are firmly anchored to at least two spindle
fibers arising from opposite poles of the cell.
Link to Learning

Watch what occurs at the G1, G2, and M checkpoints by visiting this website to see an
animation of the cell cycle.

Regulator Molecules of the Cell Cycle
In addition to the internally controlled checkpoints, there are two groups of intracellular
molecules that regulate the cell cycle. These regulatory molecules either promote progress of
the cell to the next phase (positive regulation) or halt the cycle (negative regulation).
Regulator molecules may act individually, or they can influence the activity or production of
other regulatory proteins. Therefore, the failure of a single regulator may have almost no
effect on the cell cycle, especially if more than one mechanism controls the same event.
Conversely, the effect of a deficient or non-functioning regulator can be wide-ranging and
possibly fatal to the cell if multiple processes are affected.
Positive Regulation of the Cell Cycle

Two groups of proteins, called cyclins and cyclin-dependent kinases (Cdks), are responsible
for the progress of the cell through the various checkpoints. The levels of the four cyclin
proteins fluctuate throughout the cell cycle in a predictable pattern ([link]). Increases in the
concentration of cyclin proteins are triggered by both external and internal signals. After the
cell moves to the next stage of the cell cycle, the cyclins that were active in the previous stage
are degraded.
The concentrations of cyclin proteins change throughout the cell cycle. There is a direct
correlation between cyclin accumulation and the three major cell cycle checkpoints. Also
note the sharp decline of cyclin levels following each checkpoint (the transition between
phases of the cell cycle), as cyclin is degraded by cytoplasmic enzymes. (credit: modification
of work by "WikiMiMa"/Wikimedia

Commons)
Cyclins regulate the cell cycle only when they are tightly bound to Cdks. To be fully active,
the Cdk/cyclin complex must also be phosphorylated in specific locations. Like all kinases,
Cdks are enzymes (kinases) that phosphorylate other proteins. Phosphorylation activates the
protein by changing its shape. The proteins phosphorylated by Cdks are involved in
advancing the cell to the next phase. ([link]). The levels of Cdk proteins are relatively stable
throughout the cell cycle; however, the concentrations of cyclin fluctuate and determine when
Cdk/cyclin complexes form. The different cyclins and Cdks bind at specific points in the cell
cycle and thus regulate different checkpoints.
Cyclin-dependent kinases (Cdks) are protein kinases that, when fully activated, can
phosphorylate and thus activate other proteins that advance the cell cycle past a checkpoint.

To become fully activated, a Cdk must bind to a cyclin protein and then be phosphorylated by

another kinase.
Since the cyclic fluctuations of cyclin levels are based on the timing of the cell cycle and not
on specific events, regulation of the cell cycle usually occurs by either the Cdk molecules
alone or the Cdk/cyclin complexes. Without a specific concentration of fully activated
cyclin/Cdk complexes, the cell cycle cannot proceed through the checkpoints.
Although the cyclins are the main regulatory molecules that determine the forward
momentum of the cell cycle, there are several other mechanisms that fine-tune the progress of
the cycle with negative, rather than positive, effects. These mechanisms essentially block the
progression of the cell cycle until problematic conditions are resolved. Molecules that prevent
the full activation of Cdks are called Cdk inhibitors. Many of these inhibitor molecules
directly or indirectly monitor a particular cell cycle event. The block placed on Cdks by
inhibitor molecules will not be removed until the specific event that the inhibitor monitors is
completed.
Negative Regulation of the Cell Cycle
The second group of cell cycle regulatory molecules are negative regulators. Negative
regulators halt the cell cycle. Remember that in positive regulation, active molecules cause
the cycle to progress.
The best understood negative regulatory molecules are retinoblastoma protein (Rb), p53,
and p21. Retinoblastoma proteins are a group of tumor-suppressor proteins common in many
cells. The 53 and 21 designations refer to the functional molecular masses of the proteins (p)
in kilodaltons. Much of what is known about cell cycle regulation comes from research
conducted with cells that have lost regulatory control. All three of these regulatory proteins
were discovered to be damaged or non-functional in cells that had begun to replicate
uncontrollably (became cancerous). In each case, the main cause of the unchecked progress
through the cell cycle was a faulty copy of the regulatory protein.

Rb, p53, and p21 act primarily at the G1 checkpoint. p53 is a multi-functional protein that has
a major impact on the commitment of a cell to division because it acts when there is damaged
DNA in cells that are undergoing the preparatory processes during G1. If damaged DNA is
detected, p53 halts the cell cycle and recruits enzymes to repair the DNA. If the DNA cannot
be repaired, p53 can trigger apoptosis, or cell suicide, to prevent the duplication of damaged
chromosomes. As p53 levels rise, the production of p21 is triggered. p21 enforces the halt in
the cycle dictated by p53 by binding to and inhibiting the activity of the Cdk/cyclin
complexes. As a cell is exposed to more stress, higher levels of p53 and p21 accumulate,
making it less likely that the cell will move into the S phase.
Rb exerts its regulatory influence on other positive regulator proteins. Chiefly, Rb monitors
cell size. In the active, dephosphorylated state, Rb binds to proteins called transcription
factors, most commonly, E2F ([link]). Transcription factors “turn on” specific genes,
allowing the production of proteins encoded by that gene. When Rb is bound to E2F,
production of proteins necessary for the G1/S transition is blocked. As the cell increases in
size, Rb is slowly phosphorylated until it becomes inactivated. Rb releases E2F, which can
now turn on the gene that produces the transition protein, and this particular block is
removed. For the cell to move past each of the checkpoints, all positive regulators must be
“turned on,” and all negative regulators must be “turned off.”
Art Connection
Rb halts the cell cycle and releases its hold in response to cell

growth.

Rb and other proteins that negatively regulate the cell cycle are sometimes called tumor
suppressors. Why do you think the name tumor suppressor might be appropriate for these
proteins?

Section Summary
Each step of the cell cycle is monitored by internal controls called checkpoints. There are
three major checkpoints in the cell cycle: one near the end of G1, a second at the G2/M
transition, and the third during metaphase. Positive regulator molecules allow the cell cycle to
advance to the next stage. Negative regulator molecules monitor cellular conditions and can
halt the cycle until specific requirements are met.

Art Connections
[link] Rb and other proteins that negatively regulate the cell cycle are sometimes called tumor
suppressors. Why do you think the name tumor suppressor might be an appropriate for these
proteins?
[link] Rb and other negative regulatory proteins control cell division and therefore prevent
the formation of tumors. Mutations that prevent these proteins from carrying out their
function can result in cancer.

Review Questions
At which of the cell cycle checkpoints do external forces have the greatest influence?
a.
b.
c.
d.

G1 checkpoint
G2 checkpoint
M checkpoint
G0 checkpoint

A
What is the main prerequisite for clearance at the G2 checkpoint?
a.
b.
c.
d.

cell has reached a sufficient size
an adequate stockpile of nucleotides
accurate and complete DNA replication
proper attachment of mitotic spindle fibers to kinetochores

C
If the M checkpoint is not cleared, what stage of mitosis will be blocked?
a.
b.
c.
d.

prophase
prometaphase
metaphase
anaphase

D
Which protein is a positive regulator that phosphorylates other proteins when activated?
a.
b.
c.
d.

p53
retinoblastoma protein (Rb)
cyclin
cyclin-dependent kinase (Cdk)

D
Many of the negative regulator proteins of the cell cycle were discovered in what type of
cells?
a.
b.
c.
d.

gametes
cells in G0
cancer cells
stem cells

C
Which negative regulatory molecule can trigger cell suicide (apoptosis) if vital cell cycle
events do not occur?
a.
b.
c.
d.

p53
p21
retinoblastoma protein (Rb)
cyclin-dependent kinase (Cdk)

A

Free Response
Describe the general conditions that must be met at each of the three main cell cycle
checkpoints.
The G1 checkpoint monitors adequate cell growth, the state of the genomic DNA, adequate
stores of energy, and materials for S phase. At the G2 checkpoint, DNA is checked to ensure
that all chromosomes were duplicated and that there are no mistakes in newly synthesized
DNA. Additionally, cell size and energy reserves are evaluated. The M checkpoint confirms
the correct attachment of the mitotic spindle fibers to the kinetochores.
Explain the roles of the positive cell cycle regulators compared to the negative regulators.
Positive cell regulators such as cyclin and Cdk perform tasks that advance the cell cycle to
the next stage. Negative regulators such as Rb, p53, and p21 block the progression of the cell
cycle until certain events have occurred.
What steps are necessary for Cdk to become fully active?

Cdk must bind to a cyclin, and it must be phosphorylated in the correct position to become
fully active.
Rb is a negative regulator that blocks the cell cycle at the G1 checkpoint until the cell
achieves a requisite size. What molecular mechanism does Rb employ to halt the cell cycle?
Rb is active when it is dephosphorylated. In this state, Rb binds to E2F, which is a
transcription factor required for the transcription and eventual translation of molecules
required for the G1/S transition. E2F cannot transcribe certain genes when it is bound to Rb.
As the cell increases in size, Rb becomes phosphorylated, inactivated, and releases E2F. E2F
can then promote the transcription of the genes it controls, and the transition proteins will be
produced.

Glossary
cell cycle checkpoint
mechanism that monitors the preparedness of a eukaryotic cell to advance
through the various cell cycle stages
cyclin
one of a group of proteins that act in conjunction with cyclin-dependent
kinases to help regulate the cell cycle by phosphorylating key proteins; the
concentrations of cyclins fluctuate throughout the cell cycle
cyclin-dependent kinase
one of a group of protein kinases that helps to regulate the cell cycle when
bound to cyclin; it functions to phosphorylate other proteins that are either
activated or inactivated by phosphorylation
p21
cell cycle regulatory protein that inhibits the cell cycle; its levels are
controlled by p53
p53
cell cycle regulatory protein that regulates cell growth and monitors DNA
damage; it halts the progression of the cell cycle in cases of DNA damage
and may induce apoptosis
retinoblastoma protein (Rb)
regulatory molecule that exhibits negative effects on the cell cycle by
interacting with a transcription factor (E2F)
Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"Each of us, like these other large multicellular organisms,
begins life as a fertilized egg. After trillions of cell divisions, each of us develops into a
complex, multicellular organism. (credit a: modification of work by Frank Wouters; credit b:

modification of work by Ken Cole, USGS; credit c: modification of work by Martin

Pettitt)

The ability to reproduce in kind is a basic characteristic of all living things. In
kind means that the offspring of any organism closely resemble their parent or
parents. Hippopotamuses give birth to hippopotamus calves, Joshua trees produce
seeds from which Joshua tree seedlings emerge, and adult flamingos lay eggs that
hatch into flamingo chicks. In kind does not generally mean exactly the same.
Whereas many unicellular organisms and a few multicellular organisms can
produce genetically identical clones of themselves through cell division, many
single-celled organisms and most multicellular organisms reproduce regularly
using another method. Sexual reproduction is the production by parents of two
haploid cells and the fusion of two haploid cells to form a single, unique diploid
cell. In most plants and animals, through tens of rounds of mitotic cell division,
this diploid cell will develop into an adult organism. Haploid cells that are part of
the sexual reproductive cycle are produced by a type of cell division called
meiosis. Sexual reproduction, specifically meiosis and fertilization, introduces
variation into offspring that may account for the evolutionary success of sexual
reproduction. The vast majority of eukaryotic organisms, both multicellular and

unicellular, can or must employ some form of meiosis and fertilization to
reproduce.
The Process of Meiosis
By the end of this section, you will be able to:
•
•
•
•

Describe the behavior of chromosomes during meiosis
Describe cellular events during meiosis
Explain the differences between meiosis and mitosis
Explain the mechanisms within meiosis that generate genetic variation
among the products of meiosis

Sexual reproduction requires fertilization, the union of two cells from two
individual organisms. If those two cells each contain one set of chromosomes, then
the resulting cell contains two sets of chromosomes. Haploid cells contain one set
of chromosomes. Cells containing two sets of chromosomes are called diploid. The
number of sets of chromosomes in a cell is called its ploidy level. If the
reproductive cycle is to continue, then the diploid cell must somehow reduce its
number of chromosome sets before fertilization can occur again, or there will be a
continual doubling in the number of chromosome sets in every generation. So, in
addition to fertilization, sexual reproduction includes a nuclear division that
reduces the number of chromosome sets.
Most animals and plants are diploid, containing two sets of chromosomes. In
each somatic cell of the organism (all cells of a multicellular organism except the
gametes or reproductive cells), the nucleus contains two copies of each
chromosome, called homologous chromosomes. Somatic cells are sometimes
referred to as “body” cells. Homologous chromosomes are matched pairs
containing the same genes in identical locations along their length. Diploid
organisms inherit one copy of each homologous chromosome from each parent; all
together, they are considered a full set of chromosomes. Haploid cells, containing a
single copy of each homologous chromosome, are found only within structures that
give rise to either gametes or spores. Spores are haploid cells that can produce a
haploid organism or can fuse with another spore to form a diploid cell. All animals
and most plants produce eggs and sperm, or gametes. Some plants and all fungi
produce spores.
The nuclear division that forms haploid cells, which is called meiosis, is related to
mitosis. As you have learned, mitosis is the part of a cell reproduction cycle that
results in identical daughter nuclei that are also genetically identical to the original
parent nucleus. In mitosis, both the parent and the daughter nuclei are at the same
ploidy level—diploid for most plants and animals. Meiosis employs many of the
same mechanisms as mitosis. However, the starting nucleus is always diploid and
the nuclei that result at the end of a meiotic cell division are haploid. To achieve
this reduction in chromosome number, meiosis consists of one round of

chromosome duplication and two rounds of nuclear division. Because the events
that occur during each of the division stages are analogous to the events of mitosis,
the same stage names are assigned. However, because there are two rounds of
division, the major process and the stages are designated with a “I” or a “II.”
Thus, meiosis I is the first round of meiotic division and consists of prophase I,
prometaphase I, and so on. Meiosis II, in which the second round of meiotic
division takes place, includes prophase II, prometaphase II, and so on.
Meiosis I
Meiosis is preceded by an interphase consisting of the G1, S, and G2 phases, which are nearly
identical to the phases preceding mitosis. The G1 phase, which is also called the first gap
phase, is the first phase of the interphase and is focused on cell growth. The S phase is the
second phase of interphase, during which the DNA of the chromosomes is replicated. Finally,
the G2 phase, also called the second gap phase, is the third and final phase of interphase; in
this phase, the cell undergoes the final preparations for meiosis.
During DNA duplication in the S phase, each chromosome is replicated to produce two
identical copies, called sister chromatids, that are held together at the centromere
by cohesin proteins. Cohesin holds the chromatids together until anaphase II. The
centrosomes, which are the structures that organize the microtubules of the meiotic spindle,
also replicate. This prepares the cell to enter prophase I, the first meiotic phase.
Prophase I
Early in prophase I, before the chromosomes can be seen clearly microscopically, the
homologous chromosomes are attached at their tips to the nuclear envelope by proteins. As
the nuclear envelope begins to break down, the proteins associated with homologous
chromosomes bring the pair close to each other. Recall that, in mitosis, homologous
chromosomes do not pair together. In mitosis, homologous chromosomes line up end-to-end
so that when they divide, each daughter cell receives a sister chromatid from both members
of the homologous pair. The synaptonemal complex, a lattice of proteins between the
homologous chromosomes, first forms at specific locations and then spreads to cover the
entire length of the chromosomes. The tight pairing of the homologous chromosomes is
called synapsis. In synapsis, the genes on the chromatids of the homologous chromosomes
are aligned precisely with each other. The synaptonemal complex supports the exchange of
chromosomal segments between non-sister homologous chromatids, a process called crossing
over. Crossing over can be observed visually after the exchange as chiasmata (singular =
chiasma) ([link]).
In species such as humans, even though the X and Y sex chromosomes are not homologous
(most of their genes differ), they have a small region of homology that allows the X and Y
chromosomes to pair up during prophase I. A partial synaptonemal complex develops only
between the regions of homology.
Early in prophase I, homologous chromosomes come together to form a synapse. The
chromosomes are bound tightly together and in perfect alignment by a protein lattice called a

synaptonemal complex and by cohesin proteins at the

centromere.
Located at intervals along the synaptonemal complex are large protein assemblies
called recombination nodules. These assemblies mark the points of later chiasmata and
mediate the multistep process of crossover—or genetic recombination—between the nonsister chromatids. Near the recombination nodule on each chromatid, the double-stranded
DNA is cleaved, the cut ends are modified, and a new connection is made between the nonsister chromatids. As prophase I progresses, the synaptonemal complex begins to break down
and the chromosomes begin to condense. When the synaptonemal complex is gone, the
homologous chromosomes remain attached to each other at the centromere and at chiasmata.
The chiasmata remain until anaphase I. The number of chiasmata varies according to the
species and the length of the chromosome. There must be at least one chiasma per
chromosome for proper separation of homologous chromosomes during meiosis I, but there
may be as many as 25. Following crossover, the synaptonemal complex breaks down and the
cohesin connection between homologous pairs is also removed. At the end of prophase I, the
pairs are held together only at the chiasmata ([link]) and are called tetrads because the four
sister chromatids of each pair of homologous chromosomes are now visible.
The crossover events are the first source of genetic variation in the nuclei produced by
meiosis. A single crossover event between homologous non-sister chromatids leads to a
reciprocal exchange of equivalent DNA between a maternal chromosome and a paternal
chromosome. Now, when that sister chromatid is moved into a gamete cell it will carry some
DNA from one parent of the individual and some DNA from the other parent. The sister
recombinant chromatid has a combination of maternal and paternal genes that did not exist
before the crossover. Multiple crossovers in an arm of the chromosome have the same effect,
exchanging segments of DNA to create recombinant chromosomes.

Crossover occurs between non-sister chromatids of homologous chromosomes. The result is
an exchange of genetic material between homologous

chromosomes.
Prometaphase I
The key event in prometaphase I is the attachment of the spindle fiber microtubules to the
kinetochore proteins at the centromeres. Kinetochore proteins are multiprotein complexes
that bind the centromeres of a chromosome to the microtubules of the mitotic spindle.
Microtubules grow from centrosomes placed at opposite poles of the cell. The microtubules
move toward the middle of the cell and attach to one of the two fused homologous
chromosomes. The microtubules attach at each chromosomes' kinetochores. With each
member of the homologous pair attached to opposite poles of the cell, in the next phase, the
microtubules can pull the homologous pair apart. A spindle fiber that has attached to a
kinetochore is called a kinetochore microtubule. At the end of prometaphase I, each tetrad is
attached to microtubules from both poles, with one homologous chromosome facing each
pole. The homologous chromosomes are still held together at chiasmata. In addition, the
nuclear membrane has broken down entirely.
Metaphase I
During metaphase I, the homologous chromosomes are arranged in the center of the cell with
the kinetochores facing opposite poles. The homologous pairs orient themselves randomly at
the equator. For example, if the two homologous members of chromosome 1 are labeled a
and b, then the chromosomes could line up a-b, or b-a. This is important in determining the
genes carried by a gamete, as each will only receive one of the two homologous
chromosomes. Recall that homologous chromosomes are not identical. They contain slight
differences in their genetic information, causing each gamete to have a unique genetic
makeup.
This randomness is the physical basis for the creation of the second form of genetic variation
in offspring. Consider that the homologous chromosomes of a sexually reproducing organism

are originally inherited as two separate sets, one from each parent. Using humans as an
example, one set of 23 chromosomes is present in the egg donated by the mother. The father
provides the other set of 23 chromosomes in the sperm that fertilizes the egg. Every cell of
the multicellular offspring has copies of the original two sets of homologous chromosomes.
In prophase I of meiosis, the homologous chromosomes form the tetrads. In metaphase I,
these pairs line up at the midway point between the two poles of the cell to form the
metaphase plate. Because there is an equal chance that a microtubule fiber will encounter a
maternally or paternally inherited chromosome, the arrangement of the tetrads at the
metaphase plate is random. Any maternally inherited chromosome may face either pole. Any
paternally inherited chromosome may also face either pole. The orientation of each tetrad is
independent of the orientation of the other 22 tetrads.
This event—the random (or independent) assortment of homologous chromosomes at the
metaphase plate—is the second mechanism that introduces variation into the gametes or
spores. In each cell that undergoes meiosis, the arrangement of the tetrads is different. The
number of variations is dependent on the number of chromosomes making up a set. There are
two possibilities for orientation at the metaphase plate; the possible number of alignments
therefore equals 2n, where n is the number of chromosomes per set. Humans have 23
chromosome pairs, which results in over eight million (223) possible genetically-distinct
gametes. This number does not include the variability that was previously created in the sister
chromatids by crossover. Given these two mechanisms, it is highly unlikely that any two
haploid cells resulting from meiosis will have the same genetic composition ([link]).
To summarize the genetic consequences of meiosis I, the maternal and paternal genes are
recombined by crossover events that occur between each homologous pair during prophase I.
In addition, the random assortment of tetrads on the metaphase plate produces a unique
combination of maternal and paternal chromosomes that will make their way into the
gametes.
Random, independent assortment during metaphase I can be demonstrated by considering a
cell with a set of two chromosomes (n = 2). In this case, there are two possible arrangements
at the equatorial plane in metaphase I. The total possible number of different gametes is 2n,
where n equals the number of chromosomes in a set. In this example, there are four possible
genetic combinations for the gametes. With n = 23 in human cells, there are over 8 million
possible combinations of paternal and maternal

chromosomes.

Anaphase I
In anaphase I, the microtubules pull the linked chromosomes apart. The sister chromatids
remain tightly bound together at the centromere. The chiasmata are broken in anaphase I as
the microtubules attached to the fused kinetochores pull the homologous chromosomes apart
([link]).
Telophase I and Cytokinesis
In telophase, the separated chromosomes arrive at opposite poles. The remainder of the
typical telophase events may or may not occur, depending on the species. In some organisms,
the chromosomes decondense and nuclear envelopes form around the chromatids in telophase
I. In other organisms, cytokinesis—the physical separation of the cytoplasmic components
into two daughter cells—occurs without reformation of the nuclei. In nearly all species of
animals and some fungi, cytokinesis separates the cell contents via a cleavage furrow
(constriction of the actin ring that leads to cytoplasmic division). In plants, a cell plate is
formed during cell cytokinesis by Golgi vesicles fusing at the metaphase plate. This cell plate
will ultimately lead to the formation of cell walls that separate the two daughter cells.

Two haploid cells are the end result of the first meiotic division. The cells are haploid
because at each pole, there is just one of each pair of the homologous chromosomes.
Therefore, only one full set of the chromosomes is present. This is why the cells are
considered haploid—there is only one chromosome set, even though each homolog still
consists of two sister chromatids. Recall that sister chromatids are merely duplicates of one of
the two homologous chromosomes (except for changes that occurred during crossing over).
In meiosis II, these two sister chromatids will separate, creating four haploid daughter cells.
Link to Learning

Review the process of meiosis, observing how chromosomes align and migrate, at Meiosis:
An Interactive Animation.

Meiosis II
In some species, cells enter a brief interphase, or interkinesis, before entering meiosis II.
Interkinesis lacks an S phase, so chromosomes are not duplicated. The two cells produced in
meiosis I go through the events of meiosis II in synchrony. During meiosis II, the sister
chromatids within the two daughter cells separate, forming four new haploid gametes. The
mechanics of meiosis II is similar to mitosis, except that each dividing cell has only one set of
homologous chromosomes. Therefore, each cell has half the number of sister chromatids to
separate out as a diploid cell undergoing mitosis.
Prophase II
If the chromosomes decondensed in telophase I, they condense again. If nuclear envelopes
were formed, they fragment into vesicles. The centrosomes that were duplicated during
interkinesis move away from each other toward opposite poles, and new spindles are formed.
Prometaphase II
The nuclear envelopes are completely broken down, and the spindle is fully formed. Each
sister chromatid forms an individual kinetochore that attaches to microtubules from opposite
poles.
Metaphase II
The sister chromatids are maximally condensed and aligned at the equator of the cell.
Anaphase II
The sister chromatids are pulled apart by the kinetochore microtubules and move toward
opposite poles. Non-kinetochore microtubules elongate the cell.

The process of chromosome alignment differs between meiosis I and meiosis II. In
prometaphase I, microtubules attach to the fused kinetochores of homologous chromosomes,
and the homologous chromosomes are arranged at the midpoint of the cell in metaphase I. In
anaphase I, the homologous chromosomes are separated. In prometaphase II, microtubules
attach to the kinetochores of sister chromatids, and the sister chromatids are arranged at the
midpoint of the cells in metaphase II. In anaphase II, the sister chromatids are
separated.

Telophase II and Cytokinesis
The chromosomes arrive at opposite poles and begin to decondense. Nuclear envelopes form
around the chromosomes. Cytokinesis separates the two cells into four unique haploid cells.
At this point, the newly formed nuclei are both haploid. The cells produced are genetically
unique because of the random assortment of paternal and maternal homologs and because of
the recombining of maternal and paternal segments of chromosomes (with their sets of genes)
that occurs during crossover. The entire process of meiosis is outlined in [link].

An animal cell with a diploid number of four (2n = 4) proceeds through the stages of meiosis
to form four haploid daughter

cells.

Comparing Meiosis and Mitosis
Mitosis and meiosis are both forms of division of the nucleus in eukaryotic cells. They share
some similarities, but also exhibit distinct differences that lead to very different outcomes
([link]). Mitosis is a single nuclear division that results in two nuclei that are usually
partitioned into two new cells. The nuclei resulting from a mitotic division are genetically
identical to the original nucleus. They have the same number of sets of chromosomes, one set
in the case of haploid cells and two sets in the case of diploid cells. In most plants and all
animal species, it is typically diploid cells that undergo mitosis to form new diploid cells. In
contrast, meiosis consists of two nuclear divisions resulting in four nuclei that are usually
partitioned into four new cells. The nuclei resulting from meiosis are not genetically identical
and they contain one chromosome set only. This is half the number of chromosome sets in
the original cell, which is diploid.
The main differences between mitosis and meiosis occur in meiosis I, which is a very
different nuclear division than mitosis. In meiosis I, the homologous chromosome pairs
become associated with each other, are bound together with the synaptonemal complex,
develop chiasmata and undergo crossover between sister chromatids, and line up along the
metaphase plate in tetrads with kinetochore fibers from opposite spindle poles attached to
each kinetochore of a homolog in a tetrad. All of these events occur only in meiosis I.

When the chiasmata resolve and the tetrad is broken up with the homologs moving to one
pole or another, the ploidy level—the number of sets of chromosomes in each future
nucleus—has been reduced from two to one. For this reason, meiosis I is referred to as
a reduction division. There is no such reduction in ploidy level during mitosis.
Meiosis II is much more analogous to a mitotic division. In this case, the duplicated
chromosomes (only one set of them) line up on the metaphase plate with divided
kinetochores attached to kinetochore fibers from opposite poles. During anaphase II, as in
mitotic anaphase, the kinetochores divide and one sister chromatid—now referred to as a
chromosome—is pulled to one pole while the other sister chromatid is pulled to the other
pole. If it were not for the fact that there had been crossover, the two products of each
individual meiosis II division would be identical (like in mitosis). Instead, they are different
because there has always been at least one crossover per chromosome. Meiosis II is not a
reduction division because although there are fewer copies of the genome in the resulting
cells, there is still one set of chromosomes, as there was at the end of meiosis I.
Meiosis and mitosis are both preceded by one round of DNA replication; however, meiosis
includes two nuclear divisions. The four daughter cells resulting from meiosis are haploid and
genetically distinct. The daughter cells resulting from mitosis are diploid and identical to the

parent cell.
Evolution Connection
The Mystery of the Evolution of MeiosisSome characteristics of organisms are so widespread
and fundamental that it is sometimes difficult to remember that they evolved like other

simpler traits. Meiosis is such an extraordinarily complex series of cellular events that
biologists have had trouble hypothesizing and testing how it may have evolved. Although
meiosis is inextricably entwined with sexual reproduction and its advantages and
disadvantages, it is important to separate the questions of the evolution of meiosis and the
evolution of sex, because early meiosis may have been advantageous for different reasons
than it is now. Thinking outside the box and imagining what the early benefits from meiosis
might have been is one approach to uncovering how it may have evolved.
Meiosis and mitosis share obvious cellular processes and it makes sense that meiosis evolved
from mitosis. The difficulty lies in the clear differences between meiosis I and mitosis. Adam
Wilkins and Robin Holliday1 summarized the unique events that needed to occur for the
evolution of meiosis from mitosis. These steps are homologous chromosome pairing,
crossover exchanges, sister chromatids remaining attached during anaphase, and suppression
of DNA replication in interphase. They argue that the first step is the hardest and most
important, and that understanding how it evolved would make the evolutionary process
clearer. They suggest genetic experiments that might shed light on the evolution of synapsis.
There are other approaches to understanding the evolution of meiosis in progress. Different
forms of meiosis exist in single-celled protists. Some appear to be simpler or more
“primitive” forms of meiosis. Comparing the meiotic divisions of different protists may shed
light on the evolution of meiosis. Marilee Ramesh and colleagues2 compared the genes
involved in meiosis in protists to understand when and where meiosis might have evolved.
Although research is still ongoing, recent scholarship into meiosis in protists suggests that
some aspects of meiosis may have evolved later than others. This kind of genetic comparison
can tell us what aspects of meiosis are the oldest and what cellular processes they may have
borrowed from in earlier cells.
Link to Learning

Click through the steps of this interactive animation to compare the meiotic process of cell
division to that of mitosis: How Cells Divide.

Section Summary
Sexual reproduction requires that diploid organisms produce haploid cells that can fuse
during fertilization to form diploid offspring. As with mitosis, DNA replication occurs prior
to meiosis during the S-phase of the cell cycle. Meiosis is a series of events that arrange and
separate chromosomes and chromatids into daughter cells. During the interphases of meiosis,
each chromosome is duplicated. In meiosis, there are two rounds of nuclear division resulting
in four nuclei and usually four daughter cells, each with half the number of chromosomes as
the parent cell. The first separates homologs, and the second—like mitosis—separates
chromatids into individual chromosomes. During meiosis, variation in the daughter nuclei is

introduced because of crossover in prophase I and random alignment of tetrads at metaphase
I. The cells that are produced by meiosis are genetically unique.
Meiosis and mitosis share similarities, but have distinct outcomes. Mitotic divisions are
single nuclear divisions that produce daughter nuclei that are genetically identical and have
the same number of chromosome sets as the original cell. Meiotic divisions include two
nuclear divisions that produce four daughter nuclei that are genetically different and have one
chromosome set instead of the two sets of chromosomes in the parent cell. The main
differences between the processes occur in the first division of meiosis, in which homologous
chromosomes are paired and exchange non-sister chromatid segments. The homologous
chromosomes separate into different nuclei during meiosis I, causing a reduction of ploidy
level in the first division. The second division of meiosis is more similar to a mitotic division,
except that the daughter cells do not contain identical genomes because of crossover.

Review Questions
Meiosis produces ________ daughter cells.
a.
b.
c.
d.

two haploid
two diploid
four haploid
four diploid

C
What structure is most important in forming the tetrads?
a.
b.
c.
d.

centromere
synaptonemal complex
chiasma
kinetochore

B
At which stage of meiosis are sister chromatids separated from each other?
a.
b.
c.
d.

prophase I
prophase II
anaphase I
anaphase II

D
At metaphase I, homologous chromosomes are connected only at what structures?
a.
b.
c.
d.

chiasmata
recombination nodules
microtubules
kinetochores

A
Which of the following is not true in regard to crossover?
a.
b.
c.
d.

Spindle microtubules guide the transfer of DNA across the synaptonemal complex.
Non-sister chromatids exchange genetic material.
Chiasmata are formed.
Recombination nodules mark the crossover point.

C
What phase of mitotic interphase is missing from meiotic interkinesis?
a.
b.
c.
d.

G0 phase
G1 phase
S phase
G2 phase

C
The part of meiosis that is similar to mitosis is ________.
a.
b.
c.
d.

meiosis I
anaphase I
meiosis II
interkinesis

C
If a muscle cell of a typical organism has 32 chromosomes, how many chromosomes will be
in a gamete of that same organism?
a.
b.
c.
d.

8
16
32
64

B

Free Response
Describe the process that results in the formation of a tetrad.
During the meiotic interphase, each chromosome is duplicated. The sister chromatids that are
formed during synthesis are held together at the centromere region by cohesin proteins. All
chromosomes are attached to the nuclear envelope by their tips. As the cell enters prophase I,
the nuclear envelope begins to fragment, and the proteins holding homologous chromosomes
locate each other. The four sister chromatids align lengthwise, and a protein lattice called the
synaptonemal complex is formed between them to bind them together. The synaptonemal
complex facilitates crossover between non-sister chromatids, which is observed as chiasmata

along the length of the chromosome. As prophase I progresses, the synaptonemal complex
breaks down and the sister chromatids become free, except where they are attached by
chiasmata. At this stage, the four chromatids are visible in each homologous pairing and are
called a tetrad.
Explain how the random alignment of homologous chromosomes during metaphase I
contributes to the variation in gametes produced by meiosis.
Random alignment leads to new combinations of traits. The chromosomes that were
originally inherited by the gamete-producing individual came equally from the egg and the
sperm. In metaphase I, the duplicated copies of these maternal and paternal homologous
chromosomes line up across the center of the cell. The orientation of each tetrad is random.
There is an equal chance that the maternally derived chromosomes will be facing either pole.
The same is true of the paternally derived chromosomes. The alignment should occur
differently in almost every meiosis. As the homologous chromosomes are pulled apart in
anaphase I, any combination of maternal and paternal chromosomes will move toward each
pole. The gametes formed from these two groups of chromosomes will have a mixture of
traits from the individual’s parents. Each gamete is unique.
What is the function of the fused kinetochore found on sister chromatids in prometaphase I?
In metaphase I, the homologous chromosomes line up at the metaphase plate. In anaphase I,
the homologous chromosomes are pulled apart and move to opposite poles. Sister chromatids
are not separated until meiosis II. The fused kinetochore formed during meiosis I ensures that
each spindle microtubule that binds to the tetrad will attach to both sister chromatids.
In a comparison of the stages of meiosis to the stages of mitosis, which stages are unique to
meiosis and which stages have the same events in both meiosis and mitosis?
All of the stages of meiosis I, except possibly telophase I, are unique because homologous
chromosomes are separated, not sister chromatids. In some species, the chromosomes do not
decondense and the nuclear envelopes do not form in telophase I. All of the stages of meiosis
II have the same events as the stages of mitosis, with the possible exception of prophase II. In
some species, the chromosomes are still condensed and there is no nuclear envelope. Other
than this, all processes are the same.

Footnotes
•

1
Adam S. Wilkins and Robin Holliday, “The Evolution of Meiosis from
Mitosis,” Genetics 181 (2009): 3–12.

•

2 Marilee A. Ramesh, Shehre-Banoo Malik and John M. Logsdon, Jr, “A
Phylogenetic Inventory of Meiotic Genes: Evidence for Sex in Giardia and
an Early Eukaryotic Origin of Meiosis,” Current Biology 15 (2005):185–91.

Glossary

chiasmata
(singular, chiasma) the structure that forms at the crossover points after
genetic material is exchanged
cohesin
proteins that form a complex that seals sister chromatids together at their
centromeres until anaphase II of meiosis
crossover
exchange of genetic material between non-sister chromatids resulting in
chromosomes that incorporate genes from both parents of the organism
fertilization
union of two haploid cells from two individual organisms
interkinesis
(also, interphase II) brief period of rest between meiosis I and meiosis II
meiosis
a nuclear division process that results in four haploid cells
meiosis I
first round of meiotic cell division; referred to as reduction division because
the ploidy level is reduced from diploid to haploid
meiosis II
second round of meiotic cell division following meiosis I; sister chromatids
are separated into individual chromosomes, and the result is four unique
haploid cells
recombination nodules
protein assemblies formed on the synaptonemal complex that mark the
points of crossover events and mediate the multistep process of genetic
recombination between non-sister chromatids
reduction division
nuclear division that produces daughter nuclei each having one-half as many
chromosome sets as the parental nucleus; meiosis I is a reduction division
somatic cell
all the cells of a multicellular organism except the gametes or reproductive
cells
spore
haploid cell that can produce a haploid multicellular organism or can fuse
with another spore to form a diploid cell
synapsis
formation of a close association between homologous chromosomes during
prophase I
synaptonemal complex
protein lattice that forms between homologous chromosomes during
prophase I, supporting crossover
tetrad
two duplicated homologous chromosomes (four chromatids) bound together
by chiasmata during prophase I

Sexual Reproduction
By the end of this section, you will be able to:
•
•
•

Explain that meiosis and sexual reproduction are evolved traits
Identify variation among offspring as a potential evolutionary advantage to
sexual reproduction
Describe the three different life-cycle types among sexual multicellular
organisms and their commonalities

Sexual reproduction was an early evolutionary innovation after the appearance of
eukaryotic cells. It appears to have been very successful because most eukaryotes
are able to reproduce sexually, and in many animals, it is the only mode of
reproduction. And yet, scientists recognize some real disadvantages to sexual
reproduction. On the surface, creating offspring that are genetic clones of the
parent appears to be a better system. If the parent organism is successfully
occupying a habitat, offspring with the same traits would be similarly successful.
There is also the obvious benefit to an organism that can produce offspring
whenever circumstances are favorable by asexual budding, fragmentation, or
asexual eggs. These methods of reproduction do not require another organism of
the opposite sex. Indeed, some organisms that lead a solitary lifestyle have retained
the ability to reproduce asexually. In addition, in asexual populations, every
individual is capable of reproduction. In sexual populations, the males are not
producing the offspring themselves, so in theory an asexual population could grow
twice as fast.
However, multicellular organisms that exclusively depend on asexual reproduction
are exceedingly rare. Why is sexuality (and meiosis) so common? This is one of
the important unanswered questions in biology and has been the focus of much
research beginning in the latter half of the twentieth century. There are several
possible explanations, one of which is that the variation that sexual reproduction
creates among offspring is very important to the survival and reproduction of the
population. Thus, on average, a sexually reproducing population will leave more
descendants than an otherwise similar asexually reproducing population. The only
source of variation in asexual organisms is mutation. This is the ultimate source of
variation in sexual organisms, but in addition, those different mutations are
continually reshuffled from one generation to the next when different parents
combine their unique genomes and the genes are mixed into different combinations
by crossovers during prophase I and random assortment at metaphase I.
Evolution Connection
The Red Queen HypothesisIt is not in dispute that sexual reproduction provides
evolutionary advantages to organisms that employ this mechanism to produce
offspring. But why, even in the face of fairly stable conditions, does sexual
reproduction persist when it is more difficult and costly for individual organisms?

Variation is the outcome of sexual reproduction, but why are ongoing variations
necessary? Enter the Red Queen hypothesis, first proposed by Leigh Van Valen in
1973.1 The concept was named in reference to the Red Queen's race in Lewis
Carroll's book, Through the Looking-Glass.
All species co-evolve with other organisms; for example predators evolve with
their prey, and parasites evolve with their hosts. Each tiny advantage gained by
favorable variation gives a species an edge over close competitors, predators,
parasites, or even prey. The only method that will allow a co-evolving species to
maintain its own share of the resources is to also continually improve its fitness. As
one species gains an advantage, this increases selection on the other species; they
must also develop an advantage or they will be outcompeted. No single species
progresses too far ahead because genetic variation among the progeny of sexual
reproduction provides all species with a mechanism to improve rapidly. Species
that cannot keep up become extinct. The Red Queen’s catchphrase was, “It takes
all the running you can do to stay in the same place.” This is an apt description of
co-evolution between competing species.
Life Cycles of Sexually Reproducing Organisms
Fertilization and meiosis alternate in sexual life cycles. What happens between these two
events depends on the organism. The process of meiosis reduces the chromosome number by
half. Fertilization, the joining of two haploid gametes, restores the diploid condition. There
are three main categories of life cycles in multicellular organisms: diploid-dominant, in
which the multicellular diploid stage is the most obvious life stage, such as with most animals
including humans; haploid-dominant, in which the multicellular haploid stage is the most
obvious life stage, such as with all fungi and some algae; and alternation of generations, in
which the two stages are apparent to different degrees depending on the group, as with plants
and some algae.
Diploid-Dominant Life Cycle
Nearly all animals employ a diploid-dominant life-cycle strategy in which the only haploid
cells produced by the organism are the gametes. Early in the development of the embryo,
specialized diploid cells, called germ cells, are produced within the gonads, such as the testes
and ovaries. Germ cells are capable of mitosis to perpetuate the cell line and meiosis to
produce gametes. Once the haploid gametes are formed, they lose the ability to divide again.
There is no multicellular haploid life stage. Fertilization occurs with the fusion of two
gametes, usually from different individuals, restoring the diploid state ([link]).
In animals, sexually reproducing adults form haploid gametes from diploid germ cells. Fusion
of the gametes gives rise to a fertilized egg cell, or zygote. The zygote will undergo multiple
rounds of mitosis to produce a multicellular offspring. The germ cells are generated early in

the development of the

zygote.
Haploid-Dominant Life Cycle
Most fungi and algae employ a life-cycle type in which the “body” of the organism—the
ecologically important part of the life cycle—is haploid. The haploid cells that make up the
tissues of the dominant multicellular stage are formed by mitosis. During sexual
reproduction, specialized haploid cells from two individuals, designated the (+) and (−)
mating types, join to form a diploid zygote. The zygote immediately undergoes meiosis to
form four haploid cells called spores. Although haploid like the “parents,” these spores
contain a new genetic combination from two parents. The spores can remain dormant for
various time periods. Eventually, when conditions are conducive, the spores form
multicellular haploid structures by many rounds of mitosis ([link]).
Art Connection
Fungi, such as black bread mold (Rhizopus nigricans), have haploid-dominant life cycles.
The haploid multicellular stage produces specialized haploid cells by mitosis that fuse to
form a diploid zygote. The zygote undergoes meiosis to produce haploid spores. Each spore
gives rise to a multicellular haploid organism by mitosis. (credit “zygomycota” micrograph:

modification of work by “Fanaberka”/Wikimedia

Commons)
If a mutation occurs so that a fungus is no longer able to produce a minus mating type, will it
still be able to reproduce?
Alternation of Generations
The third life-cycle type, employed by some algae and all plants, is a blend of the haploiddominant and diploid-dominant extremes. Species with alternation of generations have both
haploid and diploid multicellular organisms as part of their life cycle. The haploid
multicellular plants are called gametophytes, because they produce gametes from specialized
cells. Meiosis is not directly involved in the production of gametes in this case, because the
organism that produces the gametes is already a haploid. Fertilization between the gametes
forms a diploid zygote. The zygote will undergo many rounds of mitosis and give rise to a
diploid multicellular plant called a sporophyte. Specialized cells of the sporophyte will
undergo meiosis and produce haploid spores. The spores will subsequently develop into the
gametophytes ([link]).
Plants have a life cycle that alternates between a multicellular haploid organism and a
multicellular diploid organism. In some plants, such as ferns, both the haploid and diploid
plant stages are free-living. The diploid plant is called a sporophyte because it produces
haploid spores by meiosis. The spores develop into multicellular, haploid plants called
gametophytes because they produce gametes. The gametes of two individuals will fuse to
form a diploid zygote that becomes the sporophyte. (credit “fern”: modification of work by
Cory Zanker; credit “sporangia”: modification of work by "Obsidian Soul"/Wikimedia

Commons; credit “gametophyte and sporophyte”: modification of work by
“Vlmastra”/Wikimedia

Commons)
Although all plants utilize some version of the alternation of generations, the relative size of
the sporophyte and the gametophyte and the relationship between them vary greatly. In plants
such as moss, the gametophyte organism is the free-living plant, and the sporophyte is
physically dependent on the gametophyte. In other plants, such as ferns, both the
gametophyte and sporophyte plants are free-living; however, the sporophyte is much larger.
In seed plants, such as magnolia trees and daisies, the gametophyte is composed of only a few
cells and, in the case of the female gametophyte, is completely retained within the
sporophyte.
Sexual reproduction takes many forms in multicellular organisms. However, at some point in
each type of life cycle, meiosis produces haploid cells that will fuse with the haploid cell of
another organism. The mechanisms of variation—crossover, random assortment of
homologous chromosomes, and random fertilization—are present in all versions of sexual
reproduction. The fact that nearly every multicellular organism on Earth employs sexual
reproduction is strong evidence for the benefits of producing offspring with unique gene
combinations, though there are other possible benefits as well.

