
4 | HOW CELLS OBTAIN
ENERGY

Figure 4.1 A hummingbird needs energy to maintain prolonged flight. The bird obtains its energy from taking in food
and transforming the energy contained in food molecules into forms of energy to power its flight through a series of
biochemical reactions. (credit: modification of work by Cory Zanker)
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Introduction
Virtually every task performed by living organisms requires energy. Energy is needed to perform heavy labor and exercise,
but humans also use energy while thinking, and even during sleep. In fact, the living cells of every organism constantly
use energy. Nutrients and other molecules are imported into the cell, metabolized (broken down) and possibly synthesized
into new molecules, modified if needed, transported around the cell, and possibly distributed to the entire organism. For
example, the large proteins that make up muscles are built from smaller molecules imported from dietary amino acids.
Complex carbohydrates are broken down into simple sugars that the cell uses for energy. Just as energy is required to both
build and demolish a building, energy is required for the synthesis and breakdown of molecules as well as the transport of
molecules into and out of cells. In addition, processes such as ingesting and breaking down pathogenic bacteria and viruses,
exporting wastes and toxins, and movement of the cell require energy. From where, and in what form, does this energy
come? How do living cells obtain energy, and how do they use it? This chapter will discuss different forms of energy and
the physical laws that govern energy transfer. This chapter will also describe how cells use energy and replenish it, and how
chemical reactions in the cell are performed with great efficiency.
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4.1 | Energy and Metabolism

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

• Explain what metabolic pathways are

• State the first and second laws of thermodynamics

• Explain the difference between kinetic and potential energy

• Describe endergonic and exergonic reactions

• Discuss how enzymes function as molecular catalysts

Scientists use the term bioenergetics to describe the concept of energy flow (Figure 4.2) through living systems, such as
cells. Cellular processes such as the building and breaking down of complex molecules occur through stepwise chemical
reactions. Some of these chemical reactions are spontaneous and release energy, whereas others require energy to proceed.
Just as living things must continually consume food to replenish their energy supplies, cells must continually produce more
energy to replenish that used by the many energy-requiring chemical reactions that constantly take place. Together, all of
the chemical reactions that take place inside cells, including those that consume or generate energy, are referred to as the
cell’s metabolism.

Figure 4.2 Ultimately, most life forms get their energy from the sun. Plants use photosynthesis to capture sunlight, and
herbivores eat the plants to obtain energy. Carnivores eat the herbivores, and eventual decomposition of plant and
animal material contributes to the nutrient pool.

Metabolic Pathways
Consider the metabolism of sugar. This is a classic example of one of the many cellular processes that use and produce
energy. Living things consume sugars as a major energy source, because sugar molecules have a great deal of energy stored
within their bonds. For the most part, photosynthesizing organisms like plants produce these sugars. During photosynthesis,
plants use energy (originally from sunlight) to convert carbon dioxide gas (CO2) into sugar molecules (like glucose:
C6H12O6). They consume carbon dioxide and produce oxygen as a waste product. This reaction is summarized as:
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6CO2 + 6H2 O-->C6 H12 O6 + 6O2

Because this process involves synthesizing an energy-storing molecule, it requires energy input to proceed. During the light
reactions of photosynthesis, energy is provided by a molecule called adenosine triphosphate (ATP), which is the primary
energy currency of all cells. Just as the dollar is used as currency to buy goods, cells use molecules of ATP as energy
currency to perform immediate work. In contrast, energy-storage molecules such as glucose are consumed only to be broken
down to use their energy. The reaction that harvests the energy of a sugar molecule in cells requiring oxygen to survive
can be summarized by the reverse reaction to photosynthesis. In this reaction, oxygen is consumed and carbon dioxide is
released as a waste product. The reaction is summarized as:

C6 H12 O6 + 6O2-->6H2 O + 6CO2

Both of these reactions involve many steps.

The processes of making and breaking down sugar molecules illustrate two examples of metabolic pathways. A metabolic
pathway is a series of chemical reactions that takes a starting molecule and modifies it, step-by-step, through a series
of metabolic intermediates, eventually yielding a final product. In the example of sugar metabolism, the first metabolic
pathway synthesized sugar from smaller molecules, and the other pathway broke sugar down into smaller molecules. These
two opposite processes—the first requiring energy and the second producing energy—are referred to as anabolic pathways
(building polymers) and catabolic pathways (breaking down polymers into their monomers), respectively. Consequently,
metabolism is composed of synthesis (anabolism) and degradation (catabolism) (Figure 4.3).

