
wines, it remains dissolved in the medium until the pressure is released. Ethanol above 12 percent is toxic to yeast,
so natural levels of alcohol in wine occur at a maximum of 12 percent.

FIGURE 4.18 Fermentation of grape juice to make wine produces CO2 as a byproduct. Fermentation tanks have valves so that pressure
inside the tanks can be released.

Anaerobic Cellular Respiration

Certain prokaryotes, including some species of bacteria and Archaea, use anaerobic respiration. For example, the
group of Archaea called methanogens reduces carbon dioxide to methane to oxidize NADH. These microorganisms
are found in soil and in the digestive tracts of ruminants, such as cows and sheep. Similarly, sulfate-reducing
bacteria and Archaea, most of which are anaerobic (Figure 4.19), reduce sulfate to hydrogen sulfide to regenerate
NAD+ from NADH.

FIGURE 4.19 The green color seen in these coastal waters is from an eruption of hydrogen sulfide. Anaerobic, sulfate-reducing bacteria
release hydrogen sulfide gas as they decompose algae in the water. (credit: NASA image courtesy Jeff Schmaltz, MODIS Land Rapid
Response Team at NASA GSFC)

Other fermentation methods occur in bacteria. Many prokaryotes are facultatively anaerobic. This means that they
can switch between aerobic respiration and fermentation, depending on the availability of oxygen. Certain
prokaryotes, like Clostridia bacteria, are obligate anaerobes. Obligate anaerobes live and grow in the absence of
molecular oxygen. Oxygen is a poison to these microorganisms and kills them upon exposure. It should be noted
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that all forms of fermentation, except lactic acid fermentation, produce gas. The production of particular types of
gas is used as an indicator of the fermentation of specific carbohydrates, which plays a role in the laboratory
identification of the bacteria. The various methods of fermentation are used by different organisms to ensure an
adequate supply of NAD+ for the sixth step in glycolysis. Without these pathways, that step would not occur, and no
ATP would be harvested from the breakdown of glucose.

4.5 Connections to Other Metabolic Pathways
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Discuss the way in which carbohydrate metabolic pathways, glycolysis, and the citric acid cycle
interrelate with protein and lipid metabolic pathways

• Explain why metabolic pathways are not considered closed systems

You have learned about the catabolism of glucose, which provides energy to living cells. But living things consume
more than just glucose for food. How does a turkey sandwich, which contains protein, provide energy to your cells?
This happens because all of the catabolic pathways for carbohydrates, proteins, and lipids eventually connect into
glycolysis and the citric acid cycle pathways (Figure 4.20). Metabolic pathways should be thought of as porous—that
is, substances enter from other pathways, and other substances leave for other pathways. These pathways are not
closed systems. Many of the products in a particular pathway are reactants in other pathways.

Connections of Other Sugars to Glucose Metabolism

Glycogen, a polymer of glucose, is a short-term energy storage molecule in animals. When there is adequate ATP
present, excess glucose is converted into glycogen for storage. Glycogen is made and stored in the liver and muscle.
Glycogen will be taken out of storage if blood sugar levels drop. The presence of glycogen in muscle cells as a source
of glucose allows ATP to be produced for a longer time during exercise.

Sucrose is a disaccharide made from glucose and fructose bonded together. Sucrose is broken down in the small
intestine, and the glucose and fructose are absorbed separately. Fructose is one of the three dietary
monosaccharides, along with glucose and galactose (which is part of milk sugar, the disaccharide lactose), that are
absorbed directly into the bloodstream during digestion. The catabolism of both fructose and galactose produces
the same number of ATP molecules as glucose.

Connections of Proteins to Glucose Metabolism

Proteins are broken down by a variety of enzymes in cells. Most of the time, amino acids are recycled into new
proteins. If there are excess amino acids, however, or if the body is in a state of famine, some amino acids will be
shunted into pathways of glucose catabolism. Each amino acid must have its amino group removed prior to entry
into these pathways. The amino group is converted into ammonia. In mammals, the liver synthesizes urea from two
ammonia molecules and a carbon dioxide molecule. Thus, urea is the principal waste product in mammals from the
nitrogen originating in amino acids, and it leaves the body in urine.

Connections of Lipids to Glucose Metabolism

The lipids that are connected to the glucose pathways are cholesterol and triglycerides. Cholesterol is a lipid that
contributes to cell membrane flexibility and is a precursor of steroid hormones. The synthesis of cholesterol starts
with acetyl CoA and proceeds in only one direction. The process cannot be reversed, and ATP is not produced.

Triglycerides are a form of long-term energy storage in animals. Triglycerides store about twice as much energy as
carbohydrates. Triglycerides are made of glycerol and three fatty acids. Animals can make most of the fatty acids
they need. Triglycerides can be both made and broken down through parts of the glucose catabolism pathways.
Glycerol can be phosphorylated and proceeds through glycolysis. Fatty acids are broken into two-carbon units that
enter the citric acid cycle.
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FIGURE 4.20 Glycogen from the liver and muscles, together with fats, can feed into the catabolic pathways for carbohydrates.

EVOLUTION CONNECTION

Pathways of Photosynthesis and Cellular Metabolism
Photosynthesis and cellular metabolism consist of several very complex pathways. It is generally thought that the
first cells arose in an aqueous environment—a “soup” of nutrients. If these cells reproduced successfully and their
numbers climbed steadily, it follows that the cells would begin to deplete the nutrients from the medium in which
they lived, as they shifted the nutrients into their own cells. This hypothetical situation would have resulted in
natural selection favoring those organisms that could exist by using the nutrients that remained in their environment
and by manipulating these nutrients into materials that they could use to survive. Additionally, selection would favor
those organisms that could extract maximal value from the available nutrients.

An early form of photosynthesis developed that harnessed the sun’s energy using compounds other than water as a
source of hydrogen atoms, but this pathway did not produce free oxygen. It is thought that glycolysis developed
prior to this time and could take advantage of simple sugars being produced, but these reactions were not able to
fully extract the energy stored in the carbohydrates. A later form of photosynthesis used water as a source of
hydrogen ions and generated free oxygen. Over time, the atmosphere became oxygenated. Living things adapted to
exploit this new atmosphere and allowed respiration as we know it to evolve. When the full process of
photosynthesis as we know it developed and the atmosphere became oxygenated, cells were finally able to use the
oxygen expelled by photosynthesis to extract more energy from the sugar molecules using the citric acid cycle.
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Key Terms
acetyl CoA the combination of an acetyl group

derived from pyruvic acid and coenzyme A which is
made from pantothenic acid (a B-group vitamin)

activation energy the amount of initial energy
necessary for reactions to occur

active site a specific region on the enzyme where the
substrate binds

allosteric inhibition the mechanism for inhibiting
enzyme action in which a regulatory molecule binds
to a second site (not the active site) and initiates a
conformation change in the active site, preventing
binding with the substrate

anabolic describes the pathway that requires a net
energy input to synthesize complex molecules from
simpler ones

anaerobic cellular respiration the use of an electron
acceptor other than oxygen to complete metabolism
using electron transport-based chemiosmosis

ATP (also, adenosine triphosphate) the cell’s energy
currency

ATP synthase a membrane-embedded protein
complex that regenerates ATP from ADP with energy
from protons diffusing through it

bioenergetics the concept of energy flow through
living systems

catabolic describes the pathway in which complex
molecules are broken down into simpler ones,
yielding energy as an additional product of the
reaction

chemiosmosis the movement of hydrogen ions down
their electrochemical gradient across a membrane
through ATP synthase to generate ATP

citric acid cycle a series of enzyme-catalyzed
chemical reactions of central importance in all living
cells that harvests the energy in carbon-carbon
bonds of sugar molecules to generate ATP; the citric
acid cycle is an aerobic metabolic pathway because
it requires oxygen in later reactions to proceed

competitive inhibition a general mechanism of
enzyme activity regulation in which a molecule
other than the enzyme’s substrate is able to bind
the active site and prevent the substrate itself from
binding, thus inhibiting the overall rate of reaction
for the enzyme

electron transport chain a series of four large, multi-
protein complexes embedded in the inner
mitochondrial membrane that accepts electrons
from donor compounds and harvests energy from a

series of chemical reactions to generate a hydrogen
ion gradient across the membrane

endergonic describes a chemical reaction that results
in products that store more chemical potential
energy than the reactants

enzyme a molecule that catalyzes a biochemical
reaction

exergonic describes a chemical reaction that results
in products with less chemical potential energy than
the reactants, plus the release of free energy

feedback inhibition a mechanism of enzyme activity
regulation in which the product of a reaction or the
final product of a series of sequential reactions
inhibits an enzyme for an earlier step in the reaction
series

fermentation the steps that follow the partial
oxidation of glucose via glycolysis to regenerate
NAD+; occurs in the absence of oxygen and uses an
organic compound as the final electron acceptor

glycolysis the process of breaking glucose into two
three-carbon molecules with the production of ATP
and NADH

heat energy the energy transferred from one system
to another that is not work

kinetic energy the type of energy associated with
objects in motion

metabolism all the chemical reactions that take
place inside cells, including those that use energy
and those that release energy

noncompetitive inhibition a general mechanism of
enzyme activity regulation in which a regulatory
molecule binds to a site other than the active site
and prevents the active site from binding the
substrate; thus, the inhibitor molecule does not
compete with the substrate for the active site;
allosteric inhibition is a form of noncompetitive
inhibition

oxidative phosphorylation the production of ATP by
the transfer of electrons down the electron
transport chain to create a proton gradient that is
used by ATP synthase to add phosphate groups to
ADP molecules

potential energy the type of energy that refers to the
potential to do work

substrate a molecule on which the enzyme acts
thermodynamics the science of the relationships

between heat, energy, and work
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Chapter Summary
4.1 Energy and Metabolism

Cells perform the functions of life through various
chemical reactions. A cell’s metabolism refers to the
combination of chemical reactions that take place
within it. Catabolic reactions break down complex
chemicals into simpler ones and are associated with
energy release. Anabolic processes build complex
molecules out of simpler ones and require energy.

In studying energy, the term system refers to the
matter and environment involved in energy transfers.
Entropy is a measure of the disorder of a system. The
physical laws that describe the transfer of energy are
the laws of thermodynamics. The first law states that
the total amount of energy in the universe is constant.
The second law of thermodynamics states that every
energy transfer involves some loss of energy in an
unusable form, such as heat energy. Energy comes in
different forms: kinetic, potential, and free. The change
in free energy of a reaction can be negative (releases
energy, exergonic) or positive (consumes energy,
endergonic). All reactions require an initial input of
energy to proceed, called the activation energy.

Enzymes are chemical catalysts that speed up
chemical reactions by lowering their activation energy.
Enzymes have an active site with a unique chemical
environment that fits particular chemical reactants for
that enzyme, called substrates. Enzymes and
substrates are thought to bind according to an
induced-fit model. Enzyme action is regulated to
conserve resources and respond optimally to the
environment.

4.2 Glycolysis

ATP functions as the energy currency for cells. It allows
cells to store energy briefly and transport it within itself
to support endergonic chemical reactions. The
structure of ATP is that of an RNA nucleotide with three
phosphate groups attached. As ATP is used for energy,
a phosphate group is detached, and ADP is produced.
Energy derived from glucose catabolism is used to
recharge ADP into ATP.

Glycolysis is the first pathway used in the breakdown of
glucose to extract energy. Because it is used by nearly
all organisms on earth, it must have evolved early in the
history of life. Glycolysis consists of two parts: The first
part prepares the six-carbon ring of glucose for
separation into two three-carbon sugars. Energy from
ATP is invested into the molecule during this step to
energize the separation. The second half of glycolysis
extracts ATP and high-energy electrons from hydrogen

atoms and attaches them to NAD+. Two ATP molecules
are invested in the first half and four ATP molecules are
formed during the second half. This produces a net
gain of two ATP molecules per molecule of glucose for
the cell.

4.3 Citric Acid Cycle and Oxidative
Phosphorylation

The citric acid cycle is a series of chemical reactions
that removes high-energy electrons and uses them in
the electron transport chain to generate ATP. One
molecule of ATP (or an equivalent) is produced per
each turn of the cycle.

The electron transport chain is the portion of aerobic
respiration that uses free oxygen as the final electron
acceptor for electrons removed from the intermediate
compounds in glucose catabolism. The electrons are
passed through a series of chemical reactions, with a
small amount of free energy used at three points to
transport hydrogen ions across the membrane. This
contributes to the gradient used in chemiosmosis. As
the electrons are passed from NADH or FADH2 down
the electron transport chain, they lose energy. The
products of the electron transport chain are water and
ATP. A number of intermediate compounds can be
diverted into the anabolism of other biochemical
molecules, such as nucleic acids, non-essential amino
acids, sugars, and lipids. These same molecules,
except nucleic acids, can serve as energy sources for
the glucose pathway.