Section Summary
Nearly all eukaryotes undergo sexual reproduction. The variation introduced into the
reproductive cells by meiosis appears to be one of the advantages of sexual reproduction that

has made it so successful. Meiosis and fertilization alternate in sexual life cycles. The process
of meiosis produces unique reproductive cells called gametes, which have half the number of
chromosomes as the parent cell. Fertilization, the fusion of haploid gametes from two
individuals, restores the diploid condition. Thus, sexually reproducing organisms alternate
between haploid and diploid stages. However, the ways in which reproductive cells are
produced and the timing between meiosis and fertilization vary greatly. There are three main
categories of life cycles: diploid-dominant, demonstrated by most animals; haploid-dominant,
demonstrated by all fungi and some algae; and the alternation of generations, demonstrated
by plants and some algae.

Art Connections
[link] If a mutation occurs so that a fungus is no longer able to produce a minus mating type,
will it still be able to reproduce?
[link] Yes, it will be able to reproduce asexually.

Review Questions
What is a likely evolutionary advantage of sexual reproduction over asexual reproduction?
a.
b.
c.
d.

Sexual reproduction involves fewer steps.
There is a lower chance of using up the resources in a given environment.
Sexual reproduction results in variation in the offspring.
Sexual reproduction is more cost-effective.

C
Which type of life cycle has both a haploid and diploid multicellular stage?
a.
b.
c.
d.

asexual
diploid-dominant
haploid-dominant
alternation of generations

D
Fungi typically display which type of life cycle?
a.
b.
c.
d.

diploid-dominant
haploid-dominant
alternation of generations
asexual

B
A diploid, multicellular life-cycle stage that gives rise to haploid cells by meiosis is called a
________.
a. sporophyte

b. gametophyte
c. spore
d. gamete
A

Free Response
List and briefly describe the three processes that lead to variation in offspring with the same
parents.
a. Crossover occurs in prophase I between non-sister homologous chromosomes. Segments of
DNA are exchanged between maternally derived and paternally derived chromosomes, and
new gene combinations are formed. b. Random alignment during metaphase I leads to
gametes that have a mixture of maternal and paternal chromosomes. c. Fertilization is
random, in that any two gametes can fuse.
Compare the three main types of life cycles in multicellular organisms and give an example
of an organism that employs each.
a. In the haploid-dominant life cycle, the multicellular stage is haploid. The diploid stage is a
spore that undergoes meiosis to produce cells that will divide mitotically to produce new
multicellular organisms. Fungi have a haploid-dominant life cycle. b. In the diploid-dominant
life cycle, the most visible or largest multicellular stage is diploid. The haploid stage is
usually reduced to a single cell type, such as a gamete or spore. Animals, such as humans,
have a diploid-dominant life cycle. c. In the alternation of generations life cycle, there are
both haploid and diploid multicellular stages, although the haploid stage may be completely
retained by the diploid stage. Plants have a life cycle with alternation of generations.

Footnotes
•

1 Leigh Van Valen, “A New Evolutionary Law,” Evolutionary Theory 1
(1973): 1–30

Glossary
alternation of generations
life-cycle type in which the diploid and haploid stages alternate
diploid-dominant
life-cycle type in which the multicellular diploid stage is prevalent
haploid-dominant
life-cycle type in which the multicellular haploid stage is prevalent
gametophyte
a multicellular haploid life-cycle stage that produces gametes
germ cells
specialized cell line that produces gametes, such as eggs or sperm
life cycle

the sequence of events in the development of an organism and the
production of cells that produce offspring
sporophyte
a multicellular diploid life-cycle stage that produces haploid spores by
meiosis
Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"Chromosomes are threadlike nuclear structures consisting of
DNA and proteins that serve as the repositories for genetic information. The chromosomes
depicted here were isolated from a fruit fly’s salivary gland, stained with dye, and visualized
under a microscope. Akin to miniature bar codes, chromosomes absorb different dyes to
produce characteristic banding patterns, which allows for their routine identification. (credit:
modification of work by “LPLT”/Wikimedia Commons; scale-bar data from Matt
Russell)

The gene is the physical unit of inheritance, and genes are arranged in a linear
order on chromosomes. The behaviors and interactions of chromosomes during
meiosis explain, at a cellular level, the patterns of inheritance that we observe in
populations. Genetic disorders involving alterations in chromosome number or
structure may have dramatic effects and can prevent a fertilized egg from
developing altogether.
Chromosomal Theory and Genetic Linkage
By the end of this section, you will be able to:
•
•
•
•
•

Discuss Sutton’s Chromosomal Theory of Inheritance
Describe genetic linkage
Explain the process of homologous recombination, or crossing over
Describe how chromosome maps are created
Calculate the distances between three genes on a chromosome using a threepoint test cross

Long before chromosomes were visualized under a microscope, the father of
modern genetics, Gregor Mendel, began studying heredity in 1843. With the
improvement of microscopic techniques during the late 1800s, cell biologists could
stain and visualize subcellular structures with dyes and observe their actions during
cell division and meiosis. With each mitotic division, chromosomes replicated,
condensed from an amorphous (no constant shape) nuclear mass into distinct Xshaped bodies (pairs of identical sister chromatids), and migrated to separate
cellular poles.
Chromosomal Theory of Inheritance
The speculation that chromosomes might be the key to understanding heredity led several
scientists to examine Mendel’s publications and re-evaluate his model in terms of the
behavior of chromosomes during mitosis and meiosis. In 1902, Theodor Boveri observed that
proper embryonic development of sea urchins does not occur unless chromosomes are
present. That same year, Walter Sutton observed the separation of chromosomes into
daughter cells during meiosis ([link]). Together, these observations led to the development of
the Chromosomal Theory of Inheritance, which identified chromosomes as the genetic
material responsible for Mendelian inheritance.

(a) Walter Sutton and (b) Theodor Boveri are credited with developing the Chromosomal
Theory of Inheritance, which states that chromosomes carry the unit of heredity

(genes).
The Chromosomal Theory of Inheritance was consistent with Mendel’s laws and was
supported by the following observations:
•
•
•
•

•

During meiosis, homologous chromosome pairs migrate as discrete structures that are
independent of other chromosome pairs.
The sorting of chromosomes from each homologous pair into pre-gametes appears to
be random.
Each parent synthesizes gametes that contain only half of their chromosomal
complement.
Even though male and female gametes (sperm and egg) differ in size and morphology,
they have the same number of chromosomes, suggesting equal genetic contributions
from each parent.
The gametic chromosomes combine during fertilization to produce offspring with the
same chromosome number as their parents.

Despite compelling correlations between the behavior of chromosomes during meiosis and
Mendel’s abstract laws, the Chromosomal Theory of Inheritance was proposed long before
there was any direct evidence that traits were carried on chromosomes. Critics pointed out
that individuals had far more independently segregating traits than they had chromosomes. It
was only after several years of carrying out crosses with the fruit fly, Drosophila
melanogaster, that Thomas Hunt Morgan provided experimental evidence to support the
Chromosomal Theory of Inheritance.

Genetic Linkage and Distances
Mendel’s work suggested that traits are inherited independently of each other. Morgan
identified a 1:1 correspondence between a segregating trait and the X chromosome,
suggesting that the random segregation of chromosomes was the physical basis of Mendel’s
model. This also demonstrated that linked genes disrupt Mendel’s predicted outcomes. The
fact that each chromosome can carry many linked genes explains how individuals can have
many more traits than they have chromosomes. However, observations by researchers in

Morgan’s laboratory suggested that alleles positioned on the same chromosome were not
always inherited together. During meiosis, linked genes somehow became unlinked.
Homologous Recombination
In 1909, Frans Janssen observed chiasmata—the point at which chromatids are in contact
with each other and may exchange segments—prior to the first division of meiosis. He
suggested that alleles become unlinked and chromosomes physically exchange segments. As
chromosomes condensed and paired with their homologs, they appeared to interact at distinct
points. Janssen suggested that these points corresponded to regions in which chromosome
segments were exchanged. It is now known that the pairing and interaction between
homologous chromosomes, known as synapsis, does more than simply organize the
homologs for migration to separate daughter cells. When synapsed, homologous
chromosomes undergo reciprocal physical exchanges at their arms in a process
called homologous recombination, or more simply, “crossing over.”
To better understand the type of experimental results that researchers were obtaining at this
time, consider a heterozygous individual that inherited dominant maternal alleles for two
genes on the same chromosome (such as AB) and two recessive paternal alleles for those
same genes (such as ab). If the genes are linked, one would expect this individual to produce
gametes that are either AB or ab with a 1:1 ratio. If the genes are unlinked, the individual
should produce AB, Ab, aB, and ab gametes with equal frequencies, according to the
Mendelian concept of independent assortment. Because they correspond to new allele
combinations, the genotypes Ab and aB are nonparental types that result from homologous
recombination during meiosis. Parental types are progeny that exhibit the same allelic
combination as their parents. Morgan and his colleagues, however, found that when such
heterozygous individuals were test crossed to a homozygous recessive parent (AaBb × aabb),
both parental and nonparental cases occurred. For example, 950 offspring might be recovered
that were either AaBb or aabb, but 50 offspring would also be obtained that were
either Aabb or aaBb. These results suggested that linkage occurred most often, but a
significant minority of offspring were the products of recombination.
Art Connection
Inheritance patterns of unlinked and linked genes are shown. In (a), two genes are located on
different chromosomes so independent assortment occurs during meiosis. The offspring have
an equal chance of being the parental type (inheriting the same combination of traits as the
parents) or a nonparental type (inheriting a different combination of traits than the parents).
In (b), two genes are very close together on the same chromosome so that no crossing over
occurs between them. The genes are therefore always inherited together and all of the
offspring are the parental type. In (c), two genes are far apart on the chromosome such that
crossing over occurs during every meiotic event. The recombination frequency will be the
same as if the genes were on separate chromosomes. (d) The actual recombination frequency
of fruit fly wing length and body color that Thomas Morgan observed in 1912 was 17
percent. A crossover frequency between 0 percent and 50 percent indicates that the genes are

on the same chromosome and crossover occurs some of the

time.
In a test cross for two characteristics such as the one shown here, can the predicted frequency
of recombinant offspring be 60 percent? Why or why not?
Genetic Maps
Janssen did not have the technology to demonstrate crossing over so it remained an abstract
idea that was not widely accepted. Scientists thought chiasmata were a variation on synapsis
and could not understand how chromosomes could break and rejoin. Yet, the data were clear
that linkage did not always occur. Ultimately, it took a young undergraduate student and an
“all-nighter” to mathematically elucidate the problem of linkage and recombination.
In 1913, Alfred Sturtevant, a student in Morgan’s laboratory, gathered results from
researchers in the laboratory, and took them home one night to mull them over. By the next
morning, he had created the first “chromosome map,” a linear representation of gene order
and relative distance on a chromosome ([link]).
Art Connection

This genetic map orders Drosophila genes on the basis of recombination

frequency.
Which of the following statements is true?
a. Recombination of the body color and red/cinnabar eye alleles will occur more
frequently than recombination of the alleles for wing length and aristae length.
b. Recombination of the body color and aristae length alleles will occur more frequently
than recombination of red/brown eye alleles and the aristae length alleles.
c. Recombination of the gray/black body color and long/short aristae alleles will not
occur.
d. Recombination of the red/brown eye and long/short aristae alleles will occur more
frequently than recombination of the alleles for wing length and body color.
As shown in [link], by using recombination frequency to predict genetic distance, the relative
order of genes on chromosome 2 could be inferred. The values shown represent map
distances in centimorgans (cM), which correspond to recombination frequencies (in percent).
Therefore, the genes for body color and wing size were 65.5 − 48.5 = 17 cM apart, indicating
that the maternal and paternal alleles for these genes recombine in 17 percent of offspring, on
average.
To construct a chromosome map, Sturtevant assumed that genes were ordered serially on
threadlike chromosomes. He also assumed that the incidence of recombination between two
homologous chromosomes could occur with equal likelihood anywhere along the length of
the chromosome. Operating under these assumptions, Sturtevant postulated that alleles that
were far apart on a chromosome were more likely to dissociate during meiosis simply
because there was a larger region over which recombination could occur. Conversely, alleles
that were close to each other on the chromosome were likely to be inherited together. The
average number of crossovers between two alleles—that is, their recombination frequency—
correlated with their genetic distance from each other, relative to the locations of other genes
on that chromosome. Considering the example cross between AaBb and aabb above, the
frequency of recombination could be calculated as 50/1000 = 0.05. That is, the likelihood of a
crossover between genes A/a and B/b was 0.05, or 5 percent. Such a result would indicate that
the genes were definitively linked, but that they were far enough apart for crossovers to
occasionally occur. Sturtevant divided his genetic map into map units, or centimorgans (cM),
in which a recombination frequency of 0.01 corresponds to 1 cM.
By representing alleles in a linear map, Sturtevant suggested that genes can range from being
perfectly linked (recombination frequency = 0) to being perfectly unlinked (recombination
frequency = 0.5) when genes are on different chromosomes or genes are separated very far

apart on the same chromosome. Perfectly unlinked genes correspond to the frequencies
predicted by Mendel to assort independently in a dihybrid cross. A recombination frequency
of 0.5 indicates that 50 percent of offspring are recombinants and the other 50 percent are
parental types. That is, every type of allele combination is represented with equal frequency.
This representation allowed Sturtevant to additively calculate distances between several
genes on the same chromosome. However, as the genetic distances approached 0.50, his
predictions became less accurate because it was not clear whether the genes were very far
apart on the same chromosome or on different chromosomes.
In 1931, Barbara McClintock and Harriet Creighton demonstrated the crossover of
homologous chromosomes in corn plants. Weeks later, homologous recombination
in Drosophila was demonstrated microscopically by Curt Stern. Stern observed several Xlinked phenotypes that were associated with a structurally unusual and dissimilar X
chromosome pair in which one X was missing a small terminal segment, and the other X was
fused to a piece of the Y chromosome. By crossing flies, observing their offspring, and then
visualizing the offspring’s chromosomes, Stern demonstrated that every time the offspring
allele combination deviated from either of the parental combinations, there was a
corresponding exchange of an X chromosome segment. Using mutant flies with structurally
distinct X chromosomes was the key to observing the products of recombination because
DNA sequencing and other molecular tools were not yet available. It is now known that
homologous chromosomes regularly exchange segments in meiosis by reciprocally breaking
and rejoining their DNA at precise locations.
Link to Learning

Review Sturtevant’s process to create a genetic map on the basis of recombination
frequencies here.
Mendel’s Mapped Traits
Homologous recombination is a common genetic process, yet Mendel never observed it. Had
he investigated both linked and unlinked genes, it would have been much more difficult for
him to create a unified model of his data on the basis of probabilistic calculations.
Researchers who have since mapped the seven traits investigated by Mendel onto the seven
chromosomes of the pea plant genome have confirmed that all of the genes he examined are
either on separate chromosomes or are sufficiently far apart as to be statistically unlinked.
Some have suggested that Mendel was enormously lucky to select only unlinked genes,
whereas others question whether Mendel discarded any data suggesting linkage. In any case,
Mendel consistently observed independent assortment because he examined genes that were
effectively unlinked.

Section Summary

The Chromosomal Theory of inheritance, proposed by Sutton and Boveri, states that
chromosomes are the vehicles of genetic heredity. Neither Mendelian genetics nor gene
linkage is perfectly accurate; instead, chromosome behavior involves segregation,
independent assortment, and occasionally, linkage. Sturtevant devised a method to assess
recombination frequency and infer the relative positions and distances of linked genes on a
chromosome on the basis of the average number of crossovers in the intervening region
between the genes. Sturtevant correctly presumed that genes are arranged in serial order on
chromosomes and that recombination between homologs can occur anywhere on a
chromosome with equal likelihood. Whereas linkage causes alleles on the same chromosome
to be inherited together, homologous recombination biases alleles toward an inheritance
pattern of independent assortment.

Art Connections
[link] In a test cross for two characteristics such as the one shown here, can the predicted
frequency of recombinant offspring be 60 percent? Why or why not?
[link] No. The predicted frequency of recombinant offspring ranges from 0% (for linked
traits) to 50% (for unlinked traits).
[link] Which of the following statements is true?
a. Recombination of the body color and red/cinnabar eye alleles will occur more
frequently than recombination of the alleles for wing length and aristae length.
b. Recombination of the body color and aristae length alleles will occur more frequently
than recombination of red/brown eye alleles and the aristae length alleles.
c. Recombination of the gray/black body color and long/short aristae alleles will not
occur.
d. Recombination of the red/brown eye and long/short aristae alleles will occur more
frequently than recombination of the alleles for wing length and body color.
[link] D

Review Questions
X-linked recessive traits in humans (or in Drosophila) are observed ________.
a.
b.
c.
d.

in more males than females
in more females than males
in males and females equally
in different distributions depending on the trait

A
The first suggestion that chromosomes may physically exchange segments came from the
microscopic identification of ________.
a. synapsis
b. sister chromatids
c. chiasmata

d. alleles
C
Which recombination frequency corresponds to independent assortment and the absence of
linkage?
a.
b.
c.
d.

0
0.25
0.50
0.75

C
Which recombination frequency corresponds to perfect linkage and violates the law of
independent assortment?
a.
b.
c.
d.

0
0.25
0.50
0.75

A

Free Response
Explain how the Chromosomal Theory of Inheritance helped to advance our understanding of
genetics.
The Chromosomal Theory of Inheritance proposed that genes reside on chromosomes. The
understanding that chromosomes are linear arrays of genes explained linkage, and crossing
over explained recombination.

Glossary
centimorgan (cM)
(also, map unit) relative distance that corresponds to a recombination
frequency of 0.01
Chromosomal Theory of Inheritance
theory proposing that chromosomes are the vehicles of genes and that their
behavior during meiosis is the physical basis of the inheritance patterns that
Mendel observed
homologous recombination
process by which homologous chromosomes undergo reciprocal physical
exchanges at their arms, also known as crossing over
nonparental (recombinant) type
progeny resulting from homologous recombination that exhibits a different
allele combination compared with its parents

parental types
progeny that exhibits the same allelic combination as its parents
recombination frequency
average number of crossovers between two alleles; observed as the number
of nonparental types in a population of progeny
Chromosomal Basis of Inherited Disorders
By the end of this section, you will be able to:
•
•
•
•

Describe how a karyogram is created
Explain how nondisjunction leads to disorders in chromosome number
Compare disorders caused by aneuploidy
Describe how errors in chromosome structure occur through inversions and
translocations

Inherited disorders can arise when chromosomes behave abnormally during
meiosis. Chromosome disorders can be divided into two categories: abnormalities
in chromosome number and chromosomal structural rearrangements. Because even
small segments of chromosomes can span many genes, chromosomal disorders are
characteristically dramatic and often fatal.
Identification of Chromosomes
The isolation and microscopic observation of chromosomes forms the basis of cytogenetics
and is the primary method by which clinicians detect chromosomal abnormalities in humans.
A karyotype is the number and appearance of chromosomes, and includes their length,
banding pattern, and centromere position. To obtain a view of an individual’s karyotype,
cytologists photograph the chromosomes and then cut and paste each chromosome into a
chart, or karyogram, also known as an ideogram ([link]).
This karyotype is of a female human. Notice that homologous chromosomes are the same
size, and have the same centromere positions and banding patterns. A human male would
have an XY chromosome pair instead of the XX pair shown. (credit: Andreas Blozer et

al)

In a given species, chromosomes can be identified by their number, size, centromere position,
and banding pattern. In a human karyotype, autosomes or “body chromosomes” (all of the
non–sex chromosomes) are generally organized in approximate order of size from largest
(chromosome 1) to smallest (chromosome 22). The X and Y chromosomes are not
autosomes. However, chromosome 21 is actually shorter than chromosome 22. This was
discovered after the naming of Down syndrome as trisomy 21, reflecting how this disease
results from possessing one extra chromosome 21 (three total). Not wanting to change the
name of this important disease, chromosome 21 retained its numbering, despite describing the
shortest set of chromosomes. The chromosome “arms” projecting from either end of the
centromere may be designated as short or long, depending on their relative lengths. The short

arm is abbreviated p (for “petite”), whereas the long arm is abbreviated q (because it follows
“p” alphabetically). Each arm is further subdivided and denoted by a number. Using this
naming system, locations on chromosomes can be described consistently in the scientific
literature.
Career Connection
Geneticists Use Karyograms to Identify Chromosomal AberrationsAlthough Mendel is
referred to as the “father of modern genetics,” he performed his experiments with none of the
tools that the geneticists of today routinely employ. One such powerful cytological technique
is karyotyping, a method in which traits characterized by chromosomal abnormalities can be
identified from a single cell. To observe an individual’s karyotype, a person’s cells (like
white blood cells) are first collected from a blood sample or other tissue. In the laboratory,
the isolated cells are stimulated to begin actively dividing. A chemical called colchicine is
then applied to cells to arrest condensed chromosomes in metaphase. Cells are then made to
swell using a hypotonic solution so the chromosomes spread apart. Finally, the sample is
preserved in a fixative and applied to a slide.
The geneticist then stains chromosomes with one of several dyes to better visualize the
distinct and reproducible banding patterns of each chromosome pair. Following staining, the
chromosomes are viewed using bright-field microscopy. A common stain choice is the
Giemsa stain. Giemsa staining results in approximately 400–800 bands (of tightly coiled
DNA and condensed proteins) arranged along all of the 23 chromosome pairs; an experienced
geneticist can identify each band. In addition to the banding patterns, chromosomes are
further identified on the basis of size and centromere location. To obtain the classic depiction
of the karyotype in which homologous pairs of chromosomes are aligned in numerical order
from longest to shortest, the geneticist obtains a digital image, identifies each chromosome,
and manually arranges the chromosomes into this pattern ([link]).
At its most basic, the karyogram may reveal genetic abnormalities in which an individual has
too many or too few chromosomes per cell. Examples of this are Down Syndrome, which is
identified by a third copy of chromosome 21, and Turner Syndrome, which is characterized
by the presence of only one X chromosome in women instead of the normal two. Geneticists
can also identify large deletions or insertions of DNA. For instance, Jacobsen Syndrome—
which involves distinctive facial features as well as heart and bleeding defects—is identified
by a deletion on chromosome 11. Finally, the karyotype can pinpoint translocations, which
occur when a segment of genetic material breaks from one chromosome and reattaches to
another chromosome or to a different part of the same chromosome. Translocations are
implicated in certain cancers, including chronic myelogenous leukemia.
During Mendel’s lifetime, inheritance was an abstract concept that could only be inferred by
performing crosses and observing the traits expressed by offspring. By observing a
karyogram, today’s geneticists can actually visualize the chromosomal composition of an
individual to confirm or predict genetic abnormalities in offspring, even before birth.

Disorders in Chromosome Number
Of all of the chromosomal disorders, abnormalities in chromosome number are the most
obviously identifiable from a karyogram. Disorders of chromosome number include the
duplication or loss of entire chromosomes, as well as changes in the number of complete sets

of chromosomes. They are caused by nondisjunction, which occurs when pairs of
homologous chromosomes or sister chromatids fail to separate during meiosis. Misaligned or
incomplete synapsis, or a dysfunction of the spindle apparatus that facilitates chromosome
migration, can cause nondisjunction. The risk of nondisjunction occurring increases with the
age of the parents.
Nondisjunction can occur during either meiosis I or II, with differing results ([link]). If
homologous chromosomes fail to separate during meiosis I, the result is two gametes that
lack that particular chromosome and two gametes with two copies of the chromosome. If
sister chromatids fail to separate during meiosis II, the result is one gamete that lacks that
chromosome, two normal gametes with one copy of the chromosome, and one gamete with
two copies of the chromosome.
Art Connection
Nondisjunction occurs when homologous chromosomes or sister chromatids fail to separate
during meiosis, resulting in an abnormal chromosome number. Nondisjunction may occur

during meiosis I or meiosis II.
Which of the following statements about nondisjunction is true?
a.
b.
c.
d.

Nondisjunction only results in gametes with n+1 or n–1 chromosomes.
Nondisjunction occurring during meiosis II results in 50 percent normal gametes.
Nondisjunction during meiosis I results in 50 percent normal gametes.
Nondisjunction always results in four different kinds of gametes.

Aneuploidy
An individual with the appropriate number of chromosomes for their species is
called euploid; in humans, euploidy corresponds to 22 pairs of autosomes and one pair of sex
chromosomes. An individual with an error in chromosome number is described as aneuploid,
a term that includes monosomy (loss of one chromosome) or trisomy (gain of an extraneous
chromosome). Monosomic human zygotes missing any one copy of an autosome invariably

fail to develop to birth because they lack essential genes. This underscores the importance of
“gene dosage” in humans. Most autosomal trisomies also fail to develop to birth; however,
duplications of some of the smaller chromosomes (13, 15, 18, 21, or 22) can result in
offspring that survive for several weeks to many years. Trisomic individuals suffer from a
different type of genetic imbalance: an excess in gene dose. Individuals with an extra
chromosome may synthesize an abundance of the gene products encoded by that
chromosome. This extra dose (150 percent) of specific genes can lead to a number of
functional challenges and often precludes development. The most common trisomy among
viable births is that of chromosome 21, which corresponds to Down Syndrome. Individuals
with this inherited disorder are characterized by short stature and stunted digits, facial
distinctions that include a broad skull and large tongue, and significant developmental delays.
The incidence of Down syndrome is correlated with maternal age; older women are more
likely to become pregnant with fetuses carrying the trisomy 21 genotype ([link]).
The incidence of having a fetus with trisomy 21 increases dramatically with maternal

age.
Link to Learning

Visualize the addition of a chromosome that leads to Down syndrome in this video
simulation.

Polyploidy
An individual with more than the correct number of chromosome sets (two for diploid
species) is called polyploid. For instance, fertilization of an abnormal diploid egg with a

normal haploid sperm would yield a triploid zygote. Polyploid animals are extremely rare,
with only a few examples among the flatworms, crustaceans, amphibians, fish, and lizards.
Polyploid animals are sterile because meiosis cannot proceed normally and instead produces
mostly aneuploid daughter cells that cannot yield viable zygotes. Rarely, polyploid animals
can reproduce asexually by haplodiploidy, in which an unfertilized egg divides mitotically to
produce offspring. In contrast, polyploidy is very common in the plant kingdom, and
polyploid plants tend to be larger and more robust than euploids of their species ([link]).
As with many polyploid plants, this triploid orange daylily (Hemerocallis fulva) is
particularly large and robust, and grows flowers with triple the number of petals of its diploid

counterparts. (credit: Steve Karg)

Sex Chromosome Nondisjunction in Humans
Humans display dramatic deleterious effects with autosomal trisomies and monosomies.
Therefore, it may seem counterintuitive that human females and males can function normally,
despite carrying different numbers of the X chromosome. Rather than a gain or loss of
autosomes, variations in the number of sex chromosomes are associated with relatively mild
effects. In part, this occurs because of a molecular process called X inactivation. Early in
development, when female mammalian embryos consist of just a few thousand cells (relative
to trillions in the newborn), one X chromosome in each cell inactivates by tightly condensing
into a quiescent (dormant) structure called a Barr body. The chance that an X chromosome
(maternally or paternally derived) is inactivated in each cell is random, but once the
inactivation occurs, all cells derived from that one will have the same inactive X chromosome
or Barr body. By this process, females compensate for their double genetic dose of X
chromosome. In so-called “tortoiseshell” cats, embryonic X inactivation is observed as color
variegation ([link]). Females that are heterozygous for an X-linked coat color gene will
express one of two different coat colors over different regions of their body, corresponding to
whichever X chromosome is inactivated in the embryonic cell progenitor of that region.
In cats, the gene for coat color is located on the X chromosome. In the embryonic
development of female cats, one of the two X chromosomes is randomly inactivated in each
cell, resulting in a tortoiseshell pattern if the cat has two different alleles for coat color. Male

cats, having only one X chromosome, never exhibit a tortoiseshell coat color. (credit: Michael

Bodega)
An individual carrying an abnormal number of X chromosomes will inactivate all but one X
chromosome in each of her cells. However, even inactivated X chromosomes continue to
express a few genes, and X chromosomes must reactivate for the proper maturation of female
ovaries. As a result, X-chromosomal abnormalities are typically associated with mild mental
and physical defects, as well as sterility. If the X chromosome is absent altogether, the
individual will not develop in utero.
Several errors in sex chromosome number have been characterized. Individuals with three X
chromosomes, called triplo-X, are phenotypically female but express developmental delays
and reduced fertility. The XXY genotype, corresponding to one type of Klinefelter syndrome,
corresponds to phenotypically male individuals with small testes, enlarged breasts, and
reduced body hair. More complex types of Klinefelter syndrome exist in which the individual
has as many as five X chromosomes. In all types, every X chromosome except one undergoes
inactivation to compensate for the excess genetic dosage. This can be seen as several Barr
bodies in each cell nucleus. Turner syndrome, characterized as an X0 genotype (i.e., only a
single sex chromosome), corresponds to a phenotypically female individual with short
stature, webbed skin in the neck region, hearing and cardiac impairments, and sterility.

Duplications and Deletions
In addition to the loss or gain of an entire chromosome, a chromosomal segment may be
duplicated or lost. Duplications and deletions often produce offspring that survive but exhibit
physical and mental abnormalities. Duplicated chromosomal segments may fuse to existing
chromosomes or may be free in the nucleus. Cri-du-chat (from the French for “cry of the
cat”) is a syndrome associated with nervous system abnormalities and identifiable physical
features that result from a deletion of most of 5p (the small arm of chromosome 5) ([link]).
Infants with this genotype emit a characteristic high-pitched cry on which the disorder’s
name is based.

This individual with cri-du-chat syndrome is shown at two, four, nine, and 12 years of age.

(credit: Paola Cerruti Mainardi)

Chromosomal Structural Rearrangements
Cytologists have characterized numerous structural rearrangements in chromosomes, but
chromosome inversions and translocations are the most common. Both are identified during
meiosis by the adaptive pairing of rearranged chromosomes with their former homologs to
maintain appropriate gene alignment. If the genes carried on two homologs are not oriented
correctly, a recombination event could result in the loss of genes from one chromosome and
the gain of genes on the other. This would produce aneuploid gametes.
Chromosome Inversions
A chromosome inversion is the detachment, 180° rotation, and reinsertion of part of a
chromosome. Inversions may occur in nature as a result of mechanical shear, or from the
action of transposable elements (special DNA sequences capable of facilitating the
rearrangement of chromosome segments with the help of enzymes that cut and paste DNA
sequences). Unless they disrupt a gene sequence, inversions only change the orientation of
genes and are likely to have more mild effects than aneuploid errors. However, altered gene
orientation can result in functional changes because regulators of gene expression could be
moved out of position with respect to their targets, causing aberrant levels of gene products.
An inversion can be pericentric and include the centromere, or paracentric and occur outside
of the centromere ([link]). A pericentric inversion that is asymmetric about the centromere
can change the relative lengths of the chromosome arms, making these inversions easily
identifiable.

Pericentric inversions include the centromere, and paracentric inversions do not. A
pericentric inversion can change the relative lengths of the chromosome arms; a paracentric

inversion cannot.
When one homologous chromosome undergoes an inversion but the other does not, the
individual is described as an inversion heterozygote. To maintain point-for-point synapsis
during meiosis, one homolog must form a loop, and the other homolog must mold around it.
Although this topology can ensure that the genes are correctly aligned, it also forces the
homologs to stretch and can be associated with regions of imprecise synapsis ([link]).
When one chromosome undergoes an inversion but the other does not, one chromosome must
form an inverted loop to retain point-for-point interaction during synapsis. This inversion
pairing is essential to maintaining gene alignment during meiosis and to allow for

recombination.
Evolution Connection

The Chromosome 18 InversionNot all structural rearrangements of chromosomes produce
nonviable, impaired, or infertile individuals. In rare instances, such a change can result in the
evolution of a new species. In fact, a pericentric inversion in chromosome 18 appears to have
contributed to the evolution of humans. This inversion is not present in our closest genetic
relatives, the chimpanzees. Humans and chimpanzees differ cytogenetically by pericentric
inversions on several chromosomes and by the fusion of two separate chromosomes in
chimpanzees that correspond to chromosome two in humans.
The pericentric chromosome 18 inversion is believed to have occurred in early humans
following their divergence from a common ancestor with chimpanzees approximately five
million years ago. Researchers characterizing this inversion have suggested that
approximately 19,000 nucleotide bases were duplicated on 18p, and the duplicated region
inverted and reinserted on chromosome 18 of an ancestral human.
A comparison of human and chimpanzee genes in the region of this inversion indicates that
two genes—ROCK1 and USP14—that are adjacent on chimpanzee chromosome 17 (which
corresponds to human chromosome 18) are more distantly positioned on human chromosome
18. This suggests that one of the inversion breakpoints occurred between these two genes.
Interestingly, humans and chimpanzees express USP14 at distinct levels in specific cell types,
including cortical cells and fibroblasts. Perhaps the chromosome 18 inversion in an ancestral
human repositioned specific genes and reset their expression levels in a useful way. Because
both ROCK1 and USP14 encode cellular enzymes, a change in their expression could alter
cellular function. It is not known how this inversion contributed to hominid evolution, but it
appears to be a significant factor in the divergence of humans from other primates.1
Translocations
A translocation occurs when a segment of a chromosome dissociates and reattaches to a
different, nonhomologous chromosome. Translocations can be benign or have devastating
effects depending on how the positions of genes are altered with respect to regulatory
sequences. Notably, specific translocations have been associated with several cancers and
with schizophrenia. Reciprocal translocations result from the exchange of chromosome
segments between two nonhomologous chromosomes such that there is no gain or loss of
genetic information ([link]).

A reciprocal translocation occurs when a segment of DNA is transferred from one
chromosome to another, nonhomologous chromosome. (credit: modification of work by

National Human Genome Research/USA)

Section Summary
The number, size, shape, and banding pattern of chromosomes make them easily identifiable
in a karyogram and allows for the assessment of many chromosomal abnormalities. Disorders
in chromosome number, or aneuploidies, are typically lethal to the embryo, although a few
trisomic genotypes are viable. Because of X inactivation, aberrations in sex chromosomes
typically have milder phenotypic effects. Aneuploidies also include instances in which
segments of a chromosome are duplicated or deleted. Chromosome structures may also be
rearranged, for example by inversion or translocation. Both of these aberrations can result in
problematic phenotypic effects. Because they force chromosomes to assume unnatural
topologies during meiosis, inversions and translocations are often associated with reduced
fertility because of the likelihood of nondisjunction.

Art Connections
[link] Which of the following statements about nondisjunction is true?
a.
b.
c.
d.

Nondisjunction only results in gametes with n+1 or n–1 chromosomes.
Nondisjunction occurring during meiosis II results in 50 percent normal gametes.
Nondisjunction during meiosis I results in 50 percent normal gametes.
Nondisjunction always results in four different kinds of gametes.

[link] B.

Review Questions
Which of the following codes describes position 12 on the long arm of chromosome 13?
a. 13p12

b. 13q12
c. 12p13
d. 12q13
B
In agriculture, polyploid crops (like coffee, strawberries, or bananas) tend to produce
________.
a.
b.
c.
d.

more uniformity
more variety
larger yields
smaller yields

C
Assume a pericentric inversion occurred in one of two homologs prior to meiosis. The other
homolog remains normal. During meiosis, what structure—if any—would these homologs
assume in order to pair accurately along their lengths?
a.
b.
c.
d.

V formation
cruciform
loop
pairing would not be possible

C
The genotype XXY corresponds to
a.
b.
c.
d.

Klinefelter syndrome
Turner syndrome
Triplo-X
Jacob syndrome

A
Abnormalities in the number of X chromosomes tends to have milder phenotypic effects than
the same abnormalities in autosomes because of ________.
a.
b.
c.
d.

deletions
nonhomologous recombination
synapsis
X inactivation

D
By definition, a pericentric inversion includes the ________.
a. centromere
b. chiasma

c. telomere
d. synapse
A

Free Response
Using diagrams, illustrate how nondisjunction can result in an aneuploid zygote.
Exact diagram style will vary; diagram should look like [link].

Footnotes
•

1 Violaine Goidts et al., “Segmental duplication associated with the humanspecific inversion of chromosome 18: a further example of the impact of
segmental duplications on karyotype and genome evolution in
primates,” Human Genetics. 115 (2004):116-122

Glossary
aneuploid
individual with an error in chromosome number; includes deletions and
duplications of chromosome segments
autosome
any of the non-sex chromosomes
chromosome inversion
detachment, 180° rotation, and reinsertion of a chromosome arm
euploid
individual with the appropriate number of chromosomes for their species
karyogram
photographic image of a karyotype
karyotype
number and appearance of an individuals chromosomes; includes the size,
banding patterns, and centromere position
monosomy
otherwise diploid genotype in which one chromosome is missing
nondisjunction
failure of synapsed homologs to completely separate and migrate to separate
poles during the first cell division of meiosis
paracentric
inversion that occurs outside of the centromere
pericentric
inversion that involves the centromere
polyploid
individual with an incorrect number of chromosome sets
translocation

process by which one segment of a chromosome dissociates and reattaches
to a different, nonhomologous chromosome
trisomy
otherwise diploid genotype in which one entire chromosome is duplicated
X inactivation
condensation of X chromosomes into Barr bodies during embryonic
development in females to compensate for the double genetic dose
ntroduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"Dolly the sheep was the first large mammal to be
cloned.

The three letters “DNA” have now become synonymous with crime solving,
paternity testing, human identification, and genetic testing. DNA can be retrieved
from hair, blood, or saliva. Each person’s DNA is unique, and it is possible to

detect differences between individuals within a species on the basis of these unique
features.
DNA analysis has many practical applications beyond forensics. In humans, DNA
testing is applied to numerous uses: determining paternity, tracing genealogy,
identifying pathogens, archeological research, tracing disease outbreaks, and
studying human migration patterns. In the medical field, DNA is used in
diagnostics, new vaccine development, and cancer therapy. It is now possible to
determine predisposition to diseases by looking at genes.
Each human cell has 23 pairs of chromosomes: one set of chromosomes is
inherited from the mother and the other set is inherited from the father. There is
also a mitochondrial genome, inherited exclusively from the mother, which can be
involved in inherited genetic disorders. On each chromosome, there are thousands
of genes that are responsible for determining the genotype and phenotype of the
individual. A gene is defined as a sequence of DNA that codes for a functional
product. The human haploid genome contains 3 billion base pairs and has between
20,000 and 25,000 functional genes.
Historical Basis of Modern Understanding
By the end of this section, you will be able to:
•
•
•

Explain transformation of DNA
Describe the key experiments that helped identify that DNA is the genetic
material
State and explain Chargaff’s rules

Modern understandings of DNA have evolved from the discovery of nucleic acid
to the development of the double-helix model. In the 1860s, Friedrich Miescher
([link]), a physician by profession, was the first person to isolate phosphate-rich
chemicals from white blood cells or leukocytes. He named these chemicals (which
would eventually be known as RNA and DNA) nuclein because they were isolated
from the nuclei of the cells.

Friedrich Miescher (1844–1895) discovered nucleic acids.

Link to Learning

To see Miescher conduct an experiment step-by-step, click through this review of
how he discovered the key role of DNA and proteins in the nucleus.
A half century later, British bacteriologist Frederick Griffith was perhaps the first
person to show that hereditary information could be transferred from one cell to
another “horizontally,” rather than by descent. In 1928, he reported the first
demonstration of bacterial transformation, a process in which external DNA is
taken up by a cell, thereby changing morphology and physiology. He was working
with Streptococcus pneumoniae, the bacterium that causes pneumonia. Griffith
worked with two strains, rough (R) and smooth (S). The R strain is non-pathogenic
(does not cause disease) and is called rough because its outer surface is a cell wall
and lacks a capsule; as a result, the cell surface appears uneven under the
microscope. The S strain is pathogenic (disease-causing) and has a capsule outside
its cell wall. As a result, it has a smooth appearance under the microscope. Griffith
injected the live R strain into mice and they survived. In another experiment, when
he injected mice with the heat-killed S strain, they also survived. In a third set of
experiments, a mixture of live R strain and heat-killed S strain were injected into
mice, and—to his surprise—the mice died. Upon isolating the live bacteria from
the dead mouse, only the S strain of bacteria was recovered. When this isolated S
strain was injected into fresh mice, the mice died. Griffith concluded that
something had passed from the heat-killed S strain into the live R strain and
transformed it into the pathogenic S strain, and he called this the transforming
principle ([link]). These experiments are now famously known as Griffith's
transformation experiments.
Two strains of S. pneumoniae were used in Griffith’s transformation experiments. The R
strain is non-pathogenic. The S strain is pathogenic and causes death. When Griffith injected
a mouse with the heat-killed S strain and a live R strain, the mouse died. The S strain was
recovered from the dead mouse. Thus, Griffith concluded that something had passed from the
heat-killed S strain to the R strain, transforming the R strain into S strain in the process.
(credit "living mouse": modification of work by NIH; credit "dead mouse": modification of

work by Sarah

Marriage)

Scientists Oswald Avery, Colin MacLeod, and Maclyn McCarty (1944) were
interested in exploring this transforming principle further. They isolated the S
strain from the dead mice and isolated the proteins and nucleic acids, namely RNA
and DNA, as these were possible candidates for the molecule of heredity. They
conducted a systematic elimination study. They used enzymes that specifically
degraded each component and then used each mixture separately to transform the
R strain. They found that when DNA was degraded, the resulting mixture was no
longer able to transform the bacteria, whereas all of the other combinations were
able to transform the bacteria. This led them to conclude that DNA was the
transforming principle.
Career Connection
Forensic Scientists and DNA AnalysisDNA evidence was used for the first time to
solve an immigration case. The story started with a teenage boy returning to
London from Ghana to be with his mother. Immigration authorities at the airport
were suspicious of him, thinking that he was traveling on a forged passport. After

much persuasion, he was allowed to go live with his mother, but the immigration
authorities did not drop the case against him. All types of evidence, including
photographs, were provided to the authorities, but deportation proceedings were
started nevertheless. Around the same time, Dr. Alec Jeffreys of Leicester
University in the United Kingdom had invented a technique known as DNA
fingerprinting. The immigration authorities approached Dr. Jeffreys for help. He
took DNA samples from the mother and three of her children, plus an unrelated
mother, and compared the samples with the boy’s DNA. Because the biological
father was not in the picture, DNA from the three children was compared with the
boy’s DNA. He found a match in the boy’s DNA for both the mother and his three
siblings. He concluded that the boy was indeed the mother’s son.
Forensic scientists analyze many items, including documents, handwriting,
firearms, and biological samples. They analyze the DNA content of hair, semen,
saliva, and blood, and compare it with a database of DNA profiles of known
criminals. Analysis includes DNA isolation, sequencing, and sequence analysis;
most forensic DNA analysis involves polymerase chain reaction (PCR)
amplification of short tandem repeat (STR) loci and electrophoresis to determine
the length of the PCR-amplified fragment. Only mitochondrial DNA is sequenced
for forensics. Forensic scientists are expected to appear at court hearings to present
their findings. They are usually employed in crime labs of city and state
government agencies. Geneticists experimenting with DNA techniques also work
for scientific and research organizations, pharmaceutical industries, and college
and university labs. Students wishing to pursue a career as a forensic scientist
should have at least a bachelor's degree in chemistry, biology, or physics, and
preferably some experience working in a laboratory.
Experiments conducted by Martha Chase and Alfred Hershey in 1952 provided
confirmatory evidence that DNA was the genetic material and not proteins. Chase
and Hershey were studying a bacteriophage, which is a virus that infects bacteria.
Viruses typically have a simple structure: a protein coat, called the capsid, and a
nucleic acid core that contains the genetic material, either DNA or RNA. The
bacteriophage infects the host bacterial cell by attaching to its surface, and then it
injects its nucleic acids inside the cell. The phage DNA makes multiple copies of
itself using the host machinery, and eventually the host cell bursts, releasing a large
number of bacteriophages. Hershey and Chase labeled one batch of phage with
radioactive sulfur, 35S, to label the protein coat. Another batch of phage were
labeled with radioactive phosphorus, 32P. Because phosphorous is found in DNA,
but not protein, the DNA and not the protein would be tagged with radioactive
phosphorus.
Each batch of phage was allowed to infect the cells separately. After infection, the
phage bacterial suspension was put in a blender, which caused the phage coat to be
detached from the host cell. The phage and bacterial suspension was spun down in
a centrifuge. The heavier bacterial cells settled down and formed a pellet, whereas

the lighter phage particles stayed in the supernatant. In the tube that contained
phage labeled with 35S, the supernatant contained the radioactively labeled phage,
whereas no radioactivity was detected in the pellet. In the tube that contained the
phage labeled with 32P, the radioactivity was detected in the pellet that contained
the heavier bacterial cells, and no radioactivity was detected in the supernatant.
Hershey and Chase concluded that it was the phage DNA that was injected into the
cell and carried information to produce more phage particles, thus providing
evidence that DNA was the genetic material and not proteins ([link]).
In Hershey and Chase's experiments, bacteria were infected with phage radiolabeled with
either 35S, which labels protein, or 32P, which labels DNA. Only 32P entered the bacterial
cells, indicating that DNA is the genetic

material.