It is important to know that the chemical reactions of metabolic pathways do not take place on their own. Each reaction
step is facilitated, or catalyzed, by a protein called an enzyme. Enzymes are important for catalyzing all types of biological
reactions—those that require energy as well as those that release energy.

Figure 4.3 Catabolic pathways are those that generate energy by breaking down larger molecules. Anabolic pathways
are those that require energy to synthesize larger molecules. Both types of pathways are required for maintaining the
cell’s energy balance.

Energy
Thermodynamics refers to the study of energy and energy transfer involving physical matter. The matter relevant to a
particular case of energy transfer is called a system, and everything outside of that matter is called the surroundings. For
instance, when heating a pot of water on the stove, the system includes the stove, the pot, and the water. Energy is transferred
within the system (between the stove, pot, and water). There are two types of systems: open and closed. In an open system,
energy can be exchanged with its surroundings. The stovetop system is open because heat can be lost to the air. A closed
system cannot exchange energy with its surroundings.

Biological organisms are open systems. Energy is exchanged between them and their surroundings as they use energy
from the sun to perform photosynthesis or consume energy-storing molecules and release energy to the environment by
doing work and releasing heat. Like all things in the physical world, energy is subject to physical laws. The laws of
thermodynamics govern the transfer of energy in and among all systems in the universe.

In general, energy is defined as the ability to do work, or to create some kind of change. Energy exists in different forms.
For example, electrical energy, light energy, and heat energy are all different types of energy. To appreciate the way energy
flows into and out of biological systems, it is important to understand two of the physical laws that govern energy.

Thermodynamics
The first law of thermodynamics states that the total amount of energy in the universe is constant and conserved. In other
words, there has always been, and always will be, exactly the same amount of energy in the universe. Energy exists in many
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different forms. According to the first law of thermodynamics, energy may be transferred from place to place or transformed
into different forms, but it cannot be created or destroyed. The transfers and transformations of energy take place around
us all the time. Light bulbs transform electrical energy into light and heat energy. Gas stoves transform chemical energy
from natural gas into heat energy. Plants perform one of the most biologically useful energy transformations on earth: that
of converting the energy of sunlight to chemical energy stored within organic molecules (Figure 4.2). Some examples of
energy transformations are shown in Figure 4.4.

The challenge for all living organisms is to obtain energy from their surroundings in forms that they can transfer or
transform into usable energy to do work. Living cells have evolved to meet this challenge. Chemical energy stored within
organic molecules such as sugars and fats is transferred and transformed through a series of cellular chemical reactions into
energy within molecules of ATP. Energy in ATP molecules is easily accessible to do work. Examples of the types of work
that cells need to do include building complex molecules, transporting materials, powering the motion of cilia or flagella,
and contracting muscle fibers to create movement.

Figure 4.4 Shown are some examples of energy transferred and transformed from one system to another and from one
form to another. The food we consume provides our cells with the energy required to carry out bodily functions, just as
light energy provides plants with the means to create the chemical energy they need. (credit "ice cream": modification
of work by D. Sharon Pruitt; credit "kids": modification of work by Max from Providence; credit "leaf": modification of
work by Cory Zanker)

A living cell’s primary tasks of obtaining, transforming, and using energy to do work may seem simple. However,
the second law of thermodynamics explains why these tasks are harder than they appear. All energy transfers and
transformations are never completely efficient. In every energy transfer, some amount of energy is lost in a form that is
unusable. In most cases, this form is heat energy. Thermodynamically, heat energy is defined as the energy transferred from

94 Chapter 4 | How Cells Obtain Energy

This OpenStax book is available for free at http://cnx.org/content/col11487/1.9



one system to another that is not work. For example, when a light bulb is turned on, some of the energy being converted
from electrical energy into light energy is lost as heat energy. Likewise, some energy is lost as heat energy during cellular
metabolic reactions.

An important concept in physical systems is that of order and disorder. The more energy that is lost by a system to its
surroundings, the less ordered and more random the system is. Scientists refer to the measure of randomness or disorder
within a system as entropy. High entropy means high disorder and low energy. Molecules and chemical reactions have
varying entropy as well. For example, entropy increases as molecules at a high concentration in one place diffuse and spread
out. The second law of thermodynamics says that energy will always be lost as heat in energy transfers or transformations.