4.4 Fermentation

If NADH cannot be metabolized through aerobic
respiration, another electron acceptor is used. Most
organisms will use some form of fermentation to
accomplish the regeneration of NAD+, ensuring the
continuation of glycolysis. The regeneration of NAD+ in
fermentation is not accompanied by ATP production;
therefore, the potential for NADH to produce ATP using
an electron transport chain is not utilized.

4.5 Connections to Other Metabolic
Pathways

The breakdown and synthesis of carbohydrates,
proteins, and lipids connect with the pathways of
glucose catabolism. The carbohydrates that can also
feed into glucose catabolism include galactose,
fructose, and glycogen. These connect with glycolysis.
The amino acids from proteins connect with glucose
catabolism through pyruvate, acetyl CoA, and
components of the citric acid cycle. Cholesterol
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synthesis starts with acetyl CoA, and the components
of triglycerides are picked up by acetyl CoA and enter

the citric acid cycle.

Visual Connection Questions
1. Figure 4.6 Look at each of the processes shown and

decide if it is endergonic or exergonic.

2. Figure 4.15 Cyanide inhibits cytochrome c oxidase,
a component of the electron transport chain. If
cyanide poisoning occurs, would you expect the pH
of the intermembrane space to increase or
decrease? What affect would cyanide have on ATP
synthesis?

3. Figure 4.16 Tremetol, a metabolic poison found in
white snake root plant, prevents the metabolism of
lactate. When cows eat this plant, Tremetol is
concentrated in the milk. Humans who consume
the milk become ill. Symptoms of this disease,
which include vomiting, abdominal pain, and
tremors, become worse after exercise. Why do you
think this is the case?

Review Questions
4. Which of the following is not an example of an

energy transformation?
a. Heating up dinner in a microwave
b. Solar panels at work
c. Formation of static electricity
d. None of the above

5. Which of the following is not true about enzymes?
a. They are consumed by the reactions they

catalyze.
b. They are usually made of amino acids.
c. They lower the activation energy of chemical

reactions.
d. Each one is specific to the particular

substrate(s) to which it binds.

6. Energy is stored long-term in the bonds of _____
and used short-term to perform work from a(n)
_____ molecule.
a. ATP : glucose
b. an anabolic molecule : catabolic molecule
c. glucose : ATP
d. a catabolic molecule : anabolic molecule

7. The energy currency used by cells is _____.
a. ATP
b. ADP
c. AMP
d. adenosine

8. The glucose that enters the glycolysis pathway is
split into two molecules of _________.
a. ATP
b. phosphate
c. NADH
d. pyruvate

9. What do the electrons added to NAD+ do?
a. They become part of a fermentation pathway.
b. They go to another pathway for ATP

production.
c. They energize the entry of the acetyl group into

the citric acid cycle.
d. They are converted into NADP.

10. Chemiosmosis involves
a. the movement of electrons across the cell

membrane
b. the movement of hydrogen atoms across a

mitochondrial membrane
c. the movement of hydrogen ions across a

mitochondrial membrane
d. the movement of glucose through the cell

membrane

11. Which of the following fermentation methods can
occur in animal skeletal muscles?
a. lactic acid fermentation
b. alcohol fermentation
c. mixed acid fermentation
d. propionic fermentation

12. The cholesterol synthesized by cells uses which
component of the glycolytic pathway as a starting
point?
a. glucose
b. acetyl CoA
c. pyruvate
d. carbon dioxide
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13. Beta oxidation is ________.
a. the breakdown of sugars
b. the assembly of sugars
c. the breakdown of fatty acids
d. the removal of amino groups from amino

acids

Critical Thinking Questions
14. Does physical exercise to increase muscle mass

involve anabolic and/or catabolic processes? Give
evidence for your answer.

15. Explain in your own terms the difference between
a spontaneous reaction and one that occurs
instantaneously, and what causes this difference.

16. With regard to enzymes, why are vitamins and
minerals necessary for good health? Give
examples.

17. Both prokaryotic and eukaryotic organisms carry
out some form of glycolysis. How does that fact
support or not support the assertion that
glycolysis is one of the oldest metabolic
pathways?

18. We inhale oxygen when we breathe and exhale
carbon dioxide. What is the oxygen used for and
where does the carbon dioxide come from?

19. When muscle cells run out of oxygen, what
happens to the potential for energy extraction
from sugars and what pathways do the cell use?

20. Would you describe metabolic pathways as
inherently wasteful or inherently economical, and
why?
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INTRODUCTION

CHAPTER 5
Photosynthesis

5.1 Overview of Photosynthesis
5.2 The Light-Dependent Reactions of Photosynthesis
5.3 The Calvin Cycle

No matter how complex or advanced a machine, such as the latest cellular
phone, the device cannot function without energy. Living things, similar to machines, have many
complex components; they too cannot do anything without energy, which is why humans and all
other organisms must “eat” in some form or another. That may be common knowledge, but how
many people realize that every bite of every meal ingested depends on the process of
photosynthesis?

5.1 Overview of Photosynthesis
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Summarize the process of photosynthesis
• Explain the relevance of photosynthesis to other living things
• Identify the reactants and products of photosynthesis
• Describe the main structures involved in photosynthesis

All living organisms on earth consist of one or more cells. Each cell runs on the chemical energy
found mainly in carbohydrate molecules (food), and the majority of these molecules are produced
by one process: photosynthesis. Through photosynthesis, certain organisms convert solar energy
(sunlight) into chemical energy, which is then used to build carbohydrate molecules. The energy

FIGURE 5.1 This mockingbird’s diet, like that of almost all organisms, depends on photosynthesis. (credit:
modification of work by Dave Menke, U.S. Fish and Wildlife Service)
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used to hold these molecules together is released when an organism breaks down food. Cells then
use this energy to perform work, such as cellular respiration.

The energy that is harnessed from photosynthesis enters the ecosystems of our planet
continuously and is transferred from one organism to another. Therefore, directly or indirectly, the
process of photosynthesis provides most of the energy required by living things on earth.

Photosynthesis also results in the release of oxygen into the atmosphere. In short, to eat and
breathe, humans depend almost entirely on the organisms that carry out photosynthesis.

LINK TO LEARNING

Click the following link (http://openstax.org/l/photosynthesis2) to learn more about
photosynthesis.

Solar Dependence and Food Production

Some organisms can carry out photosynthesis, whereas others cannot. An autotroph is an
organism that can produce its own food. The Greek roots of the word autotroph mean “self” (auto)
“feeder” (troph). Plants are the best-known autotrophs, but others exist, including certain types of
bacteria and algae (Figure 5.2). Oceanic algae contribute enormous quantities of food and oxygen
to global food chains. Plants are also photoautotrophs, a type of autotroph that uses sunlight and
carbon from carbon dioxide to synthesize chemical energy in the form of carbohydrates. All
organisms carrying out photosynthesis require sunlight.

FIGURE 5.2 (a) Plants, (b) algae, and (c) certain bacteria, called cyanobacteria, are photoautotrophs that can carry out
photosynthesis. Algae can grow over enormous areas in water, at times completely covering the surface. (credit a:
Steve Hillebrand, U.S. Fish and Wildlife Service; credit b: "eutrophication&hypoxia"/Flickr; credit c: NASA; scale-bar
data from Matt Russell)

Heterotrophs are organisms incapable of photosynthesis that must therefore obtain energy and
carbon from food by consuming other organisms. The Greek roots of the word heterotroph mean
“other” (hetero) “feeder” (troph), meaning that their food comes from other organisms. Even if the
food organism is another animal, this food traces its origins back to autotrophs and the process of
photosynthesis. Humans are heterotrophs, as are all animals. Heterotrophs depend on
autotrophs, either directly or indirectly. Deer and wolves are heterotrophs. A deer obtains energy
by eating plants. A wolf eating a deer obtains energy that originally came from the plants eaten by
that deer. The energy in the plant came from photosynthesis, and therefore it is the only autotroph
in this example (Figure 5.3). Using this reasoning, all food eaten by humans also links back to
autotrophs that carry out photosynthesis.
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FIGURE 5.3 The energy stored in carbohydrate molecules from photosynthesis passes through the food chain. The predator that eats these
deer is getting energy that originated in the photosynthetic vegetation that the deer consumed. (credit: Steve VanRiper, U.S. Fish and
Wildlife Service)

Main Structures and Summary of Photosynthesis

Photosynthesis requires sunlight, carbon dioxide, and water as starting reactants (Figure 5.5). After the process is
complete, photosynthesis releases oxygen and produces carbohydrate molecules, most commonly glucose. These
sugar molecules contain the energy that living things need to survive.

EVERYDAY CONNECTION

Photosynthesis at the Grocery Store

FIGURE 5.4 Photosynthesis is the origin of the products that comprise the main elements of the human diet. (credit: Associação
Brasileira de Supermercados)

Major grocery stores in the United States are organized into departments, such as dairy, meats, produce, bread,
cereals, and so forth. Each aisle contains hundreds, if not thousands, of different products for customers to buy
and consume (Figure 5.4).

Although there is a large variety, each item links back to photosynthesis. Meats and dairy products link to
photosynthesis because the animals were fed plant-based foods. The breads, cereals, and pastas come largely
from grains, which are the seeds of photosynthetic plants. What about desserts and drinks? All of these products
contain sugar—the basic carbohydrate molecule produced directly from photosynthesis. The photosynthesis
connection applies to every meal and every food a person consumes.
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FIGURE 5.5 Photosynthesis uses solar energy, carbon dioxide, and water to release oxygen and to produce energy-storing sugar molecules.

The complex reactions of photosynthesis can be summarized by the chemical equation shown in Figure 5.6.

FIGURE 5.6 The process of photosynthesis can be represented by an equation, wherein carbon dioxide and water produce sugar and
oxygen using energy from sunlight.

Although the equation looks simple, the many steps that take place during photosynthesis are actually quite
complex, as in the way that the reaction summarizing cellular respiration represented many individual reactions.
Before learning the details of how photoautotrophs turn sunlight into food, it is important to become familiar with
the physical structures involved.

In plants, photosynthesis takes place primarily in leaves, which consist of many layers of cells and have
differentiated top and bottom sides. The process of photosynthesis occurs not on the surface layers of the leaf, but
rather in a middle layer called the mesophyll (Figure 5.7). The gas exchange of carbon dioxide and oxygen occurs
through small, regulated openings called stomata.

In all autotrophic eukaryotes, photosynthesis takes place inside an organelle called a chloroplast. In plants,
chloroplast-containing cells exist in the mesophyll. Chloroplasts have a double (inner and outer) membrane. Within
the chloroplast is a third membrane that forms stacked, disc-shaped structures called thylakoids. Embedded in the
thylakoid membrane are molecules of chlorophyll, a pigment (a molecule that absorbs light) through which the
entire process of photosynthesis begins. Chlorophyll is responsible for the green color of plants. The thylakoid
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membrane encloses an internal space called the thylakoid space. Other types of pigments are also involved in
photosynthesis, but chlorophyll is by far the most important. As shown in Figure 5.7, a stack of thylakoids is called a
granum, and the space surrounding the granum is called stroma (not to be confused with stomata, the openings on
the leaves).

VISUAL CONNECTION

FIGURE 5.7 Not all cells of a leaf carry out photosynthesis. Cells within the middle layer of a leaf have chloroplasts, which contain the
photosynthetic apparatus. (credit "leaf": modification of work by Cory Zanker)

On a hot, dry day, plants close their stomata to conserve water. What impact will this have on photosynthesis?

The Two Parts of Photosynthesis

Photosynthesis takes place in two stages: the light-dependent reactions and the Calvin cycle. In the light-
dependent reactions, which take place at the thylakoid membrane, chlorophyll absorbs energy from sunlight and
then converts it into chemical energy with the use of water. The light-dependent reactions release oxygen from the
hydrolysis of water as a byproduct. In the Calvin cycle, which takes place in the stroma, the chemical energy derived
from the light-dependent reactions drives both the capture of carbon in carbon dioxide molecules and the
subsequent assembly of sugar molecules. The two reactions use carrier molecules to transport the energy from one
to the other. The carriers that move energy from the light-dependent reactions to the Calvin cycle reactions can be
thought of as “full” because they bring energy. After the energy is released, the “empty” energy carriers return to
the light-dependent reactions to obtain more energy. The two-stage, two-location photosynthesis process was
discovered by Joan Mary Anderson, whose continuing work over the subsequent decades provided much of our
understanding of the process, the membranes, and the chemicals involved.
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5.2 The Light-Dependent Reactions of Photosynthesis
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain how plants absorb energy from sunlight
• Describe how the wavelength of light affects its energy and color
• Describe how and where photosynthesis takes place within a plant

How can light be used to make food? It is easy to think of light as something that exists and allows living organisms,
such as humans, to see, but light is a form of energy. Like all energy, light can travel, change form, and be harnessed
to do work. In the case of photosynthesis, light energy is transformed into chemical energy, which autotrophs use to
build carbohydrate molecules. However, autotrophs only use a specific component of sunlight (Figure 5.8).