Around this same time, Austrian biochemist Erwin Chargaff examined the content
of DNA in different species and found that the amounts of adenine, thymine,
guanine, and cytosine were not found in equal quantities, and that it varied from
species to species, but not between individuals of the same species. He found that
the amount of adenine equals the amount of thymine, and the amount of cytosine
equals the amount of guanine, or A = T and G = C. This is also known as
Chargaff’s rules. This finding proved immensely useful when Watson and Crick
were getting ready to propose their DNA double helix model.
Section Summary
DNA was first isolated from white blood cells by Friedrich Miescher, who called it nuclein
because it was isolated from nuclei. Frederick Griffith's experiments with strains

of Streptococcus pneumoniae provided the first hint that DNA may be the transforming
principle. Avery, MacLeod, and McCarty proved that DNA is required for the transformation
of bacteria. Later experiments by Hershey and Chase using bacteriophage T2 proved that
DNA is the genetic material. Chargaff found that the ratio of A = T and C = G, and that the
percentage content of A, T, G, and C is different for different species.

Review Questions
If DNA of a particular species was analyzed and it was found that it contains 27 percent A,
what would be the percentage of C?
a.
b.
c.
d.

27 percent
30 percent
23 percent
54 percent

C
The experiments by Hershey and Chase helped confirm that DNA was the hereditary material
on the basis of the finding that:
a.
b.
c.
d.

radioactive phage were found in the pellet
radioactive cells were found in the supernatant
radioactive sulfur was found inside the cell
radioactive phosphorus was found in the cell

D

Free Response
Explain Griffith's transformation experiments. What did he conclude from them?
Live R cells acquired genetic information from the heat-killed S cells that “transformed” the
R cells into S cells.
Why were radioactive sulfur and phosphorous used to label bacteriophage in Hershey and
Chase's experiments?
Sulfur is an element found in proteins and phosphorus is a component of nucleic acids.

Glossary
transformation
process in which external DNA is taken up by a cell
DNA Structure and Sequencing
By the end of this section, you will be able to:
•
•

Describe the structure of DNA
Explain the Sanger method of DNA sequencing

•

Discuss the similarities and differences between eukaryotic and prokaryotic
DNA

The building blocks of DNA are nucleotides. The important components of the
nucleotide are a nitrogenous base, deoxyribose (5-carbon sugar), and a phosphate
group ([link]). The nucleotide is named depending on the nitrogenous base. The
nitrogenous base can be a purine such as adenine (A) and guanine (G), or a
pyrimidine such as cytosine (C) and thymine (T).
Each nucleotide is made up of a sugar, a phosphate group, and a nitrogenous base. The sugar
is deoxyribose in DNA and ribose in

RNA.

The nucleotides combine with each other by covalent bonds known as
phosphodiester bonds or linkages. The purines have a double ring structure with a
six-membered ring fused to a five-membered ring. Pyrimidines are smaller in size;
they have a single six-membered ring structure. The carbon atoms of the fivecarbon sugar are numbered 1', 2', 3', 4', and 5' (1' is read as “one prime”). The
phosphate residue is attached to the hydroxyl group of the 5' carbon of one sugar of
one nucleotide and the hydroxyl group of the 3' carbon of the sugar of the next
nucleotide, thereby forming a 5'-3' phosphodiester bond.

In the 1950s, Francis Crick and James Watson worked together to determine the
structure of DNA at the University of Cambridge, England. Other scientists like
Linus Pauling and Maurice Wilkins were also actively exploring this field. Pauling
had discovered the secondary structure of proteins using X-ray crystallography. In
Wilkins’ lab, researcher Rosalind Franklin was using X-ray diffraction methods to
understand the structure of DNA. Watson and Crick were able to piece together the
puzzle of the DNA molecule on the basis of Franklin's data because Crick had also
studied X-ray diffraction ([link]). In 1962, James Watson, Francis Crick, and
Maurice Wilkins were awarded the Nobel Prize in Medicine. Unfortunately, by
then Franklin had died, and Nobel prizes are not awarded posthumously.
The work of pioneering scientists (a) James Watson, Francis Crick, and Maclyn McCarty led
to our present day understanding of DNA. Scientist Rosalind Franklin discovered (b) the Xray diffraction pattern of DNA, which helped to elucidate its double helix structure. (credit a:
modification of work by Marjorie McCarty, Public Library of

Science)

Watson and Crick proposed that DNA is made up of two strands that are twisted
around each other to form a right-handed helix. Base pairing takes place between a
purine and pyrimidine; namely, A pairs with T and G pairs with C. Adenine and
thymine are complementary base pairs, and cytosine and guanine are also
complementary base pairs. The base pairs are stabilized by hydrogen bonds;

adenine and thymine form two hydrogen bonds and cytosine and guanine form
three hydrogen bonds. The two strands are anti-parallel in nature; that is, the 3' end
of one strand faces the 5' end of the other strand. The sugar and phosphate of the
nucleotides form the backbone of the structure, whereas the nitrogenous bases are
stacked inside. Each base pair is separated from the other base pair by a distance of
0.34 nm, and each turn of the helix measures 3.4 nm. Therefore, ten base pairs are
present per turn of the helix. The diameter of the DNA double helix is 2 nm, and it
is uniform throughout. Only the pairing between a purine and pyrimidine can
explain the uniform diameter. The twisting of the two strands around each other
results in the formation of uniformly spaced major and minor grooves ([link]).
DNA has (a) a double helix structure and (b) phosphodiester bonds. The (c) major and minor
grooves are binding sites for DNA binding proteins during processes such as transcription
(the copying of RNA from DNA) and

replication.

DNA Sequencing Techniques
Until the 1990s, the sequencing of DNA (reading the sequence of DNA) was a relatively
expensive and long process. Using radiolabeled nucleotides also compounded the problem
through safety concerns. With currently available technology and automated machines, the
process is cheap, safer, and can be completed in a matter of hours. Fred Sanger developed the
sequencing method used for the human genome sequencing project, which is widely used
today ([link]).

Link to Learning

Visit this site to watch a video explaining the DNA sequence reading technique that resulted
from Sanger’s work.
The method is known as the dideoxy chain termination method. The sequencing method is
based on the use of chain terminators, the dideoxynucleotides (ddNTPs). The
dideoxynucleotides, or ddNTPSs, differ from the deoxynucleotides by the lack of a free 3'
OH group on the five-carbon sugar. If a ddNTP is added to a growing a DNA strand, the
chain is not extended any further because the free 3' OH group needed to add another
nucleotide is not available. By using a predetermined ratio of deoxyribonucleotides to
dideoxynucleotides, it is possible to generate DNA fragments of different sizes.
In Frederick Sanger's dideoxy chain termination method, dye-labeled dideoxynucleotides are
used to generate DNA fragments that terminate at different points. The DNA is separated by
capillary electrophoresis on the basis of size, and from the order of fragments formed, the
DNA sequence can be read. The DNA sequence readout is shown on an electropherogram
that is generated by a laser

scanner.
The DNA sample to be sequenced is denatured or separated into two strands by heating it to
high temperatures. The DNA is divided into four tubes in which a primer, DNA polymerase,
and all four nucleotides (A, T, G, and C) are added. In addition to each of the four tubes,

limited quantities of one of the four dideoxynucleotides are added to each tube respectively.
The tubes are labeled as A, T, G, and C according to the ddNTP added. For detection
purposes, each of the four dideoxynucleotides carries a different fluorescent label. Chain
elongation continues until a fluorescent dideoxy nucleotide is incorporated, after which no
further elongation takes place. After the reaction is over, electrophoresis is performed. Even a
difference in length of a single base can be detected. The sequence is read from a laser
scanner. For his work on DNA sequencing, Sanger received a Nobel Prize in chemistry in
1980.
Link to Learning

Basics of DNA Replication
By the end of this section, you will be able to:
•
•

Explain how the structure of DNA reveals the replication process
Describe the Meselson and Stahl experiments

The elucidation of the structure of the double helix provided a hint as to how DNA
divides and makes copies of itself. This model suggests that the two strands of the
double helix separate during replication, and each strand serves as a template from
which the new complementary strand is copied. What was not clear was how the
replication took place. There were three models suggested ([link]): conservative,
semi-conservative, and dispersive.
The three suggested models of DNA replication. Grey indicates the original DNA strands,

and blue indicates newly synthesized DNA.

In conservative replication, the parental DNA remains together, and the newly
formed daughter strands are together. The semi-conservative method suggests that

each of the two parental DNA strands act as a template for new DNA to be
synthesized; after replication, each double-stranded DNA includes one parental or
“old” strand and one “new” strand. In the dispersive model, both copies of DNA
have double-stranded segments of parental DNA and newly synthesized DNA
interspersed.
Meselson and Stahl were interested in understanding how DNA replicates. They
grew E. coli for several generations in a medium containing a “heavy” isotope of
nitrogen (15N) that gets incorporated into nitrogenous bases, and eventually into the
DNA ([link]).
Meselson and Stahl experimented with E. coli grown first in heavy nitrogen (15N) then in 14N.
DNA grown in 15N (red band) is heavier than DNA grown in 14N (orange band), and
sediments to a lower level in cesium chloride solution in an ultracentrifuge. When DNA
grown in 15N is switched to media containing 14N, after one round of cell division the DNA
sediments halfway between the 15N and 14N levels, indicating that it now contains fifty
percent 14N. In subsequent cell divisions, an increasing amount of DNA contains 14N only.
This data supports the semi-conservative replication model. (credit: modification of work by

Mariana Ruiz Villareal)

The E. coli culture was then shifted into medium containing 14N and allowed to
grow for one generation. The cells were harvested and the DNA was isolated. The
DNA was centrifuged at high speeds in an ultracentrifuge. Some cells were
allowed to grow for one more life cycle in 14N and spun again. During the density
gradient centrifugation, the DNA is loaded into a gradient (typically a salt such as
cesium chloride or sucrose) and spun at high speeds of 50,000 to 60,000 rpm.
Under these circumstances, the DNA will form a band according to its density in
the gradient. DNA grown in 15N will band at a higher density position than that
grown in 14N. Meselson and Stahl noted that after one generation of growth in 14N

after they had been shifted from 15N, the single band observed was intermediate in
position in between DNA of cells grown exclusively in 15N and 14N. This suggested
either a semi-conservative or dispersive mode of replication. The DNA harvested
from cells grown for two generations in 14N formed two bands: one DNA band was
at the intermediate position between 15N and 14N, and the other corresponded to the
band of 14N DNA. These results could only be explained if DNA replicates in a
semi-conservative manner. Therefore, the other two modes were ruled out.
During DNA replication, each of the two strands that make up the double helix
serves as a template from which new strands are copied. The new strand will be
complementary to the parental or “old” strand. When two daughter DNA copies
are formed, they have the same sequence and are divided equally into the two
daughter cells.
Link to Learning

Click through this tutorial on DNA replication.
Section Summary
The model for DNA replication suggests that the two strands of the double helix separate
during replication, and each strand serves as a template from which the new complementary
strand is copied. In conservative replication, the parental DNA is conserved, and the daughter
DNA is newly synthesized. The semi-conservative method suggests that each of the two
parental DNA strands acts as template for new DNA to be synthesized; after replication, each
double-stranded DNA includes one parental or “old” strand and one “new” strand. The
dispersive mode suggested that the two copies of the DNA would have segments of parental
DNA and newly synthesized DNA.

Review Questions
Meselson and Stahl's experiments proved that DNA replicates by which mode?
a.
b.
c.
d.
B

conservative
semi-conservative
dispersive
none of the above

If the sequence of the 5'-3' strand is AATGCTAC, then the complementary sequence has the
following sequence:
a.
b.
c.
d.

3'-AATGCTAC-5'
3'-CATCGTAA-5'
3'-TTACGATG-5'
3'-GTAGCATT-5'

C

Free Response
How did the scientific community learn that DNA replication takes place in a semiconservative fashion?
Meselson’s experiments with E. coli grown in 15N deduced this finding.

DNA Repair
By the end of this section, you will be able to:
•
•

Discuss the different types of mutations in DNA
Explain DNA repair mechanisms

DNA replication is a highly accurate process, but mistakes can occasionally occur,
such as a DNA polymerase inserting a wrong base. Uncorrected mistakes may
sometimes lead to serious consequences, such as cancer. Repair mechanisms
correct the mistakes. In rare cases, mistakes are not corrected, leading to mutations;
in other cases, repair enzymes are themselves mutated or defective.
Most of the mistakes during DNA replication are promptly corrected by DNA
polymerase by proofreading the base that has been just added ([link]).
In proofreading, the DNA pol reads the newly added base before adding the next
one, so a correction can be made. The polymerase checks whether the newly added
base has paired correctly with the base in the template strand. If it is the right base,
the next nucleotide is added. If an incorrect base has been added, the enzyme
makes a cut at the phosphodiester bond and releases the wrong nucleotide. This is
performed by the exonuclease action of DNA pol III. Once the incorrect nucleotide
has been removed, a new one will be added again.

Proofreading by DNA polymerase corrects errors during

replication.

Some errors are not corrected during replication, but are instead corrected after
replication is completed; this type of repair is known as mismatch repair ([link]).
The enzymes recognize the incorrectly added nucleotide and excise it; this is then
replaced by the correct base. If this remains uncorrected, it may lead to more
permanent damage. How do mismatch repair enzymes recognize which of the two
bases is the incorrect one? In E. coli, after replication, the nitrogenous base adenine
acquires a methyl group; the parental DNA strand will have methyl groups,
whereas the newly synthesized strand lacks them. Thus, DNA polymerase is able
to remove the wrongly incorporated bases from the newly synthesized, nonmethylated strand. In eukaryotes, the mechanism is not very well understood, but it
is believed to involve recognition of unsealed nicks in the new strand, as well as a
short-term continuing association of some of the replication proteins with the new
daughter strand after replication has completed.
In mismatch repair, the incorrectly added base is detected after replication. The mismatch
repair proteins detect this base and remove it from the newly synthesized strand by nuclease

action. The gap is now filled with the correctly paired

base.

In another type of repair mechanism, nucleotide excision repair, enzymes replace
incorrect bases by making a cut on both the 3' and 5' ends of the incorrect base
([link]). The segment of DNA is removed and replaced with the correctly paired
nucleotides by the action of DNA pol. Once the bases are filled in, the remaining
gap is sealed with a phosphodiester linkage catalyzed by DNA ligase. This repair
mechanism is often employed when UV exposure causes the formation of
pyrimidine dimers.
Nucleotide excision repairs thymine dimers. When exposed to UV, thymines lying adjacent
to each other can form thymine dimers. In normal cells, they are excised and

replaced.

A well-studied example of mistakes not being corrected is seen in people suffering
from xeroderma pigmentosa ([link]). Affected individuals have skin that is highly
sensitive to UV rays from the sun. When individuals are exposed to UV,
pyrimidine dimers, especially those of thymine, are formed; people with
xeroderma pigmentosa are not able to repair the damage. These are not repaired
because of a defect in the nucleotide excision repair enzymes, whereas in normal
individuals, the thymine dimers are excised and the defect is corrected. The
thymine dimers distort the structure of the DNA double helix, and this may cause
problems during DNA replication. People with xeroderma pigmentosa may have a
higher risk of contracting skin cancer than those who dont have the condition.

Xeroderma pigmentosa is a condition in which thymine dimerization from exposure to UV is
not repaired. Exposure to sunlight results in skin lesions. (credit: James Halpern et

al.)

Errors during DNA replication are not the only reason why mutations arise in
DNA. Mutations, variations in the nucleotide sequence of a genome, can also occur
because of damage to DNA. Such mutations may be of two types: induced or
spontaneous. Induced mutations are those that result from an exposure to
chemicals, UV rays, x-rays, or some other environmental agent. Spontaneous
mutations occur without any exposure to any environmental agent; they are a result
of natural reactions taking place within the body.
Mutations may have a wide range of effects. Some mutations are not expressed;
these are known as silent mutations. Point mutations are those mutations that affect
a single base pair. The most common nucleotide mutations are substitutions, in
which one base is replaced by another. These can be of two types, either transitions
or transversions. Transition substitution refers to a purine or pyrimidine being
replaced by a base of the same kind; for example, a purine such as adenine may be
replaced by the purine guanine. Transversion substitution refers to a purine being
replaced by a pyrimidine, or vice versa; for example, cytosine, a pyrimidine, is
replaced by adenine, a purine. Mutations can also be the result of the addition of a
base, known as an insertion, or the removal of a base, also known as deletion.
Sometimes a piece of DNA from one chromosome may get translocated to another
chromosome or to another region of the same chromosome; this is also known as
translocation. These mutation types are shown in [link].
Art Connection

Mutations can lead to changes in the protein sequence encoded by the

DNA.
A frameshift mutation that results in the insertion of three nucleotides is often less
deleterious than a mutation that results in the insertion of one nucleotide. Why?
Mutations in repair genes have been known to cause cancer. Many mutated repair
genes have been implicated in certain forms of pancreatic cancer, colon cancer, and
colorectal cancer. Mutations can affect either somatic cells or germ cells. If many
mutations accumulate in a somatic cell, they may lead to problems such as the
uncontrolled cell division observed in cancer. If a mutation takes place in germ
cells, the mutation will be passed on to the next generation, as in the case of
hemophilia and xeroderma pigmentosa.
Section Summary
DNA polymerase can make mistakes while adding nucleotides. It edits the DNA by
proofreading every newly added base. Incorrect bases are removed and replaced by the
correct base, and then a new base is added. Most mistakes are corrected during replication,
although when this does not happen, the mismatch repair mechanism is employed. Mismatch
repair enzymes recognize the wrongly incorporated base and excise it from the DNA,
replacing it with the correct base. In yet another type of repair, nucleotide excision repair, the
incorrect base is removed along with a few bases on the 5' and 3' end, and these are replaced
by copying the template with the help of DNA polymerase. The ends of the newly
synthesized fragment are attached to the rest of the DNA using DNA ligase, which creates a
phosphodiester bond.
Most mistakes are corrected, and if they are not, they may result in a mutation defined as a
permanent change in the DNA sequence. Mutations can be of many types, such as
substitution, deletion, insertion, and translocation. Mutations in repair genes may lead to
serious consequences such as cancer. Mutations can be induced or may occur spontaneously.

Art Connections
[link] A frameshift mutation that results in the insertion of three nucleotides is often less
deleterious than a mutation that results in the insertion of one nucleotide. Why?
[link] If three nucleotides are added, one additional amino acid will be incorporated into the
protein chain, but the reading frame wont shift.

Review Questions
During proofreading, which of the following enzymes reads the DNA?
a.
b.
c.
d.

primase
topoisomerase
DNA pol
helicase

C
The initial mechanism for repairing nucleotide errors in DNA is ________.
a.
b.
c.
d.

mismatch repair
DNA polymerase proofreading
nucleotide excision repair
thymine dimers

B

Free Response
What is the consequence of mutation of a mismatch repair enzyme? How will this affect the
function of a gene?
Mutations are not repaired, as in the case of xeroderma pigmentosa. Gene function may be
affected or it may not be expressed.

Glossary
induced mutation
mutation that results from exposure to chemicals or environmental agents
mutation
variation in the nucleotide sequence of a genome
mismatch repair
type of repair mechanism in which mismatched bases are removed after
replication
nucleotide excision repair
type of DNA repair mechanism in which the wrong base, along with a few
nucleotides upstream or downstream, are removed

proofreading
function of DNA pol in which it reads the newly added base before adding
the next one
point mutation
mutation that affects a single base
silent mutation
mutation that is not expressed
spontaneous mutation
mutation that takes place in the cells as a result of chemical reactions taking
place naturally without exposure to any external agent
transition substitution
when a purine is replaced with a purine or a pyrimidine is replaced with
another pyrimidine
transversion substitution
when a purine is replaced by a pyrimidine or a pyrimidine is replaced by a
purine
Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"Genes, which are carried on (a) chromosomes, are linearly
organized instructions for making the RNA and protein molecules that are necessary for all of
processes of life. The (b) interleukin-2 protein and (c) alpha-2u-globulin protein are just two
examples of the array of different molecular structures that are encoded by genes. (credit
“chromosome: National Human Genome Research Institute; credit “interleukin-2”: Ramin
Herati/Created from PDB 1M47 and rendered with Pymol; credit “alpha-2u-globulin”:

Darren Logan/rendered with

AISMIG)

Since the rediscovery of Mendel’s work in 1900, the definition of the gene has
progressed from an abstract unit of heredity to a tangible molecular entity capable
of replication, expression, and mutation ([link]). Genes are composed of DNA and
are linearly arranged on chromosomes. Genes specify the sequences of amino
acids, which are the building blocks of proteins. In turn, proteins are responsible
for orchestrating nearly every function of the cell. Both genes and the proteins they
encode are absolutely essential to life as we know it.
The Genetic Code
By the end of this section, you will be able to:
•
•

Explain the “central dogma” of protein synthesis
Describe the genetic code and how the nucleotide sequence prescribes the
amino acid and the protein sequence

The cellular process of transcription generates messenger RNA (mRNA), a mobile
molecular copy of one or more genes with an alphabet of A, C, G, and uracil (U).
Translation of the mRNA template converts nucleotide-based genetic information
into a protein product. Protein sequences consist of 20 commonly occurring amino

acids; therefore, it can be said that the protein alphabet consists of 20 letters
([link]). Each amino acid is defined by a three-nucleotide sequence called the
triplet codon. Different amino acids have different chemistries (such as acidic
versus basic, or polar and nonpolar) and different structural constraints. Variation
in amino acid sequence gives rise to enormous variation in protein structure and
function.
Structures of the 20 amino acids found in proteins are shown. Each amino acid is composed
of an amino group (N H 3 +), a carboxyl group (COO-), and a side chain (blue). The side
chain may be nonpolar, polar, or charged, as well as large or small. It is the variety of amino
acid side chains that gives rise to the incredible variation of protein structure and

function.

The Central Dogma: DNA Encodes RNA; RNA Encodes Protein
The flow of genetic information in cells from DNA to mRNA to protein is described by
the Central Dogma ([link]), which states that genes specify the sequence of mRNAs, which in
turn specify the sequence of proteins. The decoding of one molecule to another is performed
by specific proteins and RNAs. Because the information stored in DNA is so central to
cellular function, it makes intuitive sense that the cell would make mRNA copies of this
information for protein synthesis, while keeping the DNA itself intact and protected. The
copying of DNA to RNA is relatively straightforward, with one nucleotide being added to the
mRNA strand for every nucleotide read in the DNA strand. The translation to protein is a bit

more complex because three mRNA nucleotides correspond to one amino acid in the
polypeptide sequence. However, the translation to protein is still systematic and colinear,
such that nucleotides 1 to 3 correspond to amino acid 1, nucleotides 4 to 6 correspond to
amino acid 2, and so on.
Instructions on DNA are transcribed onto messenger RNA. Ribosomes are able to read the
genetic information inscribed on a strand of messenger RNA and use this information to

string amino acids together into a protein.
The Genetic Code Is Degenerate and Universal
Given the different numbers of “letters” in the mRNA and protein “alphabets,” scientists
theorized that combinations of nucleotides corresponded to single amino acids. Nucleotide
doublets would not be sufficient to specify every amino acid because there are only 16
possible two-nucleotide combinations (42). In contrast, there are 64 possible nucleotide
triplets (43), which is far more than the number of amino acids. Scientists theorized that
amino acids were encoded by nucleotide triplets and that the genetic code was degenerate. In
other words, a given amino acid could be encoded by more than one nucleotide triplet. This
was later confirmed experimentally; Francis Crick and Sydney Brenner used the chemical
mutagen proflavin to insert one, two, or three nucleotides into the gene of a virus. When one
or two nucleotides were inserted, protein synthesis was completely abolished. When three
nucleotides were inserted, the protein was synthesized and functional. This demonstrated that
three nucleotides specify each amino acid. These nucleotide triplets are called codons. The
insertion of one or two nucleotides completely changed the triplet reading frame, thereby
altering the message for every subsequent amino acid ([link]). Though insertion of three
nucleotides caused an extra amino acid to be inserted during translation, the integrity of the
rest of the protein was maintained.
Scientists painstakingly solved the genetic code by translating synthetic mRNAs in vitro and
sequencing the proteins they specified ([link]).

This figure shows the genetic code for translating each nucleotide triplet in mRNA into an
amino acid or a termination signal in a nascent protein. (credit: modification of work by

NIH)
In addition to instructing the addition of a specific amino acid to a polypeptide chain, three of
the 64 codons terminate protein synthesis and release the polypeptide from the translation
machinery. These triplets are called nonsense codons, or stop codons. Another codon, AUG,
also has a special function. In addition to specifying the amino acid methionine, it also serves
as the start codon to initiate translation. The reading frame for translation is set by the AUG
start codon near the 5' end of the mRNA.
The genetic code is universal. With a few exceptions, virtually all species use the same
genetic code for protein synthesis. Conservation of codons means that a purified mRNA
encoding the globin protein in horses could be transferred to a tulip cell, and the tulip would
synthesize horse globin. That there is only one genetic code is powerful evidence that all of
life on Earth shares a common origin, especially considering that there are about
1084 possible combinations of 20 amino acids and 64 triplet codons.
Link to Learning

Transcribe a gene and translate it to protein using complementary pairing and the genetic
code at this site.

The deletion of two nucleotides shifts the reading frame of an mRNA and changes the entire
protein message, creating a nonfunctional protein or terminating protein synthesis

altogether.
Degeneracy is believed to be a cellular mechanism to reduce the negative impact of random
mutations. Codons that specify the same amino acid typically only differ by one nucleotide.
In addition, amino acids with chemically similar side chains are encoded by similar codons.
This nuance of the genetic code ensures that a single-nucleotide substitution mutation might
either specify the same amino acid but have no effect or specify a similar amino acid,
preventing the protein from being rendered completely nonfunctional.
Scientific Method Connection
Which Has More DNA: A Kiwi or a Strawberry?

Do you think that a kiwi or a strawberry has more DNA per fruit? (credit “kiwi”:
"Kelbv"/Flickr; credit: “strawberry”: Alisdair

McDiarmid)
Question: Would a kiwifruit and strawberry that are approximately the same size ([link]) also
have approximately the same amount of DNA?
Background: Genes are carried on chromosomes and are made of DNA. All mammals are
diploid, meaning they have two copies of each chromosome. However, not all plants are
diploid. The common strawberry is octoploid (8n) and the cultivated kiwi is hexaploid (6n).
Research the total number of chromosomes in the cells of each of these fruits and think about
how this might correspond to the amount of DNA in these fruits’ cell nuclei. Read about the
technique of DNA isolation to understand how each step in the isolation protocol helps
liberate and precipitate DNA.
Hypothesis: Hypothesize whether you would be able to detect a difference in DNA quantity
from similarly sized strawberries and kiwis. Which fruit do you think would yield more
DNA?
Test your hypothesis: Isolate the DNA from a strawberry and a kiwi that are similarly sized.
Perform the experiment in at least triplicate for each fruit.
1. Prepare a bottle of DNA extraction buffer from 900 mL water, 50 mL dish detergent,
and two teaspoons of table salt. Mix by inversion (cap it and turn it upside down a few
times).

2. Grind a strawberry and a kiwifruit by hand in a plastic bag, or using a mortar and
pestle, or with a metal bowl and the end of a blunt instrument. Grind for at least two
minutes per fruit.
3. Add 10 mL of the DNA extraction buffer to each fruit, and mix well for at least one
minute.
4. Remove cellular debris by filtering each fruit mixture through cheesecloth or porous
cloth and into a funnel placed in a test tube or an appropriate container.
5. Pour ice-cold ethanol or isopropanol (rubbing alcohol) into the test tube. You should
observe white, precipitated DNA.
6. Gather the DNA from each fruit by winding it around separate glass rods.
Record your observations: Because you are not quantitatively measuring DNA volume, you
can record for each trial whether the two fruits produced the same or different amounts of
DNA as observed by eye. If one or the other fruit produced noticeably more DNA, record this
as well. Determine whether your observations are consistent with several pieces of each fruit.
Analyze your data: Did you notice an obvious difference in the amount of DNA produced
by each fruit? Were your results reproducible?
Draw a conclusion: Given what you know about the number of chromosomes in each fruit,
can you conclude that chromosome number necessarily correlates to DNA amount? Can you
identify any drawbacks to this procedure? If you had access to a laboratory, how could you
standardize your comparison and make it more quantitative?

Section Summary
The genetic code refers to the DNA alphabet (A, T, C, G), the RNA alphabet (A, U, C, G),
and the polypeptide alphabet (20 amino acids). The Central Dogma describes the flow of
genetic information in the cell from genes to mRNA to proteins. Genes are used to make
mRNA by the process of transcription; mRNA is used to synthesize proteins by the process
of translation. The genetic code is degenerate because 64 triplet codons in mRNA specify
only 20 amino acids and three nonsense codons. Almost every species on the planet uses the
same genetic code.

Review Questions
The AUC and AUA codons in mRNA both specify isoleucine. What feature of the genetic
code explains this?
a.
b.
c.
d.

complementarity
nonsense codons
universality
degeneracy

D
How many nucleotides are in 12 mRNA codons?
a. 12
b. 24

c. 36
d. 48
C

Free Response
Imagine if there were 200 commonly occurring amino acids instead of 20. Given what you
know about the genetic code, what would be the shortest possible codon length? Explain.
For 200 commonly occurring amino acids, codons consisting of four types of nucleotides
would have to be at least four nucleotides long, because 44 = 256. There would be much less
degeneracy in this case.
Discuss how degeneracy of the genetic code makes cells more robust to mutations.
Codons that specify the same amino acid typically only differ by one nucleotide. In addition,
amino acids with chemically similar side chains are encoded by similar codons. This nuance
of the genetic code ensures that a single-nucleotide substitution mutation might either specify
the same amino acid and have no effect, or may specify a similar amino acid, preventing the
protein from being rendered completely nonfunctional.

Glossary
Central Dogma
states that genes specify the sequence of mRNAs, which in turn specify the
sequence of proteins
codon
three consecutive nucleotides in mRNA that specify the insertion of an
amino acid or the release of a polypeptide chain during translation
colinear
in terms of RNA and protein, three “units” of RNA (nucleotides) specify
one “unit” of protein (amino acid) in a consecutive fashion
degeneracy
(of the genetic code) describes that a given amino acid can be encoded by
more than one nucleotide triplet; the code is degenerate, but not ambiguous
nonsense codon
one of the three mRNA codons that specifies termination of translation
reading frame
sequence of triplet codons in mRNA that specify a particular protein; a
ribosome shift of one or two nucleotides in either direction completely
abolishes synthesis of that protein
Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"The genetic content of each somatic cell in an organism is
the same, but not all genes are expressed in every cell. The control of which genes are

expressed dictates whether a cell is (a) an eye cell or (b) a liver cell. It is the differential gene
expression patterns that arise in different cells that give rise to (c) a complete
organism.

Each somatic cell in the body generally contains the same DNA. A few exceptions
include red blood cells, which contain no DNA in their mature state, and some
immune system cells that rearrange their DNA while producing antibodies. In
general, however, the genes that determine whether you have green eyes, brown
hair, and how fast you metabolize food are the same in the cells in your eyes and
your liver, even though these organs function quite differently. If each cell has the

same DNA, how is it that cells or organs are different? Why do cells in the eye
differ so dramatically from cells in the liver?
Whereas each cell shares the same genome and DNA sequence, each cell does not
turn on, or express, the same set of genes. Each cell type needs a different set of
proteins to perform its function. Therefore, only a small subset of proteins is
expressed in a cell. For the proteins to be expressed, the DNA must be transcribed
into RNA and the RNA must be translated into protein. In a given cell type, not all
genes encoded in the DNA are transcribed into RNA or translated into protein
because specific cells in our body have specific functions. Specialized proteins that
make up the eye (iris, lens, and cornea) are only expressed in the eye, whereas the
specialized proteins in the heart (pacemaker cells, heart muscle, and valves) are
only expressed in the heart. At any given time, only a subset of all of the genes
encoded by our DNA are expressed and translated into proteins. The expression of
specific genes is a highly regulated process with many levels and stages of control.
This complexity ensures the proper expression in the proper cell at the proper time.
Regulation of Gene Expression
By the end of this section, you will be able to:
•
•
•

Discuss why every cell does not express all of its genes
Describe how prokaryotic gene regulation occurs at the transcriptional level
Discuss how eukaryotic gene regulation occurs at the epigenetic,
transcriptional, post-transcriptional, translational, and post-translational
levels

For a cell to function properly, necessary proteins must be synthesized at the
proper time. All cells control or regulate the synthesis of proteins from information
encoded in their DNA. The process of turning on a gene to produce RNA and
protein is called gene expression. Whether in a simple unicellular organism or a
complex multi-cellular organism, each cell controls when and how its genes are
expressed. For this to occur, there must be a mechanism to control when a gene is
expressed to make RNA and protein, how much of the protein is made, and when it
is time to stop making that protein because it is no longer needed.
The regulation of gene expression conserves energy and space. It would require a
significant amount of energy for an organism to express every gene at all times, so
it is more energy efficient to turn on the genes only when they are required. In
addition, only expressing a subset of genes in each cell saves space because DNA
must be unwound from its tightly coiled structure to transcribe and translate the
DNA. Cells would have to be enormous if every protein were expressed in every
cell all the time.

The control of gene expression is extremely complex. Malfunctions in this process
are detrimental to the cell and can lead to the development of many diseases,
including cancer.
Prokaryotic versus Eukaryotic Gene Expression
To understand how gene expression is regulated, we must first understand how a gene codes
for a functional protein in a cell. The process occurs in both prokaryotic and eukaryotic cells,
just in slightly different manners.
Prokaryotic organisms are single-celled organisms that lack a cell nucleus, and their DNA
therefore floats freely in the cell cytoplasm. To synthesize a protein, the processes of
transcription and translation occur almost simultaneously. When the resulting protein is no
longer needed, transcription stops. As a result, the primary method to control what type of
protein and how much of each protein is expressed in a prokaryotic cell is the regulation of
DNA transcription. All of the subsequent steps occur automatically. When more protein is
required, more transcription occurs. Therefore, in prokaryotic cells, the control of gene
expression is mostly at the transcriptional level.
Eukaryotic cells, in contrast, have intracellular organelles that add to their complexity. In
eukaryotic cells, the DNA is contained inside the cell’s nucleus and there it is transcribed into
RNA. The newly synthesized RNA is then transported out of the nucleus into the cytoplasm,
where ribosomes translate the RNA into protein. The processes of transcription and
translation are physically separated by the nuclear membrane; transcription occurs only
within the nucleus, and translation occurs only outside the nucleus in the cytoplasm. The
regulation of gene expression can occur at all stages of the process ([link]). Regulation may
occur when the DNA is uncoiled and loosened from nucleosomes to bind transcription factors
(epigenetic level), when the RNA is transcribed (transcriptional level), when the RNA is
processed and exported to the cytoplasm after it is transcribed (post-transcriptional level),
when the RNA is translated into protein (translational level), or after the protein has been
made (post-translational level).
Prokaryotic transcription and translation occur simultaneously in the cytoplasm, and
regulation occurs at the transcriptional level. Eukaryotic gene expression is regulated during
transcription and RNA processing, which take place in the nucleus, and during protein
translation, which takes place in the cytoplasm. Further regulation may occur through posttranslational modifications of

proteins.

The differences in the regulation of gene expression between prokaryotes and eukaryotes are
summarized in [link]. The regulation of gene expression is discussed in detail in subsequent
modules.
Differences in the Regulation of Gene Expression of Prokaryotic and Eukaryotic
Organisms
Prokaryotic organisms
Eukaryotic organisms
Lack nucleus
Contain nucleus
DNA is found in the cytoplasm DNA is confined to the nuclear compartment
RNA transcription and protein
RNA transcription occurs prior to protein formation, and it
formation occur almost
takes place in the nucleus. Translation of RNA to protein
simultaneously
occurs in the cytoplasm.
Gene expression is regulated
Gene expression is regulated at many levels (epigenetic,
primarily at the transcriptional
transcriptional, nuclear shuttling, post-transcriptional,
level
translational, and post-translational)
Evolution Connection

Evolution of Gene RegulationProkaryotic cells can only regulate gene expression by
controlling the amount of transcription. As eukaryotic cells evolved, the complexity of the
control of gene expression increased. For example, with the evolution of eukaryotic cells
came compartmentalization of important cellular components and cellular processes. A
nuclear region that contains the DNA was formed. Transcription and translation were
physically separated into two different cellular compartments. It therefore became possible to
control gene expression by regulating transcription in the nucleus, and also by controlling the
RNA levels and protein translation present outside the nucleus.
Some cellular processes arose from the need of the organism to defend itself. Cellular
processes such as gene silencing developed to protect the cell from viral or parasitic
infections. If the cell could quickly shut off gene expression for a short period of time, it
would be able to survive an infection when other organisms could not. Therefore, the
organism evolved a new process that helped it survive, and it was able to pass this new
development to offspring.

Section Summary
While all somatic cells within an organism contain the same DNA, not all cells within that
organism express the same proteins. Prokaryotic organisms express the entire DNA they
encode in every cell, but not necessarily all at the same time. Proteins are expressed only
when they are needed. Eukaryotic organisms express a subset of the DNA that is encoded in
any given cell. In each cell type, the type and amount of protein is regulated by controlling
gene expression. To express a protein, the DNA is first transcribed into RNA, which is then
translated into proteins. In prokaryotic cells, these processes occur almost simultaneously. In
eukaryotic cells, transcription occurs in the nucleus and is separate from the translation that
occurs in the cytoplasm. Gene expression in prokaryotes is mostly regulated at the
transcriptional level (some epigenetic and post-translational regulation is also present),
whereas in eukaryotic cells, gene expression is regulated at the epigenetic, transcriptional,
post-transcriptional, translational, and post-translational levels.

Review Questions
Control of gene expression in eukaryotic cells occurs at which level(s)?
a.
b.
c.
d.

only the transcriptional level
epigenetic and transcriptional levels
epigenetic, transcriptional, and translational levels
epigenetic, transcriptional, post-transcriptional, translational, and post-translational
levels

D
Post-translational control refers to:
a.
b.
c.
d.

regulation of gene expression after transcription
regulation of gene expression after translation
control of epigenetic activation
period between transcription and translation

B

Free Response
Name two differences between prokaryotic and eukaryotic cells and how these differences
benefit multicellular organisms.
Eukaryotic cells have a nucleus, whereas prokaryotic cells do not. In eukaryotic cells, DNA is
confined within the nuclear region. Because of this, transcription and translation are
physically separated. This creates a more complex mechanism for the control of gene
expression that benefits multicellular organisms because it compartmentalizes gene
regulation.
Gene expression occurs at many stages in eukaryotic cells, whereas in prokaryotic cells,
control of gene expression only occurs at the transcriptional level. This allows for greater
control of gene expression in eukaryotes and more complex systems to be developed.
Because of this, different cell types can arise in an individual organism.
Describe how controlling gene expression will alter the overall protein levels in the cell.
The cell controls which proteins are expressed and to what level each protein is expressed in
the cell. Prokaryotic cells alter the transcription rate to turn genes on or off. This method will
increase or decrease protein levels in response to what is needed by the cell. Eukaryotic cells
change the accessibility (epigenetic), transcription, or translation of a gene. This will alter the
amount of RNA and the lifespan of the RNA to alter the amount of protein that exists.
Eukaryotic cells also control protein translation to increase or decrease the overall levels.
Eukaryotic organisms are much more complex and can manipulate protein levels by changing
many stages in the process.

Glossary
epigenetic
heritable changes that do not involve changes in the DNA sequence
gene expression
processes that control the turning on or turning off of a gene
post-transcriptional
control of gene expression after the RNA molecule has been created but
before it is translated into protein
post-translational
control of gene expression after a protein has been created
Eukaryotic Epigenetic Gene Regulation
By the end of this section, you will be able to:
•
•

Explain the process of epigenetic regulation
Describe how access to DNA is controlled by histone modification

Eukaryotic gene expression is more complex than prokaryotic gene expression
because the processes of transcription and translation are physically separated.

Unlike prokaryotic cells, eukaryotic cells can regulate gene expression at many
different levels. Eukaryotic gene expression begins with control of access to the
DNA. This form of regulation, called epigenetic regulation, occurs even before
transcription is initiated.
Epigenetic Control: Regulating Access to Genes within the Chromosome
The human genome encodes over 20,000 genes; each of the 23 pairs of human chromosomes
encodes thousands of genes. The DNA in the nucleus is precisely wound, folded, and
compacted into chromosomes so that it will fit into the nucleus. It is also organized so that
specific segments can be accessed as needed by a specific cell type.
The first level of organization, or packing, is the winding of DNA strands around histone
proteins. Histones package and order DNA into structural units called nucleosome
complexes, which can control the access of proteins to the DNA regions ([link]a). Under the
electron microscope, this winding of DNA around histone proteins to form nucleosomes
looks like small beads on a string ([link]b). These beads (histone proteins) can move along
the string (DNA) and change the structure of the molecule.
DNA is folded around histone proteins to create (a) nucleosome complexes. These
nucleosomes control the access of proteins to the underlying DNA. When viewed through an
electron microscope (b), the nucleosomes look like beads on a string. (credit “micrograph”:
modification of work by Chris

Woodcock)

If DNA encoding a specific gene is to be transcribed into RNA, the nucleosomes surrounding
that region of DNA can slide down the DNA to open that specific chromosomal region and
allow for the transcriptional machinery (RNA polymerase) to initiate transcription ([link]).
Nucleosomes can move to open the chromosome structure to expose a segment of DNA, but
do so in a very controlled manner.
Art Connection
Nucleosomes can slide along DNA. When nucleosomes are spaced closely together (top),
transcription factors cannot bind and gene expression is turned off. When the nucleosomes
are spaced far apart (bottom), the DNA is exposed. Transcription factors can bind, allowing

gene expression to occur. Modifications to the histones and DNA affect nucleosome

spacing.
In females, one of the two X chromosomes is inactivated during embryonic development
because of epigenetic changes to the chromatin. What impact do you think these changes
would have on nucleosome packing?
How the histone proteins move is dependent on signals found on both the histone proteins
and on the DNA. These signals are tags added to histone proteins and DNA that tell the
histones if a chromosomal region should be open or closed ([link] depicts modifications to
histone proteins and DNA). These tags are not permanent, but may be added or removed as
needed. They are chemical modifications (phosphate, methyl, or acetyl groups) that are
attached to specific amino acids in the protein or to the nucleotides of the DNA. The tags do
not alter the DNA base sequence, but they do alter how tightly wound the DNA is around the
histone proteins. DNA is a negatively charged molecule; therefore, changes in the charge of
the histone will change how tightly wound the DNA molecule will be. When unmodified, the
histone proteins have a large positive charge; by adding chemical modifications like acetyl
groups, the charge becomes less positive.
The DNA molecule itself can also be modified. This occurs within very specific regions
called CpG islands. These are stretches with a high frequency of cytosine and guanine
dinucleotide DNA pairs (CG) found in the promoter regions of genes. When this
configuration exists, the cytosine member of the pair can be methylated (a methyl group is
added). This modification changes how the DNA interacts with proteins, including the
histone proteins that control access to the region. Highly methylated (hypermethylated) DNA
regions with deacetylated histones are tightly coiled and transcriptionally inactive.

Histone proteins and DNA nucleotides can be modified chemically. Modifications affect
nucleosome spacing and gene expression. (credit: modification of work by

NIH)
This type of gene regulation is called epigenetic regulation. Epigenetic means “around
genetics.” The changes that occur to the histone proteins and DNA do not alter the nucleotide
sequence and are not permanent. Instead, these changes are temporary (although they often
persist through multiple rounds of cell division) and alter the chromosomal structure (open or
closed) as needed. A gene can be turned on or off depending upon the location and
modifications to the histone proteins and DNA. If a gene is to be transcribed, the histone
proteins and DNA are modified surrounding the chromosomal region encoding that gene.
This opens the chromosomal region to allow access for RNA polymerase and other proteins,
called transcription factors, to bind to the promoter region, located just upstream of the gene,
and initiate transcription. If a gene is to remain turned off, or silenced, the histone proteins
and DNA have different modifications that signal a closed chromosomal configuration. In
this closed configuration, the RNA polymerase and transcription factors do not have access to
the DNA and transcription cannot occur ([link]).
Link to Learning

View this video that describes how epigenetic regulation controls gene expression.

Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"All organisms are products of evolution adapted to their
environment. (a) Saguaro (Carnegiea gigantea) can soak up 750 liters of water in a single
rain storm, enabling these cacti to survive the dry conditions of the Sonora desert in Mexico
and the Southwestern United States. (b) The Andean semiaquatic lizard (Potamites
montanicola) discovered in Peru in 2010 lives between 1,570 to 2,100 meters in elevation,
and, unlike most lizards, is nocturnal and swims. Scientists still do no know how these coldblood animals are able to move in the cold (10 to 15°C) temperatures of the Andean night.
(credit a: modification of work by Gentry George, U.S. Fish and Wildlife Service; credit b:
modification of work by Germán Chávez and Diego

Vásquez, ZooKeys)

All species of living organisms, from bacteria to baboons to blueberries, evolved at
some point from a different species. Although it may seem that living things today
stay much the same, that is not the case—evolution is an ongoing process.
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 tenet that all life has evolved and diversified
from a common ancestor is the foundation from which we approach all questions
in biology.
Footnotes

•

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

Understanding Evolution
By the end of this section, you will be able to:
•
•
•
•
•

Describe how the present-day theory of evolution was developed
Define adaptation
Explain convergent and divergent evolution
Describe homologous and vestigial structures
Discuss misconceptions about the theory of evolution

Evolution by natural selection describes a mechanism for how species change over
time. That species change had been suggested and debated well before Darwin
began to explore this idea. The view that species were static and unchanging was
grounded in the writings of Plato, yet there were also ancient Greeks who
expressed evolutionary ideas. In the eighteenth century, ideas about the evolution
of animals were reintroduced by the naturalist Georges-Louis Leclerc Comte de
Buffon who observed that various geographic regions have different plant and
animal populations, even when the environments are similar. It was also accepted
that there were extinct species.
During this time, James Hutton, a Scottish naturalist, proposed that geological
change occurred gradually by the accumulation of small changes from processes
operating like they are today over long periods of time. 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 popularized in
the nineteenth century by the geologist Charles Lyell who became a friend to
Darwin. Lyell’s ideas were influential on Darwin’s thinking: Lyell’s notion of the
greater age of Earth gave more time for gradual change in species, and the process
of change 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. This mechanism is now referred to as an
inheritance of acquired characteristics by which modifications in an individual are
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 was discredited, Lamarck’s ideas were an
important influence on evolutionary thought.
Charles Darwin and Natural Selection
In the mid-nineteenth century, the actual mechanism for evolution was independently
conceived of and described by two naturalists: Charles Darwin and Alfred Russel Wallace.
Importantly, each naturalist 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, including
stops in 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 to 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 with a unique beak shape ([link]).
The species on the islands had a graded series of beak sizes and shapes with very small
differences between the most similar. He observed that these finches closely resembled
another finch species on the mainland of South America. Darwin imagined that the island
species might be species modified from one of the original mainland species. Upon further
study, he realized that the varied beaks of each finch helped the birds acquire a specific type
of food. For example, seed-eating finches had stronger, thicker beaks for breaking seeds, and
insect-eating finches had spear-like beaks for stabbing their prey.
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.
Wallace and Darwin both observed similar patterns in other organisms and they
independently developed the same explanation for how and why such changes could take
place. Darwin called this mechanism natural selection. Natural selection, also known as
“survival of the fittest,” is the more prolific reproduction of individuals with favorable traits
that survive environmental change because of those traits; this leads to evolutionary change.
For example, a population of giant tortoises found in the Galapagos Archipelago was
observed by Darwin to have longer necks than those that lived on other islands with dry
lowlands. These tortoises were “selected” because they could reach more leaves and access
more food than those with short necks. In times of drought when fewer leaves would be
available, those that could reach more leaves had a better chance to eat and survive than those
that couldn’t reach the food source. Consequently, long-necked tortoises would be more
likely to be reproductively successful and pass the long-necked trait to their offspring. Over
time, only long-necked tortoises would be present in the population.
Natural selection, Darwin argued, was an inevitable outcome of three principles that operated
in nature. First, most characteristics of organisms are inherited, or passed from parent to

offspring. Although no one, including Darwin and Wallace, knew how this happened at the
time, it was a common understanding. Second, more offspring are produced than are able to
survive, so 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
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. Darwin
and Wallace reasoned that offspring with inherited characteristics which 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 called descent with modification. Ultimately, natural
selection leads to greater adaptation of the population to its local environment; it is the only
mechanism known for adaptive evolution.
Papers by Darwin and Wallace ([link]) presenting the idea of natural selection were read
together in 1858 before the Linnean Society in London. The following year Darwin’s
book, On the Origin of Species, was published. His book outlined in considerable detail his
arguments for evolution by natural selection.
Both (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 are time consuming and difficult to obtain.
One of the best examples has been demonstrated in the very birds that helped to inspire
Darwin’s 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 natural selection. The Grants found changes from one generation to the
next in the distribution of beak shapes with the medium ground finch on the Galápagos island
of Daphne Major. The birds have inherited variation in the bill shape with some birds having
wide deep bills and others having thinner bills. During a period in which rainfall was higher
than normal because of an El Niño, the large hard seeds that large-billed birds ate were
reduced in number; however, there was an abundance of the small soft seeds which the smallbilled birds ate. Therefore, survival and reproduction were much better in the following years
for the small-billed birds. In the years following this El Niño, the Grants measured beak sizes
in the population and found that the average bill size was smaller. Since bill size is an
inherited trait, parents with smaller bills had more offspring and the size of bills had evolved
to be smaller. As conditions improved in 1987 and larger seeds became more available, the
trend toward smaller average bill size ceased.
Career Connection
Field BiologistMany people hike, explore caves, scuba dive, or climb mountains for
recreation. People often participate in these activities hoping to see wildlife. Experiencing the
outdoors can be incredibly enjoyable and invigorating. What if your job was to be outside in
the wilderness? Field biologists by definition work outdoors in the “field.” The term field in
this case refers to any location outdoors, even under water. A field biologist typically focuses
research on a certain species, group of organisms, or a single habitat ([link]).
A field biologist tranquilizes a polar bear for study. (credit: Karen

Rhode)
One objective of many field biologists includes discovering new species that have never been
recorded. Not only do such findings expand our understanding of the natural world, but they
also lead to important innovations in fields such as medicine and agriculture. Plant and
microbial species, in particular, can reveal new medicinal and nutritive knowledge. Other
organisms can play key roles in ecosystems or be considered rare and in need of protection.

When discovered, these important species can be used as evidence for environmental
regulations and laws.

Processes and Patterns of Evolution
Natural selection can only take place if there is variation, or differences, among individuals in
a population. Importantly, these differences must have some genetic basis; otherwise, the
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 mechanisms: mutation and sexual
reproduction. Mutation, a change in DNA, is the ultimate source of new alleles, or new
genetic variation in any population. The genetic changes caused by mutation can have one of
three outcomes on the phenotype. A mutation affects the phenotype of the organism in a way
that gives it reduced fitness—lower likelihood of survival or fewer offspring. A mutation may
produce a phenotype with a beneficial effect on fitness. And, many mutations will also have
no effect on the fitness of the phenotype; these are called neutral mutations. 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 also leads to
genetic diversity: when two parents reproduce, unique combinations of alleles assemble to
produce the unique genotypes and thus phenotypes in each of the offspring.
A heritable trait that helps the survival and reproduction of an organism in its present
environment is called an adaptation. Scientists describe groups of organisms becoming
adapted to their environment when a change in the range of genetic variation occurs over
time that increases or maintains the “fit” of the population to its environment. The webbed
feet of platypuses are an adaptation for swimming. The snow leopards’ thick fur is an
adaptation for living in the cold. The cheetahs’ fast speed is an adaptation for catching prey.
Whether or not a trait is favorable depends on the environmental conditions at the time. The
same traits are not always selected because environmental conditions can change. For
example, consider a species of plant that grew in a moist climate and did not need to conserve
water. Large leaves were selected because they allowed the plant to obtain more energy from
the sun. Large leaves require more water to maintain than small leaves, and the moist
environment provided favorable conditions to support large leaves. After thousands of years,
the climate changed, and the area no longer had excess water. The direction of natural
selection shifted so that plants with small leaves were selected because those populations
were able to conserve water to survive the new environmental conditions.
The evolution of species has resulted in enormous variation in form and function. Sometimes,
evolution gives rise to groups of organisms that become tremendously different from each
other. When two species evolve in diverse 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 ([link]).
Flowering plants evolved from a common ancestor. Notice that the (a) dense blazing star
(Liatrus spicata) and the (b) purple coneflower (Echinacea purpurea) vary in appearance, yet

both share a similar basic morphology. (credit a: modification of work by Drew Avery; credit
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. However, the wings of bats and insects have
evolved from very different original structures. This phenomenon is called convergent
evolution , where similar traits evolve independently in species that do not share a common
ancestry. The two species came to the same function, flying, but did so separately from each
other.
These physical changes occur over enormous spans of time and help explain how evolution
occurs. Natural selection acts on individual organisms, which in turn can shape an entire
species. Although natural selection may work in a single generation on an individual, it can
take thousands or even millions of years for the genotype of an entire species to evolve. It is
over these large time spans that life on earth has changed and continues to change.

Evidence of Evolution
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, to 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, and fossils show a progression of evolution. Scientists determine the age of fossils and
categorize them from 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 ([link]). For example, scientists have recovered highly detailed
records showing the evolution of humans and horses ([link]). The whale flipper shares a
similar morphology to appendages of birds and mammals ([link]) indicating that these species
share a common ancestor.
In this (a) display, fossil hominids are arranged from oldest (bottom) to newest (top). As
hominids evolved, the shape of the skull changed. An artist’s rendition of (b) extinct species
of the genus Equus reveals that these ancient species resembled the modern horse (Equus
ferus) but varied in

size.
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 ([link]) resulting 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.
Scientists call these synonymous parts homologous structures.

The similar construction of these appendages indicates that these organisms share a common

ancestor.
Some structures exist in organisms that have no apparent function at all, and appear to be
residual parts from a past common ancestor. These unused structures without function are
called vestigial structures. Other examples of vestigial structures are wings on flightless birds,
leaves on some cacti, and hind leg bones in whales.
Link to Learning

Visit this interactive site to guess which bones structures are homologous and which are
analogous, and see examples of evolutionary adaptations to illustrate these concepts.
Another 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, living in the arctic region have been selected for seasonal white phenotypes during
winter to blend with the snow and ice ([link]ab). These similarities occur not because of
common ancestry, but because of similar selection pressures—the benefits of not being seen
by predators.

The white winter coat of the (a) arctic fox and the (b) 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.
Mutational tweaking in the embryo can have such magnified consequences in the adult that
embryo formation tends to be conserved. As a result, 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 and
tails 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.
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, such as 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 members of the plant family Proteaceae in
Australia, southern Africa, and South America is best by their presence prior to the southern
supercontinent Gondwana breaking up.
The great diversification of marsupials in Australia and the absence of other mammals reflect
Australia’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
species to migrate. 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
unique to their one point of origin, yet they 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 in 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 that allow the free modification of one copy by mutation, selection, or drift
(changes in a population’s gene pool resulting from chance), while the second copy continues
to produce a functional protein.

Misconceptions of Evolution
Although the theory of evolution generated some controversy when it was first proposed, it
was almost universally accepted by biologists, particularly younger biologists, within 20
years after publication of On the Origin of Species. Nevertheless, the theory of evolution is a
difficult concept and misconceptions about how it works abound.
Link to Learning

This site addresses some of the main misconceptions associated with the theory of evolution.
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 body of thoroughly tested and verified explanations for a set of
observations of the natural world. Scientists have a theory of the atom, a theory of gravity,
and the theory of relativity, each of which describes understood 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. In contrast, a “theory” in
common vernacular is a word meaning a guess or suggested explanation; this meaning is
more akin to the scientific concept of “hypothesis.” 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.
Individuals Evolve
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, obviously, but this is called development and
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 billsize 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, this average value will be different as a result of evolution. Although some
individuals may survive from the first time to the second, they will still have the same bill
size; however, there will be many new individuals that contribute to the shift in average bill
size.
Evolution Explains the Origin of Life
It is a common misunderstanding that evolution includes an explanation of life’s origins.
Conversely, some of the theory’s critics believe 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, and presumably it 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.
However, once a mechanism of inheritance was in place in the form of a molecule like DNA
either within a cell or 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.
Organisms Evolve on Purpose
Statements such as “organisms evolve in response to a change in an environment” are quite
common, but such statements can lead to two types of misunderstandings. First, the statement
must not be understood to mean that individual organisms evolve. 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 characteristics
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 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 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.
In a larger sense, evolution is 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, despite the commonness of this kind of
language in popular discourse. What characteristics evolve in a species are a function of the
variation present and the environment, both of which are constantly changing in a nondirectional 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.

Section Summary
Evolution is the process of adaptation through mutation which allows more desirable
characteristics to be passed to the next generation. Over time, organisms evolve more
characteristics that are beneficial to their survival. For living organisms to adapt and change
to environmental pressures, genetic variation must be present. With genetic variation,
individuals have differences in form and function that allow some to survive certain
conditions better than others. These organisms pass their favorable traits to their offspring.
Eventually, environments change, and what was once a desirable, advantageous trait may
become an undesirable trait and organisms may further evolve. Evolution may be convergent
with similar traits evolving in multiple species or divergent with diverse traits evolving in
multiple species that came from a common ancestor. Evidence of evolution can be observed
by means of DNA code and the fossil record, and also by the existence of homologous and
vestigial structures.

Review Questions
Which scientific concept did Charles Darwin and Alfred Wallace independently discover?
a.
b.
c.
d.

mutation
natural selection
overbreeding
sexual reproduction

B
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
D
Which description is an example of a phenotype?
a.
b.
c.
d.

A certain duck has a blue beak.
A mutation occurred to a flower.
Most cheetahs live solitary lives.
both a and c

D
Which situation is most likely an example of convergent evolution?
a.
b.
c.
d.

Squid and humans have eyes similar in structure.
Worms and snakes both move without legs.
Some bats and birds have wings that allow them to fly
all of the above

D

Free Response
If a person scatters a handful of garden pea plant seeds in one area, how would natural
selection work in this situation?
The plants that can best use the resources of the area, including competing with other
individuals for those resources will produce more seeds themselves and those traits that
allowed them to better use the resources will increase in the population of the next
generation.
Why do scientists consider vestigial structures evidence for evolution?
Vestigial structures are considered evidence for evolution because most structures do not
exist in an organism without serving some function either presently or in the past. A vestigial
structure indicates a past form or function that has since changed, but the structure remains
present because it had a function in the ancestor.
How does the scientific meaning of “theory” differ from the common vernacular meaning?

In science, a theory is a thoroughly tested and verified set of explanations for a body of
observations of nature. It is the strongest form of knowledge in science. In contrast, a theory
in common vernacular can mean a guess or speculation about something, meaning that the
knowledge implied by the theory is very weak.
Explain why the statement that a monkey is more evolved than a mouse is incorrect.
The statement implies that there is a goal to evolution and that the monkey represents greater
progress to that goal than the mouse. Both species are likely to be well adapted to their
particular environments, which is the outcome of natural selection.

Glossary
adaptation
heritable trait or behavior in an organism that aids in its survival and
reproduction in its present environment
convergent evolution
process by which groups of organisms independently evolve to similar
forms
divergent evolution
process by which groups of organisms evolve in diverse directions from a
common point
homologous structures
parallel structures in diverse organisms that have a common ancestor
natural selection
reproduction of individuals with favorable genetic traits that survive
environmental change because of those traits, leading to evolutionary
change
variation
genetic differences among individuals in a population
vestigial structure
physical structure present in an organism but that has no apparent function
and appears to be from a functional structure in a distant ancestor
Reconnection and Rates of Speciation
By the end of this section, you will be able to:
•
•

Describe pathways of species evolution in hybrid zones
Explain the two major theories on rates of speciation

Speciation occurs over a span of evolutionary time, so when a new species arises,
there is a transition period during which the closely related species continue to
interact.
Reconnection

After speciation, two species may recombine or even continue interacting indefinitely.
Individual organisms will mate with any nearby individual who they are capable of breeding
with. An area where two closely related species continue to interact and reproduce, forming
hybrids, is called a hybrid zone. Over time, the hybrid zone may change depending on the
fitness of the hybrids and the reproductive barriers ([link]). If the hybrids are less fit than the
parents, reinforcement of speciation occurs, and the species continue to diverge until they can
no longer mate and produce viable offspring. If reproductive barriers weaken, fusion occurs
and the two species become one. Barriers remain the same if hybrids are fit and reproductive:
stability may occur and hybridization continues.
Art Connection
After speciation has occurred, the two separate but closely related species may continue to
produce offspring in an area called the hybrid zone. Reinforcement, fusion, or stability may
result, depending on reproductive barriers and the relative fitness of the

hybrids.
If two species eat a different diet but one of the food sources is eliminated and both species
are forced to eat the same foods, what change in the hybrid zone is most likely to occur?
Hybrids can be either less fit than the parents, more fit, or about the same. Usually hybrids
tend to be less fit; therefore, such reproduction diminishes over time, nudging the two species
to diverge further in a process called reinforcement. This term is used because the low
success of the hybrids reinforces the original speciation. If the hybrids are as fit or more fit
than the parents, the two species may fuse back into one species ([link]). Scientists have also
observed that sometimes two species will remain separate but also continue to interact to
produce some hybrid individuals; this is classified as stability because no real net change is
taking place.

Varying Rates of Speciation
Scientists around the world study speciation, documenting observations both of living
organisms and those found in the fossil record. As their ideas take shape and as research
reveals new details about how life evolves, they develop models to help explain rates of
speciation. In terms of how quickly speciation occurs, two patterns are currently observed:
gradual speciation model and punctuated equilibrium model.
In the gradual speciation model, species diverge gradually over time in small steps. In
the punctuated equilibrium model, a new species undergoes changes quickly from the parent
species, and then remains largely unchanged for long periods of time afterward ([link]). This
early change model is called punctuated equilibrium, because it begins with a punctuated or
periodic change and then remains in balance afterward. While punctuated equilibrium
suggests a faster tempo, it does not necessarily exclude gradualism.
Art Connection
In (a) gradual speciation, species diverge at a slow, steady pace as traits change
incrementally. In (b) punctuated equilibrium, species diverge quickly and then remain
unchanged for long periods of

time.
Which of the following statements is false?

a. Punctuated equilibrium is most likely to occur in a small population that experiences a
rapid change in its environment.
b. Punctuated equilibrium is most likely to occur in a large population that lives in a
stable climate.
c. Gradual speciation is most likely to occur in species that live in a stable climate.
d. Gradual speciation and punctuated equilibrium both result in the divergence of
species.
The primary influencing factor on changes in speciation rate is environmental conditions.
Under some conditions, selection occurs quickly or radically. Consider a species of snails that
had been living with the same basic form for many thousands of years. Layers of their fossils
would appear similar for a long time. When a change in the environment takes place—such
as a drop in the water level—a small number of organisms are separated from the rest in a
brief period of time, essentially forming one large and one tiny population. The tiny
population faces new environmental conditions. Because its gene pool quickly became so
small, any variation that surfaces and that aids in surviving the new conditions becomes the
predominant form.
Link to Learning

Visit this website to continue the speciation story of the snails.

Section Summary
Speciation is not a precise division: overlap between closely related species can occur in
areas called hybrid zones. Organisms reproduce with other similar organisms. The fitness of
these hybrid offspring can affect the evolutionary path of the two species. Scientists propose
two models for the rate of speciation: one model illustrates how a species can change slowly
over time; the other model demonstrates how change can occur quickly from a parent
generation to a new species. Both models continue to follow the patterns of natural selection.

Art Connections
[link] If two species eat a different diet but one of the food sources is eliminated and both
species are forced to eat the same foods, what change in the hybrid zone is most likely to
occur?
[link] Fusion is most likely to occur because the two species will interact more and similar
traits in food acquisition will be selected.
[link] Which of the following statements is false?

a. Punctuated equilibrium is most likely to occur in a small population that experiences a
rapid change in its environment.
b. Punctuated equilibrium is most likely to occur in a large population that lives in a
stable climate.
c. Gradual speciation is most likely to occur in species that live in a stable climate.
d. Gradual speciation and punctuated equilibrium both result in the evolution of new
species.
[link] Answer B

Review Questions
Which term is used to describe the continued divergence of species based on the low fitness
of hybrid offspring?
a.
b.
c.
d.

reinforcement
fusion
stability
punctuated equilibrium

A
Which components of speciation would be least likely to be a part of punctuated equilibrium?
a.
b.
c.
d.

a division of populations
a change in environmental conditions
ongoing gene flow among all individuals
a large number of mutations taking place at once

C

Free Response
What do both rate of speciation models have in common?
Both models continue to conform to the rules of natural selection, and the influences of gene
flow, genetic drift, and mutation.
Describe a situation where hybrid reproduction would cause two species to fuse into one.
If the hybrid offspring are as fit or more fit than the parents, reproduction would likely
continue between both species and the hybrids, eventually bringing all organisms under the
umbrella of one species.

Glossary
gradual speciation model
model that shows how species diverge gradually over time in small steps
hybrid zone

area where two closely related species continue to interact and reproduce,
forming hybrids
punctuated equilibrium
model for rapid speciation that can occur when an event causes a small
portion of a population to be cut off from the rest of the population
reinforcement
continued speciation divergence between two related species due to low
fitness of hybrids between them
Formation of New Species
By the end of this section, you will be able to:
•
•
•
•
•

Define species and describe how species are identified as different
Describe genetic variables that lead to speciation
Identify prezygotic and postzygotic reproductive barriers
Explain allopatric and sympatric speciation
Describe adaptive radiation

Although all life on earth shares various genetic similarities, only certain
organisms combine genetic information by sexual reproduction and have offspring
that can then successfully reproduce. Scientists call such organisms members of
the same biological species.
Species and the Ability to Reproduce
A species is a group of individual organisms that interbreed and produce fertile, viable
offspring. According to this definition, one species is distinguished from another when, in
nature, it is not possible for matings between individuals from each species to produce fertile
offspring.
Members of the same species share both external and internal characteristics, which develop
from their DNA. The closer relationship two organisms share, the more DNA they have in
common, just like people and their families. People’s DNA is likely to be more like their
father or mother’s DNA than their cousin or grandparent’s DNA. Organisms of the same
species have the highest level of DNA alignment and therefore share characteristics and
behaviors that lead to successful reproduction.
Species’ appearance can be misleading in suggesting an ability or inability to mate. For
example, even though domestic dogs (Canis lupus familiaris) display phenotypic differences,
such as size, build, and coat, most dogs can interbreed and produce viable puppies that can
mature and sexually reproduce ([link]).
The (a) poodle and (b) cocker spaniel can reproduce to produce a breed known as (c) the
cockapoo. (credit a: modification of work by Sally Eller, Tom Reese; credit b: modification

of work by Jeremy McWilliams; credit c: modification of work by Kathleen

Conklin)
In other cases, individuals may appear similar although they are not members of the same
species. For example, even though bald eagles (Haliaeetus leucocephalus) and African fish
eagles (Haliaeetus vocifer) are both birds and eagles, each belongs to a separate species
group ([link]). If humans were to artificially intervene and fertilize the egg of a bald eagle
with the sperm of an African fish eagle and a chick did hatch, that offspring, called
a hybrid (a cross between two species), would probably be infertile—unable to successfully
reproduce after it reached maturity. Different species may have different genes that are active
in development; therefore, it may not be possible to develop a viable offspring with two
different sets of directions. Thus, even though hybridization may take place, the two species
still remain separate.
The (a) African fish eagle is similar in appearance to the (b) bald eagle, but the two birds are
members of different species. (credit a: modification of work by Nigel Wedge; credit b:

modification of work by U.S. Fish and Wildlife

Service)
Populations of species share a gene pool: a collection of all the variants of genes in the
species. Again, the basis to any changes in a group or population of organisms must be
genetic for this is the only way to share and pass on traits. When variations occur within a
species, they can only be passed to the next generation along two main pathways: asexual
reproduction or sexual reproduction. The change will be passed on asexually simply if the
reproducing cell possesses the changed trait. For the changed trait to be passed on by sexual
reproduction, a gamete, such as a sperm or egg cell, must possess the changed trait. In other
words, sexually-reproducing organisms can experience several genetic changes in their body
cells, but if these changes do not occur in a sperm or egg cell, the changed trait will never
reach the next generation. Only heritable traits can evolve. Therefore, reproduction plays a
paramount role for genetic change to take root in a population or species. In short, organisms
must be able to reproduce with each other to pass new traits to offspring.

Speciation
The biological definition of species, which works for sexually reproducing organisms, is a
group of actually or potentially interbreeding individuals. 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 in nature
of hybrids between similar species suggests that they may have descended from a single
interbreeding species, and 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 ([link]a). Compare this illustration to the diagram of elephant evolution

([link]b), which shows that as one species changes over time, it branches to form more than
one new species, repeatedly, as long as the population survives or until the organism becomes
extinct.
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.
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 (allo- = "other"; -patric =
"homeland") involves geographic separation of populations from a parent species and
subsequent evolution. Sympatric speciation (sym- = "same"; -patric = "homeland") involves
speciation occurring within a parent species 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 multiple events can be conceptualized as single
splits occurring close in time.

Allopatric Speciation
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.
Isolation of populations leading to allopatric speciation can occur in a variety of ways: a river
forming a new branch, erosion forming a new valley, a group of organisms traveling to a new
location without the ability to return, or 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, 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: dispersal and
vicariance. Dispersal is when a few members of a species move to a new geographical area,
and vicariance is when a natural situation arises to physically divide organisms.
Scientists have documented numerous cases of allopatric speciation taking place. For
example, along the west coast of the United States, two separate sub-species 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 ([link]).
The northern spotted owl and the Mexican spotted owl inhabit geographically separate
locations with different climates and ecosystems. The owl is an example of allopatric
speciation. (credit "northern spotted owl": modification of work by John and Karen

Hollingsworth; credit "Mexican spotted owl": modification of work by Bill

Radke)
Additionally, scientists have found that the further the distance between two groups that once
were the same species, the more likely it is that speciation will occur. 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 types of organisms in each ecosystem differ, as do their
behaviors and habits; also, the hunting habits and prey choices of the southern owls vary from
the northern owls. These variances can lead to evolved differences in the owls, and speciation
likely will occur.
Adaptive Radiation
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. This is called adaptive
radiation because many adaptations evolve from a single point of origin; thus, 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. The Hawaiian honeycreeper
illustrates one example of adaptive radiation. From a single species, called the founder
species, numerous species have evolved, including the six shown in [link].

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 [link]. Evolution 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 seed-eating bird has a thicker, stronger beak
which is suited to break hard nuts. The nectar-eating birds have long beaks to dip into flowers
to reach the nectar. The insect-eating birds have beaks like swords, appropriate for stabbing
and impaling insects. Darwin’s finches are another example of adaptive radiation in an
archipelago.
Link to Learning

Click through this interactive site to see how island birds evolved in evolutionary increments
from 5 million years ago to today.

Sympatric Speciation
Can divergence occur if no physical barriers are in place to separate individuals who continue
to live and reproduce in the same habitat? The answer is yes. The process of speciation within
the same space is called sympatric speciation; the prefix “sym” means same, so “sympatric”
means “same homeland” in contrast to “allopatric” meaning “other homeland.” A number of
mechanisms for sympatric speciation have been proposed and studied.

One form of sympatric speciation can begin with a serious chromosomal error during cell
division. In a normal cell division event chromosomes replicate, pair up, and then separate so
that each new cell has the same number of chromosomes. However, sometimes the pairs
separate and the end cell product has too many or too few individual chromosomes in a
condition called aneuploidy ([link]).
Art Connection
Aneuploidy results when the gametes have too many or too few chromosomes due to
nondisjunction during meiosis. In the example shown here, the resulting offspring will have
2n+1 or 2n-1

chromosomes
Which is most likely to survive, offspring with 2n+1 chromosomes or offspring with 2n-1
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 polyploidy state. Reproductive isolation is the
inability to interbreed. In some cases, a polyploid individual will have two or more complete
sets of chromosomes from its own species in a condition called autopolyploidy ([link]). 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.

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. However, 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. [link] illustrates one possible way an allopolyploid can form. Notice how it takes
two generations, or two reproductive acts, before the viable fertile hybrid results.
Alloploidy results when two species mate to produce viable offspring. In the example shown,
a normal gamete from one species fuses with a polyploidy 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, it takes place most commonly in plants. (Animals
with any of the types of chromosomal aberrations described here are unlikely to survive and
produce normal offspring.) Scientists have discovered more than half of all plant species
studied relate back to a species evolved through polyploidy. With such a high rate of
polyploidy in plants, some scientists hypothesize that this mechanism takes place more as an
adaptation than as an error.

Reproductive Isolation
Given enough time, the genetic and phenotypic divergence between populations will affect
characters that influence reproduction: if individuals of the two populations were to be
brought together, mating would be less likely, but if mating occurred, offspring would be
non-viable or infertile. Many types of diverging characters may affect the reproductive
isolation, the ability to interbreed, of the two populations.
Reproductive isolation can take place in a variety of ways. Scientists organize them into two
groups: prezygotic barriers and postzygotic barriers. Recall that a zygote is a fertilized egg:
the first cell of the development of an organism that reproduces sexually. Therefore,
a prezygotic barrier is a mechanism that blocks reproduction from taking place; this includes
barriers that prevent fertilization when organisms attempt reproduction. A postzygotic
barrier occurs after zygote formation; this includes organisms that don’t survive the
embryonic stage and those that are born sterile.

Some types of prezygotic barriers prevent reproduction entirely. Many organisms only
reproduce at certain times of the year, often just annually. Differences in breeding schedules,
called temporal isolation, can act as a form of reproductive isolation. For example, two
species of frogs inhabit the same area, but one reproduces from January to March, whereas
the other reproduces from March to May ([link]).
These two related frog species exhibit temporal reproductive isolation. (a) Rana
aurora breeds earlier in the year than (b) Rana boylii. (credit a: modification of work by
Mark R. Jennings, USFWS; credit b: modification of work by Alessandro

Catenazzi)
In some cases, populations of a species move or are moved to a new habitat and take up
residence in a place that no longer overlaps with the other populations of the same species.
This situation is called habitat isolation. Reproduction with the parent species ceases, and a
new group exists that is now reproductively and genetically independent. For example, a
cricket population that was divided after a flood could no longer interact with each other.
Over time, the forces of natural selection, mutation, and genetic drift will likely result in the
divergence of the two groups ([link]).
Speciation can occur when two populations occupy different habitats. The habitats need not
be far apart. The cricket (a) Gryllus pennsylvanicus prefers sandy soil, and the cricket
(b) Gryllus firmus prefers loamy soil. The two species can live in close proximity, but

because of their different soil preferences, they became genetically

isolated.
Behavioral isolation occurs when the presence or absence of a specific behavior prevents
reproduction from taking place. For example, male fireflies use specific light patterns to
attract females. Various species of fireflies display their lights differently. If a male of one
species tried to attract the female of another, she would not recognize the light pattern and
would not mate with the male.
Other prezygotic barriers work when differences in their gamete cells (eggs and sperm)
prevent fertilization from taking place; this is called a gametic barrier. Similarly, in some
cases closely related organisms try to mate, but their reproductive structures simply do not fit
together. For example, damselfly males of different species have differently shaped
reproductive organs. If one species tries to mate with the female of another, their body parts
simply do not fit together. ([link]).
The shape of the male reproductive organ varies among male damselfly species, and is only
compatible with the female of that species. Reproductive organ incompatibility keeps the

species reproductively

isolated.
In plants, certain structures aimed to attract one type of pollinator simultaneously prevent a
different pollinator from accessing the pollen. The tunnel through which an animal must
access nectar can vary widely in length and diameter, which prevents the plant from being
cross-pollinated with a different species ([link]).
Some flowers have evolved to attract certain pollinators. The (a) wide foxglove flower is
adapted for pollination by bees, while the (b) long, tube-shaped trumpet creeper flower is

adapted for pollination by humming

birds.
When fertilization takes place and a zygote forms, postzygotic barriers can prevent
reproduction. Hybrid individuals in many cases cannot form normally in the womb and
simply do not survive past the embryonic stages. This is called hybrid inviability because the
hybrid organisms simply are not viable. In another postzygotic situation, reproduction leads
to the birth and growth of a hybrid that is sterile and unable to reproduce offspring of their
own; this is called hybrid sterility.
Habitat Influence on Speciation
Sympatric speciation may also take place in ways other than polyploidy. For example,
consider a species of fish that lives in a lake. As the population grows, competition for food
also grows. 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: feeding and living in the same area and keeping 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. [link] 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 but have come to have different morphologies that allow
them to eat various food sources.
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.

Section Summary
Speciation occurs along two main pathways: geographic separation (allopatric speciation) and
through mechanisms that occur within a shared habitat (sympatric speciation). Both pathways
isolate a population reproductively in some form. Mechanisms of reproductive isolation act
as barriers between closely related species, enabling them to diverge and exist as genetically
independent species. Prezygotic barriers block reproduction prior to formation of a zygote,
whereas postzygotic barriers block reproduction after fertilization occurs. For a new species
to develop, something must cause a breach in the reproductive barriers. Sympatric speciation
can occur through errors in meiosis that form gametes with extra chromosomes (polyploidy).

Autopolyploidy occurs within a single species, whereas allopolyploidy occurs between
closely related species.

Art Connections
[link] Which is most likely to survive, offspring with 2n+1 chromosomes or offspring with
2n-1 chromosomes?
[link] Loss of genetic material is almost always lethal, so offspring with 2n+1 chromosomes
are more likely to survive.

Review Questions
Which situation would most likely lead to allopatric speciation?
a.
b.
c.
d.

flood causes the formation of a new lake.
A storm causes several large trees to fall down.
A mutation causes a new trait to develop.
An injury causes an organism to seek out a new food source.

A
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, and the other involves a change in the
environment.
c. One depends on a genetic mutation occurring, and the other does not.
d. One involves closely related organisms, and the other involves only individuals of the
same species.
B
Which variable increases the likelihood of allopatric speciation taking place more quickly?
a.
b.
c.
d.

lower rate of mutation
longer distance between divided groups
increased instances of hybrid formation
equivalent numbers of individuals in each population

B
What is the main difference between autopolyploid and allopolyploid?
a.
b.
c.
d.
C

the number of chromosomes
the functionality of the chromosomes
the source of the extra chromosomes
the number of mutations in the extra chromosomes

Which reproductive combination produces hybrids?
a.
b.
c.
d.

when individuals of the same species in different geographical areas reproduce
when any two individuals sharing the same habitat reproduce
when members of closely related species reproduce
when offspring of the same parents reproduce

C
Which condition is the basis for a species to be reproductively isolated from other members?
a.
b.
c.
d.

It does not share its habitat with related species.
It does not exist out of a single habitat.
It does not exchange genetic information with other species.
It does not undergo evolutionary changes for a significant period of time.

C
Which situation is not an example of a prezygotic barrier?
a.
b.
c.
d.

Two species of turtles breed at different times of the year.
Two species of flowers attract different pollinators.
Two species of birds display different mating dances.
Two species of insects produce infertile offspring.

D

Free Response
Why do island chains provide ideal conditions for adaptive radiation to occur?
Organisms of one species can arrive to an island together and then disperse throughout the
chain, each settling into different niches and exploiting different food resources to reduce
competition.
Two species of fish had recently undergone sympatric speciation. The males of each species
had a different coloring through which the females could identify and choose a partner from
her own species. After some time, pollution made the lake so cloudy that it was hard for
females to distinguish colors. What might take place in this situation?
It is likely the two species would start to reproduce with each other. Depending on the
viability of their offspring, they may fuse back into one species.
Why can polyploidy individuals lead to speciation fairly quickly?
The formation of gametes with new n numbers can occur in one generation. After a couple of
generations, enough of these new hybrids can form to reproduce together as a new species.

Glossary

adaptive radiation
speciation when one species radiates out to form several other species
allopatric speciation
speciation that occurs via geographic separation
allopolyploid
polyploidy formed between two related, but separate species
aneuploidy
condition of a cell having an extra chromosome or missing a chromosome
for its species
autopolyploid
polyploidy formed within a single species
behavioral isolation
type of reproductive isolation that occurs when a specific behavior or lack of
one prevents reproduction from taking place
dispersal
allopatric speciation that occurs when a few members of a species move to a
new geographical area
gametic barrier
prezygotic barrier occurring when closely related individuals of different
species mate, but differences in their gamete cells (eggs and sperm) prevent
fertilization from taking place
habitat isolation
reproductive isolation resulting when populations of a species move or are
moved to a new habitat, taking up residence in a place that no longer
overlaps with the other populations of the same species
hybrid
offspring of two closely related individuals, not of the same species
postzygotic barrier
reproductive isolation mechanism that occurs after zygote formation
prezygotic barrier
reproductive isolation mechanism that occurs before zygote formation
reproductive isolation
situation that occurs when a species is reproductively independent from
other species; this may be brought about by behavior, location, or
reproductive barriers
speciation
formation of a new species
species
group of populations that interbreed and produce fertile offspring
sympatric speciation
speciation that occurs in the same geographic space
temporal isolation
differences in breeding schedules that can act as a form of prezygotic barrier
leading to reproductive isolation

vicariance
allopatric speciation that occurs when something in the environment
separates organisms of the same species into separate groups
Formation of New Species
By the end of this section, you will be able to:
•
•
•
•
•

Define species and describe how species are identified as different
Describe genetic variables that lead to speciation
Identify prezygotic and postzygotic reproductive barriers
Explain allopatric and sympatric speciation
Describe adaptive radiation

Although all life on earth shares various genetic similarities, only certain
organisms combine genetic information by sexual reproduction and have offspring
that can then successfully reproduce. Scientists call such organisms members of
the same biological species.
Species and the Ability to Reproduce
A species is a group of individual organisms that interbreed and produce fertile, viable
offspring. According to this definition, one species is distinguished from another when, in
nature, it is not possible for matings between individuals from each species to produce fertile
offspring.
Members of the same species share both external and internal characteristics, which develop
from their DNA. The closer relationship two organisms share, the more DNA they have in
common, just like people and their families. People’s DNA is likely to be more like their
father or mother’s DNA than their cousin or grandparent’s DNA. Organisms of the same
species have the highest level of DNA alignment and therefore share characteristics and
behaviors that lead to successful reproduction.
Species’ appearance can be misleading in suggesting an ability or inability to mate. For
example, even though domestic dogs (Canis lupus familiaris) display phenotypic differences,
such as size, build, and coat, most dogs can interbreed and produce viable puppies that can
mature and sexually reproduce ([link]).
The (a) poodle and (b) cocker spaniel can reproduce to produce a breed known as (c) the
cockapoo. (credit a: modification of work by Sally Eller, Tom Reese; credit b: modification

of work by Jeremy McWilliams; credit c: modification of work by Kathleen

Conklin)
In other cases, individuals may appear similar although they are not members of the same
species. For example, even though bald eagles (Haliaeetus leucocephalus) and African fish
eagles (Haliaeetus vocifer) are both birds and eagles, each belongs to a separate species
group ([link]). If humans were to artificially intervene and fertilize the egg of a bald eagle
with the sperm of an African fish eagle and a chick did hatch, that offspring, called
a hybrid (a cross between two species), would probably be infertile—unable to successfully
reproduce after it reached maturity. Different species may have different genes that are active
in development; therefore, it may not be possible to develop a viable offspring with two
different sets of directions. Thus, even though hybridization may take place, the two species
still remain separate.
The (a) African fish eagle is similar in appearance to the (b) bald eagle, but the two birds are
members of different species. (credit a: modification of work by Nigel Wedge; credit b:

modification of work by U.S. Fish and Wildlife

Service)
Populations of species share a gene pool: a collection of all the variants of genes in the
species. Again, the basis to any changes in a group or population of organisms must be
genetic for this is the only way to share and pass on traits. When variations occur within a
species, they can only be passed to the next generation along two main pathways: asexual
reproduction or sexual reproduction. The change will be passed on asexually simply if the
reproducing cell possesses the changed trait. For the changed trait to be passed on by sexual
reproduction, a gamete, such as a sperm or egg cell, must possess the changed trait. In other
words, sexually-reproducing organisms can experience several genetic changes in their body
cells, but if these changes do not occur in a sperm or egg cell, the changed trait will never
reach the next generation. Only heritable traits can evolve. Therefore, reproduction plays a
paramount role for genetic change to take root in a population or species. In short, organisms
must be able to reproduce with each other to pass new traits to offspring.