FIGURE 5.8 Autotrophs can capture light energy from the sun, converting it into chemical energy used to build food molecules. (credit:
modification of work by Gerry Atwell, U.S. Fish and Wildlife Service)

LINK TO LEARNING

Watch the process of photosynthesis (http://openstax.org/l/light_reaction2) within a leaf in this video.

What Is Light Energy?

The sun emits an enormous amount of electromagnetic radiation (solar energy). Humans can see only a fraction of
this energy, which is referred to as “visible light.” The manner in which solar energy travels can be described and
measured as waves. Scientists can determine the amount of energy of a wave by measuring its wavelength, the
distance between two consecutive, similar points in a series of waves, such as from crest to crest or trough to trough
(Figure 5.9).
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FIGURE 5.9 The wavelength of a single wave is the distance between two consecutive points along the wave.

Visible light constitutes only one of many types of electromagnetic radiation emitted from the sun. The
electromagnetic spectrum is the range of all possible wavelengths of radiation (Figure 5.10). Each wavelength
corresponds to a different amount of energy carried.

FIGURE 5.10 The sun emits energy in the form of electromagnetic radiation. This radiation exists in different wavelengths, each of which
has its own characteristic energy. Visible light is one type of energy emitted from the sun.

Each type of electromagnetic radiation has a characteristic range of wavelengths. The longer the wavelength (or the
more stretched out it appears), the less energy is carried. Short, tight waves carry the most energy. This may seem
illogical, but think of it in terms of a piece of moving rope. It takes little effort by a person to move a rope in long,
wide waves. To make a rope move in short, tight waves, a person would need to apply significantly more energy.

The sun emits (Figure 5.10) a broad range of electromagnetic radiation, including X-rays and ultraviolet (UV) rays.
The higher-energy waves are dangerous to living things; for example, X-rays and UV rays can be harmful to humans.

Absorption of Light

Light energy enters the process of photosynthesis when pigments absorb the light. In plants, pigment molecules
absorb only visible light for photosynthesis. The visible light seen by humans as white light actually exists in a
rainbow of colors. Certain objects, such as a prism or a drop of water, disperse white light to reveal these colors to
the human eye. The visible light portion of the electromagnetic spectrum is perceived by the human eye as a
rainbow of colors, with violet and blue having shorter wavelengths and, therefore, higher energy. At the other end of
the spectrum toward red, the wavelengths are longer and have lower energy.

Understanding Pigments

Different kinds of pigments exist, and each absorbs only certain wavelengths (colors) of visible light. Pigments
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reflect the color of the wavelengths that they cannot absorb.

All photosynthetic organisms contain a pigment called chlorophyll a, which humans see as the common green color
associated with plants. Chlorophyll a absorbs wavelengths from either end of the visible spectrum (blue and red),
but not from green. Because green is reflected, chlorophyll appears green.

Other pigment types include chlorophyll b (which absorbs blue and red-orange light) and the carotenoids. Each
type of pigment can be identified by the specific pattern of wavelengths it absorbs from visible light, which is its
absorption spectrum.

Many photosynthetic organisms have a mixture of pigments; between them, the organism can absorb energy from a
wider range of visible-light wavelengths. Not all photosynthetic organisms have full access to sunlight. Some
organisms grow underwater where light intensity decreases with depth, and certain wavelengths are absorbed by
the water. Other organisms grow in competition for light. Plants on the rainforest floor must be able to absorb any bit
of light that comes through, because the taller trees block most of the sunlight (Figure 5.11).

FIGURE 5.11 Plants that commonly grow in the shade benefit from having a variety of light-absorbing pigments. Each pigment can absorb
different wavelengths of light, which allows the plant to absorb any light that passes through the taller trees. (credit: Jason Hollinger)

How Light-Dependent Reactions Work

The overall purpose of the light-dependent reactions is to convert light energy into chemical energy. This chemical
energy will be used by the Calvin cycle to fuel the assembly of sugar molecules.

The light-dependent reactions begin in a grouping of pigment molecules and proteins called a photosystem.
Photosystems exist in the membranes of thylakoids. A pigment molecule in the photosystem absorbs one photon, a
quantity or “packet” of light energy, at a time.

A photon of light energy travels until it reaches a molecule of chlorophyll. The photon causes an electron in the
chlorophyll to become “excited.” The energy given to the electron allows it to break free from an atom of the
chlorophyll molecule. Chlorophyll is therefore said to “donate” an electron (Figure 5.12).

To replace the electron in the chlorophyll, a molecule of water is split. This splitting releases an electron and results
in the formation of oxygen (O2) and hydrogen ions (H+) in the thylakoid space. Technically, each breaking of a water
molecule releases a pair of electrons, and therefore can replace two donated electrons.
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FIGURE 5.12 Light energy is absorbed by a chlorophyll molecule and is passed along a pathway to other chlorophyll molecules. The energy
culminates in a molecule of chlorophyll found in the reaction center. The energy “excites” one of its electrons enough to leave the molecule
and be transferred to a nearby primary electron acceptor. A molecule of water splits to release an electron, which is needed to replace the
one donated. Oxygen and hydrogen ions are also formed from the splitting of water.

The replacing of the electron enables chlorophyll to respond to another photon. The oxygen molecules produced as
byproducts find their way to the surrounding environment. The hydrogen ions play critical roles in the remainder of
the light-dependent reactions.

Keep in mind that the purpose of the light-dependent reactions is to convert solar energy into chemical carriers that
will be used in the Calvin cycle. In eukaryotes and some prokaryotes, two photosystems exist. The first is called
photosystem II, which was named for the order of its discovery rather than for the order of the function.

After the photon hits, photosystem II transfers the free electron to the first in a series of proteins inside the
thylakoid membrane called the electron transport chain. As the electron passes along these proteins, energy from
the electron fuels membrane pumps that actively move hydrogen ions against their concentration gradient from the
stroma into the thylakoid space. This is quite analogous to the process that occurs in the mitochondrion in which an
electron transport chain pumps hydrogen ions from the mitochondrial stroma across the inner membrane and into
the intermembrane space, creating an electrochemical gradient. After the energy is used, the electron is accepted
by a pigment molecule in the next photosystem, which is called photosystem I (Figure 5.13).
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FIGURE 5.13 From photosystem II, the electron travels along a series of proteins. This electron transport system uses the energy from the
electron to pump hydrogen ions into the interior of the thylakoid. A pigment molecule in photosystem I accepts the electron.

Generating an Energy Carrier: ATP

In the light-dependent reactions, energy absorbed by sunlight is stored by two types of energy-carrier molecules:
ATP and NADPH. The energy that these molecules carry is stored in a bond that holds a single atom or group of
atoms to the molecule. For ATP, it is a phosphate group, and for NADPH, it is a hydrogen atom. Recall that NADH was
a similar molecule that carried energy in the mitochondrion from the citric acid cycle to the electron transport chain.
When these molecules release energy into the Calvin cycle, they each lose either atoms or groups of atoms to
become the lower-energy molecules ADP and NADP+.

The buildup of hydrogen ions in the thylakoid space forms an electrochemical gradient because of the difference in
the concentration of protons (H+) and the difference in the charge across the membrane that they create. This
potential energy is harvested and stored as chemical energy in ATP through chemiosmosis, the movement of
hydrogen ions down their electrochemical gradient through the transmembrane enzyme ATP synthase, just as in the
mitochondrion.

The hydrogen ions are allowed to pass through the thylakoid membrane through an embedded protein complex
called ATP synthase. This same protein generated ATP from ADP in the mitochondrion. The energy generated by the
hydrogen ion stream allows ATP synthase to attach a third phosphate to ADP, which forms a molecule of ATP in a
process called photophosphorylation. The flow of hydrogen ions through ATP synthase is called chemiosmosis,
because the ions move from an area of high to low concentration through a semi-permeable structure.

Generating Another Energy Carrier: NADPH

The remaining function of the light-dependent reaction is to generate the other energy-carrier molecule, NADPH. As
the electron from the electron transport chain arrives at photosystem I, it is re-energized with another photon
captured by chlorophyll. The energy from this electron drives the formation of NADPH from NADP+ and a hydrogen
ion (H+). Now that the solar energy is stored in energy carriers, it can be used to make a sugar molecule.

5.3 The Calvin Cycle
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the Calvin cycle
• Define carbon fixation
• Explain how photosynthesis works in the energy cycle of all living organisms

After the energy from the sun is converted and packaged into ATP and NADPH, the cell has the fuel needed to build
food in the form of carbohydrate molecules. The carbohydrate molecules made will have a backbone of carbon
atoms. Where does the carbon come from? The carbon atoms used to build carbohydrate molecules comes from
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carbon dioxide, the gas that animals exhale with each breath. The Calvin cycle is the term used for the reactions of
photosynthesis that use the energy stored by the light-dependent reactions to form glucose and other carbohydrate
molecules.

The Interworkings of the Calvin Cycle

In plants, carbon dioxide (CO2) enters the leaf through the stomata and diffuses into the mesophyll cells and into
the stroma of the chloroplast—the site of the Calvin cycle reactions where sugar is synthesized. The reactions are
named after Melvin Calvin, the scientist who discovered them, and reference the fact that the reactions function as a
cycle. Others call it the Calvin-Benson cycle to include the name of another scientist involved in its discovery,
Andrew Benson (Figure 5.14).

FIGURE 5.14 Light-dependent reactions harness energy from the sun to produce ATP and NADPH. These energy-carrying molecules travel
into the stroma where the Calvin cycle reactions take place.

The Calvin cycle reactions (Figure 5.15) can be organized into three basic stages: fixation, reduction, and
regeneration. In the stroma, in addition to CO2, two other chemicals are present to initiate the Calvin cycle: an
enzyme abbreviated RuBisCO, and the molecule ribulose bisphosphate (RuBP). RuBP has five atoms of carbon and a
phosphate group on each end.

RuBisCO catalyzes a reaction between CO2 and RuBP, which forms a six-carbon compound that is immediately
converted into two three-carbon compounds. This process is called carbon fixation, because CO2 is “fixed” from its
inorganic form into organic molecules.

ATP and NADPH use their stored energy to convert the three-carbon compound, 3-PGA, into another three-carbon
compound called G3P. This type of reaction is called a reduction reaction, because it involves the gain of electrons.
A reduction is the gain of an electron by an atom or molecule. The molecules of ADP and NAD+, resulting from the
reduction reaction, return to the light-dependent reactions to be re-energized.

One of the G3P molecules leaves the Calvin cycle to contribute to the formation of the carbohydrate molecule,
which is commonly glucose (C6H12O6). Because the carbohydrate molecule has six carbon atoms, it takes six turns
of the Calvin cycle to make one carbohydrate molecule (one for each carbon dioxide molecule fixed). The remaining
G3P molecules regenerate RuBP, which enables the system to prepare for the carbon-fixation step. ATP is also used
in the regeneration of RuBP.
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FIGURE 5.15 The Calvin cycle has three stages. In stage 1, the enzyme RuBisCO incorporates carbon dioxide into an organic molecule. In
stage 2, the organic molecule is reduced. In stage 3, RuBP, the molecule that starts the cycle, is regenerated so that the cycle can continue.

In summary, it takes six turns of the Calvin cycle to fix six carbon atoms from CO2. These six turns require energy
input from 12 ATP molecules and 12 NADPH molecules in the reduction step and 6 ATP molecules in the
regeneration step.

LINK TO LEARNING

The following is a link (http://openstax.org/l/calvin_cycle2) to an animation of the Calvin cycle. Click Stage 1, Stage
2, and then Stage 3 to see G3P and ATP regenerate to form RuBP.

EVOLUTION CONNECTION

Photosynthesis
The shared evolutionary history of all photosynthetic organisms is conspicuous, as the basic process has changed
little over eras of time. Even between the giant tropical leaves in the rainforest and tiny cyanobacteria, the process
and components of photosynthesis that use water as an electron donor remain largely the same. Photosystems
function to absorb light and use electron transport chains to convert energy. The Calvin cycle reactions assemble
carbohydrate molecules with this energy.

However, as with all biochemical pathways, a variety of conditions leads to varied adaptations that affect the basic
pattern. Photosynthesis in dry-climate plants (Figure 5.16) has evolved with adaptations that conserve water. In the
harsh dry heat, every drop of water and precious energy must be used to survive. Two adaptations have evolved in
such plants. In one form, a more efficient use of CO2 allows plants to photosynthesize even when CO2 is in short
supply, as when the stomata are closed on hot days. The other adaptation performs preliminary reactions of the
Calvin cycle at night, because opening the stomata at this time conserves water due to cooler temperatures. In
addition, this adaptation has allowed plants to carry out low levels of photosynthesis without opening stomata at all,
an extreme mechanism to face extremely dry periods.
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FIGURE 5.16 Living in the harsh conditions of the desert has led plants like this cactus to evolve variations in reactions outside the Calvin
cycle. These variations increase efficiency and help conserve water and energy. (credit: Piotr Wojtkowski)

Photosynthesis in Prokaryotes

The two parts of photosynthesis—the light-dependent reactions and the Calvin cycle—have been described, as they
take place in chloroplasts. However, prokaryotes, such as cyanobacteria, lack membrane-bound organelles.
Prokaryotic photosynthetic autotrophic organisms have infoldings of the plasma membrane for chlorophyll
attachment and photosynthesis (Figure 5.17). It is here that organisms like cyanobacteria can carry out
photosynthesis.

FIGURE 5.17 A photosynthetic prokaryote has infolded regions of the plasma membrane that function like thylakoids. Although these are
not contained in an organelle, such as a chloroplast, all of the necessary components are present to carry out photosynthesis. (credit:
scale-bar data from Matt Russell)

The Energy Flow

Living things access energy by breaking down carbohydrate molecules. However, if plants make carbohydrate
molecules, why would they need to break them down? Carbohydrates are storage molecules for energy in all living
things. Although energy can be stored in molecules like ATP, carbohydrates are much more stable and efficient
reservoirs for chemical energy. Photosynthetic organisms also carry out the reactions of respiration to harvest the
energy that they have stored in carbohydrates, for example, plants have mitochondria in addition to chloroplasts.
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You may have noticed that the overall reaction for photosynthesis:

is the reverse of the overall reaction for cellular respiration:

Photosynthesis produces oxygen as a byproduct, and respiration produces carbon dioxide as a byproduct.

In nature, there is no such thing as waste. Every single atom of matter is conserved, recycling indefinitely.
Substances change form or move from one type of molecule to another, but never disappear (Figure 5.18).

CO2 is no more a form of waste produced by respiration than oxygen is a waste product of photosynthesis. Both are
byproducts of reactions that move on to other reactions. Photosynthesis absorbs energy to build carbohydrates in
chloroplasts, and aerobic cellular respiration releases energy by using oxygen to break down carbohydrates. Both
organelles use electron transport chains to generate the energy necessary to drive other reactions. Photosynthesis
and cellular respiration function in a biological cycle, allowing organisms to access life-sustaining energy that
originates millions of miles away in a star.

FIGURE 5.18 In the carbon cycle, the reactions of photosynthesis and cellular respiration share reciprocal reactants and products. (credit:
modification of work by Stuart Bassil)
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Key Terms
absorption spectrum the specific pattern of

absorption for a substance that absorbs
electromagnetic radiation

autotroph an organism capable of producing its own
food

Calvin cycle the reactions of photosynthesis that use
the energy stored by the light-dependent reactions
to form glucose and other carbohydrate molecules

carbon fixation the process of converting inorganic
CO2 gas into organic compounds

chlorophyll the green pigment that captures the light
energy that drives the reactions of photosynthesis

chlorophyll a the form of chlorophyll that absorbs
violet-blue and red light

chlorophyll b the form of chlorophyll that absorbs
blue and red-orange light

chloroplast the organelle where photosynthesis
takes place

electromagnetic spectrum the range of all possible
frequencies of radiation

granum a stack of thylakoids located inside a
chloroplast

heterotroph an organism that consumes other
organisms for food

light-dependent reaction the first stage of
photosynthesis where visible light is absorbed to

form two energy-carrying molecules (ATP and
NADPH)

mesophyll the middle layer of cells in a leaf
photoautotroph an organism capable of synthesizing

its own food molecules (storing energy), using the
energy of light

photon a distinct quantity or “packet” of light energy
photosystem a group of proteins, chlorophyll, and

other pigments that are used in the light-dependent
reactions of photosynthesis to absorb light energy
and convert it into chemical energy

pigment a molecule that is capable of absorbing light
energy

stoma the opening that regulates gas exchange and
water regulation between leaves and the
environment; plural: stomata

stroma the fluid-filled space surrounding the grana
inside a chloroplast where the Calvin cycle reactions
of photosynthesis take place

thylakoid a disc-shaped membranous structure
inside a chloroplast where the light-dependent
reactions of photosynthesis take place using
chlorophyll embedded in the membranes

wavelength the distance between consecutive points
of a wave

Chapter Summary
5.1 Overview of Photosynthesis

The process of photosynthesis transformed life on
earth. By harnessing energy from the sun,
photosynthesis allowed living things to access
enormous amounts of energy. Because of
photosynthesis, living things gained access to sufficient
energy, allowing them to evolve new structures and
achieve the biodiversity that is evident today.

Only certain organisms, called autotrophs, can perform
photosynthesis; they require the presence of
chlorophyll, a specialized pigment that can absorb light
and convert light energy into chemical energy.
Photosynthesis uses carbon dioxide and water to
assemble carbohydrate molecules (usually glucose)
and releases oxygen into the air. Eukaryotic autotrophs,
such as plants and algae, have organelles called
chloroplasts in which photosynthesis takes place.

5.2 The Light-Dependent Reactions of
Photosynthesis

In the first part of photosynthesis, the light-dependent
reaction, pigment molecules absorb energy from

sunlight. The most common and abundant pigment is
chlorophyll a. A photon strikes photosystem II to
initiate photosynthesis. Energy travels through the
electron transport chain, which pumps hydrogen ions
into the thylakoid space. This forms an electrochemical
gradient. The ions flow through ATP synthase from the
thylakoid space into the stroma in a process called
chemiosmosis to form molecules of ATP, which are
used for the formation of sugar molecules in the
second stage of photosynthesis. Photosystem I
absorbs a second photon, which results in the
formation of an NADPH molecule, another energy
carrier for the Calvin cycle reactions.

5.3 The Calvin Cycle

Using the energy carriers formed in the first stage of
photosynthesis, the Calvin cycle reactions fix CO2 from
the environment to build carbohydrate molecules. An
enzyme, RuBisCO, catalyzes the fixation reaction, by
combining CO2 with RuBP. The resulting six-carbon
compound is broken down into two three-carbon
compounds, and the energy in ATP and NADPH is used
to convert these molecules into G3P. One of the three-
carbon molecules of G3P leaves the cycle to become a

5 • Key Terms 129



part of a carbohydrate molecule. The remaining G3P
molecules stay in the cycle to be formed back into
RuBP, which is ready to react with more CO2.
Photosynthesis forms a balanced energy cycle with the

process of cellular respiration. Plants are capable of
both photosynthesis and cellular respiration, since they
contain both chloroplasts and mitochondria.

Visual Connection Questions
1. Figure 5.7 On a hot, dry day, plants close their

stomata to conserve water. What impact will this
have on photosynthesis?

Review Questions
2. What two products result from photosynthesis?

a. water and carbon dioxide
b. water and oxygen
c. glucose and oxygen
d. glucose and carbon dioxide

3. Which statement about thylakoids in eukaryotes is
not correct?
a. Thylakoids are assembled into stacks.
b. Thylakoids exist as a maze of folded

membranes.
c. The space surrounding thylakoids is called

stroma.
d. Thylakoids contain chlorophyll.

4. From where does a heterotroph directly obtain its
energy?
a. the sun
b. the sun and eating other organisms
c. eating other organisms
d. simple chemicals in the environment

5. What is the energy of a photon first used to do in
photosynthesis?
a. split a water molecule
b. energize an electron
c. produce ATP
d. synthesize glucose

6. Which molecule absorbs the energy of a photon in
photosynthesis?
a. ATP
b. glucose
c. chlorophyll
d. water

7. Plants produce oxygen when they photosynthesize.
Where does the oxygen come from?
a. splitting water molecules
b. ATP synthesis
c. the electron transport chain
d. chlorophyll

8. Which color(s) of light does chlorophyll a reflect?
a. red and blue
b. green
c. red
d. blue

9. Where in plant cells does the Calvin cycle take
place?
a. thylakoid membrane
b. thylakoid space
c. stroma
d. granum

10. Which statement correctly describes carbon
fixation?
a. the conversion of CO2 to an organic

compound
b. the use of RuBisCO to form 3-PGA
c. the production of carbohydrate molecules

from G3P
d. the formation of RuBP from G3P molecules
e. the use of ATP and NADPH to reduce CO2

11. What is the molecule that leaves the Calvin cycle
to be converted into glucose?
a. ADP
b. G3P
c. RuBP
d. 3-PGA

Critical Thinking Questions
12. What is the overall purpose of the light reactions

in photosynthesis?
13. Why are carnivores, such as lions, dependent on

photosynthesis to survive?
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14. Describe the pathway of energy in light-dependent
reactions.

15. Which part of the Calvin cycle would be affected if
a cell could not produce the enzyme RuBisCO?

16. Explain the reciprocal nature of the net chemical
reactions for photosynthesis and respiration.
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INTRODUCTION

CHAPTER 6
Reproduction at the Cellular Level

6.1 The Genome
6.2 The Cell Cycle
6.3 Cancer and the Cell Cycle
6.4 Prokaryotic Cell Division

The individual sexually reproducing organism—including humans—begins life as
a fertilized egg, or zygote. Trillions of cell divisions subsequently occur in a controlled manner to
produce a complex, multicellular human. In other words, that original single cell was the ancestor
of every other cell in the body. Once a human individual is fully grown, cell reproduction is still
necessary to repair or regenerate tissues. For example, new blood and skin cells are constantly
being produced. All multicellular organisms use cell division for growth, and in most cases, the
maintenance and repair of cells and tissues. Single-celled organisms use cell division as their
method of reproduction.

6.1 The Genome
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the prokaryotic and eukaryotic genome
• Distinguish between chromosomes, genes, and traits

The continuity of life from one cell to another has its foundation in the reproduction of cells by way
of the cell cycle. The cell cycle is an orderly sequence of events in the life of a cell from the division
of a single parent cell to produce two new daughter cells, to the subsequent division of those
daughter cells. The mechanisms involved in the cell cycle are highly conserved across eukaryotes.
Organisms as diverse as protists, plants, and animals employ similar steps.

Genomic DNA

Before discussing the steps a cell undertakes to replicate, a deeper understanding of the structure
and function of a cell’s genetic information is necessary. A cell’s complete complement of DNA is
called its genome. In prokaryotes, the genome is composed of a single, double-stranded DNA

FIGURE 6.1 A sea urchin begins life as a single cell that (a) divides to form two cells, visible by scanning electron
microscopy. After four rounds of cell division, (b) there are 16 cells, as seen in this SEM image. After many rounds of
cell division, the individual develops into a complex, multicellular organism, as seen in this (c) mature sea urchin.
(credit a: modification of work by Evelyn Spiegel, Louisa Howard; credit b: modification of work by Evelyn Spiegel,
Louisa Howard; credit c: modification of work by Marco Busdraghi; scale-bar data from Matt Russell)
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molecule in the form of a loop or circle. The region in the cell containing this genetic material is
called a nucleoid. Some prokaryotes also have smaller loops of DNA called plasmids that are not
essential for normal growth.

In eukaryotes, the genome comprises several double-stranded, linear DNA molecules (Figure 6.2)
bound with proteins to form complexes called chromosomes. Each species of eukaryote has a
characteristic number of chromosomes in the nuclei of its cells. Human body cells (somatic cells)
have 46 chromosomes. A somatic cell contains two matched sets of chromosomes, a
configuration known as diploid. The letter n is used to represent a single set of chromosomes;
therefore a diploid organism is designated 2n. Human cells that contain one set of 23
chromosomes are called gametes, or sex cells; these eggs and sperm are designated n, or
haploid.

FIGURE 6.2 There are 23 pairs of homologous chromosomes in a female human somatic cell. These chromosomes
are viewed within the nucleus (top), removed from a cell in mitosis (right), and arranged according to length (left) in an
arrangement called a karyotype. In this image, the chromosomes were exposed to fluorescent stains to distinguish
them. (credit: “718 Bot”/Wikimedia Commons, National Human Genome Research)

The matched pairs of chromosomes in a diploid organism are called homologous chromosomes.
Homologous chromosomes are the same length and have specific nucleotide segments called
genes in exactly the same location, or locus. Genes, the functional units of chromosomes,
determine specific characteristics by coding for specific proteins. Traits are the different forms of a
characteristic. For example, the shape of earlobes is a characteristic with traits of free or attached.