Speciation
The biological definition of species, which works for sexually reproducing organisms, is a
group of actually or potentially interbreeding individuals. 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 in nature
of hybrids between similar species suggests that they may have descended from a single
interbreeding species, and 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 ([link]a). Compare this illustration to the diagram of elephant evolution

([link]b), which shows that as one species changes over time, it branches to form more than
one new species, repeatedly, as long as the population survives or until the organism becomes
extinct.
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.
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 (allo- = "other"; -patric =
"homeland") involves geographic separation of populations from a parent species and
subsequent evolution. Sympatric speciation (sym- = "same"; -patric = "homeland") involves
speciation occurring within a parent species 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 multiple events can be conceptualized as single
splits occurring close in time.

Allopatric Speciation
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.
Isolation of populations leading to allopatric speciation can occur in a variety of ways: a river
forming a new branch, erosion forming a new valley, a group of organisms traveling to a new
location without the ability to return, or 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, 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: dispersal and
vicariance. Dispersal is when a few members of a species move to a new geographical area,
and vicariance is when a natural situation arises to physically divide organisms.
Scientists have documented numerous cases of allopatric speciation taking place. For
example, along the west coast of the United States, two separate sub-species 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 ([link]).
The northern spotted owl and the Mexican spotted owl inhabit geographically separate
locations with different climates and ecosystems. The owl is an example of allopatric
speciation. (credit "northern spotted owl": modification of work by John and Karen

Hollingsworth; credit "Mexican spotted owl": modification of work by Bill

Radke)
Additionally, scientists have found that the further the distance between two groups that once
were the same species, the more likely it is that speciation will occur. 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 types of organisms in each ecosystem differ, as do their
behaviors and habits; also, the hunting habits and prey choices of the southern owls vary from
the northern owls. These variances can lead to evolved differences in the owls, and speciation
likely will occur.
Adaptive Radiation
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. This is called adaptive
radiation because many adaptations evolve from a single point of origin; thus, 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. The Hawaiian honeycreeper
illustrates one example of adaptive radiation. From a single species, called the founder
species, numerous species have evolved, including the six shown in [link].

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 [link]. Evolution 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 seed-eating bird has a thicker, stronger beak
which is suited to break hard nuts. The nectar-eating birds have long beaks to dip into flowers
to reach the nectar. The insect-eating birds have beaks like swords, appropriate for stabbing
and impaling insects. Darwin’s finches are another example of adaptive radiation in an
archipelago.
Link to Learning

Click through this interactive site to see how island birds evolved in evolutionary increments
from 5 million years ago to today.

Sympatric Speciation
Can divergence occur if no physical barriers are in place to separate individuals who continue
to live and reproduce in the same habitat? The answer is yes. The process of speciation within
the same space is called sympatric speciation; the prefix “sym” means same, so “sympatric”
means “same homeland” in contrast to “allopatric” meaning “other homeland.” A number of
mechanisms for sympatric speciation have been proposed and studied.

One form of sympatric speciation can begin with a serious chromosomal error during cell
division. In a normal cell division event chromosomes replicate, pair up, and then separate so
that each new cell has the same number of chromosomes. However, sometimes the pairs
separate and the end cell product has too many or too few individual chromosomes in a
condition called aneuploidy ([link]).
Art Connection
Aneuploidy results when the gametes have too many or too few chromosomes due to
nondisjunction during meiosis. In the example shown here, the resulting offspring will have
2n+1 or 2n-1

chromosomes
Which is most likely to survive, offspring with 2n+1 chromosomes or offspring with 2n-1
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 polyploidy state. Reproductive isolation is the
inability to interbreed. In some cases, a polyploid individual will have two or more complete
sets of chromosomes from its own species in a condition called autopolyploidy ([link]). 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.

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. However, 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. [link] illustrates one possible way an allopolyploid can form. Notice how it takes
two generations, or two reproductive acts, before the viable fertile hybrid results.
Alloploidy results when two species mate to produce viable offspring. In the example shown,
a normal gamete from one species fuses with a polyploidy 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, it takes place most commonly in plants. (Animals
with any of the types of chromosomal aberrations described here are unlikely to survive and
produce normal offspring.) Scientists have discovered more than half of all plant species
studied relate back to a species evolved through polyploidy. With such a high rate of
polyploidy in plants, some scientists hypothesize that this mechanism takes place more as an
adaptation than as an error.

Reproductive Isolation
Given enough time, the genetic and phenotypic divergence between populations will affect
characters that influence reproduction: if individuals of the two populations were to be
brought together, mating would be less likely, but if mating occurred, offspring would be
non-viable or infertile. Many types of diverging characters may affect the reproductive
isolation, the ability to interbreed, of the two populations.
Reproductive isolation can take place in a variety of ways. Scientists organize them into two
groups: prezygotic barriers and postzygotic barriers. Recall that a zygote is a fertilized egg:
the first cell of the development of an organism that reproduces sexually. Therefore,
a prezygotic barrier is a mechanism that blocks reproduction from taking place; this includes
barriers that prevent fertilization when organisms attempt reproduction. A postzygotic
barrier occurs after zygote formation; this includes organisms that don’t survive the
embryonic stage and those that are born sterile.

Some types of prezygotic barriers prevent reproduction entirely. Many organisms only
reproduce at certain times of the year, often just annually. Differences in breeding schedules,
called temporal isolation, can act as a form of reproductive isolation. For example, two
species of frogs inhabit the same area, but one reproduces from January to March, whereas
the other reproduces from March to May ([link]).
These two related frog species exhibit temporal reproductive isolation. (a) Rana
aurora breeds earlier in the year than (b) Rana boylii. (credit a: modification of work by
Mark R. Jennings, USFWS; credit b: modification of work by Alessandro

Catenazzi)
In some cases, populations of a species move or are moved to a new habitat and take up
residence in a place that no longer overlaps with the other populations of the same species.
This situation is called habitat isolation. Reproduction with the parent species ceases, and a
new group exists that is now reproductively and genetically independent. For example, a
cricket population that was divided after a flood could no longer interact with each other.
Over time, the forces of natural selection, mutation, and genetic drift will likely result in the
divergence of the two groups ([link]).
Speciation can occur when two populations occupy different habitats. The habitats need not
be far apart. The cricket (a) Gryllus pennsylvanicus prefers sandy soil, and the cricket
(b) Gryllus firmus prefers loamy soil. The two species can live in close proximity, but

because of their different soil preferences, they became genetically

isolated.
Behavioral isolation occurs when the presence or absence of a specific behavior prevents
reproduction from taking place. For example, male fireflies use specific light patterns to
attract females. Various species of fireflies display their lights differently. If a male of one
species tried to attract the female of another, she would not recognize the light pattern and
would not mate with the male.
Other prezygotic barriers work when differences in their gamete cells (eggs and sperm)
prevent fertilization from taking place; this is called a gametic barrier. Similarly, in some
cases closely related organisms try to mate, but their reproductive structures simply do not fit
together. For example, damselfly males of different species have differently shaped
reproductive organs. If one species tries to mate with the female of another, their body parts
simply do not fit together. ([link]).
The shape of the male reproductive organ varies among male damselfly species, and is only
compatible with the female of that species. Reproductive organ incompatibility keeps the

species reproductively

isolated.
In plants, certain structures aimed to attract one type of pollinator simultaneously prevent a
different pollinator from accessing the pollen. The tunnel through which an animal must
access nectar can vary widely in length and diameter, which prevents the plant from being
cross-pollinated with a different species ([link]).
Some flowers have evolved to attract certain pollinators. The (a) wide foxglove flower is
adapted for pollination by bees, while the (b) long, tube-shaped trumpet creeper flower is

adapted for pollination by humming

birds.
When fertilization takes place and a zygote forms, postzygotic barriers can prevent
reproduction. Hybrid individuals in many cases cannot form normally in the womb and
simply do not survive past the embryonic stages. This is called hybrid inviability because the
hybrid organisms simply are not viable. In another postzygotic situation, reproduction leads
to the birth and growth of a hybrid that is sterile and unable to reproduce offspring of their
own; this is called hybrid sterility.
Habitat Influence on Speciation
Sympatric speciation may also take place in ways other than polyploidy. For example,
consider a species of fish that lives in a lake. As the population grows, competition for food
also grows. 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: feeding and living in the same area and keeping 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. [link] 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 but have come to have different morphologies that allow
them to eat various food sources.
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.

Section Summary
Speciation occurs along two main pathways: geographic separation (allopatric speciation) and
through mechanisms that occur within a shared habitat (sympatric speciation). Both pathways
isolate a population reproductively in some form. Mechanisms of reproductive isolation act
as barriers between closely related species, enabling them to diverge and exist as genetically
independent species. Prezygotic barriers block reproduction prior to formation of a zygote,
whereas postzygotic barriers block reproduction after fertilization occurs. For a new species
to develop, something must cause a breach in the reproductive barriers. Sympatric speciation
can occur through errors in meiosis that form gametes with extra chromosomes (polyploidy).

Autopolyploidy occurs within a single species, whereas allopolyploidy occurs between
closely related species.

Art Connections
[link] Which is most likely to survive, offspring with 2n+1 chromosomes or offspring with
2n-1 chromosomes?
[link] Loss of genetic material is almost always lethal, so offspring with 2n+1 chromosomes
are more likely to survive.

Review Questions
Which situation would most likely lead to allopatric speciation?
a.
b.
c.
d.

flood causes the formation of a new lake.
A storm causes several large trees to fall down.
A mutation causes a new trait to develop.
An injury causes an organism to seek out a new food source.

A
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, and the other involves a change in the
environment.
c. One depends on a genetic mutation occurring, and the other does not.
d. One involves closely related organisms, and the other involves only individuals of the
same species.
B
Which variable increases the likelihood of allopatric speciation taking place more quickly?
a.
b.
c.
d.

lower rate of mutation
longer distance between divided groups
increased instances of hybrid formation
equivalent numbers of individuals in each population

B
What is the main difference between autopolyploid and allopolyploid?
a.
b.
c.
d.
C

the number of chromosomes
the functionality of the chromosomes
the source of the extra chromosomes
the number of mutations in the extra chromosomes

Which reproductive combination produces hybrids?
a.
b.
c.
d.

when individuals of the same species in different geographical areas reproduce
when any two individuals sharing the same habitat reproduce
when members of closely related species reproduce
when offspring of the same parents reproduce

C
Which condition is the basis for a species to be reproductively isolated from other members?
a.
b.
c.
d.

It does not share its habitat with related species.
It does not exist out of a single habitat.
It does not exchange genetic information with other species.
It does not undergo evolutionary changes for a significant period of time.

C
Which situation is not an example of a prezygotic barrier?
a.
b.
c.
d.

Two species of turtles breed at different times of the year.
Two species of flowers attract different pollinators.
Two species of birds display different mating dances.
Two species of insects produce infertile offspring.

D

Free Response
Why do island chains provide ideal conditions for adaptive radiation to occur?
Organisms of one species can arrive to an island together and then disperse throughout the
chain, each settling into different niches and exploiting different food resources to reduce
competition.
Two species of fish had recently undergone sympatric speciation. The males of each species
had a different coloring through which the females could identify and choose a partner from
her own species. After some time, pollution made the lake so cloudy that it was hard for
females to distinguish colors. What might take place in this situation?
It is likely the two species would start to reproduce with each other. Depending on the
viability of their offspring, they may fuse back into one species.
Why can polyploidy individuals lead to speciation fairly quickly?
The formation of gametes with new n numbers can occur in one generation. After a couple of
generations, enough of these new hybrids can form to reproduce together as a new species.

Glossary

adaptive radiation
speciation when one species radiates out to form several other species
allopatric speciation
speciation that occurs via geographic separation
allopolyploid
polyploidy formed between two related, but separate species
aneuploidy
condition of a cell having an extra chromosome or missing a chromosome
for its species
autopolyploid
polyploidy formed within a single species
behavioral isolation
type of reproductive isolation that occurs when a specific behavior or lack of
one prevents reproduction from taking place
dispersal
allopatric speciation that occurs when a few members of a species move to a
new geographical area
gametic barrier
prezygotic barrier occurring when closely related individuals of different
species mate, but differences in their gamete cells (eggs and sperm) prevent
fertilization from taking place
habitat isolation
reproductive isolation resulting when populations of a species move or are
moved to a new habitat, taking up residence in a place that no longer
overlaps with the other populations of the same species
hybrid
offspring of two closely related individuals, not of the same species
postzygotic barrier
reproductive isolation mechanism that occurs after zygote formation
prezygotic barrier
reproductive isolation mechanism that occurs before zygote formation
reproductive isolation
situation that occurs when a species is reproductively independent from
other species; this may be brought about by behavior, location, or
reproductive barriers
speciation
formation of a new species
species
group of populations that interbreed and produce fertile offspring
sympatric speciation
speciation that occurs in the same geographic space
temporal isolation
differences in breeding schedules that can act as a form of prezygotic barrier
leading to reproductive isolation

vicariance
allopatric speciation that occurs when something in the environment
separates organisms of the same species into separate groups
ntroduction
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All life on Earth is related. Evolutionary theory states that humans, beetles, plants,
and bacteria all share a common ancestor, but that millions of years of evolution
have shaped each of these organisms into the forms seen today. Scientists consider
evolution a key concept to understanding life. Natural selection is one of the most
dominant evolutionary forces. Natural selection acts to promote traits and
behaviors that increase an organism’s chances of survival and reproduction, while
eliminating those traits and behaviors that are to the organism’s detriment. But
natural selection can only, as its name implies, select—it cannot create. The
introduction of novel traits and behaviors falls on the shoulders of another
evolutionary force—mutation. Mutation and other sources of variation among
individuals, as well as the evolutionary forces that act upon them, alter populations
and species. This combination of processes has led to the world of life we see
today.
Population Evolution
By the end of this section, you will be able to:
•
•

Define population genetics and describe how population genetics is used in
the study of the evolution of populations
Define the Hardy-Weinberg principle and discuss its importance

The mechanisms of inheritance, or genetics, were not understood at the time
Charles Darwin and Alfred Russel Wallace were developing their idea of natural
selection. This lack of understanding was a stumbling block to understanding many
aspects of evolution. In fact, the predominant (and incorrect) genetic theory of the
time, blending inheritance, 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
Darwin's book, 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 processes, 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 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.
Everyday Connection

Evolution and Flu VaccinesEvery fall, the media starts reporting on flu
vaccinations and potential outbreaks. Scientists, health experts, and institutions
determine recommendations for different parts of the population, predict optimal
production and inoculation schedules, create vaccines, and set up clinics to provide
inoculations. You may think of the annual flu shot as a lot of media hype, an
important health protection, or just a briefly uncomfortable prick in your arm. But
do you think of it in terms of evolution?
The media hype of annual flu shots is scientifically grounded in our understanding
of evolution. Each year, scientists across the globe strive to predict the flu strains
that they anticipate being most widespread and harmful in the coming year. This
knowledge is based in how flu strains have evolved over time and over the past
few flu seasons. Scientists then work to create the most effective vaccine to combat
those selected strains. Hundreds of millions of doses are produced in a short period
in order to provide vaccinations to key populations at the optimal time.
Because viruses, like the flu, evolve very quickly (especially in evolutionary time),
this poses quite a challenge. Viruses mutate and replicate at a fast rate, so the
vaccine developed to protect against last year’s flu strain may not provide the
protection needed against the coming year’s strain. Evolution of these viruses
means continued adaptions to ensure survival, including adaptations to survive
previous vaccines.
Population Genetics
Recall that a gene for a particular character may have several alleles, or variants, 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 in a field of study known as population genetics began to
study how selective forces change a population through changes in allele and genotypic
frequencies.
The allele frequency (or gene frequency) is the rate at which a specific allele appears within a
population. Until now we have discussed evolution as a change in the characteristics of a
population of organisms, but behind that phenotypic change is genetic change. In population
genetics, the term evolution is defined as a change in the frequency of an allele in a
population. Using the ABO blood type 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 Jordan1 found a frequency of IA to be 26.1 percent.
The IB and I0 alleles made up 13.4 percent and 60.5 percent of the alleles respectively, and all
of the frequencies added up to 100 percent. A change in this frequency over time would
constitute evolution in the population.

The allele frequency within a given population can change depending on environmental
factors; therefore, certain alleles become more widespread than others during the process of
natural selection. Natural selection can alter the population’s genetic makeup; for example, if
a given allele confers a phenotype that allows an individual to better survive or have more
offspring. Because many of those offspring will also carry the beneficial allele, and often the
corresponding phenotype, they will have more offspring of their own that also carry the
allele, thus, perpetuating the cycle. Over time, the allele will spread throughout the
population. Some alleles will quickly become fixed in this way, meaning that every
individual of the population will carry the allele, while detrimental mutations may be swiftly
eliminated if derived from a dominant allele from the gene pool. The gene pool is the sum of
all the alleles in a population.
Sometimes, allele frequencies within a population change randomly with no advantage to the
population over existing allele frequencies. This phenomenon is called genetic drift. Natural
selection and genetic drift usually occur simultaneously in populations and are not isolated
events. It is hard to determine which process dominates because it is often nearly impossible
to determine the cause of change in allele frequencies at each occurrence. An event that
initiates an allele frequency change in an isolated part of the population, which is not typical
of the original population, is called the founder effect. Natural selection, random drift, and
founder effects can lead to significant changes in the genome of a population.

Hardy-Weinberg Principle of Equilibrium
In the early twentieth century, English mathematician Godfrey Hardy and German physician
Wilhelm Weinberg stated the principle of equilibrium to describe the genetic makeup of a
population. The theory, which later became known as the Hardy-Weinberg principle of
equilibrium, states that a population’s allele and genotype frequencies are inherently stable—
unless some kind of evolutionary force is acting upon the population, neither the allele nor
the genotypic frequencies would change. The Hardy-Weinberg principle assumes conditions
with no mutations, migration, emigration, or selective pressure for or against genotype, plus
an infinite population; while no population can satisfy those conditions, the principle offers a
useful model against which to compare real population changes.
Working under this theory, population geneticists represent different alleles as different
variables in their mathematical models. The variable p, for example, often represents the
frequency of a particular allele, say Y for the trait of yellow in Mendel’s peas, while the
variable q represents the frequency of y alleles that confer the color green. If these are the
only two possible alleles for a given locus in the population, p + q = 1. In other words, all the
p alleles and all the q alleles make up all of the alleles for that locus that are found in the
population.
But what ultimately interests most biologists is not the frequencies of different alleles, but the
frequencies of the resulting genotypes, known as the population’s genetic structure, from
which scientists can surmise the distribution of phenotypes. If the phenotype is observed,
only the genotype of the homozygous recessive alleles can be known; the calculations
provide an estimate of the remaining genotypes. Since each individual carries two alleles per
gene, if the allele frequencies (p and q) are known, predicting the frequencies of these
genotypes is a simple mathematical calculation to determine the probability of getting these
genotypes if two alleles are drawn at random from the gene pool. So in the above scenario, an
individual pea plant could be pp (YY), and thus produce yellow peas; pq (Yy), also yellow;

or qq (yy), and thus producing green peas ([link]). In other words, the frequency of pp
individuals is simply p2; the frequency of pq individuals is 2pq; and the frequency of qq
individuals is q2. And, again, if p and q are the only two possible alleles for a given trait in
the population, these genotypes frequencies will sum to one: p2 + 2pq + q2 = 1.
Art Connection
When populations are in the Hardy-Weinberg equilibrium, the allelic frequency is stable from
generation to generation and the distribution of alleles can be determined from the HardyWeinberg equation. If the allelic frequency measured in the field differs from the predicted
value, scientists can make inferences about what evolutionary forces are at

play.
In plants, violet flower color (V) is dominant over white (v). If p = 0.8 and q = 0.2 in a
population of 500 plants, how many individuals would you expect to be homozygous
dominant (VV), heterozygous (Vv), and homozygous recessive (vv)? How many plants
would you expect to have violet flowers, and how many would have white flowers?
In theory, if a population is at equilibrium—that is, there are no evolutionary forces acting
upon it—generation after generation would have the same gene pool and genetic structure,
and these equations would all hold true all of the time. Of course, even Hardy and Weinberg
recognized that no natural population is immune to evolution. Populations in nature are
constantly changing in genetic makeup due to drift, mutation, possibly migration, and
selection. As a result, the only way to determine the exact distribution of phenotypes in a
population is to go out and count them. But the Hardy-Weinberg principle gives scientists a
mathematical baseline of a non-evolving population to which they can compare evolving
populations and thereby infer what evolutionary forces might be at play. If the frequencies of

alleles or genotypes deviate from the value expected from the Hardy-Weinberg equation, then
the population is evolving.
Link to Learning

Use this online calculator to determine the genetic structure of a population.

Section Summary
The modern synthesis of evolutionary theory grew out of the cohesion of Darwin’s,
Wallace’s, and Mendel’s thoughts on evolution and heredity, along with the more modern
study of population genetics. It describes the evolution of populations and species, from
small-scale changes among individuals to large-scale changes over paleontological time
periods. To understand how organisms evolve, scientists can track populations’ allele
frequencies over time. If they differ from generation to generation, scientists can conclude
that the population is not in Hardy-Weinberg equilibrium, and is thus evolving.

Art Connections
[link] In plants, violet flower color (V) is dominant over white (v). If p=.8 and q = 0.2 in a
population of 500 plants, how many individuals would you expect to be homozygous
dominant (VV), heterozygous (Vv), and homozygous recessive (vv)? How many plants
would you expect to have violet flowers, and how many would have white flowers?
[link] The expected distribution is 320 VV, 160Vv, and 20 vv plants. Plants with VV or Vv
genotypes would have violet flowers, and plants with the vv genotype would have white
flowers, so a total of 480 plants would be expected to have violet flowers, and 20 plants
would have white flowers.

Review Questions
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 organisms in populations, while
macroevolution describes the evolution of 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.
C

Population genetics is the study of:
a.
b.
c.
d.

how selective forces change the allele frequencies in a population over time
the genetic basis of population-wide traits
whether traits have a genetic basis
the degree of inbreeding in a population

A
Which of the following populations is not in Hardy-Weinberg equilibrium?
a. a population with 12 homozygous recessive individuals (yy), 8 homozygous dominant
individuals (YY), and 4 heterozygous individuals (Yy)
b. a population in which the allele frequencies do not change over time
c. p2 + 2pq + q2 = 1
d. a population undergoing natural selection
D
One of the original Amish colonies rose from a ship of colonists that came from Europe. The
ship’s captain, who had polydactyly, a rare dominant trait, was one of the original colonists.
Today, we see a much higher frequency of polydactyly in the Amish population. This is an
example of:
a.
b.
c.
d.

natural selection
genetic drift
founder effect
b and c

D

Free Response
Solve for the genetic structure of a population with 12 homozygous recessive individuals
(yy), 8 homozygous dominant individuals (YY), and 4 heterozygous individuals (Yy).
p = (8*2 + 4)/48 = .42; q = (12*2 + 4)/48 = .58; p2 = .17; 2pq = .48; q2 = .34
Explain the Hardy-Weinberg principle of equilibrium theory.
The Hardy-Weinberg principle of equilibrium is used to describe the genetic makeup of a
population. The theory states that a population’s allele and genotype frequencies are
inherently stable: unless some kind of evolutionary force is acting upon the population,
generation after generation of the population would carry the same genes, and individuals
would, as a whole, look essentially the same.
Imagine you are trying to test whether a population of flowers is undergoing evolution. You
suspect there is selection pressure on the color of the flower: bees seem to cluster around the
red flowers more often than the blue flowers. In a separate experiment, you discover blue

flower color is dominant to red flower color. In a field, you count 600 blue flowers and 200
red flowers. What would you expect the genetic structure of the flowers to be?
Red is recessive so q2 = 200/800 = 0.25; q = 0.5; p = 1-q = 0.5; p2 = 0.25; 2pq = 0.5. You
would expect 200 homozygous blue flowers, 400 heterozygous blue flowers, and 200 red
flowers.

Footnotes
•

1 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.

Glossary
allele frequency
(also, gene frequency) rate at which a specific allele appears within a
population
founder effect
event that initiates an allele frequency change in part of the population,
which is not typical of the original population
gene pool
all of the alleles carried by all of the individuals in the population
genetic structure
distribution of the different possible genotypes in a population
macroevolution
broader scale evolutionary changes seen over paleontological time
microevolution
changes in a population’s genetic structure
modern synthesis
overarching evolutionary paradigm that took shape by the 1940s and is
generally accepted today
population genetics
study of how selective forces change the allele frequencies in a population
over time
Population Genetics
By the end of this section, you will be able to:
•
•
•
•

Describe the different types of variation in a population
Explain why only heritable variation can be acted upon by natural selection
Describe genetic drift and the bottleneck effect
Explain how each evolutionary force can influence the allele frequencies of
a population

Individuals of a population often display different phenotypes, or express different
alleles of a particular gene, referred to as polymorphisms. Populations with two or
more variations of particular characteristics are called polymorphic. The
distribution of phenotypes among individuals, known as the population variation,
is influenced by a number of factors, including the population’s genetic structure
and the environment ([link]). Understanding the sources of a phenotypic variation
in a population is important for determining how a population will evolve in
response to different evolutionary pressures.
The distribution of phenotypes in this litter of kittens illustrates population variation. (credit:

Pieter Lanser)

Genetic Variance
Natural selection and some of the other evolutionary forces can only act on heritable traits,
namely an organism’s genetic code. Because alleles are passed from parent to offspring,
those that confer beneficial traits or behaviors may be selected for, while deleterious alleles
may be selected against. Acquired traits, for the most part, are not heritable. For example, if
an athlete works out in the gym every day, building up muscle strength, the athlete’s
offspring will not necessarily grow up to be a body builder. If there is a genetic basis for the
ability to run fast, on the other hand, this may be passed to a child.
Link to Learning

Before Darwinian evolution became the prevailing theory of the field, French naturalist JeanBaptiste Lamarck theorized that acquired traits could, in fact, be inherited; while this
hypothesis has largely been unsupported, scientists have recently begun to realize that
Lamarck was not completely wrong. Visit this site to learn more.
Heritability is the fraction of phenotype variation that can be attributed to genetic differences,
or genetic variance, among individuals in a population. The greater the hereditability of a
population’s phenotypic variation, the more susceptible it is to the evolutionary forces that act
on heritable variation.
The diversity of alleles and genotypes within a population is called genetic variance. When
scientists are involved in the breeding of a species, such as with animals in zoos and nature
preserves, they try to increase a population’s genetic variance to preserve as much of the
phenotypic diversity as they can. This also helps reduce the risks associated with inbreeding,
the mating of closely related individuals, which can have the undesirable effect of bringing
together deleterious recessive mutations that can cause abnormalities and susceptibility to
disease. For example, a disease that is caused by a rare, recessive allele might exist in a
population, but it will only manifest itself when an individual carries two copies of the allele.
Because the allele is rare in a normal, healthy population with unrestricted habitat, the chance
that two carriers will mate is low, and even then, only 25 percent of their offspring will
inherit the disease allele from both parents. While it is likely to happen at some point, it will
not happen frequently enough for natural selection to be able to swiftly eliminate the allele
from the population, and as a result, the allele will be maintained at low levels in the gene
pool. However, if a family of carriers begins to interbreed with each other, this will
dramatically increase the likelihood of two carriers mating and eventually producing diseased
offspring, a phenomenon known as inbreeding depression.
Changes in allele frequencies that are identified in a population can shed light on how it is
evolving. In addition to natural selection, there are other evolutionary forces that could be in
play: genetic drift, gene flow, mutation, nonrandom mating, and environmental variances.

Genetic Drift
The theory of natural selection stems from the observation that some individuals in a
population are more likely to survive longer and have more offspring than others; thus, they
will pass on more of their genes to the next generation. A big, powerful male gorilla, for
example, is much more likely than a smaller, weaker one to become the population’s
silverback, the pack’s leader who mates far more than the other males of the group. The pack
leader will father more offspring, who share half of his genes, and are likely to also grow
bigger and stronger like their father. Over time, the genes for bigger size will increase in
frequency in the population, and the population will, as a result, grow larger on average. That
is, this would occur if this particular selection pressure, or driving selective force, were the
only one acting on the population. In other examples, better camouflage or a stronger
resistance to drought might pose a selection pressure.
Another way a population’s allele and genotype frequencies can change is genetic
drift ([link]), which is simply the effect of chance. By chance, some individuals will have
more offspring than others—not due to an advantage conferred by some genetically-encoded
trait, but just because one male happened to be in the right place at the right time (when the

receptive female walked by) or because the other one happened to be in the wrong place at
the wrong time (when a fox was hunting).
Art Connection
Genetic drift in a population can lead to the elimination of an allele from a population by
chance. In this example, rabbits with the brown coat color allele (B) are dominant over
rabbits with the white coat color allele (b). In the first generation, the two alleles occur with
equal frequency in the population, resulting in p and q values of .5. Only half of the
individuals reproduce, resulting in a second generation with p and q values of .7 and .3,
respectively. Only two individuals in the second generation reproduce, and by chance these
individuals are homozygous dominant for brown coat color. As a result, in the third

generation the recessive b allele is lost.
Do you think genetic drift would happen more quickly on an island or on the mainland?
Small populations are more susceptible to the forces of genetic drift. Large populations, on
the other hand, are buffered against the effects of chance. If one individual of a population of
10 individuals happens to die at a young age before it leaves any offspring to the next
generation, all of its genes—1/10 of the population’s gene pool—will be suddenly lost. In a
population of 100, that’s only 1 percent of the overall gene pool; therefore, it is much less
impactful on the population’s genetic structure.
Link to Learning

Go to this site to watch an animation of random sampling and genetic drift in action.
Genetic drift can also be magnified by natural events, such as a natural disaster that kills—at
random—a large portion of the population. Known as the bottleneck effect, it results in a
large portion of the genome suddenly being wiped out ([link]). 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.
A chance event or catastrophe can reduce the genetic variability within a

population.
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 changes to match 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 the fact that a higher-than-normal proportion of the founding colonists
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
blood marrow and congenital abnormalities—even cancer.1
Link to Learning

Watch this short video to learn more about the founder and bottleneck effects.

Adaptive Evolution
By the end of this section, you will be able to:
•

Explain the different ways natural selection can shape populations

•

Describe how these different forces can lead to different outcomes in terms
of the population variation

Natural selection only acts on the population’s heritable traits: selecting for
beneficial alleles and thus increasing their frequency in the population, while
selecting against deleterious alleles and thereby decreasing their frequency—a
process known as adaptive evolution. Natural selection does not act on individual
alleles, however, but on entire organisms. An individual may carry a very
beneficial genotype with a resulting phenotype that, for example, increases the
ability to reproduce (fecundity), but if that same individual also carries an allele
that results in a fatal childhood disease, that fecundity phenotype will not be passed
on to the next generation because the individual will not live to reach reproductive
age. Natural selection acts at the level of the individual; it selects for individuals
with greater contributions to the gene pool of the next generation, known as an
organism’s evolutionary (Darwinian) fitness.
Fitness is often quantifiable and is measured by scientists in the field. However, it
is not the absolute fitness of an individual that counts, but rather how it compares
to the other organisms in the population. This concept, called relative fitness,
allows researchers to determine which individuals are contributing additional
offspring to the next generation, and thus, how the population might evolve.
There are several ways selection can affect population variation: stabilizing
selection, directional selection, diversifying selection, frequency-dependent
selection, and sexual selection. As natural selection influences the allele
frequencies in a population, individuals can either become more or less genetically
similar and the phenotypes displayed can become more similar or more disparate.
Stabilizing Selection
If natural selection favors an average phenotype, selecting against extreme variation, the
population will undergo stabilizing selection ([link]). In a population of mice that live in the
woods, for example, natural selection is likely to favor individuals that best blend in with the
forest floor and are less likely to be spotted by predators. Assuming the ground is a fairly
consistent shade of brown, those mice whose fur is most closely matched to that color will be
most likely to survive and reproduce, passing on their genes for their brown coat. Mice that
carry alleles that make them a bit lighter or a bit darker will stand out against the ground and
be more likely to fall victim to predation. As a result of this selection, the population’s
genetic variance will decrease.

Directional Selection
When the environment changes, populations will often undergo directional selection ([link]),
which selects for phenotypes at one end of the spectrum of existing variation. A classic
example of this type of selection is the evolution of the peppered moth in eighteenth- and
nineteenth-century England. Prior to the Industrial Revolution, the moths were predominately
light in color, which allowed them to blend in with the light-colored trees and lichens in their

environment. But as soot began spewing from factories, the trees became darkened, and the
light-colored moths became easier for predatory birds to spot. Over time, the frequency of the
melanic form of the moth increased because they had a higher survival rate in habitats
affected by air pollution because their darker coloration blended with the sooty trees.
Similarly, the hypothetical mouse population may evolve to take on a different coloration if
something were to cause the forest floor where they live to change color. The result of this
type of selection is a shift in the population’s genetic variance toward the new, fit phenotype.
Link to Learning

In science, sometimes things are believed to be true, and then new information comes to light
that changes our understanding. The story of the peppered moth is an example: the facts
behind the selection toward darker moths have recently been called into question. Read
this article to learn more.

Diversifying Selection
Sometimes two or more distinct phenotypes can each have their advantages and be selected
for by natural selection, while the intermediate phenotypes are, on average, less fit. Known
as diversifying selection ([link]), this is seen in many populations of animals that have
multiple male forms. Large, dominant alpha males obtain mates by brute force, while small
males can sneak in for furtive copulations with the females in an alpha male’s territory. In
this case, both the alpha males and the “sneaking” males will be selected for, but mediumsized males, which can’t overtake the alpha males and are too big to sneak copulations, are
selected against. Diversifying selection can also occur when environmental changes favor
individuals on either end of the phenotypic spectrum. Imagine a population of mice living at
the beach where there is light-colored sand interspersed with patches of tall grass. In this
scenario, light-colored mice that blend in with the sand would be favored, as well as darkcolored mice that can hide in the grass. Medium-colored mice, on the other hand, would not
blend in with either the grass or the sand, and would thus be more likely to be eaten by
predators. The result of this type of selection is increased genetic variance as the population
becomes more diverse.
Art Connection
Different types of natural selection can impact the distribution of phenotypes within a
population. In (a) stabilizing selection, an average phenotype is favored. In (b) directional
selection, a change in the environment shifts the spectrum of phenotypes observed. In (c)

diversifying selection, two or more extreme phenotypes are selected for, while the average

phenotype is selected against.
In recent years, factories have become cleaner, and less soot is released into the environment.
What impact do you think this has had on the distribution of moth color in the population?

Frequency-dependent Selection
Another type of selection, called frequency-dependent selection, favors phenotypes that are
either common (positive frequency-dependent selection) or rare (negative frequencydependent selection). An interesting example of this type of selection is seen in a unique
group of lizards of the Pacific Northwest. Male common side-blotched lizards come in three
throat-color patterns: orange, blue, and yellow. Each of these forms has a different
reproductive strategy: orange males are the strongest and can fight other males for access to
their females; blue males are medium-sized and form strong pair bonds with their mates; and
yellow males ([link]) are the smallest, and look a bit like females, which allows them to sneak
copulations. Like a game of rock-paper-scissors, orange beats blue, blue beats yellow, and
yellow beats orange in the competition for females. That is, the big, strong orange males can
fight off the blue males to mate with the blue’s pair-bonded females, the blue males are
successful at guarding their mates against yellow sneaker males, and the yellow males can
sneak copulations from the potential mates of the large, polygynous orange males.

A yellow-throated side-blotched lizard is smaller than either the blue-throated or orangethroated males and appears a bit like the females of the species, allowing it to sneak

copulations. (credit: “tinyfroglet”/Flickr)
In this scenario, orange males will be favored by natural selection when the population is
dominated by blue males, blue males will thrive when the population is mostly yellow males,
and yellow males will be selected for when orange males are the most populous. As a result,
populations of side-blotched lizards cycle in the distribution of these phenotypes—in one
generation, orange might be predominant, and then yellow males will begin to rise in
frequency. Once yellow males make up a majority of the population, blue males will be
selected for. Finally, when blue males become common, orange males will once again be
favored.
Negative frequency-dependent selection serves to increase the population’s genetic variance
by selecting for rare phenotypes, whereas positive frequency-dependent selection usually
decreases genetic variance by selecting for common phenotypes.

Sexual Selection
Males and females of certain species are often quite different from one another in ways
beyond the reproductive organs. Males are often larger, for example, and display many
elaborate colors and adornments, like the peacock’s tail, while females tend to be smaller and
duller in decoration. Such differences are known as sexual dimorphisms ([link]), which arise
from the fact that in many populations, particularly animal populations, there is more
variance in the reproductive success of the males than there is of the females. That is, some
males—often the bigger, stronger, or more decorated males—get the vast majority of the total
matings, while others receive none. This can occur because the males are better at fighting off
other males, or because females will choose to mate with the bigger or more decorated males.
In either case, this variation in reproductive success generates a strong selection pressure
among males to get those matings, resulting in the evolution of bigger body size and
elaborate ornaments to get the females’ attention. Females, on the other hand, tend to get a
handful of selected matings; therefore, they are more likely to select more desirable males.

Sexual dimorphism varies widely among species, of course, and some species are even sexrole reversed. In such cases, females tend to have a greater variance in their reproductive
success than males and are correspondingly selected for the bigger body size and elaborate
traits usually characteristic of males.
Sexual dimorphism is observed in (a) peacocks and peahens, (b) Argiope appensa spiders
(the female spider is the large one), and in (c) wood ducks. (credit “spiders”: modification of
work by “Sanba38”/Wikimedia Commons; credit “duck”: modification of work by Kevin

Cole)
The selection pressures on males and females to obtain matings is known as sexual selection;
it can result in the development of secondary sexual characteristics that do not benefit the
individual’s likelihood of survival but help to maximize its reproductive success. Sexual
selection can be so strong that it selects for traits that are actually detrimental to the
individual’s survival. Think, once again, about the peacock’s tail. While it is beautiful and the
male with the largest, most colorful tail is more likely to win the female, it is not the most
practical appendage. In addition to being more visible to predators, it makes the males slower
in their attempted escapes. There is some evidence that this risk, in fact, is why females like
the big tails in the first place. The speculation is that large tails carry risk, and only the best
males survive that risk: the bigger the tail, the more fit the male. This idea is known as
the handicap principle.

The good genes hypothesis states that males develop these impressive ornaments to show off
their efficient metabolism or their ability to fight disease. Females then choose males with the
most impressive traits because it signals their genetic superiority, which they will then pass
on to their offspring. Though it might be argued that females should not be picky because it
will likely reduce their number of offspring, if better males father more fit offspring, it may
be beneficial. Fewer, healthier offspring may increase the chances of survival more than
many, weaker offspring.
Link to Learning

In 1915, biologist Ronald Fisher proposed another model of sexual selection: the Fisherian
runaway model, which suggests that selection of certain traits is a result of sexual preference.
In both the handicap principle and the good genes hypothesis, the trait is said to be an honest
signal of the males’ quality, thus giving females a way to find the fittest mates— males that
will pass the best genes to their offspring.

No Perfect Organism
Natural selection is a driving force in evolution and can generate populations that are better
adapted to survive and successfully reproduce in their environments. But natural selection
cannot produce the perfect organism. Natural selection can only select on existing variation in
the population; it does not create anything from scratch. Thus, it is limited by a population’s
existing genetic variance and whatever new alleles arise through mutation and gene flow.
Natural selection is also limited because it works at the level of individuals, not alleles, and
some alleles are linked due to their physical proximity in the genome, making them more
likely to be passed on together (linkage disequilibrium). Any given individual may carry
some beneficial alleles and some unfavorable alleles. It is the net effect of these alleles, or the
organism’s fitness, upon which natural selection can act. As a result, good alleles can be lost
if they are carried by individuals that also have several overwhelmingly bad alleles; likewise,
bad alleles can be kept if they are carried by individuals that have enough good alleles to
result in an overall fitness benefit.
Furthermore, natural selection can be constrained by the relationships between different
polymorphisms. One morph may confer a higher fitness than another, but may not increase in
frequency due to the fact that going from the less beneficial to the more beneficial trait would
require going through a less beneficial phenotype. Think back to the mice that live at the
beach. Some are light-colored and blend in with the sand, while others are dark and blend in
with the patches of grass. The dark-colored mice may be, overall, more fit than the lightcolored mice, and at first glance, one might expect the light-colored mice be selected for a
darker coloration. But remember that the intermediate phenotype, a medium-colored coat, is
very bad for the mice—they cannot blend in with either the sand or the grass and are more

likely to be eaten by predators. As a result, the light-colored mice would not be selected for a
dark coloration because those individuals that began moving in that direction (began being
selected for a darker coat) would be less fit than those that stayed light.
Finally, it is important to understand that not all evolution is adaptive. While natural selection
selects the fittest individuals and often results in a more fit population overall, other forces of
evolution, including genetic drift and gene flow, often do the opposite: introducing
deleterious alleles to the population’s gene pool. Evolution has no purpose—it is not
changing a population into a preconceived ideal. It is simply the sum of the various forces
described in this chapter and how they influence the genetic and phenotypic variance of a
population.

Section Summary
Because natural selection acts to increase the frequency of beneficial alleles and traits while
decreasing the frequency of deleterious qualities, it is adaptive evolution. Natural selection
acts at the level of the individual, selecting for those that have a higher overall fitness
compared to the rest of the population. If the fit phenotypes are those that are similar, natural
selection will result in stabilizing selection, and an overall decrease in the population’s
variation. Directional selection works to shift a population’s variance toward a new, fit
phenotype, as environmental conditions change. In contrast, diversifying selection results in
increased genetic variance by selecting for two or more distinct phenotypes.
Other types of selection include frequency-dependent selection, in which individuals with
either common (positive frequency-dependent selection) or rare (negative frequencydependent selection) are selected for. Finally, sexual selection results from the fact that one
sex has more variance in the reproductive success than the other. As a result, males and
females experience different selective pressures, which can often lead to the evolution of
phenotypic differences, or sexual dimorphisms, between the two.

Art Connection
[link] In recent years, factories have become cleaner, and less soot is released into the
environment. What impact do you think this has had on the distribution of moth color in the
population?
[link] Moths have shifted to a lighter color.

Review Questions
Which type of selection results in greater genetic variance in a population?
a.
b.
c.
d.

stabilizing selection
directional selection
diversifying selection
positive frequency-dependent selection

C
When males and females of a population look or act differently, it is referred to as ________.

a.
b.
c.
d.

sexual dimorphism
sexual selection
diversifying selection
a cline

A
The good genes hypothesis is a theory that explains what?
a. why more fit individuals are more likely to have more offspring
b. why alleles that confer beneficial traits or behaviors are selected for by natural
selection
c. why some deleterious mutations are maintained in the population
d. why individuals of one sex develop impressive ornamental traits
D

Free Response
Give an example of a trait that may have evolved as a result of the handicap principle and
explain your reasoning.
The peacock’s tail is a good example of the handicap principle. The tail, which makes the
males more visible to predators and less able to escape, is clearly a disadvantage to the bird’s
survival. But because it is a disadvantage, only the most fit males should be able to survive
with it. Thus, the tail serves as an honest signal of quality to the females of the population;
therefore, the male will earn more matings and greater reproductive success.
List the ways in which evolution can affect population variation and describe how they
influence allele frequencies.
There are several ways evolution can affect population variation: stabilizing selection,
directional selection, diversifying selection, frequency-dependent selection, and sexual
selection. As these influence the allele frequencies in a population, individuals can either
become more or less related, and the phenotypes displayed can become more similar or more
disparate.

Glossary
adaptive evolution
increase in frequency of beneficial alleles and decrease in deleterious alleles
due to selection
directional selection
selection that favors phenotypes at one end of the spectrum of existing
variation
diversifying selection
selection that favors two or more distinct phenotypes
evolutionary fitness

(also, Darwinian fitness) individual’s ability to survive and reproduce
frequency-dependent selection
selection that favors phenotypes that are either common (positive frequencydependent selection) or rare (negative frequency-dependent selection)
good genes hypothesis
theory of sexual selection that argues individuals develop impressive
ornaments to show off their efficient metabolism or ability to fight disease
handicap principle
theory of sexual selection that argues only the fittest individuals can afford
costly traits
honest signal
trait that gives a truthful impression of an individual’s fitness
relative fitness
individual’s ability to survive and reproduce relative to the rest of the
population
sexual dimorphism
phenotypic difference between the males and females of a population
stabilizing selection
selection that favors average phenotypes
Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"The life of a bee is very different from the life of a flower,
but the two organisms are related. Both are members the domain Eukarya and have cells
containing many similar organelles, genes, and proteins. (credit: modification of work by
John

Beetham)

This bee and Echinacea flower ([link]) could not look more different, yet they are
related, as are all living organisms on Earth. By following pathways of similarities
and changes—both visible and genetic—scientists seek to map the evolutionary
past of how life developed from single-celled organisms to the tremendous
collection of creatures that have germinated, crawled, floated, swam, flown, and
walked on this planet.
Organizing Life on Earth
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
Discuss the components and purpose of a phylogenetic tree

In scientific terms, the evolutionary history and relationship of an organism or
group of organisms is called its phylogeny. A phylogeny describes the
relationships of an organism, such as from which organisms it is thought to have
evolved, to which species it is most closely related, and so forth. Phylogenetic
relationships provide information on shared ancestry but not necessarily on how
organisms are similar or different.
Phylogenetic Trees
Scientists use a tool called a phylogenetic tree to show the evolutionary pathways and
connections among organisms. A phylogenetic tree is a diagram used to reflect evolutionary
relationships among organisms or groups of organisms. Scientists consider phylogenetic trees
to be a hypothesis of the evolutionary past since one cannot go back to confirm the proposed
relationships. In other words, a “tree of life” can be constructed to illustrate when different
organisms evolved and to show the relationships among different organisms ([link]).
Unlike a taxonomic classification diagram, a phylogenetic tree can be read like a map of
evolutionary history. Many phylogenetic trees have a single lineage at the base representing a
common ancestor. Scientists call such trees rooted, which means there is a single ancestral
lineage (typically drawn from the bottom or left) to which all organisms represented in the
diagram relate. Notice in the rooted phylogenetic tree that the three domains— Bacteria,
Archaea, and Eukarya—diverge from a single point and branch off. The small branch that
plants and animals (including humans) occupy in this diagram shows how recent and
miniscule these groups are compared with other organisms. Unrooted trees don’t show a
common ancestor but do show relationships among species.
Both of these phylogenetic trees shows the relationship of the three domains of life—
Bacteria, Archaea, and Eukarya—but the (a) rooted tree attempts to identify when various
species diverged from a common ancestor while the (b) unrooted tree does not. (credit a:

modification of work by Eric

Gaba)
In a rooted tree, the branching indicates evolutionary relationships ([link]). The point where a
split occurs, called a branch point, represents where a single lineage evolved into a distinct
new one. A lineage that evolved early from the root and remains unbranched is called basal
taxon. When two lineages stem from the same branch point, they are called sister taxa. A
branch with more than two lineages is called a polytomy and serves to illustrate where
scientists have not definitively determined all of the relationships. It is important to note that
although sister taxa and polytomy do share an ancestor, it does not mean that the groups of
organisms split or evolved from each other. Organisms in two taxa may have split apart at a
specific branch point, but neither taxa gave rise to the other.
The root of a phylogenetic tree indicates that an ancestral lineage gave rise to all organisms
on the tree. A branch point indicates where two lineages diverged. A lineage that evolved
early and remains unbranched is a basal taxon. When two lineages stem from the same

branch point, they are sister taxa. A branch with more than two lineages is a

polytomy.
The diagrams above can serve as a pathway to understanding 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 back towards the "trunk" of the tree, one can discover that species' ancestors, as well
as where lineages share a common ancestry. In addition, the tree can be used to study entire
groups of organisms.
Another point to mention on phylogenetic tree structure is that rotation at branch points does
not change the information. For example, if a branch point was rotated and the taxon order
changed, this would not alter the information because the evolution of each taxon from the
branch point was independent of the other.
Many disciplines within the study of biology contribute to understanding how past and
present life evolved over time; these disciplines together contribute to building, updating, and
maintaining the “tree of life.” Information is used to organize and classify organisms based
on evolutionary relationships in a scientific field called systematics. Data may be collected
from fossils, from studying the structure of body parts or molecules used by an organism, and
by DNA analysis. By combining data from many sources, scientists can put together the
phylogeny of an organism; since phylogenetic trees are hypotheses, they will continue to
change as new types of life are discovered and new information is learned.

Limitations of Phylogenetic Trees
It may be 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 varied surroundings or after the evolution of a major new adaptation, it is
possible for the two groups to appear more different than other groups that are not as closely
related. For example, the phylogenetic tree in [link] shows that lizards and rabbits both have
amniotic eggs, whereas frogs do not; yet lizards and frogs appear more similar than lizards
and rabbits.

This ladder-like phylogenetic tree of vertebrates is rooted by an organism that lacked a
vertebral column. At each branch point, organisms with different characters are placed in
different groups based on the characteristics they

share.
Another aspect of phylogenetic trees is that, unless otherwise indicated, the branches do not
account for length of time, only the evolutionary order. In other words, the length of a branch
does not typically mean more time passed, nor does a short branch mean less time passed—
unless specified on the diagram. For example, in [link], 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 [link], 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 like a real tree, it does not grow in only one direction
after a new branch develops. So, for the organisms in [link], 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 phenotypically similar to each other than to a close relative.
Link to Learning

Head to this website to see interactive exercises that allow you to explore the evolutionary
relationships among species.

The Levels of Classification

Taxonomy (which literally means “arrangement law”) is the science of classifying organisms
to construct internationally shared classification systems with each organism placed into
more and more inclusive groupings. Think about how a grocery store is organized. One large
space is divided into departments, such as produce, dairy, and meats. Then each department
further divides into aisles, then each aisle into categories and brands, and then finally a single
product. This organization from larger to smaller, more specific categories is called a
hierarchical system.
The taxonomic classification system (also called the Linnaean system after its inventor, Carl
Linnaeus, a Swedish botanist, zoologist, and physician) uses a hierarchical model. Moving
from the point of origin, the groups become more specific, until one branch ends as a single
species. For example, after the common beginning of all life, scientists divide organisms into
three large categories called a domain: Bacteria, Archaea, and Eukarya. Within each domain
is a second category called a kingdom. After kingdoms, the subsequent categories of
increasing specificity are: phylum, class, order, family, genus, and species ([link]).
The taxonomic classification system uses a hierarchical model to organize living organisms
into increasingly specific categories. The common dog, Canis lupus familiaris, is a
subspecies of Canis lupus, which also includes the wolf and dingo. (credit “dog”:
modification of work by Janneke

Vreugdenhil)
The kingdom Animalia stems from the Eukarya domain. For the common dog, the
classification levels would be as shown in [link]. Therefore, the full name of an organism
technically has eight terms. For the dog, it is: Eukarya, Animalia, Chordata, Mammalia,
Carnivora, Canidae, Canis, and lupus. Notice that each name is capitalized except for species,
and the genus and species names are italicized. Scientists generally refer to an organism only
by its genus and species, which is its two-word scientific name, in what is called binomial
nomenclature. Therefore, the scientific name of the dog is Canis lupus. The name at each
level is also called a taxon. In other words, dogs are in order Carnivora. Carnivora is the
name of 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, in this case, dog. Note that

the dog is additionally a subspecies: the “familiaris” in Canis lupus familiaris. Subspecies are
members of the same species that are capable of mating and reproducing viable offspring, but
they are considered separate subspecies due to geographic or behavioral isolation or other
factors.
[link] shows how the levels move toward specificity with other organisms. Notice how the
dog shares a domain with the widest diversity of organisms, including plants and butterflies.
At each sublevel, the organisms become more similar because they are more closely related.
Historically, scientists classified organisms using characteristics, but as DNA technology
developed, more precise phylogenies have been determined.
Art Connection
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)

At what levels are cats and dogs considered to be part of the same group?
Link to Learning

Visit this website to classify three organisms—bear, orchid, and sea cucumber—from
kingdom to species. To launch the game, under Classifying Life, click the picture of the bear
or the Launch Interactive button.
Recent genetic analysis and other advancements have found that some earlier phylogenetic
classifications do not align with the evolutionary past; therefore, changes and updates must be
made as new discoveries occur. Recall that phylogenetic trees are hypotheses and are
modified as data becomes available. In addition, classification historically has focused on
grouping organisms mainly by shared characteristics and does not necessarily illustrate how
the various groups relate to each other from an evolutionary perspective. For example,
despite the fact that a hippopotamus resembles a pig more than a whale, the hippopotamus
may be the closest living relative of the whale.

Section Summary
Scientists continually gain new information that helps 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.

Art Connections
[link] At what levels are cats and dogs considered to be part of the same group?
[link] Cats and dogs are part of the same group at five levels: both are in the domain Eukarya,
the kingdom Animalia, the phylum Chordata, the class Mammalia, and the order Carnivora.

Review Questions
What is used to determine phylogeny?
a.
b.
c.
d.
C

mutations
DNA
evolutionary history
organisms on earth

What do scientists in the field of systematics accomplish?
a.
b.
c.
d.

discover new fossil sites
organize and classify organisms
name new species
communicate among field biologists

B
Which statement about the taxonomic classification system is correct?
a.
b.
c.
d.

There are more domains than kingdoms.
Kingdoms are the top category of classification.
Classes are divisions of orders.
Subspecies are the most specific category of classification.

D
On a phylogenetic tree, which term refers to lineages that diverged from the same place?
a.
b.
c.
d.

sister taxa
basal taxa
rooted taxa
dichotomous taxa

A

Free Response
How does a phylogenetic tree relate to the passing of time?
The phylogenetic tree shows the order in which evolutionary events took place and in what
order certain characteristics and organisms evolved in relation to others. It does not relate to
time.
Some organisms that appear very closely related on a phylogenetic tree may not actually be
closely related. Why is this?
In most cases, organisms that appear closely related actually are; however, there are cases
where organisms evolved through convergence and appear closely related but are not.
List the different levels of the taxonomic classification system.
domain, kingdom, phylum, class, order, family, genus, species

Glossary
basal taxon

branch on a phylogenetic tree that has not diverged significantly from the
root ancestor
binomial nomenclature
system of two-part scientific names for an organism, which includes genus
and species names
branch point
node on a phylogenetic tree where a single lineage splits into distinct new
ones
class
division of phylum in the taxonomic classification system
family
division of order in the taxonomic classification system
genus
division of family in the taxonomic classification system; the first part of the
binomial scientific name
kingdom
division of domain in the taxonomic classification system
order
division of class in the taxonomic classification system
phylogenetic tree
diagram used to reflect the evolutionary relationships among organisms or
groups of organisms
phylogeny
evolutionary history and relationship of an organism or group of organisms
phylum
(plural: phyla) division of kingdom in the taxonomic classification system
polytomy
branch on a phylogenetic tree with more than two groups or taxa
rooted
single ancestral lineage on a phylogenetic tree to which all organisms
represented in the diagram relate
sister taxa
two lineages that diverged from the same branch point
systematics
field of organizing and classifying organisms based on evolutionary
relationships
taxon
(plural: taxa) single level in the taxonomic classification system
taxonomy
science of classifying organisms
Determining Evolutionary Relationships
By the end of this section, you will be able to:
•

Compare homologous and analogous traits

•
•

Discuss the purpose of cladistics
Describe maximum parsimony

Scientists must collect accurate information that allows them to make evolutionary
connections among 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 Options for Similarities
In general, organisms that share similar physical features and genomes tend to be more
closely related than those that do not. Such features that overlap both morphologically (in
form) and genetically are referred to as homologous structures; they stem from
developmental similarities that are based on evolution. For example, the bones in the wings
of bats and birds have homologous structures ([link]).
Bat and bird wings are homologous structures, indicating that bats and birds share a common
evolutionary past. (credit a: modification of work by Steve Hillebrand, USFWS; credit b: modification

of work by U.S. DOI BLM)

Notice it is not simply a single bone, but rather a grouping of several bones arranged in a
similar way. The more complex the feature, the more likely any kind of overlap is due to a
common evolutionary past. Imagine two people from different countries both inventing a car
with all the same parts and in exactly the same arrangement without any previous or shared
knowledge. That outcome would be highly improbable. However, if two people both
invented a hammer, it would be reasonable to conclude that both could have the original idea

without the help of the other. The same relationship between complexity and shared
evolutionary history is true for homologous structures in organisms.
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. Similarly, unrelated
organisms may be distantly related, but appear very much alike. This usually happens
because both organisms were in common adaptations that evolved within similar
environmental conditions. When similar characteristics occur because of environmental
constraints and not due to a close evolutionary relationship, it is called an analogy or
homoplasy. For example, insects use wings to fly like bats and birds, but the wing structure
and embryonic origin is completely different. These are called analogous structures ([link]).
Similar traits can be either homologous or analogous. Homologous structures share a similar
embryonic origin; analogous organs have a similar function. For example, the bones in the
front flipper of a whale are homologous to the bones in the human arm. These structures are
not analogous. The wings of a butterfly and the wings of a bird are analogous but not
homologous. Some structures are both analogous and homologous: the wings of a bird and
the wings of a bat are both homologous and analogous. Scientists must determine which type
of similarity a feature exhibits to decipher the phylogeny of the organisms being studied.
The (c) wing of a honeybee is similar in shape to a (b) bird wing and (a) bat wing, and it serves the
same function. However, the honeybee wing is not composed of bones and has a distinctly different
structure and embryonic origin. These wing types (insect versus bat and bird) illustrate an analogy—
similar structures that do not share an evolutionary history. (credit a: modification of work by Steve

Hillebrand, USFWS; credit b: modification of work by U.S. DOI BLM; credit c: modification of work by

Jon Sullivan)
Link to Learning

This website 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 analysis, has
blossomed. New computer programs not only confirm many earlier classified organisms, but
also uncover previously made errors. As with physical characteristics, even the DNA
sequence can be tricky to read in some cases. For some situations, two very closely related
organisms can appear unrelated if a mutation occurred that caused a shift in the genetic code.
An insertion or deletion mutation would move each nucleotide base over one place, causing
two similar codes to appear unrelated.

Sometimes two segments of DNA code 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 both of these situations, computer technologies 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?Evolutionary biologists could list many reasons why
understanding phylogeny is important to everyday life in human society. For botanists,
phylogeny acts as a guide to discovering new plants that can be used to benefit people. Think
of all the ways humans use plants—food, medicine, and clothing are a few examples. If a
plant contains a compound that is effective in treating cancer, scientists might want to
examine all of the relatives of that plant for other useful drugs.
A research team in China identified a segment of DNA thought to be common to some
medicinal plants in the family Fabaceae (the legume family) and worked to identify which
species had this segment ([link]). After testing plant species in this family, the team found a
DNA marker (a known location on a chromosome that enabled them to identify the species)
present. Then, using the DNA to uncover phylogenetic relationships, the team could identify
whether a newly discovered plant was in this family and assess its potential medicinal
properties.
Dalbergia sissoo (D. sissoo) is in the Fabaceae, or legume family. Scientists found that D.
sissoo shares a DNA marker with species within the Fabaceae family that have antifungal properties.
Subsequently, D. sissoo was shown to have fungicidal activity, supporting the idea that DNA markers
can be used to screen for plants with potential medicinal

properties.

Building Phylogenetic Trees
How do scientists construct phylogenetic trees? After the homologous and analogous traits
are sorted, scientists often organize the homologous traits using a system called cladistics.

This system sorts organisms into clades: groups of organisms that descended from a single
ancestor. For example, in [link], all of the organisms in the orange 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 all of the descendants from a branch point.
Art Connection
Lizards, rabbits, and humans all descend from a common ancestor that had an amniotic egg. 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. [link] shows various
examples of clades. Notice how each clade comes from a single point, whereas the non-clade
groups show branches that do not share a single point.
Art Connection
All the organisms within a clade stem from a single point on the tree. A clade may contain multiple
groups, as in the case of animals, fungi and plants, or a single group, as in the case of flagellates.

Groups that diverge at a different branch point, or that do not include all groups in a single branch

point, are not considered clades.

What is the largest clade in this diagram?
Shared Characteristics
Organisms evolve from common ancestors and then diversify. Scientists use the phrase
“descent with modification” because even though related organisms have many of the same
characteristics and genetic codes, changes occur. This pattern repeats over and over as one
goes through the phylogenetic tree of life:
1. A change in the genetic makeup of an organism leads to a new trait which becomes
prevalent in the group.
2. Many organisms descend from this point and have this trait.
3. New variations continue to arise: some are adaptive and persist, leading to new traits.
4. With new traits, a new branch point is determined (go back to step 1 and repeat).

If a characteristic is found in the ancestor of a group, it is considered a shared ancestral
character because all of the organisms in the taxon or clade have that trait. The vertebrate
in [link] is a shared ancestral character. Now consider the amniotic egg characteristic in the
same figure. Only some of the organisms in [link] have this trait, and to those that do, it is
called a shared derived character because this trait derived at some point but does not include
all of the ancestors in the tree.
The tricky aspect to shared ancestral and shared derived characters is the fact that these terms
are relative. The same trait can be considered one or the other depending on the particular
diagram being used. Returning to [link], note that the amniotic egg is a shared ancestral
character for the Amniota clade, while having hair is a shared derived character for some

organisms in this group. These terms help scientists distinguish between clades in the
building of phylogenetic trees.

Choosing the Right Relationships
Imagine being the person responsible for organizing all of the items in a department store
properly—an overwhelming task. Organizing the evolutionary relationships of all life on
Earth proves much more difficult: scientists must span enormous blocks of time and work
with information from long-extinct organisms. Trying to decipher the proper connections,
especially given the presence of homologies and analogies, makes the task of building an
accurate tree of life extraordinarily difficult. Add to that the advancement of DNA
technology, which now provides large quantities of genetic sequences to be used and
analyzed. Taxonomy is a subjective discipline: many organisms have more than one
connection to each other, so each taxonomist will decide the order of connections.
To aid in the tremendous task of describing phylogenies accurately, scientists often use a
concept called maximum parsimony, which means that events occurred in the simplest, most
obvious way. For example, if a group of people entered a forest preserve to go hiking, based
on the principle of maximum parsimony, one could predict that most of the people would
hike on established trails rather than forge new ones.
For scientists deciphering evolutionary pathways, the same idea is used: the pathway of
evolution probably includes the fewest major events that coincide with the evidence at hand.
Starting with all of the homologous traits in a group of organisms, scientists look for the most
obvious and simple order of evolutionary events that led to the occurrence of those traits.
Link to Learning

Head to this website to learn how maximum parsimony is used to create phylogenetic trees.
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.

Section Summary
To build phylogenetic trees, scientists must collect accurate 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). Newer technologies can be used to help distinguish
homologies from 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 order of events
probably occurred in the most obvious and simple way with the least amount of steps. For
evolutionary events, this would be the path with the least number of major divergences that
correlate with the evidence.

Art Connections
[link] Which animals in this figure belong to a clade that includes animals with hair? Which
evolved first, hair or the amniotic egg?
[link] Rabbits and humans belong in the clade that includes animals with hair. The amniotic
egg evolved before hair because the Amniota clade is larger than the clade that encompasses
animals with hair.
[link] What is the largest clade in this diagram?
[link] The largest clade encompasses the entire tree.

Review Questions
Which statement about analogies is correct?
a.
b.
c.
d.

They occur only as errors.
They are synonymous with homologous traits.
They are derived by similar environmental constraints.
They are a form of mutation.

C
What do scientists use to apply cladistics?
a.
b.
c.
d.

homologous traits
homoplasies
analogous traits
monophyletic groups

A
What is true about organisms that are a part of the same clade?
a.
b.
c.
d.

B

They all share the same basic characteristics.
They evolved from a shared ancestor.
They usually fall into the same classification taxa.
They have identical phylogenies.

Why do scientists apply the concept of maximum parsimony?
a.
b.
c.
d.

to decipher accurate phylogenies
to eliminate analogous traits
to identify mutations in DNA codes
to locate homoplasies

A

Free Response
Dolphins and fish have similar body shapes. Is this feature more likely a homologous or
analogous trait?
Dolphins are mammals and fish are not, which means that their evolutionary paths
(phylogenies) are quite separate. Dolphins probably adapted to have a similar body plan after
returning to an aquatic lifestyle, and, therefore, this trait is probably analogous.
Why is it so important for scientists to distinguish between homologous and analogous
characteristics before building phylogenetic trees?
Phylogenetic trees are based on evolutionary connections. If an analogous similarity were
used on a tree, this would be erroneous and, furthermore, would cause the subsequent
branches to be inaccurate.
Describe maximum parsimony.
Maximum parsimony hypothesizes that events occurred in the simplest, most obvious way,
and the pathway of evolution probably includes the fewest major events that coincide with
the evidence at hand.

Glossary
analogy
(also, homoplasy) characteristic that is similar between organisms by
convergent evolution, not due to the same evolutionary path
cladistics
system used to organize homologous traits to describe phylogenies
maximum parsimony
applying the simplest, most obvious way with the least number of steps
molecular systematics
technique using molecular evidence to identify phylogenetic relationships

monophyletic group
(also, clade) organisms that share a single ancestor
shared ancestral character
describes a characteristic on a phylogenetic tree that is shared by all
organisms on the tree
shared derived character
describes a characteristic on a phylogenetic tree that is shared only by a
certain clade of organisms
Perspectives on the Phylogenetic Tree
By the end of this section, you will be able to:
•
•
•

Describe horizontal gene transfer
Illustrate how prokaryotes and eukaryotes transfer genes horizontally
Identify the web and ring models of phylogenetic relationships and describe
how they differ from the original phylogenetic tree concept

The concepts of phylogenetic modeling are constantly changing. It is one of the
most dynamic fields of study in all of biology. Over the last several decades, new
research has challenged scientists’ ideas about how organisms are related. New
models of these relationships have been proposed for consideration by the
scientific community.
Many phylogenetic trees have been shown as models of the evolutionary
relationship among species. Phylogenetic trees originated with Charles Darwin,
who sketched the first phylogenetic tree in 1837 ([link]a), which served as a
pattern for subsequent studies for more than a century. The concept of a
phylogenetic tree with a single trunk representing a common ancestor, with the
branches representing the divergence of species from this ancestor, fits well with
the structure of many common trees, such as the oak ([link]b). However, evidence
from modern DNA sequence analysis and newly developed computer algorithms
has caused skepticism about the validity of the standard tree model in the scientific
community.
The (a) concept of the “tree of life” goes back to an 1837 sketch by Charles Darwin. Like an
(b) oak tree, the “tree of life” has a single trunk and many branches. (credit b: modification of

work by "Amada44"/Wikimedia

Commons)

Limitations to the Classic Model
Classical thinking about prokaryotic evolution, included in the classic tree model, is that
species evolve clonally. That is, they produce offspring themselves with only random
mutations causing the descent into the variety of modern-day and extinct species known to
science. This view is somewhat complicated in eukaryotes that reproduce sexually, but the
laws of Mendelian genetics explain the variation in offspring, again, to be a result of a
mutation within the species. The concept of genes being transferred between unrelated
species was not considered as a possibility until relatively recently. Horizontal gene transfer
(HGT), also known as lateral gene transfer, is the transfer of genes between unrelated species.
HGT has been shown to be an ever-present phenomenon, with many evolutionists postulating
a major role for this process in evolution, thus complicating the simple tree model. Genes
have been shown to be passed between species which are only distantly related using
standard phylogeny, thus adding a layer of complexity to the understanding of phylogenetic
relationships.
The various ways that HGT occurs in prokaryotes is important to understanding phylogenies.
Although at present HGT is not viewed as important to eukaryotic evolution, HGT does
occur in this domain as well. Finally, as an example of the ultimate gene transfer, theories of
genome fusion between symbiotic or endosymbiotic organisms have been proposed to

explain an event of great importance—the evolution of the first eukaryotic cell, without
which humans could not have come into existence.

Horizontal Gene Transfer
Horizontal gene transfer (HGT) is the introduction of genetic material from one species to
another species by mechanisms other than the vertical transmission from parent(s) to
offspring. These transfers allow even distantly related species to share genes, influencing
their phenotypes. It is thought that HGT is more prevalent in prokaryotes, but that only about
2% of the prokaryotic genome may be transferred by this process. Some researchers believe
such estimates are premature: the actual importance of HGT to evolutionary processes must
be viewed as a work in progress. As the phenomenon is investigated more thoroughly, it may
be revealed to be more common. Many scientists believe that HGT and mutation appear to be
(especially in prokaryotes) a significant source of genetic variation, which is the raw material
for the process of natural selection. These transfers may occur between any two species that
share an intimate relationship ([link]).
Summary of Mechanisms of Prokaryotic and Eukaryotic HGT
Mechanism
Mode of Transmission
Example
Prokaryotes transformation
DNA uptake
many prokaryotes
transduction
bacteriophage (virus) bacteria
conjugation
pilus
many prokaryotes
gene transfer agents phage-like particles
purple non-sulfur bacteria
Eukaryotes from food organisms unknown
aphid
jumping genes
transposons
rice and millet plants
epiphytes/parasites unknown
yew tree fungi
from viral infections
HGT in Prokaryotes
The mechanism of HGT has been shown to be quite common in the prokaryotic domains of
Bacteria and Archaea, significantly changing the way their evolution is viewed. The majority
of evolutionary models, such as in the Endosymbiont Theory, propose that eukaryotes
descended from multiple prokaryotes, which makes HGT all the more important to
understanding the phylogenetic relationships of all extant and extinct species.
The fact that genes are transferred among common bacteria is well known to microbiology
students. These gene transfers between species are the major mechanism whereby bacteria
acquire resistance to antibiotics. Classically, this type of transfer has been thought to occur by
three different mechanisms:
1. Transformation: naked DNA is taken up by a bacteria
2. Transduction: genes are transferred using a virus
3. Conjugation: the use a hollow tube called a pilus to transfer genes between organisms
More recently, a fourth mechanism of gene transfer between prokaryotes has been
discovered. Small, virus-like particles called gene transfer agents (GTAs) transfer random
genomic segments from one species of prokaryote to another. GTAs have been shown to be

responsible for genetic changes, sometimes at a very high frequency compared to other
evolutionary processes. The first GTA was characterized in 1974 using purple, non-sulfur
bacteria. These GTAs, which are thought to be bacteriophages that lost the ability to
reproduce on their own, carry random pieces of DNA from one organism to another. The
ability of GTAs to act with high frequency has been demonstrated in controlled studies using
marine bacteria. Gene transfer events in marine prokaryotes, either by GTAs or by viruses,
have been estimated to be as high as 1013 per year in the Mediterranean Sea alone. GTAs and
viruses are thought to be efficient HGT vehicles with a major impact on prokaryotic
evolution.
As a consequence of this modern DNA analysis, the idea that eukaryotes evolved directly
from Archaea has fallen out of favor. While eukaryotes share many features that are absent in
bacteria, such as the TATA box (found in the promoter region of many genes), the discovery
that some eukaryotic genes were more homologous with bacterial DNA than Archaea DNA
made this idea less tenable. Furthermore, the fusion of genomes from Archaea and Bacteria
by endosymbiosis has been proposed as the ultimate event in eukaryotic evolution.
HGT in Eukaryotes
Although it is easy to see how prokaryotes exchange genetic material by HGT, it was initially
thought that this process was absent in eukaryotes. After all, prokaryotes are but single cells
exposed directly to their environment, whereas the sex cells of multicellular organisms are
usually sequestered in protected parts of the body. It follows from this idea that the gene
transfers between multicellular eukaryotes should be more difficult. Indeed, it is thought that
this process is rarer in eukaryotes and has a much smaller evolutionary impact than in
prokaryotes. In spite of this fact, HGT between distantly related organisms has been
demonstrated in several eukaryotic species, and it is possible that more examples will be
discovered in the future.
In plants, gene transfer has been observed in species that cannot cross-pollinate by normal
means. Transposons or “jumping genes” have been shown to transfer between rice and millet
plant species. Furthermore, fungal species feeding on yew trees, from which the anti-cancer
drug TAXOL® is derived from the bark, have acquired the ability to make taxol themselves,
a clear example of gene transfer.
In animals, a particularly interesting example of HGT occurs within the aphid species
([link]). Aphids are insects that vary in color based on carotenoid content. Carotenoids are
pigments made by a variety of plants, fungi, and microbes, and they serve a variety of
functions in animals, who obtain these chemicals from their food. Humans require
carotenoids to synthesize vitamin A, and we obtain them by eating orange fruits and
vegetables: carrots, apricots, mangoes, and sweet potatoes. On the other hand, aphids have
acquired the ability to make the carotenoids on their own. According to DNA analysis, this
ability is due to the transfer of fungal genes into the insect by HGT, presumably as the insect
consumed fungi for food. A carotenoid enzyme called a desaturase is responsible for the red
coloration seen in certain aphids, and it has been further shown that when this gene is
inactivated by mutation, the aphids revert back to their more common green color ([link]).
(a) Red aphids get their color from red carotenoid pigment. Genes necessary to make this
pigment are present in certain fungi, and scientists speculate that aphids acquired these genes
through HGT after consuming fungi for food. If genes for making carotenoids are inactivated

by mutation, the aphids revert back to (b) their green color. Red coloration makes the aphids
a lot more conspicuous to predators, but evidence suggests that red aphids are more resistant
to insecticides than green ones. Thus, red aphids may be more fit to survive in some
environments than green ones. (credit a: modification of work by Benny Mazur; credit b:
modification of work by Mick

Talbot)

Genome Fusion and the Evolution of Eukaryotes
Scientists believe the ultimate in HGT occurs through genome fusion between different
species of prokaryotes when two symbiotic organisms become endosymbiotic. This occurs
when one species is taken inside the cytoplasm of another species, which ultimately results in
a genome consisting of genes from both the endosymbiont and the host. This mechanism is
an aspect of the Endosymbiont Theory, which is accepted by a majority of biologists as the
mechanism whereby eukaryotic cells obtained their mitochondria and chloroplasts. However,
the role of endosymbiosis in the development of the nucleus is more controversial. Nuclear
and mitochondrial DNA are thought to be of different (separate) evolutionary origin, with the
mitochondrial DNA being derived from the circular genomes of bacteria that were engulfed
by ancient prokaryotic cells. Mitochondrial DNA can be regarded as the smallest
chromosome. Interestingly enough, mitochondrial DNA is inherited only from the mother.
The mitochondrial DNA degrades in sperm when the sperm degrades in the fertilized egg or
in other instances when the mitochondria located in the flagellum of the sperm fails to enter
the egg.
Within the past decade, the process of genome fusion by endosymbiosis has been proposed
by James Lake of the UCLA/NASA Astrobiology Institute to be responsible for the evolution

of the first eukaryotic cells ([link]a). Using DNA analysis and a new mathematical algorithm
called conditioned reconstruction (CR), his laboratory proposed that eukaryotic cells
developed from an endosymbiotic gene fusion between two species, one an Archaea and the
other a Bacteria. As mentioned, some eukaryotic genes resemble those of Archaea, whereas
others resemble those from Bacteria. An endosymbiotic fusion event, such as Lake has
proposed, would clearly explain this observation. On the other hand, this work is new and the
CR algorithm is relatively unsubstantiated, which causes many scientists to resist this
hypothesis.
More recent work by Lake ([link]b) proposes that gram-negative bacteria, which are unique
within their domain in that they contain two lipid bilayer membranes, indeed resulted from an
endosymbiotic fusion of archaeal and bacterial species. The double membrane would be a
direct result of the endosymbiosis, with the endosymbiont picking up the second membrane
from the host as it was internalized. This mechanism has also been used to explain the double
membranes found in mitochondria and chloroplasts. Lake’s work is not without skepticism,
and the ideas are still debated within the biological science community. In addition to Lake’s
hypothesis, there are several other competing theories as to the origin of eukaryotes. How did
the eukaryotic nucleus evolve? One theory is that the prokaryotic cells produced an additional
membrane that surrounded the bacterial chromosome. Some bacteria have the DNA enclosed
by two membranes; however, there is no evidence of a nucleolus or nuclear pores. Other
proteobacteria also have membrane-bound chromosomes. If the eukaryotic nucleus evolved
this way, we would expect one of the two types of prokaryotes to be more closely related to
eukaryotes.
The theory that mitochondria and chloroplasts are endosymbiotic in origin is now widely
accepted. More controversial is the proposal that (a) the eukaryotic nucleus resulted from the
fusion of archaeal and bacterial genomes, and that (b) Gram-negative bacteria, which have
two membranes, resulted from the fusion of Archaea and Gram-positive bacteria, each of

which has a single membrane.
The nucleus-first hypothesis proposes that the nucleus evolved in prokaryotes first ([link]a),
followed by a later fusion of the new eukaryote with bacteria that became mitochondria.
The mitochondria-first hypothesis proposes that mitochondria were first established in a

prokaryotic host ([link]b), which subsequently acquired a nucleus, by fusion or other
mechanisms, to become the first eukaryotic cell. Most interestingly, the eukaryotefirst hypothesis proposes that prokaryotes actually evolved from eukaryotes by losing genes
and complexity ([link]c). All of these hypotheses are testable. Only time and more
experimentation will determine which hypothesis is best supported by data.
Three alternate hypotheses of eukaryotic and prokaryotic evolution are (a) the nucleus-first
hypothesis, (b) the mitochondrion-first hypothesis, and (c) the eukaryote-first

hypothesis.

Web and Network Models
The recognition of the importance of HGT, especially in the evolution of prokaryotes, has
caused some to propose abandoning the classic “tree of life” model. In 1999, W. Ford
Doolittle proposed a phylogenetic model that resembles a web or a network more than a tree.
The hypothesis is that eukaryotes evolved not from a single prokaryotic ancestor, but from a
pool of many species that were sharing genes by HGT mechanisms. As shown in [link]a,
some individual prokaryotes were responsible for transferring the bacteria that caused
mitochondrial development to the new eukaryotes, whereas other species transferred the
bacteria that gave rise to chloroplasts. This model is often called the “web of life.” In an
effort to save the tree analogy, some have proposed using the Ficus tree ([link]b) with its
multiple trunks as a phylogenetic to represent a diminished evolutionary role for HGT.
In the (a) phylogenetic model proposed by W. Ford Doolittle, the “tree of life” arose from a
community of ancestral cells, has multiple trunks, and has connections between branches
where horizontal gene transfer has occurred. Visually, this concept is better represented by
(b) the multi-trunked Ficus than by the single trunk of the oak similar to the tree drawn by
Darwin [link]. (credit b: modification of work by

"psyberartist"/Flickr)

Ring of Life Models
Others have proposed abandoning any tree-like model of phylogeny in favor of a ring
structure, the so-called “ring of life” ([link]); a phylogenetic model where all three domains
of life evolved from a pool of primitive prokaryotes. Lake, again using the conditioned
reconstruction algorithm, proposes a ring-like model in which species of all three domains—
Archaea, Bacteria, and Eukarya—evolved from a single pool of gene-swapping prokaryotes.
His laboratory proposes that this structure is the best fit for data from extensive DNA
analyses performed in his laboratory, and that the ring model is the only one that adequately
takes HGT and genomic fusion into account. However, other phylogeneticists remain highly
skeptical of this model.

According to the “ring of life” phylogenetic model, the three domains of life evolved from a

pool of primitive prokaryotes.
In summary, the “tree of life” model proposed by Darwin must be modified to include HGT.
Does this mean abandoning the tree model completely? Even Lake argues that all attempts
should be made to discover some modification of the tree model to allow it to accurately fit
his data, and only the inability to do so will sway people toward his ring proposal.
This doesn’t mean a tree, web, or a ring will correlate completely to an accurate description
of phylogenetic relationships of life. A consequence of the new thinking about phylogenetic
models is the idea that Darwin’s original conception of the phylogenetic tree is too simple,
but made sense based on what was known at the time. However, the search for a more useful
model moves on: each model serving as hypotheses to be tested with the possibility of
developing new models. This is how science advances. These models are used as
visualizations to help construct hypothetical evolutionary relationships and understand the
massive amount of data being analyzed.

Section Summary
The phylogenetic tree, first used by Darwin, is the classic “tree of life” model describing
phylogenetic relationships among species, and the most common model used today. New
ideas about HGT and genome fusion have caused some to suggest revising the model to
resemble webs or rings.

Review Questions
The transfer of genes by a mechanism not involving asexual reproduction is called:
a.
b.
c.
d.

meiosis
web of life
horizontal gene transfer
gene fusion

C
Particles that transfer genetic material from one species to another, especially in marine
prokaryotes:
a.
b.
c.
d.

horizontal gene transfer
lateral gene transfer
genome fusion device
gene transfer agents

D
What does the trunk of the classic phylogenetic tree represent?
a.
b.
c.
d.

single common ancestor
pool of ancestral organisms
new species
old species

A
Which phylogenetic model proposes that all three domains of life evolved from a pool of
primitive prokaryotes?
a.
b.
c.
d.

tree of life
web of life
ring of life
network model

C

Free Response
Compare three different ways that eukaryotic cells may have evolved.
Some hypotheses propose that mitochondria were acquired first, followed by the
development of the nucleus. Others propose that the nucleus evolved first and that this new
eukaryotic cell later acquired the mitochondria. Still others hypothesize that prokaryotes
descended from eukaryotes by the loss of genes and complexity.
Describe how aphids acquired the ability to change color.
Aphids have acquired the ability to make the carotenoids on their own. DNA analysis has
demonstrated that this ability is due to the transfer of fungal genes into the insect by HGT,
presumably as the insect consumed fungi for food.

Glossary
eukaryote-first hypothesis

proposal that prokaryotes evolved from eukaryotes
gene transfer agent (GTA)
bacteriophage-like particle that transfers random genomic segments from
one species of prokaryote to another
genome fusion
fusion of two prokaryotic genomes, presumably by endosymbiosis
horizontal gene transfer (HGT)
(also, lateral gene transfer) transfer of genes between unrelated species
mitochondria-first hypothesis
proposal that prokaryotes acquired a mitochondrion first, followed by
nuclear development
nucleus-first hypothesis
proposal that prokaryotes acquired a nucleus first, and then the
mitochondrion
ring of life
phylogenetic model where all three domains of life evolved from a pool of
primitive prokaryotes
web of life
phylogenetic model that attempts to incorporate the effects of horizontal
gene transfer on evolution
Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"Protists range from the microscopic, single-celled
(a) Acanthocystis turfacea and the (b) ciliate Tetrahymena thermophila, both visualized here
using light microscopy, 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)

Humans have been familiar with macroscopic organisms (organisms big enough to
see with the unaided eye) since before there was a written history, and it is likely
that most cultures distinguished between animals and land plants, and most
probably included the macroscopic fungi as plants. Therefore, it became an
interesting challenge to deal with the world of microorganisms once microscopes
were developed a few centuries ago. Many different naming schemes were used
over the last couple of centuries, but it has become the most common practice to
refer to eukaryotes that are not land plants, animals, or fungi as protists.
This name was first suggested by Ernst Haeckel in the late nineteenth century. It
has been applied in many contexts and has been formally used to represent a
kingdom-level taxon called Protista. However, many modern systematists
(biologists who study the relationships among organisms) are beginning to shy
away from the idea of formal ranks such as kingdom and phylum. Instead, they are

naming taxa as groups of organisms thought to include all the descendants of a last
common ancestor (monophyletic group). 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. Therefore, not including
animals, plants and fungi make the kingdom Protista a paraphyletic group, or one
that does not include all descendents of its common ancestor. For this reason,
protist lineages originally classified into the kingdom Protista continue to be
examined and debated. In the meantime, the term “protist” still is used informally
to describe this tremendously diverse group of eukaryotes.
Most protists are microscopic, unicellular organisms that are abundant in soil,
freshwater, brackish, and marine environments. They are also common in the
digestive tracts of animals and in the vascular tissues of plants. Others invade the
cells of other protists, animals, and plants. Not all protists are microscopic. Some
have huge, macroscopic cells, such as the plasmodia (giant amoebae) of
myxomycete slime molds or the marine green alga Caulerpa, which can have
single cells that can be several meters in size. Some protists are multicellular, such
as the red, green, and brown seaweeds. It is among the protists that one finds the
wealth of ways that organisms can grow.
Eukaryotic Origins
By the end of this section, you will be able to:
•
•
•

List the unifying characteristics of eukaryotes
Describe what scientists know about the origins of eukaryotes based on the
last common ancestor
Explain endosymbiotic theory

Living things fall into three large groups: Archaea, Bacteria, and Eukarya. The first
two have prokaryotic cells, and the third contains all eukaryotes. A relatively
sparse fossil record is available to help discern what the first members of each of
these lineages looked like, so it is possible that all the events that led to the last
common ancestor of extant eukaryotes will remain unknown. However,
comparative biology of extant organisms and the limited fossil record provide
some insight into the history of Eukarya.
The earliest fossils found appear to be Bacteria, most likely cyanobacteria. They
are about 3.5 billion years old and are recognizable because of their relatively
complex structure and, for prokaryotes, relatively large cells. Most other
prokaryotes have small cells, 1 or 2 µm in size, and would be difficult to pick out
as fossils. Most living eukaryotes have cells measuring 10 µm or greater.
Structures this size, which might be fossils, appear in the geological record about
2.1 billion years ago.
Characteristics of Eukaryotes

Data from these fossils have led comparative biologists to the conclusion that living
eukaryotes are all descendants of a single common ancestor. Mapping the characteristics
found in all major groups of eukaryotes reveals that the following characteristics must have
been present in the last common ancestor, because these characteristics are present in at least
some of the members of each major lineage.
1. Cells with nuclei surrounded by a nuclear envelope with nuclear pores. This is the
single characteristic that is both necessary and sufficient to define an organism as a
eukaryote. All extant eukaryotes have cells with nuclei.
2. Mitochondria. Some extant eukaryotes have very reduced remnants of mitochondria
in their cells, whereas other members of their lineages have “typical” mitochondria.
3. A cytoskeleton containing the structural and motility components called actin
microfilaments and microtubules. All extant eukaryotes have these cytoskeletal
elements.
4. Flagella and cilia, organelles associated with cell motility. Some extant eukaryotes
lack flagella and/or cilia, but they are descended from ancestors that possessed them.
5. Chromosomes, each consisting of a linear DNA molecule coiled around basic
(alkaline) proteins called histones. The few eukaryotes with chromosomes lacking
histones clearly evolved from ancestors that had them.
6. Mitosis, a process of nuclear division wherein replicated chromosomes are divided
and separated using elements of the cytoskeleton. Mitosis is universally present in
eukaryotes.
7. Sex, a process of genetic recombination unique to eukaryotes in which diploid nuclei
at one stage of the life cycle undergo meiosis to yield haploid nuclei and subsequent
karyogamy, a stage where two haploid nuclei fuse together to create a diploid zygote
nucleus.
8. Members of all major lineages have cell walls, and it might be reasonable to conclude
that the last common ancestor could make cell walls during some stage of its life
cycle. However, not enough is known about eukaryotes’ cell walls and their
development to know how much homology exists among them. If the last common
ancestor could make cell walls, it is clear that this ability must have been lost in many
groups.