Each copy of the homologous pair of chromosomes originates from a different parent; therefore,
the copies of each of the genes themselves may not be identical. The variation of individuals
within a species is caused by the specific combination of the genes inherited from both parents.
For example, there are three possible gene sequences on the human chromosome that codes for
blood type: sequence A, sequence B, and sequence O. Because all diploid human cells have two
copies of the chromosome that determines blood type, the blood type (the trait) is determined by
which two versions of the marker gene are inherited. It is possible to have two copies of the same
gene sequence, one on each homologous chromosome (for example, AA, BB, or OO), or two
different sequences, such as AB.

Minor variations in traits such as those for blood type, eye color, and height contribute to the
natural variation found within a species. The sex chromosomes, X and Y, are the single exception
to the rule of homologous chromosomes; other than a small amount of homology that is necessary
to reliably produce gametes, the genes found on the X and Y chromosomes are not the same.
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6.2 The Cell Cycle
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the three stages of interphase
• Discuss the behavior of chromosomes during mitosis and how the cytoplasmic content divides during

cytokinesis
• Define the quiescent G0 phase
• Explain how the three internal control checkpoints occur at the end of G1, at the G2–M transition, and

during metaphase

The cell cycle is an ordered series of events involving cell growth and cell division that produces two new daughter
cells. Cells on the path to cell division proceed through a series of precisely timed and carefully regulated stages of
growth, DNA replication, and division that produce two genetically identical cells. The cell cycle has two major
phases: interphase and the mitotic phase (Figure 6.3). During interphase, the cell grows and DNA is replicated.
During the mitotic phase, the replicated DNA and cytoplasmic contents are separated and the cell divides. Watch
this video about the cell cycle: http://openstax.org/l/biocellcyc (http://openstaxcollege.org/l/biocellcyc)

FIGURE 6.3 A cell moves through a series of phases in an orderly manner. During interphase, G1 involves cell growth and protein synthesis,
the S phase involves DNA replication and the replication of the centrosome, and G2 involves further growth and protein synthesis. The
mitotic phase follows interphase. Mitosis is nuclear division during which duplicated chromosomes are segregated and distributed into
daughter nuclei. Usually the cell will divide after mitosis in a process called cytokinesis in which the cytoplasm is divided and two daughter
cells are formed.

Interphase

During interphase, the cell undergoes normal processes while also preparing for cell division. For a cell to move from
interphase to the mitotic phase, many internal and external conditions must be met. The three stages of interphase
are called G1, S, and G2.

G1 Phase
The first stage of interphase is called the G1 phase, or first gap, because 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 enough energy reserves to complete the
task of replicating each chromosome in the nucleus.
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S Phase
Throughout interphase, nuclear DNA remains in a semi-condensed chromatin configuration. In the S phase
(synthesis phase), DNA replication results in the formation of two identical copies of each chromosome—sister
chromatids—that are firmly attached at the centromere region. At this stage, each chromosome is made of two sister
chromatids and is a duplicated chromosome. 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. The centrosome consists of a pair of rod-like centrioles at right angles to each other. Centrioles help
organize cell division. Centrioles are not present in the centrosomes of many eukaryotic species, such as plants and
most fungi.

G2 Phase
In the G2 phase, or second gap, the cell replenishes its energy stores and synthesizes the proteins necessary for
chromosome manipulation. Some cell organelles are duplicated, and the cytoskeleton is dismantled to provide
resources for the mitotic spindle. 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

To make two daughter cells, the contents of the nucleus and the cytoplasm must be divided. The mitotic phase is a
multistep process during which the duplicated chromosomes are aligned, separated, and moved to opposite poles
of the cell, and then the cell is divided into two new identical daughter cells. The first portion of the mitotic phase,
mitosis, is composed of five stages, which accomplish nuclear division. The second portion of the mitotic phase,
called cytokinesis, is the physical separation of the cytoplasmic components into two daughter cells.

Mitosis
Mitosis is divided into a series of phases—prophase, prometaphase, metaphase, anaphase, and telophase—that
result in the division of the cell nucleus (Figure 6.4).
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VISUAL CONNECTION

FIGURE 6.4 Animal cell mitosis is divided into five stages—prophase, prometaphase, metaphase, anaphase, and telophase—visualized here
by light microscopy with fluorescence. Mitosis is usually accompanied by cytokinesis, shown here by a transmission electron microscope.
(credit "diagrams": modification of work by Mariana Ruiz Villareal; credit "mitosis micrographs": modification of work by Roy van Heesbeen;
credit "cytokinesis micrograph": modification of work by the Wadsworth Center, NY State Department of Health; donated to the Wikimedia
foundation; 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 re-forms and the cell divides. The sister chromatids separate.

b. The kinetochore becomes attached to the mitotic spindle. The sister chromatids separate. Sister chromatids
line up at the metaphase plate. The nucleus re-forms and the cell divides.

c. The kinetochore becomes attached to metaphase plate. Sister chromatids line up at the metaphase plate. The
kinetochore breaks down and the sister chromatids separate. The nucleus re-forms and the cell divides.

d. The kinetochore becomes attached to the mitotic spindle. Sister chromatids line up at the metaphase plate. The
kinetochore breaks apart and the sister chromatids separate. The nucleus re-forms and the cell divides.

During prophase, the “first phase,” several events must occur to provide access to the chromosomes in the nucleus.
The nuclear envelope starts to break into small vesicles, and the Golgi apparatus and endoplasmic reticulum
fragment and disperse to the periphery of the cell. The nucleolus disappears. The centrosomes begin to move to
opposite poles of the cell. The microtubules that form the basis of the mitotic spindle extend between the
centrosomes, pushing them farther apart as the microtubule fibers lengthen. The sister chromatids begin to coil
more tightly and become visible under a light microscope.

During prometaphase, many processes that were begun in prophase continue to advance and culminate in the
formation of a connection between the chromosomes and cytoskeleton. The remnants of the nuclear envelope
disappear. The mitotic spindle continues to develop as more microtubules assemble and stretch across the length of
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the former nuclear area. Chromosomes become more condensed and visually discrete. Each sister chromatid
attaches to spindle microtubules at the centromere via a protein complex called the kinetochore.

During metaphase, all of 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. At
this time, the chromosomes are maximally condensed.

During anaphase, the sister chromatids at the equatorial plane are split apart at the centromere. Each chromatid,
now called a chromosome, is pulled rapidly toward the centrosome to which its microtubule was attached. The cell
becomes visibly elongated as the non-kinetochore microtubules slide against each other at the metaphase plate
where they overlap.

During telophase, all of the events that set up the duplicated chromosomes for mitosis during the first three phases
are reversed. The chromosomes reach the opposite poles and begin to decondense (unravel). The mitotic spindles
are broken down into monomers that will be used to assemble cytoskeleton components for each daughter cell.
Nuclear envelopes form around chromosomes.

LINK TO LEARNING

This page of movies (http://openstax.org/l/divisn_newtcell) illustrates different aspects of mitosis. Watch the movie
entitled “DIC microscopy of cell division in a newt lung cell” and identify the phases of mitosis.

Cytokinesis
Cytokinesis is the second part of the mitotic phase during which cell division is completed by the physical
separation of the cytoplasmic components into 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 begins following 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 and cell are cleaved in two (Figure
6.5).

In plant cells, a cleavage furrow is not possible because of the rigid cell walls surrounding the plasma membrane. 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 up into vesicles and dispersing throughout the dividing
cell. During telophase, these Golgi vesicles move on microtubules to collect at the metaphase plate. There, the
vesicles fuse 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 wall at the periphery of the cell. Enzymes use the glucose that has
accumulated between the membrane layers to build a new cell wall of cellulose. The Golgi membranes become the
plasma membrane on either side of the new cell wall (Figure 6.5).
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FIGURE 6.5 In part (a), a cleavage furrow forms at the former metaphase plate in the animal cell. The plasma membrane is drawn in by a
ring of actin fibers contracting just inside the membrane. The cleavage furrow deepens until the cells are pinched in two. In part (b), Golgi
vesicles coalesce at the former metaphase plate in a plant cell. The vesicles fuse and form the cell plate. The cell plate grows from the
center toward the cell walls. New cell walls are made from the vesicle contents.

G0 Phase

Not all cells adhere to the classic cell-cycle pattern in which a newly formed daughter cell immediately enters
interphase, closely followed by the mitotic phase. Cells in the G0 phase are not actively preparing to divide. The cell
is in a quiescent (inactive) stage, having exited 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 (Figure 6.6).

FIGURE 6.6 Cells that are not actively preparing to divide enter an alternate phase called G0. In some cases, this is a temporary condition
until triggered to enter G1. In other cases, the cell will remain in G0 permanently.

Control of the Cell Cycle
The length of the cell cycle is highly variable even within the cells of an individual 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
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for epithelial cells, or 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
approximately 24 hours. In rapidly dividing human cells with a 24-hour cell cycle, the G1 phase lasts approximately
11 hours. The timing of events in the cell cycle is controlled by mechanisms that are both internal and external to
the cell.

Regulation at Internal Checkpoints

It is essential that daughter cells 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 the abnormal cell.
To prevent a compromised cell from continuing to divide, there are internal control mechanisms that operate at
three main cell cycle checkpoints at which the cell cycle can be stopped until conditions are favorable. These
checkpoints occur near the end of G1, at the G2–M transition, and during metaphase (Figure 6.7).

FIGURE 6.7 The cell cycle is controlled at three checkpoints. 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, is the point at which the cell irreversibly commits to the cell-division process. In
addition to adequate reserves and cell size, there is a check for damage to the genomic DNA at the G1 checkpoint. A
cell that does not meet all the requirements will not be released into the S phase.

The G2 Checkpoint
The G2 checkpoint bars the entry to the mitotic phase if certain conditions are not met. As in 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.

The M Checkpoint
The M checkpoint occurs near the end of the metaphase stage of mitosis. The M checkpoint is also known as the
spindle checkpoint because it determines if 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 spindle fibers arising from
opposite poles of the cell.
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LINK TO LEARNING

Watch what occurs at the G1, G2, and M checkpoints by visiting this animation (https://www.youtube.com/
watch?v=f-ldPgEfAHI) of the cell cycle.

6.3 Cancer and the Cell Cycle
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain how cancer is caused by uncontrolled cell division
• Understand how proto-oncogenes are normal cell genes that, when mutated, become oncogenes
• Describe how tumor suppressors function to stop the cell cycle until certain events are completed
• Explain how mutant tumor suppressors cause cancer

Cancer is a collective name for many different diseases caused by a common mechanism: uncontrolled cell division.
Despite the redundancy and overlapping levels of cell-cycle control, errors 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 one of these changes to the DNA nucleotide sequence occurs within a gene, a
gene mutation results. All cancers begin when a gene mutation gives rise to a faulty protein that participates in the
process of cell reproduction. The change in the cell that results from the malformed protein may be minor. Even
minor mistakes, however, may allow subsequent mistakes to occur more readily. Over and over, small, uncorrected
errors are passed from parent cell to daughter cells and accumulate as each generation of cells 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 can result.

Proto-oncogenes

The genes that code for the positive cell-cycle regulators are called proto-oncogenes. Proto-oncogenes are normal
genes that, when mutated, 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, a protein involved in cell-cycle regulation, to be activated before it should be
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 undertake further cell divisions, the mutation would not be propagated and no harm comes
to the organism. However, if the atypical daughter cells are able to divide further, the subsequent generation of cells
will likely accumulate even more mutations, some possibly in additional genes that regulate the cell cycle.

The Cdk example is only one of many genes that are considered proto-oncogenes. 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. Once a proto-oncogene has been altered such that there is an increase in the rate of the cell cycle, it is
then called an oncogene.

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 genes that code for the negative regulator proteins, the type of regulator
that—when activated—can prevent the cell from undergoing uncontrolled division. The collective function of the
best-understood tumor suppressor gene proteins, retinoblastoma protein (RB1), p53, and p21, is to put up a
roadblock to cell-cycle progress 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.

6.3 • Cancer and the Cell Cycle 141

https://www.youtube.com/watch?v=f-ldPgEfAHI
https://www.youtube.com/watch?v=f-ldPgEfAHI


Mutated p53 genes have been identified in more than 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. The p53 protein activates other genes
whose products halt the cell cycle (allowing time for DNA repair), activates genes whose products participate in DNA
repair, or activates genes that initiate cell death when DNA damage cannot be repaired. A damaged p53 gene can
result in the cell behaving as if there are no mutations (Figure 6.8). This allows cells to divide, propagating the
mutation in daughter cells and allowing the accumulation of new mutations. In addition, the damaged version of
p53 found in cancer cells cannot trigger cell death.

FIGURE 6.8 (a) The role of p53 is to monitor DNA. If damage is detected, p53 triggers repair mechanisms. If repairs are unsuccessful, p53
signals apoptosis. (b) A cell with an abnormal p53 protein cannot repair damaged DNA and cannot signal apoptosis. Cells with abnormal
p53 can become cancerous. (credit: modification of work by Thierry Soussi)

LINK TO LEARNING

Go to this website (http://openstax.org/l/cancer2) to watch an animation of how cancer results from errors in the
cell cycle.

Since cancer is defined by uncontrolled cell growth, cancer treatments aim to interrupt the cell cycle. One of the first
treatments involved folic acid, a substance discovered by Lucy Wills while she was researching pregnancy anemia
(blood disorder). Several scientists showed that inhibiting folic acid uptake by tumor cells resulted in reduced
growth. Jane C. Wright identified the drug now known as methotrexate as an effective treatment for breast and skin
cancers. The same drug was applied to other cancers, such as placental, uterine, and lung cancers. Methotrexate is
known as the first chemotherapy drug, and Wright's additional work to establish dosage protocols and
sequences—both to maximize the effect and manage side effects—laid the foundation for contemporary
chemotherapy treatments.

6.4 Prokaryotic Cell Division
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Describe the process of binary fission in prokaryotes
• Explain how FtsZ and tubulin proteins are examples of homology
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Prokaryotes such as bacteria propagate by binary fission. For unicellular organisms, cell division is the only method
to produce new individuals. In both prokaryotic and eukaryotic cells, the outcome of cell reproduction is a pair of
daughter cells that are genetically identical to the parent cell. In unicellular organisms, daughter cells are
individuals.

To achieve the outcome of identical daughter cells, some steps are essential. The genomic DNA must be replicated
and then allocated into the daughter cells; the cytoplasmic contents must also be divided to give both new cells the
machinery to sustain life. In bacterial cells, the genome consists of a single, circular DNA chromosome; therefore,
the process of cell division is simplified. Mitosis is unnecessary because there is no nucleus or multiple
chromosomes. This type of cell division is called binary fission.

Binary Fission

The cell division process of prokaryotes, called binary fission, is a less complicated and much quicker process than
cell division in eukaryotes. Because of the speed of bacterial cell division, populations of bacteria can grow very
rapidly. The single, circular DNA chromosome of bacteria is not enclosed in a nucleus, but instead occupies a
specific location, the nucleoid, within the cell. As in eukaryotes, the DNA of the nucleoid is associated with proteins
that aid in packaging the molecule into a compact size. The packing proteins of bacteria are, however, related to
some of the proteins involved in the chromosome compaction of eukaryotes.

The starting point of replication, the origin, is close to the binding site of the chromosome to the plasma membrane
(Figure 6.9). Replication of the DNA is bidirectional—moving away from the origin on both strands of the DNA loop
simultaneously. As the new double strands are formed, each origin point moves away from the cell-wall attachment
toward opposite ends of the cell. As the cell elongates, the growing membrane aids in the transport of the
chromosomes. After the chromosomes have cleared the midpoint of the elongated cell, cytoplasmic separation
begins. A septum is formed between the nucleoids from the periphery toward the center of the cell. When the new
cell walls are in place, the daughter cells separate.
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FIGURE 6.9 The binary fission of a bacterium is outlined in five steps. (credit: modification of work by “Mcstrother”/Wikimedia Commons)

EVOLUTION CONNECTION

Mitotic Spindle Apparatus
The precise timing and formation of the mitotic spindle is critical to the success of eukaryotic cell division.
Prokaryotic cells, on the other hand, do not undergo mitosis and therefore have no need for a mitotic spindle.
However, the FtsZ protein that plays such a vital role in prokaryotic cytokinesis is structurally and functionally very
similar to tubulin, the building block of the microtubules that make up the mitotic spindle fibers that are necessary
for eukaryotes. The formation of a ring composed of repeating units of a protein called FtsZ directs the partition
between the nucleoids in prokaryotes. Formation of the FtsZ ring triggers the accumulation of other proteins that
work together to recruit new membrane and cell-wall materials to the site. FtsZ proteins can form filaments, rings,
and other three-dimensional structures resembling the way tubulin forms microtubules, centrioles, and various
cytoskeleton components. In addition, both FtsZ and tubulin employ the same energy source, GTP (guanosine
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triphosphate), to rapidly assemble and disassemble complex structures.

FtsZ and tubulin are an example of homology, structures derived from the same evolutionary origins. In this
example, FtsZ is presumed to be similar to the ancestor protein to both the modern FtsZ and tubulin. While both
proteins are found in extant organisms, tubulin function has evolved and diversified tremendously since the
evolution from its FtsZ-like prokaryotic origin. A survey of cell-division machinery in present-day unicellular
eukaryotes reveals crucial intermediary steps to the complex mitotic machinery of multicellular eukaryotes (Table
6.1).

Mitotic Spindle Evolution

Structure of genetic
material

Division of nuclear material
Separation of

daughter
cells

Prokaryotes

There is no nucleus.
The single, circular
chromosome exists in
a region of cytoplasm
called the nucleoid.

Occurs through binary fission. As the chromosome is
replicated, the two copies move to opposite ends of
the cell by an unknown mechanism.

FtsZ proteins
assemble into
a ring that
pinches the
cell in two.

Some
protists

Linear chromosomes
exist in the nucleus.

Chromosomes attach to the nuclear envelope, which
remains intact. The mitotic spindle passes through
the envelope and elongates the cell. No centrioles
exist.

Microfilaments
form a
cleavage
furrow that
pinches the
cell in two.

Other
protists

Linear chromosomes
exist in the nucleus.

A mitotic spindle forms from the centrioles and
passes through the nuclear membrane, which
remains intact. Chromosomes attach to the mitotic
spindle. The mitotic spindle separates the
chromosomes and elongates the cell.

Microfilaments
form a
cleavage
furrow that
pinches the
cell in two.

Animal
cells

Linear chromosomes
exist in the nucleus.

A mitotic spindle forms from the centrioles. The
nuclear envelope dissolves. Chromosomes attach to
the mitotic spindle, which separates them and
elongates the cell.

Microfilaments
form a
cleavage
furrow that
pinches the
cell in two.

TABLE 6.1 The mitotic spindle fibers of eukaryotes are composed of microtubules. Microtubules are polymers of the protein tubulin. The
FtsZ protein active in prokaryote cell division is very similar to tubulin in the structures it can form and its energy source. Single-celled
eukaryotes (such as yeast) display possible intermediary steps between FtsZ activity during binary fission in prokaryotes and the mitotic
spindle in multicellular eukaryotes, during which the nucleus breaks down and is reformed.
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Key Terms
anaphase the stage of mitosis during which sister

chromatids are separated from each other
binary fission the process of prokaryotic cell division
cell cycle the ordered sequence of events that a cell

passes through between one cell division and the
next

cell cycle checkpoints mechanisms that monitor the
preparedness of a eukaryotic cell to advance
through the various cell cycle stages

cell plate a structure formed during plant-cell
cytokinesis by Golgi vesicles fusing at the
metaphase plate; will ultimately lead to formation of
a cell wall to separate the two daughter cells

centriole a paired rod-like structure constructed of
microtubules at the center of each animal cell
centrosome

cleavage furrow a constriction formed by the actin
ring during animal-cell cytokinesis that leads to
cytoplasmic division

cytokinesis the division of the cytoplasm following
mitosis to form two daughter cells

diploid describes a cell, nucleus, or organism
containing two sets of chromosomes (2n)

FtsZ a tubulin-like protein component of the
prokaryotic cytoskeleton that is important in
prokaryotic cytokinesis (name origin: Filamenting
temperature-sensitive mutant Z)

G0 phase a cell-cycle phase distinct from the G1
phase of interphase; a cell in G0 is not preparing to
divide

G1 phase (also, first gap) a cell-cycle phase; first
phase of interphase centered on cell growth during
mitosis

G2 phase (also, second gap) a cell-cycle phase; third
phase of interphase where the cell undergoes the
final preparations for mitosis

gamete a haploid reproductive cell or sex cell (sperm
or egg)

gene the physical and functional unit of heredity; a
sequence of DNA that codes for a specific peptide or
RNA molecule

genome the entire genetic complement (DNA) of an
organism

haploid describes a cell, nucleus, or organism
containing one set of chromosomes (n)

homologous chromosomes chromosomes of the
same length with genes in the same location;
diploid organisms have pairs of homologous
chromosomes, and the members of each pair come
from different parents

interphase the period of the cell cycle leading up to
mitosis; includes G1, S, and G2 phases; the interim
between two consecutive cell divisions

kinetochore a protein structure in the centromere of
each sister chromatid that attracts and binds
spindle microtubules during prometaphase

locus the position of a gene on a chromosome
metaphase the stage of mitosis during which

chromosomes are lined up at the metaphase plate
metaphase plate the equatorial plane midway

between two poles of a cell where the
chromosomes align during metaphase

mitosis the period of the cell cycle at which the
duplicated chromosomes are separated into
identical nuclei; includes prophase, prometaphase,
metaphase, anaphase, and telophase

mitotic phase the period of the cell cycle when
duplicated chromosomes are distributed into two
nuclei and the cytoplasmic contents are divided;
includes mitosis and cytokinesis

mitotic spindle the microtubule apparatus that
orchestrates the movement of chromosomes during
mitosis

oncogene a mutated version of a proto-oncogene,
which allows for uncontrolled progression of the cell
cycle, or uncontrolled cell reproduction

origin the region of the prokaryotic chromosome at
which replication begins

prometaphase the stage of mitosis during which
mitotic spindle fibers attach to kinetochores

prophase the stage of mitosis during which
chromosomes condense and the mitotic spindle
begins to form

proto-oncogene a normal gene that controls cell
division by regulating the cell cycle that becomes an
oncogene if it is mutated

quiescent describes a cell that is performing normal
cell functions and has not initiated preparations for
cell division

S phase the second, or synthesis phase, of
interphase during which DNA replication occurs

septum a wall formed between bacterial daughter
cells as a precursor to cell separation

telophase the stage of mitosis during which
chromosomes arrive at opposite poles, decondense,
and are surrounded by new nuclear envelopes

tumor suppressor gene a gene that codes for
regulator proteins that prevent the cell from
undergoing uncontrolled division
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Chapter Summary
6.1 The Genome

Prokaryotes have a single loop chromosome, whereas
eukaryotes have multiple, linear chromosomes
surrounded by a nuclear membrane. Human somatic
cells have 46 chromosomes consisting of two sets of
22 homologous chromosomes and a pair of
nonhomologous sex chromosomes. This is the 2n, or
diploid, state. Human gametes have 23 chromosomes
or one complete set of chromosomes. This is the n, or
haploid, state. Genes are segments of DNA that code
for a specific protein or RNA molecule. An organism’s
traits are determined in large part by the genes
inherited from each parent, but also by the
environment that they experience. Genes are
expressed as characteristics of the organism and each
characteristic may have different variants called traits
that are caused by differences in the DNA sequence for
a gene.

6.2 The Cell Cycle

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. Mitosis consists of
five stages: prophase, prometaphase, metaphase,
anaphase, and telophase. Mitosis is usually
accompanied by 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).

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.

6.3 Cancer and the Cell Cycle

Cancer is the result of unchecked cell division caused
by a breakdown of the mechanisms regulating the cell
cycle. The loss of control begins with a change in the
DNA sequence of a gene that codes for one of the
regulatory molecules. Faulty instructions lead to a
protein that does not function as it should. Any
disruption of the monitoring system can allow other
mistakes to be passed on to the daughter cells. Each
successive cell division will give rise to daughter cells
with even more accumulated damage. Eventually, all
checkpoints become nonfunctional, and rapidly
reproducing cells crowd out normal cells, resulting in
tumorous growth.

6.4 Prokaryotic Cell Division

In both prokaryotic and eukaryotic cell division, the
genomic DNA is replicated and each copy is allocated
into a daughter cell. The cytoplasmic contents are also
divided evenly to the new cells. However, there are
many differences between prokaryotic and eukaryotic
cell division. Bacteria have a single, circular DNA
chromosome and no nucleus. Therefore, mitosis is not
necessary in bacterial cell division. Bacterial
cytokinesis is directed by a ring composed of a protein
called FtsZ. Ingrowth of membrane and cell-wall
material from the periphery of the cells results in a
septum that eventually forms the separate cell walls of
the daughter cells.
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Visual Connection Questions
1. Figure 6.4 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 re-forms and
the cell divides. The sister chromatids
separate.

b. The kinetochore becomes attached to the
mitotic spindle. The sister chromatids
separate. Sister chromatids line up at the
metaphase plate. The nucleus re-forms and the
cell divides.

c. The kinetochore becomes attached to
metaphase plate. Sister chromatids line up at
the metaphase plate. The kinetochore breaks
down and the sister chromatids separate. The
nucleus re-forms and the cell divides.

d. The kinetochore becomes attached to the
mitotic spindle. Sister chromatids line up at the
metaphase plate. The kinetochore breaks apart
and the sister chromatids separate. The
nucleus re-forms and the cell divides.