Endosymbiosis and the Evolution of Eukaryotes
In order to understand eukaryotic organisms fully, it is necessary to understand that all extant
eukaryotes are descendants of a chimeric organism that was a composite of a host cell and the
cell(s) of an alpha-proteobacterium that “took up residence” inside it. This major theme in the
origin of eukaryotes is known as endosymbiosis, one cell engulfing another such that the
engulfed cell survives and both cells benefit. Over many generations, a symbiotic relationship
can result in two organisms that depend on each other so completely that neither could
survive on its own. Endosymbiotic events likely contributed to the origin of the last common
ancestor of today’s eukaryotes and to later diversification in certain lineages of eukaryotes
([link]). Before explaining this further, it is necessary to consider metabolism in prokaryotes.
Prokaryotic Metabolism
Many important metabolic processes arose in prokaryotes, and some of these, such as
nitrogen fixation, are never found in eukaryotes. The process of aerobic respiration is found
in all major lineages of eukaryotes, and it is localized in the mitochondria. Aerobic

respiration is also found in many lineages of prokaryotes, but it is not present in all of them,
and many forms of evidence suggest that such anaerobic prokaryotes never carried out
aerobic respiration nor did their ancestors.
While today’s atmosphere is about one-fifth molecular oxygen (O2), geological evidence
shows that it originally lacked O2. Without oxygen, aerobic respiration would not be
expected, and living things would have relied on fermentation instead. At some point before,
about 3.5 billion years ago, some prokaryotes began using energy from sunlight to power
anabolic processes that reduce carbon dioxide to form organic compounds. That is, they
evolved the ability to photosynthesize. Hydrogen, derived from various sources, was captured
using light-powered reactions to reduce fixed carbon dioxide in the Calvin cycle. The group
of Gram-negative bacteria that gave rise to cyanobacteria used water as the hydrogen source
and released O2 as a waste product.
Eventually, the amount of photosynthetic oxygen built up in some environments to levels that
posed a risk to living organisms, since it can damage many organic compounds. Various
metabolic processes evolved that protected organisms from oxygen, one of which, aerobic
respiration, also generated high levels of ATP. It became widely present among prokaryotes,
including in a group we now call alpha-proteobacteria. Organisms that did not acquire
aerobic respiration had to remain in oxygen-free environments. Originally, oxygen-rich
environments were likely localized around places where cyanobacteria were active, but by
about 2 billion years ago, geological evidence shows that oxygen was building up to higher
concentrations in the atmosphere. Oxygen levels similar to today’s levels only arose within
the last 700 million years.
Recall that the first fossils that we believe to be eukaryotes date to about 2 billion years old,
so they appeared as oxygen levels were increasing. Also, recall that all extant eukaryotes
descended from an ancestor with mitochondria. These organelles were first observed by light
microscopists in the late 1800s, where they appeared to be somewhat worm-shaped structures
that seemed to be moving around in the cell. Some early observers suggested that they might
be bacteria living inside host cells, but these hypotheses remained unknown or rejected in
most scientific communities.
Endosymbiotic Theory
As cell biology developed in the twentieth century, it became clear that mitochondria were
the organelles responsible for producing ATP using aerobic respiration. In the 1960s,
American biologist Lynn Margulis developed endosymbiotic theory, which states that
eukaryotes may have been a product of one cell engulfing another, one living within another,
and evolving over time until the separate cells were no longer recognizable as such. In 1967,
Margulis introduced new work on the theory and substantiated her findings through
microbiological evidence. Although Margulis’ work initially was met with resistance, this
once-revolutionary hypothesis is now widely (but not completely) accepted, with work
progressing on uncovering the steps involved in this evolutionary process and the key players
involved. Much still remains to be discovered about the origins of the cells that now make up
the cells in all living eukaryotes.
Broadly, it has become clear that many of our nuclear genes and the molecular machinery
responsible for replication and expression appear closely related to those in Archaea. On the
other hand, the metabolic organelles and genes responsible for many energy-harvesting

processes had their origins in bacteria. Much remains to be clarified about how this
relationship occurred; this continues to be an exciting field of discovery in biology. For
instance, it is not known whether the endosymbiotic event that led to mitochondria occurred
before or after the host cell had a nucleus. Such organisms would be among the extinct
precursors of the last common ancestor of eukaryotes.
Mitochondria
One of the major features distinguishing prokaryotes from eukaryotes is the presence of
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 or greater micrometers in length and exists in the cell as an organelle that
can be ovoid to worm-shaped to intricately branched ([link]). Mitochondria arise from the
division of existing mitochondria; they may fuse together; and they may be moved around
inside the cell by interactions with the cytoskeleton. 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 with some membrane
compartmentalization engulfed a free-living aerobic prokaryote, specifically an alphaproteobacterium, thereby giving the host cell the ability to use oxygen to release energy
stored in nutrients. Alpha-proteobacteria are a large group of bacteria that includes species
symbiotic with plants, disease organisms that can infect humans via ticks, and many freeliving species that use light for energy. Several lines of evidence support that mitochondria
are derived from this endosymbiotic event. Most mitochondria are shaped like alphaproteobacteria and are surrounded by two membranes. The mitochondrial inner membrane is
extensive and involves substantial infoldings called cristae that resemble the textured, outer
surface of alpha-proteobacteria. The matrix and inner membrane are rich with the enzymes
necessary for aerobic respiration.
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:

Louise Howard)
Mitochondria divide independently by a process that resembles binary fission in prokaryotes.
Specifically, mitochondria are not formed from scratch (de novo) by the eukaryotic cell; they
reproduce within it and are distributed with the cytoplasm when a cell divides or two cells

fuse. Therefore, although these organelles are highly integrated into the eukaryotic cell, they
still reproduce as if they are independent organisms within the cell. However, their
reproduction is synchronized with the activity and division of the cell. Mitochondria have
their own (usually) circular DNA chromosome that is stabilized by attachments to the inner
membrane and carries genes similar to genes expressed by alpha-proteobacteria.
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.
Mitochondria that carry out aerobic respiration have their own genomes, with genes similar to
those in alpha-proteobacteria. However, many of the genes for respiratory proteins are
located in the nucleus. When these genes are compared to those of other organisms, they
appear to be of alpha-proteobacterial origin. Additionally, in some eukaryotic groups, such
genes are found in the mitochondria, whereas in other groups, they are found in the nucleus.
This has been interpreted as evidence that genes have been transferred from the
endosymbiont chromosome to the host genome. This loss of genes by the endosymbiont is
probably one explanation why mitochondria cannot live without a host.
Some living eukaryotes are anaerobic and cannot survive in the presence of too much
oxygen. Some appear to lack organelles that could be recognized as mitochondria. In the
1970s to the early 1990s, many biologists suggested that some of these eukaryotes were
descended from ancestors whose lineages had diverged from the lineage of mitochondrioncontaining eukaryotes before endosymbiosis occurred. However, later findings suggest that
reduced organelles are found in most, if not all, anaerobic eukaryotes, and that all eukaryotes
appear to carry some genes in their nuclei that are of mitochondrial origin. In addition to the
aerobic generation of ATP, mitochondria have several other metabolic functions. One of
these functions is to generate clusters of iron and sulfur that are important cofactors of many
enzymes. Such functions are often associated with the reduced mitochondrion-derived
organelles of anaerobic eukaryotes. Therefore, most biologists accept that the last common
ancestor of eukaryotes had mitochondria.
Plastids
Some groups of eukaryotes are photosynthetic. Their cells contain, in addition to the standard
eukaryotic organelles, another kind of organelle called a plastid. When such cells are carrying
out photosynthesis, their plastids are rich in the pigment chlorophyll a and a range of other
pigments, called accessory pigments, which are involved in harvesting energy from light.
Photosynthetic plastids are called chloroplasts ([link]).
(a) This chloroplast cross-section illustrates its elaborate inner membrane organization.
Stacks of thylakoid membranes compartmentalize photosynthetic enzymes and provide
scaffolding for chloroplast DNA. (b) In this micrograph of Elodea sp., the chloroplasts can be
seen as small green spheres. (credit b: modification of work by Brandon Zierer; scale-bar data

from Matt

Russell)
Like mitochondria, plastids appear to have an endosymbiotic origin. This hypothesis was also
championed by Lynn Margulis. Plastids are derived from cyanobacteria that lived inside the
cells of an ancestral, aerobic, heterotrophic eukaryote. This is called primary endosymbiosis,
and plastids of primary origin are surrounded by two membranes. The best evidence is that
this has happened twice in the history of eukaryotes. In one case, the common ancestor of the
major lineage/supergroup Archaeplastida took on a cyanobacterial endosymbiont; in the
other, the ancestor of the small amoeboid rhizarian taxon, Paulinella, took on a different
cyanobacterial endosymbiont. Almost all photosynthetic eukaryotes are descended from the
first event, and only a couple of species are derived from the other.
Cyanobacteria are a group of Gram-negative bacteria with all the conventional structures of
the group. However, unlike most prokaryotes, they have extensive, internal membrane-bound
sacs called thylakoids. Chlorophyll is a component of these membranes, as are many of the
proteins of the light reactions of photosynthesis. Cyanobacteria also have the peptidoglycan
wall and lipopolysaccharide layer associated with Gram-negative bacteria.
Chloroplasts of primary origin have thylakoids, a circular DNA chromosome, and ribosomes
similar to those of cyanobacteria. Each chloroplast is surrounded by two membranes. In the
group of Archaeplastida called the glaucophytes and in Paulinella, a thin peptidoglycan layer
is present between the outer and inner plastid membranes. All other plastids lack this relictual

cyanobacterial wall. The outer membrane surrounding the plastid is thought to be derived
from the vacuole in the host, and the inner membrane is thought to be derived from the
plasma membrane of the symbiont.
There is also, as with the case of mitochondria, strong evidence that many of the genes of the
endosymbiont were transferred to the nucleus. Plastids, like mitochondria, cannot live
independently outside the host. In addition, like mitochondria, plastids are derived from the
division of other plastids and never built from scratch. Researchers have suggested that the
endosymbiotic event that led to Archaeplastida occurred 1 to 1.5 billion years ago, at least 5
hundred million years after the fossil record suggests that eukaryotes were present.
Not all plastids in eukaryotes are derived directly from primary endosymbiosis. Some of the
major groups of algae became photosynthetic by secondary endosymbiosis, that is, by taking
in either green algae or red algae (both from Archaeplastida) as endosymbionts ([link]ab).
Numerous microscopic and genetic studies have supported this conclusion. Secondary
plastids are surrounded by three or more membranes, and some secondary plastids even have
clear remnants of the nucleus of endosymbiotic alga. Others have not “kept” any remnants.
There are cases where tertiary or higher-order endosymbiotic events are the best explanations
for plastids in some eukaryotes.
(a) Red algae and (b) green algae (visualized by light microscopy) share similar DNA
sequences with photosynthetic cyanobacteria. Scientists speculate that, in a process called
endosymbiosis, an ancestral prokaryote engulfed a photosynthetic cyanobacterium that
evolved into modern-day chloroplasts. (credit a: modification of work by Ed Bierman; credit

b: modification of work by G. Fahnenstiel, NOAA; scale-bar data from Matt

Russell)
Art Connection
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.
What evidence is there that mitochondria were incorporated into the ancestral eukaryotic cell
before chloroplasts?
Evolution Connection
Secondary Endosymbiosis in ChlorarachniophytesEndosymbiosis involves one cell engulfing
another to produce, over time, a coevolved relationship in which neither cell could survive
alone. The chloroplasts of red and green algae, for instance, are derived from the engulfment
of a photosynthetic cyanobacterium by an early prokaryote.
This leads to the question of the possibility of a cell containing an endosymbiont to itself
become engulfed, resulting in a secondary endosymbiosis. Molecular and morphological
evidence suggest that the chlorarachniophyte protists are derived from a secondary
endosymbiotic event. Chlorarachniophytes are rare algae indigenous to tropical seas and sand
that can be classified into the rhizarian supergroup. Chlorarachniophytes extend thin
cytoplasmic strands, interconnecting themselves with other chlorarachniophytes, in a
cytoplasmic network. These protists are thought to have originated when a eukaryote
engulfed a green alga, the latter of which had already established an endosymbiotic
relationship with a photosynthetic cyanobacterium ([link]).

The hypothesized process of endosymbiotic events leading to the evolution of
chlorarachniophytes is shown. In a primary endosymbiotic event, a heterotrophic eukaryote
consumed a cyanobacterium. In a secondary endosymbiotic event, the cell resulting from
primary endosymbiosis was consumed by a second cell. The resulting organelle became a
plastid in modern

chlorarachniophytes.
Several lines of evidence support that chlorarachniophytes evolved from secondary
endosymbiosis. The chloroplasts contained within the green algal endosymbionts still are
capable of photosynthesis, making chlorarachniophytes photosynthetic. The green algal
endosymbiont also exhibits a stunted vestigial nucleus. In fact, it appears that
chlorarachniophytes are the products of an evolutionarily recent secondary endosymbiotic
event. The plastids of chlorarachniophytes are surrounded by four membranes: The first two
correspond to the inner and outer membranes of the photosynthetic cyanobacterium, the third
corresponds to the green alga, and the fourth corresponds to the vacuole that surrounded the
green alga when it was engulfed by the chlorarachniophyte ancestor. In other lineages that
involved secondary endosymbiosis, only three membranes can be identified around plastids.
This is currently rectified as a sequential loss of a membrane during the course of evolution.
The process of secondary endosymbiosis is not unique to chlorarachniophytes. In fact,
secondary endosymbiosis of green algae also led to euglenid protists, whereas secondary
endosymbiosis of red algae led to the evolution of dinoflagellates, apicomplexans, and
stramenopiles.

Section Summary
The oldest fossil evidence of eukaryotes is about 2 billion years old. Fossils older than this all
appear to be prokaryotes. It is probable that today’s eukaryotes are descended from an
ancestor that had a prokaryotic organization. The last common ancestor of today’s Eukarya

had several characteristics, including cells with nuclei that divided mitotically and contained
linear chromosomes where the DNA was associated with histones, a cytoskeleton and
endomembrane system, and the ability to make cilia/flagella during at least part of its life
cycle. It was aerobic because it had mitochondria that were the result of an aerobic alphaproteobacterium that lived inside a host cell. Whether this host had a nucleus at the time of
the initial symbiosis remains unknown. The last common ancestor may have had a cell wall
for at least part of its life cycle, but more data are needed to confirm this hypothesis. Today’s
eukaryotes are very diverse in their shapes, organization, life cycles, and number of cells per
individual.

Art Connections
[link] What evidence is there that mitochondria were incorporated into the ancestral
eukaryotic cell before chloroplasts?
[link] All eukaryotic cells have mitochondria, but not all eukaryotic cells have chloroplasts.

Review Questions
What event is thought to have contributed to the evolution of eukaryotes?
a.
b.
c.
d.

global warming
glaciation
volcanic activity
oxygenation of the atmosphere

D
Which characteristic is shared by prokaryotes and eukaryotes?
a.
b.
c.
d.

cytoskeleton
nuclear envelope
DNA-based genome
mitochondria

C
Mitochondria most likely evolved by _____________.
a.
b.
c.
d.

a photosynthetic cyanobacterium
cytoskeletal elements
endosymbiosis
membrane proliferation

C
Which of these protists is believed to have evolved following a secondary endosymbiosis?
a. green algae
b. cyanobacteria

c. red algae
d. chlorarachniophytes
D

Free Response
Describe the hypothesized steps in the origin of eukaryotic cells.
Eukaryotic cells arose through endosymbiotic events that gave rise to the energy-producing
organelles within the eukaryotic cells such as mitochondria and chloroplasts. The nuclear
genome of eukaryotes is related most closely to the Archaea, so it may have been an early
archaean that engulfed a bacterial cell that evolved into a mitochondrion. Mitochondria
appear to have originated from an alpha-proteobacterium, whereas chloroplasts originated as
a cyanobacterium. There is also evidence of secondary endosymbiotic events. Other cell
components may also have resulted from endosymbiotic events.

Glossary
endosymbiosis
engulfment of one cell within another such that the engulfed cell survives,
and both cells benefit; the process responsible for the evolution of
mitochondria and chloroplasts in eukaryotes
endosymbiotic theory
theory that states that eukaryotes may have been a product of one cell
engulfing another, one living within another, and evolving over time until
the separate cells were no longer recognizable as such
plastid
one of a group of related organelles in plant cells that are involved in the
storage of starches, fats, proteins, and pigments
Characteristics of Protists
By the end of this section, you will be able to:
•
•
•

Describe the cell structure characteristics of protists
Describe the metabolic diversity of protists
Describe the life cycle diversity 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 as commensals or
parasites in other organisms and these relationships are often species-specific, there
is a huge potential for protist diversity that matches the diversity of hosts. As the
catchall term for eukaryotic organisms that are not animal, plant, or fungi, it is not
surprising that very few characteristics are common to all protists.
Cell 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 three meters in length to
hectares. 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.

Metabolism
Protists exhibit many forms of nutrition and may be aerobic or anaerobic. Protists that store
energy by photosynthesis belong to a group of photoautotrophs and are characterized by the
presence of chloroplasts. Other protists are heterotrophic 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 ([link]). The vesicle containing the ingested particle, the phagosome,
then fuses with a lysosome containing hydrolytic enzymes to produce a phagolysosome, 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 via
exocytosis.
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 materials from the cell.
Subtypes of heterotrophs, called saprobes, absorb nutrients from dead organisms or their
organic wastes. Some protists can function as mixotrophs, obtaining nutrition by

photoautotrophic or heterotrophic routes, depending on whether sunlight or organic nutrients
are available.

Motility
The majority of protists are motile, but different types of protists have evolved varied modes
of movement ([link]). Some protists have one or more flagella, which they rotate or whip.
Others are covered in rows or tufts of tiny cilia that they coordinately beat to swim. Still
others form cytoplasmic extensions called pseudopodia anywhere on the cell, anchor the
pseudopodia to a substrate, and pull themselves forward. Some protists can move toward or
away from a stimulus, a movement referred to as taxis. Movement toward light, termed
phototaxis, is accomplished by coupling their locomotion strategy with a light-sensing organ.
Protists use various methods for transportation. (a) Paramecium waves hair-like appendages
called cilia to propel itself. (b) Amoeba uses lobe-like pseudopodia to anchor itself to a solid
surface and pull itself forward. (c) Euglena uses a whip-like tail called a flagellum to propel

itself.

Life Cycles
Protists reproduce by a variety of mechanisms. Most undergo some form of asexual
reproduction, such as binary fission, to produce two daughter cells. In protists, binary fission

can be divided into transverse or longitudinal, depending on the axis of orientation;
sometimes Paramecium exhibits this method. Some protists such as the true slime molds
exhibit multiple fission and simultaneously divide 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 often associated with resistant 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 life cycles range from simple to extremely elaborate. Certain parasitic protists have
complicated life cycles and must infect different host species at different developmental
stages to complete their life cycle. Some protists are unicellular in the haploid form and
multicellular in the diploid form, a strategy employed by animals. Other protists have
multicellular stages in both haploid and diploid forms, a strategy called alternation of
generations that is also used by plants.

Habitats
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 few protist species live on dead organisms or their wastes, and
contribute to their decay.

Section Summary
Protists are extremely diverse in terms of their biological and ecological characteristics,
partly because they are an artificial assemblage of phylogenetically unrelated groups. Protists
display highly varied cell structures, several types of reproductive strategies, virtually every
possible type of nutrition, and varied habitats. Most single-celled protists are motile, but these
organisms use diverse structures for transportation.

Review Questions
Protists that have a pellicle are surrounded by ______________.
a.
b.
c.
d.
D

silica dioxide
calcium carbonate
carbohydrates
proteins

Protists with the capabilities to perform photosynthesis and to absorb nutrients from dead
organisms are called ______________.
a.
b.
c.
d.

photoautotrophs
mixotrophs
saprobes
heterotrophs

B
Which of these locomotor organs would likely be the shortest?
a.
b.
c.
d.

a flagellum
a cilium
an extended pseudopod
a pellicle

B
Alternation of generations describes which of the following?
a.
b.
c.
d.

The haploid form can be multicellular; the diploid form is unicellular.
The haploid form is unicellular; the diploid form can be multicellular.
Both the haploid and diploid forms can be multicellular.
Neither the haploid nor the diploid forms can be multicellular.

C

Free Response
Explain in your own words why sexual reproduction can be useful if a protist’s environment
changes.
The ability to perform sexual reproduction allows protists to recombine their genes and
produce new variations of progeny that may be better suited to the new environment. In
contrast, asexual reproduction generates progeny that are clones of the parent.
Giardia lamblia is a cyst-forming protist parasite that causes diarrhea if ingested. Given this
information, against what type(s) of environments might G. lamblia cysts be particularly
resistant?
As an intestinal parasite, Giardia cysts would be exposed to low pH in the stomach acids of
its host. To survive this environment and reach the intestine, the cysts would have to be
resistant to acidic conditions.

Glossary
mixotroph

organism that can obtain nutrition by autotrophic or heterotrophic means,
usually facultatively
pellicle
outer cell covering composed of interlocking protein strips that function like
a flexible coat of armor, preventing cells from being torn or pierced without
compromising their range of motion
phagolysosome
cellular body formed by the union of a phagosome containing the ingested
particle with a lysosome that contains hydrolytic enzymes
Groups of Protists
By the end of this section, you will be able to:
•
•

Describe representative protist organisms from each of the six presently recognized
supergroups of eukaryotes
Identify the evolutionary relationships of plants, animals, and fungi within the six
presently recognized supergroups of eukaryotes

In the span of several decades, the Kingdom Protista has been disassembled because
sequence analyses have revealed new genetic (and therefore evolutionary) relationships
among these eukaryotes. Moreover, 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, called convergent evolution, 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 that evolved from a common ancestor ([link]). The
supergroups are believed to be monophyletic, meaning that 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.
This diagram shows a proposed classification of the domain Eukara. Currently, the domain
Eukarya is divided into six supergroups. Within each supergroup are multiple kingdoms.

Dotted lines indicate suggested evolutionary relationships that remain under

debate.
The classification of eukaryotes is still in flux, and the six supergroups may be modified or
replaced by a more appropriate hierarchy as genetic, morphological, and ecological data
accumulate. Keep in mind that the classification scheme presented here is just one of several
hypotheses, and the true evolutionary relationships are still to be determined. When learning
about protists, it is helpful to focus less on the nomenclature and more on the commonalities
and differences that define the groups themselves.

Excavata
Many of the protist species classified into the supergroup Excavata are asymmetrical, singlecelled organisms with a feeding groove “excavated” from one side. This supergroup includes
heterotrophic predators, photosynthetic species, and parasites. Its subgroups are the
diplomonads, parabasalids, and euglenozoans.
Diplomonads
Among the Excavata are the diplomonads, which include the intestinal parasite, Giardia
lamblia ([link]). Until recently, these protists were believed to lack mitochondria.
Mitochondrial remnant organelles, called mitosomes, have since been identified in
diplomonads, but these mitosomes are essentially nonfunctional. Diplomonads exist in
anaerobic environments and use alternative pathways, such as glycolysis, to generate energy.
Each diplomonad cell has two identical nuclei and uses several flagella for locomotion.

The mammalian intestinal parasite Giardia lamblia, visualized here using scanning electron
microscopy, is a waterborne protist that causes severe diarrhea when ingested. (credit:
modification of work by Janice Carr, CDC; scale-bar data from Matt

Russell)
Parabasalids
A second Excavata subgroup, the parabasalids, also exhibits semi-functional mitochondria. In
parabasalids, these structures function anaerobically and are called hydrogenosomes because
they produce hydrogen gas as a byproduct. Parabasalids move with flagella and membrane
rippling. Trichomonas vaginalis, a parabasalid that causes a sexually transmitted disease in
humans, employs these mechanisms to transit through the male and female urogenital
tracts. T. vaginalis causes trichamoniasis, which appears in an estimated 180 million cases
worldwide each year. Whereas men rarely exhibit symptoms during an infection with this
protist, infected women may become more susceptible to secondary infection with human
immunodeficiency virus (HIV) and may be more likely to develop cervical cancer. Pregnant
women infected with T. vaginalis are at an increased risk of serious complications, such as
pre-term delivery.
Euglenozoans
Euglenozoans includes parasites, heterotrophs, autotrophs, and mixotrophs, ranging in size
from 10 to 500 µm. Euglenoids move through their aquatic habitats using two long flagella
that guide them toward light sources sensed by a primitive ocular organ called an eyespot.
The familiar genus, Euglena, encompasses some mixotrophic species that display a
photosynthetic capability only when light is present. In the dark, the chloroplasts
of Euglena shrink up and temporarily cease functioning, and the cells instead take up organic
nutrients from their environment.
The human parasite, Trypanosoma brucei, belongs to a different subgroup of Euglenozoa, the
kinetoplastids. The kinetoplastid subgroup is named after the kinetoplast, a DNA mass
carried within the single, oversized mitochondrion possessed by each of these cells. This
subgroup includes several parasites, collectively called trypanosomes, which cause
devastating human diseases and infect an insect species during a portion of their life
cycle. T. brucei develops in the gut of the tsetse fly after the fly bites an infected human or
other mammalian host. The parasite then travels to the insect salivary glands to be transmitted

to another human or other mammal when the infected tsetse fly consumes another blood
meal. T. brucei is common in central Africa and is the causative agent of African sleeping
sickness, a disease associated with severe chronic fatigue, coma, and can be fatal if left
untreated.
Trypanosoma brucei, the causative agent of sleeping sickness, spends part of its life cycle in
the tsetse fly and part in humans. (credit: modification of work by

CDC)

Link to Learning

Watch this video to see T. brucei swimming.
Ecology of Protists
By the end of this section, you will be able to:
•
•

Describe the role that protists play in the ecosystem
Describe important pathogenic species of protists

Protists function in various ecological niches. Whereas some protist species are
essential components of the food chain and generators of biomass, others function
in the decomposition of organic materials. Still other protists are dangerous human
pathogens or causative agents of devastating plant diseases.
Primary Producers/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. For instance, photosynthetic dinoflagellates called
zooxanthellae use sunlight to fix inorganic carbon. In this symbiotic relationship, these
protists provide nutrients for coral polyps ([link]) that house them, giving corals a boost of
energy to secrete a calcium carbonate skeleton. In turn, the corals provide the protist with a
protected environment and the compounds needed for photosynthesis. This type of symbiotic
relationship is important in nutrient-poor environments. 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: insufficient
light reaches those depths for dinoflagellates to photosynthesize.
Coral polyps obtain nutrition through a symbiotic relationship with

dinoflagellates.
The protists themselves and their products of photosynthesis are essential—directly or
indirectly—to the survival of organisms ranging from bacteria to mammals ([link]). 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.
Virtually all aquatic organisms depend directly or indirectly on protists for food. (credit
“mollusks”: modification of work by Craig Stihler, USFWS; credit “crab”: modification of
work by David Berkowitz; credit “dolphin”: modification of work by Mike Baird; credit

“fish”: modification of work by Tim Sheerman-Chase; credit “penguin”: modification of

work by Aaron Logan)
Protists do not create food sources only for sea-dwelling organisms. For instance, certain
anaerobic parabasalid species exist in the digestive tracts of termites and wood-eating
cockroaches, where they contribute an essential step in the digestion of cellulose ingested by
these insects as they bore through wood.

Human Pathogens
A pathogen is anything that causes disease. Parasites live in or on an organism and harm the
organism. A significant number of 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 colonize both 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 ([link]). 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 one-half and one 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 episodes of delirium-inducing fever as parasites lyse red blood
cells, spilling parasite waste into the bloodstream. P. falciparum is transmitted to humans by
the African malaria mosquito, Anopheles gambiae. Techniques to kill, sterilize, or avoid
exposure to this highly aggressive mosquito species are crucial to malaria control.
Red blood cells are shown to be infected with P. falciparum, the causative agent of malaria.
In this light microscopic image taken using a 100× oil immersion lens, the ringshaped P. falciparum stains purple. (credit: modification of work by Michael Zahniser; scale-

bar data from Matt Russell)
Link to Learning

This movie depicts the pathogenesis of Plasmodium falciparum, the causative agent of
malaria.
Trypanosomes
Trypanosoma 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 ([link]). The glycoproteins are identified by the immune system as foreign
antigens, 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, T. brucei crosses the blood-brain
barrier and infects the central nervous system, causing the patient to lapse into a coma and
eventually die. During epidemic periods, mortality from the disease can be high. Greater
surveillance and control measures lead 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.
Link to Learning

This movie discusses the pathogenesis of Trypanosoma brucei, the causative agent of African
sleeping sickness.
In Latin America, another species, 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 due to abnormal heart rhythms. An estimated 10 million people are infected
with Chagas disease, and it caused 10,000 deaths in 2008.
Trypanosomes are shown among red blood cells. (credit: modification of work by Dr. Myron

G. Shultz; scale-bar data from Matt Russell)

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 ([link]). Grape plants infected with P. viticola appear stunted and have discolored,
withered leaves. The spread of downy mildew nearly collapsed the French wine industry in
the nineteenth century.

Both downy and powdery mildews on this grape leaf are caused by an infection of P. viticola.

(credit: modification of work by USDA)
Phytophthora infestans is an oomycete responsible for potato late blight, which causes potato
stalks and stems to decay into black slime ([link]). 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 of at least 1
million more from Ireland. 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.
These unappetizing remnants result from an infection with P. infestans, the causative agent of

potato late blight. (credit: USDA)

Agents of Decomposition
The fungus-like protist saprobes are specialized to absorb nutrients from nonliving organic
matter, such as dead organisms or their wastes. 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 saprobe
species, such as protists, fungi, and bacteria, life would cease to exist as all organic carbon
became “tied up” in dead organisms.

Section Summary
Protists function at several levels of the ecological food web: as primary producers, as direct
food sources, and as decomposers. In addition, many protists are parasites of plants and
animals that can cause deadly human diseases or destroy valuable crops.

Review Questions
An example of carbon fixation is _____________.
a.
b.
c.
d.

photosynthesis
decomposition
phagocytosis
parasitism

A
Which parasitic protist evades the host immune system by altering its surface proteins with
each generation?
a.
b.
c.
d.

Paramecium caudatum
Trypanosoma brucei
Plasmodium falciparum
Phytophthora infestans

B

Free Response
How does killing Anopheles mosquitoes affect the Plasmodium protists?
Plasmodium parasites infect humans and cause malaria. However, they must complete part of
their life cycle within Anopheles mosquitoes, and they can only infect humans via the bite
wound of a mosquito. If the mosquito population is decreased, then fewer Plasmodium would
be able to develop and infect humans, thereby reducing the incidence of human infections
with this parasite.
Without treatment, why does African sleeping sickness invariably lead to death?
The trypanosomes that cause this disease are capable of expressing a glycoprotein coat with a
different molecular structure with each generation. Because the immune system must respond
to specific antigens to raise a meaningful defense, the changing nature of trypanosome
antigens prevents the immune system from ever clearing this infection. Massive trypanosome
infection eventually leads to host organ failure and death.

Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"The leaf chameleon (Brookesia micra) was discovered in
northern Madagascar in 2012. At just over one inch long, it is the smallest known chameleon.
(credit: modification of work by Frank Glaw, et al.,
PLOS)

Animal evolution began in the ocean over 600 million years ago with tiny creatures
that probably do not resemble any living organism today. Since then, animals have
evolved into a highly diverse kingdom. Although over one million extant
(currently living) species of animals have been identified, scientists are continually
discovering more species as they explore ecosystems around the world. The
number of extant species is estimated to be between 3 and 30 million.

But what is an animal? While we can easily identify dogs, birds, fish, spiders, and
worms as animals, other organisms, such as corals and sponges, are not as easy to
classify. Animals vary in complexity—from sea sponges to crickets to
chimpanzees—and scientists are faced with the difficult task of classifying them
within a unified system. They must identify traits that are common to all animals as
well as traits that can be used to distinguish among related groups of animals. The
animal classification system characterizes animals based on their anatomy,
morphology, evolutionary history, features of embryological development, and
genetic makeup. This classification scheme is constantly developing as new
information about species arises. Understanding and classifying the great variety of
living species help us better understand how to conserve the diversity of life on
earth.
Features of the Animal Kingdom
By the end of this section, you will be able to:
•
•
•

List the features that distinguish the kingdom Animalia from other
kingdoms
Explain the processes of animal reproduction and embryonic development
Describe the roles that Hox genes play in development

Even though members of the animal kingdom are incredibly diverse, most animals
share certain features that distinguish them from organisms in other kingdoms. All
animals are eukaryotic, multicellular organisms, and almost all animals have a
complex tissue structure with differentiated and specialized tissues. Most animals
are motile, at least during certain life stages. All animals require a source of food
and are therefore heterotrophic, ingesting other living or dead organisms; this
feature distinguishes them from autotrophic organisms, such as most plants, which
synthesize their own nutrients through photosynthesis. As heterotrophs, animals
may be carnivores, herbivores, omnivores, or parasites ([link]ab). Most animals
reproduce sexually, and the offspring pass through a series of developmental stages
that establish a determined and fixed body plan. The body plan refers to the
morphology of an animal, determined by developmental cues.
All animals are heterotrophs that derive energy from food. The (a) black bear is an omnivore,
eating both plants and animals. The (b) heartworm Dirofilaria immitis is a parasite that
derives energy from its hosts. It spends its larval stage in mosquitoes and its adult stage
infesting the heart of dogs and other mammals, as shown here. (credit a: modification of work

by USDA Forest Service; credit b: modification of work by Clyde

Robinson)

Complex Tissue Structure
As multicellular organisms, animals differ from plants and fungi because their cells don’t
have cell walls, their cells may be embedded in an extracellular matrix (such as bone, skin, or
connective tissue), and their cells have unique structures for intercellular communication
(such as gap junctions). In addition, animals possess unique tissues, absent in fungi and
plants, which allow coordination (nerve tissue) of motility (muscle tissue). Animals are also
characterized by specialized connective tissues that provide structural support for cells and
organs. This connective tissue constitutes the extracellular surroundings of cells and is made
up of organic and inorganic materials. In vertebrates, bone tissue is a type of connective
tissue that supports the entire body structure. The complex bodies and activities of vertebrates
demand such supportive tissues. Epithelial tissues cover, line, protect, and secrete. Epithelial
tissues include the epidermis of the integument, the lining of the digestive tract and trachea,
and make up the ducts of the liver and glands of advanced animals.
The animal kingdom is divided into Parazoa (sponges) and Eumetazoa (all other animals). As
very simple animals, the organisms in group Parazoa (“beside animal”) do not contain true
specialized tissues; although they do possess specialized cells that perform different
functions, those cells are not organized into tissues. These organisms are considered animals
since they lack the ability to make their own food. Animals with true tissues are in the group
Eumetazoa (“true animals”). When we think of animals, we usually think of Eumetazoans,
since most animals fall into this category.
The different types of tissues in true animals are responsible for carrying out specific
functions for the organism. This differentiation and specialization of tissues is part of what

allows for such incredible animal diversity. For example, the evolution of nerve tissues and
muscle tissues has resulted in animals’ unique ability to rapidly sense and respond to changes
in their environment. This allows animals to survive in environments where they must
compete with other species to meet their nutritional demands.
Link to Learning

Watch a presentation by biologist E.O. Wilson on the importance of diversity.

Animal Reproduction and Development
Most animals are diploid organisms, meaning that their body (somatic) cells are diploid and
haploid reproductive (gamete) cells are produced through meiosis. Some exceptions exist:
For example, in bees, wasps, and ants, the male is haploid because it develops from
unfertilized eggs. Most animals undergo sexual reproduction: This fact distinguishes animals
from fungi, protists, and bacteria, where asexual reproduction is common or exclusive.
However, a few groups, such as cnidarians, flatworm, and roundworms, undergo asexual
reproduction, although nearly all of those animals also have a sexual phase to their life cycle.
Processes of Animal Reproduction and Embryonic Development
During sexual reproduction, the haploid gametes of the male and female individuals of a
species combine in a process called fertilization. Typically, the small, motile male sperm
fertilizes the much larger, sessile female egg. This process produces a diploid fertilized egg
called a zygote.
Some animal species—including sea stars and sea anemones, as well as some insects,
reptiles, and fish—are capable of asexual reproduction. The most common forms of asexual
reproduction for stationary aquatic animals include budding and fragmentation, where part of
a parent individual can separate and grow into a new individual. In contrast, a form of asexual
reproduction found in certain insects and vertebrates is called parthenogenesis (or “virgin
beginning”), where unfertilized eggs can develop into new male offspring. This type of
parthenogenesis is called haplodiploidy. These types of asexual reproduction produce
genetically identical offspring, which is disadvantageous from the perspective of evolutionary
adaptability because of the potential buildup of deleterious mutations. However, for animals
that are limited in their capacity to attract mates, asexual reproduction can ensure genetic
propagation.
After fertilization, a series of developmental stages occur during which primary germ layers
are established and reorganize to form an embryo. During this process, animal tissues begin
to specialize and organize into organs and organ systems, determining their future
morphology and physiology. Some animals, such as grasshoppers, undergo incomplete
metamorphosis, in which the young resemble the adult. Other animals, such as some insects,

undergo complete metamorphosis where individuals enter one or more larval stages that may
in differ in structure and function from the adult ([link]). For the latter, the young and the
adult may have different diets, limiting competition for food between them. Regardless of
whether a species undergoes complete or incomplete metamorphosis, the series of
developmental stages of the embryo remains largely the same for most members of the
animal kingdom.
(a) The grasshopper undergoes incomplete metamorphosis. (b) The butterfly undergoes
complete metamorphosis. (credit: S.E. Snodgrass,

USDA)
The process of animal development begins with the cleavage, or series of mitotic cell
divisions, of the zygote ([link]). Three cell divisions transform the single-celled zygote into
an eight-celled structure. After further cell division and rearrangement of existing cells, a 6–
32-celled hollow structure called a blastula is formed. Next, the blastula undergoes further
cell division and cellular rearrangement during a process called gastrulation. This leads to the
formation of the next developmental stage, the gastrula, in which the future digestive cavity is
formed. Different cell layers (called germ layers) are formed during gastrulation. These germ
layers are programmed to develop into certain tissue types, organs, and organ systems during
a process called organogenesis.
During embryonic development, the zygote undergoes a series of mitotic cell divisions, or
cleavages, to form an eight-cell stage, then a hollow blastula. During a process called

gastrulation, the blastula folds inward to form a cavity in the

gastrula.
Link to Learning

Watch the following video to see how human embryonic development (after the blastula and
gastrula stages of development) reflects evolution.
The Role of Homeobox (Hox) Genes in Animal Development
Since the early 19th century, scientists have observed that many animals, from the very simple
to the complex, shared similar embryonic morphology and development. Surprisingly, a
human embryo and a frog embryo, at a certain stage of embryonic development, look
remarkably alike. For a long time, scientists did not understand why so many animal species
looked similar during embryonic development but were very different as adults. They
wondered what dictated the developmental direction that a fly, mouse, frog, or human
embryo would take. Near the end of the 20th century, a particular class of genes was
discovered that had this very job. These genes that determine animal structure are called
“homeotic genes,” and they contain DNA sequences called homeoboxes. The animal genes
containing homeobox sequences are specifically referred to as Hox genes. This family of
genes is responsible for determining the general body plan, such as the number of body
segments of an animal, the number and placement of appendages, and animal head-tail
directionality. The first Hox genes to be sequenced were those from the fruit fly (Drosophila
melanogaster). A single Hox mutation in the fruit fly can result in an extra pair of wings or
even appendages growing from the “wrong” body part.

While there are a great many genes that play roles in the morphological development of an
animal, what makes Hox genes so powerful is that they serve as master control genes that can
turn on or off large numbers of other genes. Hox genes do this by coding transcription factors
that control the expression of numerous other genes. Hox genes are homologous in the animal
kingdom, that is, the genetic sequences of Hox genes and their positions on chromosomes are
remarkably similar across most animals because of their presence in a common ancestor,
from worms to flies, mice, and humans ([link]). One of the contributions to increased animal
body complexity is that Hox genes have undergone at least two duplication events during
animal evolution, with the additional genes allowing for more complex body types to evolve.
Art Connection
Hox genes are highly conserved genes encoding transcription factors that determine the
course of embryonic development in animals. In vertebrates, the genes have been duplicated
into four clusters: Hox-A, Hox-B, Hox-C, and Hox-D. Genes within these clusters are
expressed in certain body segments at certain stages of development. Shown here is the
homology between Hox genes in mice and humans. Note how Hox gene expression, as
indicated with orange, pink, blue and green shading, occurs in the same body segments in

both the mouse and the human.
If a Hox 13 gene in a mouse was replaced with a Hox 1 gene, how might this alter animal
development?

Section Summary
Animals constitute an incredibly diverse kingdom of organisms. Although animals range in
complexity from simple sea sponges to human beings, most members of the animal kingdom
share certain features. Animals are eukaryotic, multicellular, heterotrophic organisms that
ingest their food and usually develop into motile creatures with a fixed body plan. A major
characteristic unique to the animal kingdom is the presence of differentiated tissues, such as
nerve, muscle, and connective tissues, which are specialized to perform specific functions.
Most animals undergo sexual reproduction, leading to a series of developmental embryonic
stages that are relatively similar across the animal kingdom. A class of transcriptional control
genes called Hox genes directs the organization of the major animal body plans, and these
genes are strongly homologous across the animal kingdom.

Art Connections
[link] If a Hox 13 gene in a mouse was replaced with a Hox 1 gene, how might this alter
animal development?
[link] The animal might develop two heads and no tail.

Review Questions
Which of the following is not a feature common to most animals?
a.
b.
c.
d.

development into a fixed body plan
asexual reproduction
specialized tissues
heterotrophic nutrient sourcing

B
During embryonic development, unique cell layers develop and distinguish during a stage
called ________.
a.
b.
c.
d.

the blastula stage
the germ layer stage
the gastrula stage
the organogenesis stage

C
Which of the following phenotypes would most likely be the result of a Hox gene mutation?
a.
b.
c.
d.

abnormal body length or height
two different eye colors
the contraction of a genetic illness
two fewer appendages than normal

D

Free Response
Why might the evolution of specialized tissues be important for animal function and
complexity?
The development of specialized tissues affords more complex animal anatomy and
physiology because differentiated tissue types can perform unique functions and work
together in tandem to allow the animal to perform more functions. For example, specialized
muscle tissue allows directed and efficient movement, and specialized nervous tissue allows
for multiple sensory modalities as well as the ability to respond to various sensory
information; these functions are not necessarily available to other non-animal organisms.

Describe and give examples of how humans display all of the features common to the animal
kingdom.
Humans are multicellular organisms. They also contain differentiated tissues, such as
epithelial, muscle, and nervous tissue, as well as specialized organs and organ systems. As
heterotrophs, humans cannot produce their own nutrients and must obtain them by ingesting
other organisms, such as plants, fungi, and animals. Humans undergo sexual reproduction, as
well as the same embryonic developmental stages as other animals, which eventually lead to
a fixed and motile body plan controlled in large part by Hox genes.
How have Hox genes contributed to the diversity of animal body plans?
Altered expression of homeotic genes can lead to major changes in the morphology of the
individual. Hox genes can affect the spatial arrangements of organs and body parts. If
a Hox gene was mutated or duplicated, it could affect where a leg might be on a fruit fly or
how far apart a person’s fingers are.

Glossary
blastula
16–32 cell stage of development of an animal embryo
body plan
morphology or constant shape of an organism
cleavage
cell division of a fertilized egg (zygote) to form a multicellular embryo
gastrula
stage of animal development characterized by the formation of the digestive
cavity
germ layer
collection of cells formed during embryogenesis that will give rise to future
body tissues, more pronounced in vertebrate embryogenesis
Hox gene
(also, homeobox gene) master control gene that can turn on or off large
numbers of other genes during embryogenesis
organogenesis
formation of organs in animal embryogenesis
Features Used to Classify Animals
By the end of this section, you will be able to:
•
•

Explain the differences in animal body plans that support basic animal
classification
Compare and contrast the embryonic development of protostomes and
deuterostomes

Scientists have developed a classification scheme that categorizes all members of
the animal kingdom, although there are exceptions to most “rules” governing
animal classification ([link]). Animals are primarily classified according to

morphological and developmental characteristics, such as a body plan. One of the
most prominent features of the body plan of true animals is that they are
morphologically symmetrical. This means that their distribution of body parts is
balanced along an axis. Additional characteristics include the number of tissue
layers formed during development, the presence or absence of an internal body
cavity, and other features of embryological development, such as the origin of the
mouth and anus.
Art Connection
The phylogenetic tree of animals is based on morphological, fossil, and genetic

evidence.
Which of the following statements is false?
a.
b.
c.
d.

Eumetazoans have specialized tissues and parazoans don’t.
Lophotrochozoa and Ecdysozoa are both Bilataria.
Acoela and Cnidaria both possess radial symmetry.
Arthropods are more closely related to nematodes than they are to annelids.

Animal Characterization Based on Body Symmetry

At a very basic level of classification, true animals can be largely divided into three groups
based on the type of symmetry of their body plan: radially symmetrical, bilaterally
symmetrical, and asymmetrical. Asymmetry is a unique feature of Parazoa ([link]a). Only a
few animal groups display radial symmetry. All types of symmetry are well suited to meet the
unique demands of a particular animal’s lifestyle.
Radial symmetry is the arrangement of body parts around a central axis, as is seen in a
drinking glass or pie. It results in animals having top and bottom surfaces but no left and right
sides, or front or back. The two halves of a radially symmetrical animal may be described as
the side with a mouth or “oral side,” and the side without a mouth (the “aboral side”). This
form of symmetry marks the body plans of animals in the phyla Ctenophora and Cnidaria,
including jellyfish and adult sea anemones ([link]bc). Radial symmetry equips these sea
creatures (which may be sedentary or only capable of slow movement or floating) to
experience the environment equally from all directions.
The (a) sponge is asymmetrical. The (b) jellyfish and (c) anemone are radially symmetrical,
and the (d) butterfly is bilaterally symmetrical. (credit a: modification of work by Andrew
Turner; credit b: modification of work by Robert Freiburger; credit c: modification of work
by Samuel Chow; credit d: modification of work by Cory

Zanker)
Bilateral symmetry involves the division of the animal through a sagittal plane, resulting in
two mirror image, right and left halves, such as those of a butterfly ([link]d), crab, or human
body. Animals with bilateral symmetry have a “head” and “tail” (anterior vs. posterior), front
and back (dorsal vs. ventral), and right and left sides ([link]). All true animals except those
with radial symmetry are bilaterally symmetrical. The evolution of bilateral symmetry that
allowed for the formation of anterior and posterior (head and tail) ends promoted a
phenomenon called cephalization, which refers to the collection of an organized nervous

system at the animal’s anterior end. In contrast to radial symmetry, which is best suited for
stationary or limited-motion lifestyles, bilateral symmetry allows for streamlined and
directional motion. In evolutionary terms, this simple form of symmetry promoted active
mobility and increased sophistication of resource-seeking and predator-prey relationships.
The bilaterally symmetrical human body can be divided into

planes.
Animals in the phylum Echinodermata (such as sea stars, sand dollars, and sea urchins)
display radial symmetry as adults, but their larval stages exhibit bilateral symmetry. This is
termed secondary radial symmetry. They are believed to have evolved from bilaterally
symmetrical animals; thus, they are classified as bilaterally symmetrical.
Link to Learning

Watch this video to see a quick sketch of the different types of body symmetry.

Animal Phylogeny
By the end of this section, you will be able to:
•
•
•

Interpret the metazoan phylogenetic tree
Describe the types of data that scientists use to construct and revise animal
phylogeny
List some of the relationships within the modern phylogenetic tree that have
been discovered as a result of modern molecular data

Biologists strive to understand the evolutionary history and relationships of
members of the animal kingdom, and all of life, for that matter. The study of

phylogeny aims to determine the evolutionary relationships between phyla.
Currently, most biologists divide the animal kingdom into 35 to 40 phyla.
Scientists develop phylogenetic trees, which serve as hypotheses about which
species have evolved from which ancestors
Recall that until recently, only morphological characteristics and the fossil record
were used to determine phylogenetic relationships among animals. Scientific
understanding of the distinctions and hierarchies between anatomical
characteristics provided much of this knowledge. Used alone, however, this
information can be misleading. Morphological characteristics may evolve multiple
times, and independently, through evolutionary history. Analogous characteristics
may appear similar between animals, but their underlying evolution may be very
different. With the advancement of molecular technologies, modern phylogenetics
is now informed by genetic and molecular analyses, in addition to traditional
morphological and fossil data. With a growing understanding of genetics, the
animal evolutionary tree has changed substantially and continues to change as new
DNA and RNA analyses are performed on additional animal species.
Constructing an Animal Phylogenetic Tree
The current understanding of evolutionary relationships between animal, or Metazoa, phyla
begins with the distinction between “true” animals with true differentiated tissues,
called Eumetazoa, and animal phyla that do not have true differentiated tissues (such as the
sponges), called Parazoa. Both Parazoa and Eumetazoa evolved from a common ancestral
organism that resembles the modern-day protists called choanoflagellates. These protist cells
strongly resemble the sponge choanocyte cells today ([link]).

Cells of the protist choanoflagellate resemble sponge choanocyte cells. Beating of choanocyte
flagella draws water through the sponge so that nutrients can be extracted and waste

removed.
Eumetazoa are subdivided into radially symmetrical animals and bilaterally symmetrical
animals, and are thus classified into clade Bilateria or Radiata, respectively. As mentioned
earlier, the cnidarians and ctenophores are animal phyla with true radial symmetry. All other
Eumetazoa are members of the Bilateria clade. The bilaterally symmetrical animals are
further divided into deuterostomes (including chordates and echinoderms) and two distinct
clades of protostomes (including ecdysozoans and lophotrochozoans)
([link]ab). Ecdysozoa includes nematodes and arthropods; they are so named for a commonly
found characteristic among the group: exoskeletal molting (termed
ecdysis). Lophotrochozoa is named for two structural features, each common to certain phyla
within the clade. Some lophotrochozoan phyla are characterized by a larval stage called
trochophore larvae, and other phyla are characterized by the presence of a feeding structure
called a lophophore.
Animals that molt their exoskeletons, such as these (a) Madagascar hissing cockroaches, are
in the clade Ecdysozoa. (b) Phoronids are in the clade Lophotrochozoa. The tentacles are part
of a feeding structure called a lophophore. (credit a: modification of work by Whitney

Cranshaw, Colorado State University, Bugwood.org; credit b: modification of work by

NOAA)
Link to Learning

Explore an interactive tree of life here. Zoom and click to learn more about the organisms and
their evolutionary relationships.

Modern Advances in Phylogenetic Understanding Come from Molecular
Analyses
The phylogenetic groupings are continually being debated and refined by evolutionary
biologists. Each year, new evidence emerges that further alters the relationships described by
a phylogenetic tree diagram.
Link to Learning

Watch the following video to learn how biologists use genetic data to determine relationships
among organisms.
Nucleic acid and protein analyses have greatly informed the modern phylogenetic animal
tree. These data come from a variety of molecular sources, such as mitochondrial DNA,
nuclear DNA, ribosomal RNA (rRNA), and certain cellular proteins. Many evolutionary
relationships in the modern tree have only recently been determined due to molecular
evidence. For example, a previously classified group of animals called lophophorates, which
included brachiopods and bryozoans, were long-thought to be primitive deuterostomes.
Extensive molecular analysis using rRNA data found these animals to be protostomes, more
closely related to annelids and mollusks. This discovery allowed for the distinction of the
protostome clade, the lophotrochozoans. Molecular data have also shed light on some
differences within the lophotrochozoan group, and some scientists believe that the phyla
Platyhelminthes and Rotifera within this group should actually belong to their own group of
protostomes termed Platyzoa.
Molecular research similar to the discoveries that brought about the distinction of the
lophotrochozoan clade has also revealed a dramatic rearrangement of the relationships
between mollusks, annelids, arthropods, and nematodes, and a new ecdysozoan clade was
formed. Due to morphological similarities in their segmented body types, annelids and
arthropods were once thought to be closely related. However, molecular evidence has
revealed that arthropods are actually more closely related to nematodes, now comprising the
ecdysozoan clade, and annelids are more closely related to mollusks, brachiopods, and other
phyla in the lophotrochozoan clade. These two clades now make up the protostomes.
Another change to former phylogenetic groupings because of molecular analyses includes the
emergence of an entirely new phylum of worm called Acoelomorpha. These acoel flatworms
were long thought to belong to the phylum Platyhelminthes because of their similar
“flatworm” morphology. However, molecular analyses revealed this to be a false relationship
and originally suggested that acoels represented living species of some of the earliest
divergent bilaterians. More recent research into the acoelomorphs has called this hypothesis
into question and suggested a closer relationship with deuterostomes. The placement of this
new phylum remains disputed, but scientists agree that with sufficient molecular data, their
true phylogeny will be determined.

Section Summary
Scientists are interested in the evolutionary history of animals and the evolutionary
relationships among them. There are three main sources of data that scientists use to create
phylogenetic evolutionary tree diagrams that illustrate such relationships: morphological
information (which includes developmental morphologies), fossil record data, and, most
recently, molecular data. The details of the modern phylogenetic tree change frequently as

new data are gathered, and molecular data has recently contributed to many substantial
modifications of the understanding of relationships between animal phyla.

Review Questions
Consulting the modern phylogenetic tree of animals, which of the following would not
constitute a clade?
a.
b.
c.
d.

deuterostomes
lophotrochozoans
Parazoa
Bilateria

C
Which of the following is thought to be the most closely related to the common animal
ancestor?
a.
b.
c.
d.

fungal cells
protist cells
plant cells
bacterial cells

B
As with the emergence of the Acoelomorpha phylum, it is common for ____ data to misplace
animals in close relation to other species, whereas ____ data often reveals a different and
more accurate evolutionary relationship.
a.
b.
c.
d.

molecular : morphological
molecular : fossil record
fossil record : morphological
morphological : molecular

D

Free Response
Describe at least two major changes to the animal phylogenetic tree that have come about due
to molecular or genetic findings.
Two new clades that comprise the two major groups of protostomes are called the
lophotrochozoans and the ecdysozoans. The formation of these two clades came about
through molecular research from DNA and protein data. Also, the novel phylum of worm
called Acoelomorpha was determined due to molecular data that distinguished them from
other flatworms.
How is it that morphological data alone might lead scientists to group animals into erroneous
evolutionary relationships?

In many cases, morphological similarities between animals may be only superficial
similarities and may not indicate a true evolutionary relationship. One of the reasons for this
is that certain morphological traits can evolve along very different evolutionary branches of
animals for similar ecological reasons.

Glossary
Ecdysozoa
clade of protostomes that exhibit exoskeletal molting (ecdysis)
Eumetazoa
group of animals with true differentiated tissues
Lophotrochozoa
clade of protostomes that exhibit a trochophore larvae stage or a lophophore
feeding structure
Metazoa
group containing all animals
Parazoa
group of animals without true differentiated tissues
The Evolutionary History of the Animal Kingdom
By the end of this section, you will be able to:
•
•
•
•

Describe the features that characterized the earliest animals and when they
appeared on earth
Explain the significance of the Cambrian period for animal evolution and
the changes in animal diversity that took place during that time
Describe some of the unresolved questions surrounding the Cambrian
explosion
Discuss the implications of mass animal extinctions that have occurred in
evolutionary history

Many questions regarding the origins and evolutionary history of the animal
kingdom continue to be researched and debated, as new fossil and molecular
evidence change prevailing theories. Some of these questions include the
following: How long have animals existed on Earth? What were the earliest
members of the animal kingdom, and what organism was their common ancestor?
While animal diversity increased during the Cambrian period of the Paleozoic era,
530 million years ago, modern fossil evidence suggests that primitive animal
species existed much earlier.
Pre-Cambrian Animal Life
The time before the Cambrian period is known as the Ediacaran period (from about 635
million years ago to 543 million years ago), the final period of the late Proterozoic
Neoproterozoic Era ([link]). It is believed that early animal life, termed Ediacaran biota,
evolved from protists at this time. Some protist species called choanoflagellates closely
resemble the choanocyte cells in the simplest animals, sponges. In addition to their

morphological similarity, molecular analyses have revealed similar sequence homologies in
their DNA.
(a) Earth’s history is divided into eons, eras, and periods. Note that the Ediacaran period
starts in the Proterozoic eon and ends in the Cambrian period of the Phanerozoic eon. (b)
Stages on the geological time scale are represented as a spiral. (credit: modification of work

by USGS)
The earliest life comprising Ediacaran biota was long believed to include only tiny, sessile,
soft-bodied sea creatures. However, recently there has been increasing scientific evidence
suggesting that more varied and complex animal species lived during this time, and possibly
even before the Ediacaran period.
Fossils believed to represent the oldest animals with hard body parts were recently discovered
in South Australia. These sponge-like fossils, named Coronacollina acula, date back as far as
560 million years, and are believed to show the existence of hard body parts and spicules that
extended 20–40 cm from the main body (estimated about 5 cm long). Other fossils from the
Ediacaran period are shown in [link]ab.

Fossils of (a) Cyclomedusa and (b) Dickinsonia date to 650 million years ago, during the
Ediacaran period. (credit: modification of work by “Smith609”/Wikimedia

Commons)
Another recent fossil discovery may represent the earliest animal species ever found. While
the validity of this claim is still under investigation, these primitive fossils appear to be small,
one-centimeter long, sponge-like creatures. These fossils from South Australia date back 650
million years, actually placing the putative animal before the great ice age extinction event
that marked the transition between the Cryogenian period and the Ediacaran period. Until this
discovery, most scientists believed that there was no animal life prior to the Ediacaran period.
Many scientists now believe that animals may in fact have evolved during the Cryogenian
period.

The Cambrian Explosion of Animal Life
The Cambrian period, occurring between approximately 542–488 million years ago, marks
the most rapid evolution of new animal phyla and animal diversity in Earth’s history. It is
believed that most of the animal phyla in existence today had their origins during this time,
often referred to as the Cambrian explosion ([link]). Echinoderms, mollusks, worms,
arthropods, and chordates arose during this period. One of the most dominant species during
the Cambrian period was the trilobite, an arthropod that was among the first animals to
exhibit a sense of vision ([link]abcd).

An artist’s rendition depicts some organisms from the Cambrian

period.
These fossils (a–d) belong to
trilobites, extinct arthropods that appeared in the early Cambrian period, 525 million years
ago, and disappeared from the fossil record during a mass extinction at the end of the
Permian period, about 250 million years

ago.
The cause of the Cambrian explosion is still debated. There are many theories that attempt to
answer this question. Environmental changes may have created a more suitable environment
for animal life. Examples of these changes include rising atmospheric oxygen levels and large
increases in oceanic calcium concentrations that preceded the Cambrian period ([link]). Some
scientists believe that an expansive, continental shelf with numerous shallow lagoons or pools

provided the necessary living space for larger numbers of different types of animals to coexist. There is also support for theories that argue that ecological relationships between
species, such as changes in the food web, competition for food and space, and predator-prey
relationships, were primed to promote a sudden massive coevolution of species. Yet other
theories claim genetic and developmental reasons for the Cambrian explosion. The
morphological flexibility and complexity of animal development afforded by the evolution
of Hox control genes may have provided the necessary opportunities for increases in possible
animal morphologies at the time of the Cambrian period. Theories that attempt to explain
why the Cambrian explosion happened must be able to provide valid reasons for the massive
animal diversification, as well as explain why it happened when it did. There is evidence that
both supports and refutes each of the theories described above, and the answer may very well
be a combination of these and other theories.
The oxygen concentration in Earth’s atmosphere rose sharply around 300 million years

ago.
However, unresolved questions about the animal diversification that took place during the
Cambrian period remain. For example, we do not understand how the evolution of so many
species occurred in such a short period of time. Was there really an “explosion” of life at this
particular time? Some scientists question the validity of the this idea, because there is
increasing evidence to suggest that more animal life existed prior to the Cambrian period and
that other similar species’ so-called explosions (or radiations) occurred later in history as
well. Furthermore, the vast diversification of animal species that appears to have begun
during the Cambrian period continued well into the following Ordovician period. Despite
some of these arguments, most scientists agree that the Cambrian period marked a time of
impressively rapid animal evolution and diversification that is unmatched elsewhere during
history.

Link to Learning

View an animation of what ocean life may have been like during the Cambrian explosion.

Introduction
class="introduction" class="summary" title="Sections Summary" class="art-exercise"
title="Art Connections" class="multiple-choice" title="Multiple Choice" class="freeresponse" title="Free Response"Nearly 97 percent of animal species are invertebrates,
including this sea star (Astropecten articulates) common to the eastern and southern coasts of
the United States (credit: modification of work by Mark
Walz)

A brief look at any magazine pertaining to our natural world, such as National
Geographic, would show a rich variety of vertebrates, especially mammals and
birds. To most people, these are the animals that attract our attention.
Concentrating on vertebrates, however, gives us a rather biased and limited view of
biodiversity, because it ignores nearly 97 percent of the animal kingdom, namely
the invertebrates. Invertebrate animals are those without a cranium and defined
vertebral column or spine. In addition to lacking a spine, most invertebrates also
lack an endoskeleton. A large number of invertebrates are aquatic animals, and
scientific research suggests that many of the world’s species are aquatic
invertebrates that have not yet been documented.
Phylum Porifera
By the end of this section, you will be able to:
•
•

Describe the organizational features of the simplest multicellular organisms
Explain the various body forms and bodily functions of sponges

The invertebrates, or invertebrata, are animals that do not contain bony structures,
such as the cranium and vertebrae. The simplest of all the invertebrates are the
Parazoans, which include only the phylum Porifera: the sponges ([link]). Parazoans
(“beside animals”) do not display tissue-level organization, although they do have
specialized cells that perform specific functions. Sponge larvae are able to swim;
however, adults are non-motile and spend their life attached to a substratum. Since
water is vital to sponges for excretion, feeding, and gas exchange, their body
structure facilitates the movement of water through the sponge. Structures such as
canals, chambers, and cavities enable water to move through the sponge to nearly
all body cells.
Sponges are members of the Phylum Porifera, which contains the simplest invertebrates.

(credit: Andrew Turner)

Morphology of Sponges
The morphology of the simplest sponges takes the shape of a cylinder with a large central
cavity, the spongocoel, occupying the inside of the cylinder. Water can enter into the
spongocoel from numerous pores in the body wall. Water entering the spongocoel is extruded
via a large common opening called the osculum. However, sponges exhibit a range of
diversity in body forms, including variations in the size of the spongocoel, the number of
osculi, and where the cells that filter food from the water are located.
While sponges (excluding the hexactinellids) do not exhibit tissue-layer organization, they do
have different cell types that perform distinct functions. Pinacocytes, which are epithelial-like
cells, form the outermost layer of sponges and enclose a jelly-like substance called
mesohyl. Mesohyl is an extracellular matrix consisting of a collagen-like gel with suspended
cells that perform various functions. The gel-like consistency of mesohyl acts like an
endoskeleton and maintains the tubular morphology of sponges. In addition to the osculum,
sponges have multiple pores called ostia on their bodies that allow water to enter the sponge.
In some sponges, ostia are formed by porocytes, single tube-shaped cells that act as valves to
regulate the flow of water into the spongocoel. In other sponges, ostia are formed by folds in
the body wall of the sponge.
Choanocytes (“collar cells”) are present at various locations, depending on the type of
sponge, but they always line the inner portions of some space through which water flows (the
spongocoel in simple sponges, canals within the body wall in more complex sponges, and
chambers scattered throughout the body in the most complex sponges). Whereas pinacocytes
line the outside of the sponge, choanocytes tend to line certain inner portions of the sponge
body that surround the mesohyl. The structure of a choanocyte is critical to its function,
which is to generate a water current through the sponge and to trap and ingest food particles
by phagocytosis. Note the similarity in appearance between the sponge choanocyte and
choanoflagellates (Protista). This similarity suggests that sponges and choanoflagellates are
closely related and likely share a recent common ancestry. The cell body is embedded in
mesohyl and contains all organelles required for normal cell function, but protruding into the
“open space” inside of the sponge is a mesh-like collar composed of microvilli with a single
flagellum in the center of the column. The cumulative effect of the flagella from all
choanocytes aids the movement of water through the sponge: drawing water into the sponge
through the numerous ostia, into the spaces lined by choanocytes, and eventually out through
the osculum (or osculi). In the meantime, food particles, including waterborne bacteria and
algae, are trapped by the sieve-like collar of the choanocytes, slide down into the body of the
cell, are ingested by phagocytosis, and become encased in a food vacuole. Lastly,
choanocytes will differentiate into sperm for sexual reproduction, where they will become
dislodged from the mesohyl and leave the sponge with expelled water through the osculum.
Link to Learning

Watch this video to see the movement of water through the sponge body.
Phylum Cnidaria
By the end of this section, you will be able to:
•
•

Compare structural and organization characteristics of Porifera and Cnidaria
Describe the progressive development of tissues and their relevance to animal
complexity

Phylum Cnidaria includes animals that show radial or biradial symmetry and are diploblastic,
that is, they develop from two embryonic layers. Nearly all (about 99 percent) cnidarians are
marine species.
Cnidarians contain specialized cells known as cnidocytes (“stinging cells”) containing
organelles called nematocysts (stingers). These cells are present around the mouth and
tentacles, and serve to immobilize prey with toxins contained within the cells. Nematocysts
contain coiled threads that may bear barbs. The outer wall of the cell has hairlike projections
called cnidocils, which are sensitive to touch. When touched, the cells are known to fire
coiled threads that can either penetrate the flesh of the prey or predators of cnidarians
(see [link]) or ensnare it. These coiled threads release toxins into the target and can often
immobilize prey or scare away predators.
Animals from the phylum Cnidaria have stinging cells called cnidocytes. Cnidocytes contain
large organelles called (a) nematocysts that store a coiled thread and barb. When hairlike
projections on the cell surface are touched, (b) the thread, barb, and a toxin are fired from the

organelle.

Link to Learning

View this video animation showing two anemones engaged in a battle.
Superphylum Lophotrochozoa
By the end of this section, you will be able to:
•
•
•
•
•

Describe the unique anatomical and morphological features of flatworms, rotifers,
Nemertea, mollusks, and annelids
Describe the development of an extracoelomic cavity
Discuss the advantages of true body segmentation
Explain the key features of Platyhelminthes and their importance as parasites
Describe the features of animals classified in phylum Annelida

Animals belonging to superphylum Lophotrochozoa are protostomes, in which the
blastopore, or the point of involution of the ectoderm or outer germ layer, becomes the mouth
opening to the alimentary canal. This is called protostomy or “first mouth.” In protostomy,
solid groups of cells split from the endoderm or inner germ layer to form a central
mesodermal layer of cells. This layer multiplies into a band and then splits internally to form
the coelom; this protostomic coelom is hence termed schizocoelom.
As lophotrochozoans, the organisms in this superphylum possess either a lophophore or
trochophore larvae. The lophophores include groups that are united by the presence of the
lophophore, a set of ciliated tentacles surrounding the mouth. Lophophorata include the
flatworms and several other phyla. These clades are upheld when RNA sequences are
compared. Trochophore larvae are characterized by two bands of cilia around the body.
The lophotrochozoans are triploblastic and possess an embryonic mesoderm sandwiched
between the ectoderm and endoderm found in the diploblastic cnidarians. These phyla are
also bilaterally symmetrical, meaning that a longitudinal section will divide them into right
and left sides that are symmetrical. It also means the beginning of cephalization, the evolution
of a concentration of nervous tissues and sensory organs in the head of the organism, which is
where it first encounters its environment.

Phylum Platyhelminthes
The flatworms are acoelomate organisms that include many free-living and parasitic forms.
Most of the flatworms are classified in the superphylum Lophotrochozoa, which also includes
the mollusks and annelids. The Platyhelminthes consist of two lineages: the Catenulida and
the Rhabditophora. The Catenulida, or "chain worms" is a small clade of just over 100
species. These worms typically reproduce asexually by budding. However, the offspring do
not fully attach from the parents and, resemble a chain in appearance. All of the remaining
flatworms discussed here are part of the Rhabditophora. Many flatworms are parasitic,
including important parasites of humans. Flatworms have three embryonic tissue layers that
give rise to surfaces that cover tissues (from ectoderm), internal tissues (from mesoderm),
and line the digestive system (from endoderm). The epidermal tissue is a single layer cells or
a layer of fused cells (syncytium) that covers a layer of circular muscle above a layer of
longitudinal muscle. The mesodermal tissues include mesenchymal cells that contain
collagen and support secretory cells that secrete mucus and other materials at the surface. The
flatworms are acoelomates, so their bodies are solid between the outer surface and the cavity
of the digestive system.

Physiological Processes of Flatworms
The free-living species of flatworms are predators or scavengers. Parasitic forms feed on the
tissues of their hosts. Most flatworms, such as the planarian shown in [link], have a
gastrovascular cavity rather than a complete digestive system. In such animals, the “mouth”
is also used to expel waste materials from the digestive system. Some species also have an
anal opening. The gut may be a simple sac or highly branched. Digestion is extracellular,
with digested materials taken in to the cells of the gut lining by phagocytosis. One group, the
cestodes, lacks a digestive system. Flatworms have an excretory system with a network of
tubules throughout the body with openings to the environment and nearby flame cells, whose
cilia beat to direct waste fluids concentrated in the tubules out of the body. The system is
responsible for the regulation of dissolved salts and the excretion of nitrogenous wastes. The
nervous system consists of a pair of nerve cords running the length of the body with
connections between them and a large ganglion or concentration of nerves at the anterior end
of the worm, where there may also be a concentration of photosensory and chemosensory
cells.
There is neither a circulatory nor respiratory system, with gas and nutrient exchange
dependent on diffusion and cell-cell junctions. This necessarily limits the thickness of the
body in these organisms, constraining them to be “flat” worms.
Most flatworm species are monoecious, and fertilization is typically internal. Asexual
reproduction is common in some groups.
The planarian is a flatworm that has a gastrovascular cavity with one opening that serves as
both mouth and anus. The excretory system is made up of tubules connected to excretory
pores on both sides of the body. The nervous system is composed of two interconnected

nerve cords running the length of the body, with cerebral ganglia and eyespots at the anterior

end.
Diversity of Flatworms
Platyhelminthes are traditionally divided into four classes: Turbellaria, Monogenea,
Trematoda, and Cestoda ([link]). As discussed above, the relationships among members of
these classes is being reassessed, with the turbellarians in particular now viewed as a
paraphyletic group, a group that does not have a single common ancestor.
Phylum Platyhelminthes is divided into four classes. (a) Class Turbellaria includes the
Bedford’s flatworm (Pseudobiceros bedfordi), which is about 8–10 cm in length. (b) The
parasitic class Monogenea includes Dactylogyrus spp. Dactylogyrus, commonly called a gill
fluke, is about 0.2 mm in length and has two anchors, indicated by arrows, that it uses to latch
onto the gills of host fish. (c) The Trematoda class includes Fascioloides magna (right)
and Fasciaola hepatica (two specimens of left, also known as the common liver fluke). (d)
Class Cestoda includes tapeworms such as this Taenia saginata. T. saginata, which infects
both cattle and humans, can reach 4–10 meters in length; the specimen shown here is about 4

meters. (credit a: modification of work by Jan Derk; credit d: modification of work by

CDC)
The class Turbellaria includes mainly free-living, marine species, although some species live
in freshwater or moist terrestrial environments. The ventral epidermis of turbellarians is
ciliated and facilitates their locomotion. Some turbellarians are capable of remarkable feats of
regeneration in which they may regrow the body, even from a small fragment.
The monogeneans are ectoparasites, mostly of fish, with simple lifecycles that consist of a
free-swimming larva that attaches to a fish to begin transformation to the parasitic adult form.
The parasite has only one host and that host is usually only one species. The worms may
produce enzymes that digest the host tissues or simply graze on surface mucus and skin
particles. Most monogeneans are hermaphroditic, but the male gametes develop first and so
cross-fertilization is quite common.
The trematodes, or flukes, are internal parasites of mollusks and many other groups,
including humans. Trematodes have complex lifecycles that involve a primary host in which
sexual reproduction occurs, and one or more secondary hosts in which asexual reproduction
occurs. The primary host is almost always a mollusk. Trematodes are responsible for serious
human diseases including schistosomiasis, a blood fluke. The disease infects an estimated
200 million people in the tropics, leading to organ damage and chronic symptoms like

fatigue. Infection occurs when the human enters the water and a larva, released from the
primary snail host, locates and penetrates the skin. The parasite infects various organs in the
body and feeds on red blood cells before reproducing. Many of the eggs are released in feces
and find their way into a waterway, where they are able to reinfect the primary snail host.
The cestodes, or tapeworms, are also internal parasites, mainly of vertebrates ([link]).
Tapeworms live in the intestinal tract of the primary host and remain fixed using a sucker on
the anterior end, or scolex, of the tapeworm body. The remaining body of the tapeworm is
made up of a long series of units called proglottids, each of which may contain an excretory
system with flame cells, but contain reproductive structures, both male and female.
Tapeworms do not possess a digestive system; instead, they absorb nutrients from the food
matter passing them in the host’s intestine.
Proglottids are produced at the scolex and gradually migrate to the end of the tapeworm; at
this point, they are “mature” and all structures except fertilized eggs have degenerated. Most
reproduction occurs by cross-fertilization. The proglottid detaches from the body of the worm
and is released into the feces of the organism. The eggs are eaten by an intermediate host.
The juvenile worm infects the intermediate host and takes up residence, usually in muscle
tissue. When the muscle tissue is eaten by the primary host, the cycle is completed. There are
several tapeworm parasites of humans that are transmitted by eating uncooked or poorly
cooked pork, beef, and fish.
Tapeworm (Taenia spp.) infections occur when humans consume raw or undercooked
infected meat. (credit: modification of work by

CDC)

Phylum Rotifera
The rotifers are a microscopic (about 100 µm to 30 mm) group of mostly aquatic organisms
that get their name from the corona, a rotating, wheel-like structure that is covered with cilia
at their anterior end ([link]). Although their taxonomy is currently in flux, one treatment
places the rotifers in three classes: Bdelloidea, Monogononta, and Seisonidea. The
classification of the group is currently under revision, however, as more phylogenetic
evidence becomes available. It is possible that the “spiny headed worms” currently in phylum
Acanthocephala will be incorporated into this group in the future.
The body form of rotifers consists of a head (which contains the corona), a trunk (which
contains the organs), and the foot. Rotifers are typically free-swimming and truly planktonic
organisms, but the toes or extensions of the foot can secrete a sticky material forming a
holdfast to help them adhere to surfaces. The head contains sensory organs in the form of a
bi-lobed brain and small eyespots near the corona.

Shown are examples from two of the three classes of rotifer. (a) Species from the class
Bdelloidea are characterized by a large corona, shown separately from the whole animals in
the center of this scanning electron micrograph. (b) Polyarthra, from the class Monogononta,
has a smaller corona than Bdelloid rotifers, and a single gonad, which give the class its name.
(credit a: modification of work by Diego Fontaneto; credit b: modification of work by U.S.
EPA; scale-bar data from Cory

Zanker)
The rotifers are filter feeders that will eat dead material, algae, and other microscopic living
organisms, and are therefore very important components of aquatic food webs. Rotifers
obtain food that is directed toward the mouth by the current created from the movement of
the corona. The food particles enter the mouth and travel to the mastax (pharynx with jawlike structures). Food then passes by digestive and salivary glands, and into the stomach, then
onto the intestines. Digestive and excretory wastes are collected in a cloacal bladder before
being released out the anus.
Link to Learning

Watch this video to see rotifers feeding.
Rotifers are pseudocoelomates commonly found in fresh water and some salt water
environments throughout the world. [link] shows the anatomy of a rotifer belonging to class
Bdelloidea. About 2,200 species of rotifers have been identified. Rotifers are dioecious
organisms (having either male or female genitalia) and exhibit sexual dimorphism (males and
females have different forms). Many species are parthenogenic and exhibit haplodiploidy, a
method of sex determination in which a fertilized egg develops into a female and an
unfertilized egg develops into a male. In many dioecious species, males are short-lived and
smaller with no digestive system and a single testis. Females can produce eggs that are
capable of dormancy for protection during harsh environmental conditions.
This illustration shows the anatomy of a bdelloid

rotifer.

Phylum Nemertea
The Nemertea are colloquially known as ribbon worms. Most species of
phylum Nemertea are marine, predominantly benthic or bottom dwellers, with an estimated
900 species known. However, nemertini have been recorded in freshwater and terrestrial
habitats as well. Most nemerteans are carnivores, feeding on worms, clams, and crustaceans.
Some species are scavengers, and some nemertini species, like Malacobdella grossa, have
also evolved commensalistic relationships with some mollusks. Some species have
devastated commercial fishing of clams and crabs. Nemerteans have almost no predators and
two species are sold as fish bait.

Morphology
Ribbon worms vary in size from 1 cm to several meters. They show bilateral symmetry and
remarkable contractile properties. Because of their contractility, they can change their
morphological presentation in response to environmental cues. Animals in phylum Nemertea
show a flattened morphology, that is, they are flat from front to back, like a flattened tube.
Nemertea are soft and unsegmented animals ([link]).
The proboscis worm (Parborlasia corrugatus) is a scavenger that combs the sea floor for
food. The species is a member of the phylum Nemertea. The specimen shown here was
photographed in the Ross Sea, Antarctica. (credit: Henry Kaiser, National Science

Foundation)
A unique characteristic of this phylum is the presence of a proboscis enclosed in
a rhynchocoel. The proboscis serves to capture food and may be ornamented with barbs in
some species. The rhynchocoel is a fluid-filled cavity that extends from the head to nearly
two-thirds of the length of the gut in these animals ([link]). The proboscis may be extended or
retracted by the retractor muscle attached to the wall of the rhynchocoel.

The anatomy of a Nemertean is shown.

Link to Learning

Watch this video to see a nemertean attack a polychaete with its proboscis.
Superphylum Ecdysozoa
By the end of this section, you will be able to:
•
•
•
•
•

Describe the structural organization of nematodes
Understand the importance of Caenorhabditis elegans in research
Compare the internal systems and appendage specializations of phylum
Arthropoda
Discuss the environmental importance of arthropods
Discuss the reasons for arthropod success and abundance

Superphylum Ecdysozoa
The superphylum Ecdysozoa contains an incredibly large number of species. This is because
it contains two of the most diverse animal groups: phylum Nematoda (the roundworms) and
Phylum Arthropoda (the arthropods). The most prominant distinguising feature of
Ecdysozoans is their tough external covering called the cuticle. The cuticle provides a tough,
but flexible exoskeleton tht protects these animals from water loss, predators and other
aspects of the external environment. All members of this superphylum periodically molt, or
shed their cuticle as they grow. After molting, they secrete a new cuticle that will last until
their next growth phase. The process of molting and replacing the cuticle is called ecdysis,
which is how the superphylum derived its name.

Phylum Nematoda
The Nematoda, like most other animal phyla, are triploblastic and possess an embryonic
mesoderm that is sandwiched between the ectoderm and endoderm. They are also bilaterally
symmetrical, meaning that a longitudinal section will divide them into right and left sides that
are symmetrical. Furthermore, the nematodes, or roundworms, possess a pseudocoelom and
consist of both free-living and parasitic forms.
It has been said that were all the non-nematode matter of the biosphere removed, there would
remain a shadow of the former world in the form of nematodes.1 The arthropods, one of the
most successful taxonomic groups on the planet, are coelomate organisms characterized by a
hard exoskeleton and jointed appendages. Both the nematodes and arthropods belong to the
superphylum Ecdysozoa that is believed to be a clade consisting of all evolutionary
descendants from one common ancestor. The name derives from the word ecdysis, which
refers to the shedding, or molting, of the exoskeleton. The phyla in this group have a hard
cuticle that covers their bodies, which must be periodically shed and replaced for them to
increase in size.
Phylum Nematoda includes more than 28,000 species with an estimated 16,000 being
parasitic in nature. The name Nematoda is derived from the Greek word “Nemos,” which
means “thread” and includes roundworms. Nematodes are present in all habitats with a large
number of individuals of each species present in each. The free-living
nematode, Caenorhabditis elegans has been extensively used as a model system in
laboratories all over the world.
Morphology
In contrast with cnidarians, nematodes show a tubular morphology and circular cross-section.
These animals are pseudocoelomates and show the presence of a complete digestive system
with a distinct mouth and anus. This is in contrast with the cnidarians, where only one
opening is present (an incomplete digestive system).
The cuticle of Nematodes is rich in collagen and a carbohydrate-protein polymer called
chitin, and forms an external “skeleton” outside the epidermis. The cuticle also lines many of
the organs internally, including the pharynx and rectum. The epidermis can be either a single
layer of cells or a syncytium, which is a multinucleated cell formed from the fusion of
uninucleated cells.
The overall morphology of these worms is cylindrical, as seen in [link]. The head is radially
symmetrical. A mouth opening is present at the anterior end with three or six lips as well as
teeth in some species in the form of cuticle extensions. Some nematodes may present other
external modifications like rings, head shields, or warts. Rings, however, do not reflect true
internal body segmentation. The mouth leads to a muscular pharynx and intestine, which
leads to a rectum and anal opening at the posterior end. The muscles of nematodes differ
from those of most animals: They have a longitudinal layer only, which accounts for the
whip-like motion of their movement.
Scanning electron micrograph shows (a) the soybean cyst nematode (Heterodera glycines)
and a nematode egg. (b) A schematic representation shows the anatomy of a typical

nematode. (credit a: modification of work by USDA ARS; scale-bar data from Matt

Russell)
Excretory System
In nematodes, specialized excretory systems are not well developed. Nitrogenous wastes may
be lost by diffusion through the entire body or into the pseudocoelom (body cavity), where
they are removed by specialized cells. Regulation of water and salt content of the body is
achieved by renette glands, present under the pharynx in marine nematodes.
Nervous system
Most nematodes possess four longitudinal nerve cords that run along the length of the body in
dorsal, ventral, and lateral positions. The ventral nerve cord is better developed than the
dorsal or lateral cords. All nerve cords fuse at the anterior end, around the pharynx, to form
head ganglia or the “brain” of the worm (which take the form of a ring around the pharynx)
as well as at the posterior end to form the tail ganglia. In C. elegans, the nervous system
accounts for nearly one-third of the total number of cells in the animal.
Reproduction
Nematodes employ a variety of reproductive strategies that range from monoecious to
dioecious to parthenogenic, depending upon the species under consideration. C. elegans is a
monoecious species and shows development of ova contained in a uterus as well as sperm
contained in the spermatheca. The uterus has an external opening known as the vulva. The
female genital pore is near the middle of the body, whereas the male’s is at the tip.
Specialized structures at the tail of the male keep him in place while he deposits sperm with
copulatory spicules. Fertilization is internal, and embryonic development starts very soon
after fertilization. The embryo is released from the vulva during the gastrulation stage. The
embryonic development stage lasts for 14 hours; development then continues through four
successive larval stages with ecdysis between each stage—L1, L2, L3, and L4—ultimately
leading to the development of a young male or female adult worm. Adverse environmental

conditions like overcrowding and lack of food can result in the formation of an intermediate
larval stage known as the dauer larva.
Everyday Connection
C. elegans: The Model System for Linking Developmental Studies with Genetics If biologists
wanted to research how nicotine dependence develops in the body, how lipids are regulated,
or observe the attractant or repellant properties of certain odors, they would clearly need to
design three very different experiments. However, they might only need one object of
study: C. elegans. The nematode Caenorhabditis elegans was brought into the focus of
mainstream biological research by Dr. Sydney Brenner. Since 1963, Dr. Brenner and
scientists worldwide have used this animal as a model system to study various physiological
and developmental mechanisms.
C. elegans is a free-living organism found in soil. It is easy to culture this organism on agar
plates (10,000 worms/plate), it feeds on Escherichia coli (another long-term resident of
biological laboratories worldwide), and therefore, it can be readily grown and maintained in a
laboratory. The biggest asset of this nematode is its transparency, which helps researchers to
observe and monitor changes within the animal with ease. It is also a simple organism with
fewer than 1,000 cells and a genome of 20,000 genes. It shows chromosomal organization of
DNA into five pairs of autosomes plus a pair of sex chromosomes, making it an ideal
candidate to study genetics. Since every cell can be visualized and identified, this organism is
useful for studying cellular phenomena like cell-cell interactions, cell-fate determinations,
cell division, apoptosis, and intracellular transport.
Another tremendous asset is the short life cycle of this worm ([link]). It takes only 3 days to
achieve the “egg to adult to daughter egg;” therefore, tracking genetic changes is easier in this
animal. The total life span of C. elegans is 2 to 3 weeks; hence, age-related phenomena are
easy to observe. Another feature that makes C. elegans an excellent experimental model
system is that the position and number of the 959 cells present in adult hermaphrodites of this
organism is constant. This feature is extremely significant when studying cell differentiation,
cell-cell communication, and apoptosis. Lastly, C. elegans is also amenable to genetic
manipulations using molecular methods, rounding off its usefulness as a model system.
Biologists worldwide have created information banks and groups dedicated to research
using C. elegans. Their findings have led, for example, to better understandings of cell
communication during development, neuronal signaling and insight into lipid regulation
(which is important in addressing health issues like the development of obesity and diabetes).
In recent years, studies have enlightened the medical community with a better understanding
of polycystic kidney disease. This simple organism has led biologists to complex and
significant findings, growing the field of science in ways that touch the everyday world.
(a) This light micrograph shows Caenorhabditis elegans. Its transparent adult stage consists
of exactly 959 cells. (b) The life cycle of C. elegans has four juvenile stages (L1 through L4)
and an adult stage. Under ideal conditions, the nematode spends a set amount of time at each
juvenile stage, but under stressful conditions, it may enter a dauer state that does not age. The
worm is hermaphroditic in the adult state, and mating of two worms produces a fertilized egg.
(credit a: modification of work by “snickclunk”/Flickr: credit b: modification of work by
NIDDK, NIH; scale-bar data from Matt

Russell)

A number of common parasitic nematodes serve as prime examples of parasitism. These
animals exhibit complex lifecycles that involve multiple hosts, and they can have significant
medical and veterinary impacts. Humans may become infected by Dracunculus medinensis,
known as guinea worms, when they drink unfiltered water containing copepods ([link]).
Hookworms, such as Ancyclostoma and Necator, infest the intestines and feed on the blood of
mammals, especially in dogs, cats, and humans. Trichina worms (Trichinella) are the causal
organism of trichinosis in humans, often resulting from the consumption of undercooked
pork; Trichinella can infect other mammalian hosts as well. Ascaris, a large intestinal
roundworm, steals nutrition from its human host and may create physical blockage of the
intestines. The filarial worms, such as Dirofilaria and Wuchereria, are commonly vectored
by mosquitoes, which pass the infective agents among mammals through their blood-sucking
activity. Dirofilaria immitis, a blood-infective parasite, is the notorious dog heartworm
species. Wuchereria bancrofti infects the lymph nodes of humans, resulting in the non-lethal
but deforming condition called elephantiasis, in which parts of the body become swelled to
gigantic proportions due to obstruction of lymphatic drainage and inflammation of lymphatic
tissues.