Review Questions
2. A diploid cell has ________ the number of

chromosomes as a haploid cell.
a. one-fourth
b. one-half
c. twice
d. four times

3. An organism’s traits are determined by the specific
combination of inherited ________.
a. cells
b. genes
c. proteins
d. chromatids

4. Chromosomes are duplicated during what portion
of the cell cycle?
a. G1 phase
b. S phase
c. prophase
d. prometaphase

5. Separation of the sister chromatids is a
characteristic of which stage of mitosis?
a. prometaphase
b. metaphase
c. anaphase
d. telophase

6. The individual chromosomes become visible with a
light microscope during which stage of mitosis?
a. prophase
b. prometaphase
c. metaphase
d. anaphase

7. What is necessary for a cell to pass the G2
checkpoint?
a. cell has reached a sufficient size
b. an adequate stockpile of nucleotides
c. accurate and complete DNA replication
d. proper attachment of mitotic spindle fibers to

kinetochores

8. ________ are changes to the nucleotides in a
segment of DNA that codes for a protein.
a. Proto-oncogenes
b. Tumor suppressor genes
c. Gene mutations
d. Negative regulators
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9. A gene that codes for a positive cell cycle regulator
is called a(n) ________.
a. kinase inhibitor
b. tumor suppressor gene
c. proto-oncogene
d. oncogene

10. Which eukaryotic cell-cycle event is missing in
binary fission?
a. cell growth
b. DNA duplication
c. mitosis
d. cytokinesis

11. FtsZ proteins direct the formation of a ________
that will eventually form the new cell walls of the
daughter cells.
a. contractile ring
b. cell plate
c. cytoskeleton
d. septum

Critical Thinking Questions
12. Compare and contrast a human somatic cell to a

human gamete.

13. Describe the similarities and differences between
the cytokinesis mechanisms found in animal cells
versus those in plant cells.

14. Outline the steps that lead to a cell becoming
cancerous.

15. Explain the difference between a proto-oncogene
and a tumor suppressor gene.

16. Name the common components of eukaryotic cell
division and binary fission.
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INTRODUCTION

CHAPTER 7
The Cellular Basis of Inheritance

7.1 Sexual Reproduction
7.2 Meiosis
7.3 Variations in Meiosis

The ability to reproduce in kind is a basic characteristic of all living things. In
kind means that the offspring of any organism closely resembles its parent or parents.
Hippopotamuses give birth to hippopotamus calves; Monterey pine trees produce seeds from
which Monterey pine seedlings emerge; and adult flamingos lay eggs that hatch into flamingo
chicks. In kind does not generally mean exactly the same. While many single-celled organisms
and a few multicellular organisms can produce genetically identical clones of themselves through
mitotic cell division, many single-celled organisms and most multicellular organisms reproduce
regularly using another method.

Note that, in genetics, "parent" is often used to describe the individual organism(s) that contribute
genetic material to an offspring, usually in the form of gamete cells. The concept of a genetic
parent is distinct from social and legal concepts of parenthood, and may differ from those whom
people consider their parents. Even within the animal kingdom, characteristics that may often be
associated with sexual reproduction, such as parental care or sexual behavior, are not universal.

Sexual reproduction is the production of haploid cells and the fusion of a haploid cell from each
genetic parent to form a single, unique diploid cell. In multicellular organisms, the new diploid cell
will then undergo mitotic cell divisions to develop into an adult organism. A type of cell division
called meiosis leads to the haploid cells that are part of the sexual reproductive cycle. 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 can or must employ some form of meiosis and fertilization to reproduce.

FIGURE 7.1 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)
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7.1 Sexual Reproduction
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain that variation among offspring is a potential evolutionary advantage resulting from
sexual reproduction

• Describe the three different life-cycle strategies among sexual multicellular organisms and
their commonalities

Sexual reproduction was an early evolutionary innovation after the appearance of eukaryotic cells.
The fact that most eukaryotes reproduce sexually is evidence of its evolutionary success. In many
animals, it is the only mode of reproduction. And yet, scientists recognize some real disadvantages
to sexual reproduction. On the surface, offspring that are genetically identical to the parent may
appear to be more advantageous. 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 by asexual budding, fragmentation, or asexual eggs. These
methods of reproduction do not require another organism of the opposite sex. There is no need to
expend energy finding or attracting a mate. That energy can be spent on producing more offspring.
Indeed, some organisms that lead a solitary lifestyle have retained the ability to reproduce
asexually. In addition, asexual populations only have female individuals, so every individual is
capable of reproduction. In contrast, the males in sexual populations (half the population) are not
producing offspring themselves. Because of this, an asexual population can grow twice as fast as a
sexual population in theory. This means that in competition, the asexual population would have
the advantage. All of these advantages to asexual reproduction, which are also disadvantages to
sexual reproduction, should mean that the number of species with asexual reproduction should be
more common.

However, multicellular organisms that exclusively depend on asexual reproduction are
exceedingly rare. Why is sexual reproduction so common? This is one of the important questions
in biology and has been the focus of much research from the latter half of the twentieth century
until now. A likely explanation is that the variation that sexual reproduction creates among
offspring is very important to the survival and reproduction of those offspring. The only source of
variation in asexual organisms is mutation. This is the ultimate source of variation in sexual
organisms. 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 the process of meiosis. Meiosis is the division of the contents of the
nucleus that divides the chromosomes among gametes. Variation is introduced during meiosis, as
well as when the gametes combine in fertilization.

EVOLUTION CONNECTION

The Red Queen Hypothesis
There is no question that sexual reproduction provides evolutionary advantages to organisms that
employ this mechanism to produce offspring. The problematic question is why, even in the face of
fairly stable conditions, sexual reproduction persists when it is more difficult and produces fewer
offspring 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, in which the Red Queen says one must run at full speed just to stay
where one is.

All species coevolve with other organisms. For example, predators coevolve with their prey, and

1 Leigh Van Valen, “A new evolutionary law,” Evolutionary Theory 1 (1973): 1–30.
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parasites coevolve with their hosts. A remarkable example of coevolution between predators and their prey is the
unique coadaptation of night flying bats and their moth prey. Bats find their prey by emitting high-pitched clicks, but
moths have evolved simple ears to hear these clicks so they can avoid the bats. The moths have also adapted
behaviors, such as flying away from the bat when they first hear it, or dropping suddenly to the ground when the bat
is upon them. Bats have evolved “quiet” clicks in an attempt to evade the moth’s hearing. Some moths have evolved
the ability to respond to the bats’ clicks with their own clicks as a strategy to confuse the bats echolocation abilities.

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 coevolving species to keep its own share of the resources
is also to continually improve its ability to survive and produce offspring. As one species gains an advantage, other
species must also develop an advantage or they will be outcompeted. No single species progresses too far ahead
because genetic variation among progeny of sexual reproduction provides all species with a mechanism to produce
adapted individuals. Species whose individuals 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 coevolution 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 resulting gamete’s 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
(and there is no multicellular haploid stage), as with most animals including humans; haploid-dominant, in which
the multicellular haploid stage is the most obvious life stage (and there is no multicellular diploid stage), as with all
fungi and some algae; and alternation of generations, in which the two stages, haploid and diploid, are apparent to
one degree or another depending on the group, as with plants and some algae.

Nearly all animals employ a diploid-dominant life-cycle strategy in which the only haploid cells produced by the
organism are the gametes. The gametes are produced from diploid germ cells, a special cell line that only produces
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 (Figure 7.2a).
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VISUAL CONNECTION

FIGURE 7.2 (a) In animals, sexually reproducing adults form haploid gametes from diploid germ cells. (b) Fungi, such as black bread mold
(Rhizopus nigricans), have haploid-dominant life cycles. (c) Plants have a life cycle that alternates between a multicellular haploid organism
and a multicellular diploid organism. (credit c “fern”: modification of work by Cory Zanker; credit c “gametophyte”: modification of work by
“Vlmastra”/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?
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Most fungi and algae employ a life-cycle strategy in which the multicellular “body” of the organism is haploid.
During sexual reproduction, specialized haploid cells from two individuals join to form a diploid zygote. The zygote
immediately undergoes meiosis to form four haploid cells called spores (Figure 7.2b).

The third life-cycle type, employed by some algae and all plants, is called alternation of generations. These species
have both haploid and diploid multicellular organisms as part of their life cycle. The haploid multicellular plants are
called gametophytes because they produce gametes. Meiosis is not involved in the production of gametes in this
case, as the organism that produces gametes is already 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
develop into the gametophytes (Figure 7.2c).

7.2 Meiosis
LEARNING OBJECTIVES
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, a 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. The number of
sets of chromosomes in a cell is called its ploidy level. Haploid cells contain one set of chromosomes. Cells
containing two sets of chromosomes are called diploid. If the reproductive cycle is to continue, 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, known as meiosis, that reduces the number of chromosome sets.

Most animals and plants are diploid, containing two sets of chromosomes; in each somatic cell (the
nonreproductive cells of a multicellular organism), the nucleus contains two copies of each chromosome that are
referred to as homologous chromosomes. Somatic cells are sometimes referred to as “body” cells. Homologous
chromosomes are matched pairs containing genes for the same traits 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. In animals, haploid cells containing a single copy of each homologous
chromosome are found only within gametes. Gametes fuse with another haploid gamete to produce a diploid cell.

The nuclear division that forms haploid cells, which is called meiosis, is related to mitosis. As you have learned,
mitosis is 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 contain the same number of
chromosome sets—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 the 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
stages are designated with a “I” or “II.” Thus, meiosis I is the first round of meiotic division and consists of
prophase I, prometaphase I, and so on. Meiosis I reduces the number of chromosome sets from two to one. The
genetic information is also mixed during this division to create unique recombinant chromosomes. Meiosis II, in
which the second round of meiotic division takes place in a way that is similar to mitosis, includes prophase II,
prometaphase II, and so on.

Interphase

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 is the first phase of interphase and is focused on cell growth. In the S phase, the
DNA of the chromosomes is replicated. Finally, in the G2 phase, the cell undergoes the final preparations for
meiosis.
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During DNA duplication of the S phase, each chromosome becomes composed of two identical copies (called sister
chromatids) that are held together at the centromere until they are pulled apart during meiosis II. In an animal cell,
the centrosomes that organize the microtubules of the meiotic spindle also replicate. This prepares the cell for the
first meiotic phase.

Meiosis I

Early in prophase I, the chromosomes can be seen clearly microscopically. As the nuclear envelope begins to break
down, the proteins associated with homologous chromosomes bring the pair close to each other. The tight pairing of
the homologous chromosomes is called synapsis. In synapsis, the genes on the chromatids of the homologous
chromosomes are precisely aligned with each other. An exchange of chromosome segments between non-sister
homologous chromatids occurs and is called crossing over. This process is revealed visually after the exchange as
chiasmata (singular = chiasma) (Figure 7.3).

As prophase I progresses, the close association between homologous chromosomes begins to break down, and the
chromosomes continue to condense, although the homologous chromosomes remain attached to each other at
chiasmata. The number of chiasmata varies with the species and the length of the chromosome. At the end of
prophase I, the pairs are held together only at chiasmata (Figure 7.3) 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 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, it will carry
some DNA from one parent of the individual and some DNA from the other parent. The recombinant sister
chromatid has a combination of maternal and paternal genes that did not exist before the crossover.

FIGURE 7.3 In this illustration of the effects of crossing over, the blue chromosome came from the individual’s father and the red
chromosome came from the individual’s mother. Crossover occurs between non-sister chromatids of homologous chromosomes. The result
is an exchange of genetic material between homologous chromosomes. The chromosomes that have a mixture of maternal and paternal
sequence are called recombinant and the chromosomes that are completely paternal or maternal are called non-recombinant.

The key event in prometaphase I is the attachment of the spindle fiber microtubules to the kinetochore proteins at
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the centromeres. The microtubules assembled from centrosomes at opposite poles of the cell grow toward the
middle of the cell. At the end of prometaphase I, each tetrad is attached to microtubules from both poles, with one
homologous chromosome attached at one pole and the other homologous chromosome attached to the other pole.
The homologous chromosomes are still held together at chiasmata. In addition, the nuclear membrane has broken
down entirely.

During metaphase I, the homologous chromosomes are arranged in the center of the cell with the kinetochores
facing opposite poles. The orientation of each pair of homologous chromosomes at the center of the cell is random.

This randomness, called independent assortment, is the physical basis for the generation 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. In metaphase I, these pairs line up at the midway point between the two poles of
the cell. 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.

In each cell that undergoes meiosis, the arrangement of the tetrads is different. The number of variations depends
on the number of chromosomes making up a set. There are two possibilities for orientation (for each tetrad); thus,
the possible number of alignments equals 2n where n is the number of chromosomes per set. Humans have 23
chromosome pairs, which results in over eight million (223) possibilities. This number does not include the variability
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 (Figure 7.4).

To summarize the genetic consequences of meiosis I: the maternal and paternal genes are recombined by crossover
events occurring on each homologous pair during prophase I; in addition, the random assortment of tetrads at
metaphase produces a unique combination of maternal and paternal chromosomes that will make their way into the
gametes.

FIGURE 7.4 To demonstrate random, independent assortment at metaphase I, consider a cell with n = 2. In this case, there are two
possible arrangements at the equatorial plane in metaphase I, as shown in the upper cell of each panel. These two possible orientations
lead to the production of genetically different gametes. With more chromosomes, the number of possible arrangements increases
dramatically.

In anaphase I, the spindle fibers pull the linked chromosomes apart. The sister chromatids remain tightly bound
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together at the centromere. It is the chiasma connections that are broken in anaphase I as the fibers attached to the
fused kinetochores pull the homologous chromosomes apart (Figure 7.5).

In telophase I, 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.

Cytokinesis, the physical separation of the cytoplasmic components into two daughter cells, occurs without
reformation of the nuclei in other organisms. In nearly all species, cytokinesis separates the cell contents by either a
cleavage furrow (in animals and some fungi), or a cell plate that will ultimately lead to formation of cell walls that
separate the two daughter cells (in plants). At each pole, there is just one member of each pair of the homologous
chromosomes, so 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 there are duplicate copies of the set because each
homolog still consists of two sister chromatids that are still attached to each other. However, although the sister
chromatids were once duplicates of the same chromosome, they are no longer identical at this stage because of
crossovers.

LINK TO LEARNING

Review the process of meiosis, observing how chromosomes align and migrate, at this site (http://openstax.org/l/
animal_meiosis2).

Meiosis II

In meiosis II, the connected sister chromatids remaining in the haploid cells from meiosis I will be split to form four
haploid cells. In some species, cells enter a brief interphase, or interkinesis, that lacks an S phase, before entering
meiosis II. Chromosomes are not duplicated during interkinesis. The two cells produced in meiosis I go through the
events of meiosis II in synchrony. Overall, meiosis II resembles the mitotic division of a haploid cell.

In prophase II, if the chromosomes decondensed in telophase I, they condense again. If nuclear envelopes were
formed, they fragment into vesicles. The centrosomes duplicated during interkinesis move away from each other
toward opposite poles, and new spindles are formed. In 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. In metaphase II, the sister chromatids are maximally condensed and aligned at
the center of the cell. In anaphase II, the sister chromatids are pulled apart by the spindle fibers and move toward
opposite poles.
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FIGURE 7.5 In prometaphase I, microtubules attach to the fused kinetochores of homologous chromosomes. In anaphase I, the
homologous chromosomes are separated. In prometaphase II, microtubules attach to individual kinetochores of sister chromatids. In
anaphase II, the sister chromatids are separated.

In telophase II, the chromosomes arrive at opposite poles and begin to decondense. Nuclear envelopes form
around the chromosomes. Cytokinesis separates the two cells into four genetically unique haploid cells. At this
point, the nuclei in the newly produced cells are both haploid and have only one copy of the single set of
chromosomes. The cells produced are genetically unique because of the random assortment of paternal and
maternal homologs and because of the recombination of maternal and paternal segments of chromosomes—with
their sets of genes—that occurs during crossover.

Comparing Meiosis and Mitosis

Mitosis and meiosis, which are both forms of division of the nucleus in eukaryotic cells, share some similarities, but
also exhibit distinct differences that lead to their very different outcomes. Mitosis is a single nuclear division that
results in two nuclei, usually partitioned into two new cells. The nuclei resulting from a mitotic division are
genetically identical to the original. They have the same number of sets of chromosomes: one in the case of haploid
cells, and two in the case of diploid cells. On the other hand, meiosis is two nuclear divisions that result in four
nuclei, usually partitioned into four new cells. The nuclei resulting from meiosis are never genetically identical, and
they contain one chromosome set only—this is half the number of the original cell, which was diploid (Figure 7.6).

The differences in the outcomes of meiosis and mitosis occur because of differences in the behavior of the
chromosomes during each process. Most of these differences in the processes 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, experience chiasmata and crossover between sister chromatids, and line up along
the metaphase plate in tetrads with spindle fibers from opposite spindle poles attached to each kinetochore of a
homolog in a tetrad. All of these events occur only in meiosis I, never in mitosis.

Homologous chromosomes move to opposite poles during meiosis I so the number of sets of chromosomes in each
nucleus-to-be is 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 in mitosis.

Meiosis II is much more analogous to a mitotic division. In this case, duplicated chromosomes (only one set of
them) line up at the center of the cell with divided kinetochores attached to spindle fibers from opposite poles.
During anaphase II, as in mitotic anaphase, the kinetochores divide and one sister chromatid is pulled to one pole
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and the other sister chromatid is pulled to the other pole. If it were not for the fact that there had been crossovers,
the two products of each meiosis II division would be identical as 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.

Cells produced by mitosis will function in different parts of the body as a part of growth or replacing dead or
damaged cells. They may even be involved in asexual reproduction in some organisms. Cells produced by meiosis in
a diploid-dominant organism such as an animal will only participate in sexual reproduction.

FIGURE 7.6 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.

LINK TO LEARNING

For an animation comparing mitosis and meiosis, go to this website (http://openstax.org/l/how_cells_dvid2).

7.3 Variations in Meiosis
LEARNING OBJECTIVES
By the end of this section, you will be able to:

• Explain how nondisjunction leads to differences in chromosome number
• 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 chromosome structural rearrangements.
Because even small segments of chromosomes can span many genes, chromosomal disorders are characteristically
dramatic and often fatal.
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Disorders in Chromosome Number

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, including 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 (Figure 7.7).

FIGURE 7.7 This karyogram shows the chromosomes of a female human immune cell during mitosis. (credit: Andreas Bolzer, et al)

CAREER CONNECTION

Geneticists Use Karyograms to Identify Chromosomal Aberrations
The karyotype is a method by 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 is then applied to the cells to arrest mitosis during metaphase. The cells are then fixed 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, chromosomes are viewed using bright-field
microscopy. An experienced cytogeneticist 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 (Figure 7.7).

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 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.

By observing a karyogram, geneticists can actually visualize the chromosomal composition of an individual to
confirm or predict genetic abnormalities in offspring even before birth.

Nondisjunctions, Duplications, and Deletions
Of all the chromosomal disorders, abnormalities in chromosome number are the most easily 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. The risk of nondisjunction
increases with the age of the parents.

Nondisjunction can occur during either meiosis I or II, with different results (Figure 7.8). If homologous
chromosomes fail to separate during meiosis I, the result is two gametes that lack that chromosome and two
gametes with two copies of the chromosome. If sister chromatids fail to separate during meiosis II, the result is one
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gamete that lacks that chromosome, two normal gametes with one copy of the chromosome, and one gamete with
two copies of the chromosome.

FIGURE 7.8 Following meiosis, each gamete has one copy of each chromosome. Nondisjunction occurs when homologous chromosomes
(meiosis I) or sister chromatids (meiosis II) fail to separate during meiosis.

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 have only one copy of essential genes. 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. Cell functions are calibrated to the amount of gene product produced by two copies (doses)
of each gene; adding a third copy (dose) disrupts this balance. The most common trisomy is that of chromosome 21,
which leads to Down syndrome. Individuals with this inherited disorder have characteristic physical features and
developmental delays in growth and cognition. The incidence of Down syndrome is correlated with maternal age,
such that older women are more likely to give birth to children with Down syndrome (Figure 7.9).
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FIGURE 7.9 The incidence of having a fetus with trisomy 21 increases dramatically with the age of the birth parent.

LINK TO LEARNING

Visualize the addition of a chromosome that leads to Down syndrome in this video (https://www.youtube.com/
watch?v=ze_6VWwLtOE).

Humans display dramatic deleterious effects with autosomal trisomies and monosomies. Therefore, it may seem
counterintuitive that human females and males can function, despite carrying different numbers of the X
chromosome. In part, this occurs because of a process called X inactivation. Early in development, when female
mammalian embryos consist of just a few thousand cells, one X chromosome in each cell inactivates by condensing
into a structure called a Barr body. The genes on the inactive X chromosome are not expressed. The particular X
chromosome that is inactivated in each cell is random, but once the inactivation occurs, all cells descended from
that cell will have the same inactive X chromosome. By this process, females compensate for their double genetic
dose of X chromosome.

In so-called “tortoiseshell” cats, X inactivation is observed as coat-color variegation (Figure 7.10). Females
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.
When you see a tortoiseshell cat, you will know that it has to be a female.
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FIGURE 7.10 Embryonic inactivation of one of two different X chromosomes encoding different coat colors gives rise to the tortoiseshell
phenotype in cats. (credit: Michael Bodega)

In an individual carrying an abnormal number of X chromosomes, cellular mechanisms will inactivate all but one X in
each cell. As a result, X-chromosomal abnormalities are typically associated with mild intellectual and physical
disabilities, as well as sterility. If the X chromosome is absent altogether, the individual will not develop.

Several errors in sex chromosome number have been characterized. Individuals with three X chromosomes, called
triplo-X, are assigned female but express developmental delays and reduced fertility. The XXY chromosome
complement, corresponding to one type of Klinefelter syndrome, corresponds to male individuals with small testes,
enlarged breasts, and reduced body hair. The extra X chromosome undergoes inactivation to compensate for the
excess genetic dosage. Turner syndrome, characterized as an X0 chromosome complement (i.e., only a single sex
chromosome), corresponds to a female individual with short stature, webbed skin in the neck region, hearing and
cardiac impairments, and sterility.

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. Triploid animals are sterile because meiosis cannot proceed normally with an odd number of
chromosome sets. 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.

Chromosome Structural Rearrangements

Cytologists have characterized numerous structural rearrangements in chromosomes, including partial duplications,
deletions, inversions, and translocations. Duplications and deletions often produce offspring that survive but exhibit
physical and mental abnormalities. Cri-du-chat (from the French for “cry of the cat”) is a syndrome associated with
nervous system abnormalities and identifiable physical features that results from a deletion of most of the small
arm of chromosome 5 (Figure 7.11). Infants with this genotype emit a characteristic high-pitched cry upon which
the disorder’s name is based.
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FIGURE 7.11 This individual with cri-du-chat syndrome is shown at various ages: (A) age two, (B) age four, (C) age nine, and (D) age 12.
(credit: Paola Cerruti Mainardi)

Chromosome inversions and translocations can be identified by observing cells during meiosis because homologous
chromosomes with a rearrangement in one of the pair must contort to maintain appropriate gene alignment and pair
effectively during prophase I.

A chromosome inversion is the detachment, 180° rotation, and reinsertion of part of a chromosome (Figure 7.12).
Unless they disrupt a gene sequence, inversions only change the orientation of genes and are likely to have more
mild effects than aneuploid errors.

EVOLUTION CONNECTION

The Chromosome 18 Inversion
Not 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, an 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.

The 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 have suggested that a long
stretch of DNA was duplicated on chromosome 18 of an ancestor to humans, but that during the duplication it was
inverted (inserted into the chromosome in reverse orientation.
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A comparison of human and chimpanzee genes in the region of this inversion indicates that two genes—ROCK1 and
USP14—are farther apart on human chromosome 18 than they are on the corresponding chimpanzee chromosome.
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 code for 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.2

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 (Figure 7.12).

FIGURE 7.12 An (a) inversion occurs when a chromosome segment breaks from the chromosome, reverses its orientation, and then
reattaches in the original position. A (b) reciprocal translocation occurs between two nonhomologous chromosomes and does not cause
any genetic information to be lost or duplicated. (credit: modification of work by National Human Genome Research Institute (USA)

2 V Goidts, et al., “Segmental duplication associated with the human-specific inversion of chromosome 18: a further example of the
impact of segmental duplications on karyotype and genome evolution in primates,” Human Genetics, 115 (2004):116–22.
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