Living things are highly ordered, requiring constant energy input to be maintained in a state of low entropy.

Potential and Kinetic Energy
When an object is in motion, there is energy associated with that object. Think of a wrecking ball. Even a slow-moving
wrecking ball can do a great deal of damage to other objects. Energy associated with objects in motion is called kinetic
energy (Figure 4.5). A speeding bullet, a walking person, and the rapid movement of molecules in the air (which produces
heat) all have kinetic energy.

Now what if that same motionless wrecking ball is lifted two stories above ground with a crane? If the suspended wrecking
ball is unmoving, is there energy associated with it? The answer is yes. The energy that was required to lift the wrecking ball
did not disappear, but is now stored in the wrecking ball by virtue of its position and the force of gravity acting on it. This
type of energy is called potential energy (Figure 4.5). If the ball were to fall, the potential energy would be transformed
into kinetic energy until all of the potential energy was exhausted when the ball rested on the ground. Wrecking balls also
swing like a pendulum; through the swing, there is a constant change of potential energy (highest at the top of the swing)
to kinetic energy (highest at the bottom of the swing). Other examples of potential energy include the energy of water held
behind a dam or a person about to skydive out of an airplane.

Figure 4.5 Still water has potential energy; moving water, such as in a waterfall or a rapidly flowing river, has kinetic
energy. (credit "dam": modification of work by "Pascal"/Flickr; credit "waterfall": modification of work by Frank Gualtieri)

Potential energy is not only associated with the location of matter, but also with the structure of matter. Even a spring on the
ground has potential energy if it is compressed; so does a rubber band that is pulled taut. On a molecular level, the bonds
that hold the atoms of molecules together exist in a particular structure that has potential energy. Remember that anabolic
cellular pathways require energy to synthesize complex molecules from simpler ones and catabolic pathways release energy
when complex molecules are broken down. The fact that energy can be released by the breakdown of certain chemical
bonds implies that those bonds have potential energy. In fact, there is potential energy stored within the bonds of all the food
molecules we eat, which is eventually harnessed for use. This is because these bonds can release energy when broken. The
type of potential energy that exists within chemical bonds, and is released when those bonds are broken, is called chemical
energy. Chemical energy is responsible for providing living cells with energy from food. The release of energy occurs when
the molecular bonds within food molecules are broken.
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Visit the site (http://openstaxcollege.org/l/simple_pendulu2) and select “Pendulum” from the “Work and Energy” menu
to see the shifting kinetic and potential energy of a pendulum in motion.

Free and Activation Energy
After learning that chemical reactions release energy when energy-storing bonds are broken, an important next question is
the following: How is the energy associated with these chemical reactions quantified and expressed? How can the energy
released from one reaction be compared to that of another reaction? A measurement of free energy is used to quantify these
energy transfers. Recall that according to the second law of thermodynamics, all energy transfers involve the loss of some
amount of energy in an unusable form such as heat. Free energy specifically refers to the energy associated with a chemical
reaction that is available after the losses are accounted for. In other words, free energy is usable energy, or energy that is
available to do work.

If energy is released during a chemical reaction, then the change in free energy, signified as ∆G (delta G) will be a negative
number. A negative change in free energy also means that the products of the reaction have less free energy than the
reactants, because they release some free energy during the reaction. Reactions that have a negative change in free energy
and consequently release free energy are called exergonic reactions. Think: exergonic means energy is exiting the system.
These reactions are also referred to as spontaneous reactions, and their products have less stored energy than the reactants.
An important distinction must be drawn between the term spontaneous and the idea of a chemical reaction occurring
immediately. Contrary to the everyday use of the term, a spontaneous reaction is not one that suddenly or quickly occurs.
The rusting of iron is an example of a spontaneous reaction that occurs slowly, little by little, over time.

If a chemical reaction absorbs energy rather than releases energy on balance, then the ∆G for that reaction will be a
positive value. In this case, the products have more free energy than the reactants. Thus, the products of these reactions
can be thought of as energy-storing molecules. These chemical reactions are called endergonic reactions and they are non-
spontaneous. An endergonic reaction will not take place on its own without the addition of free energy.
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Figure 4.6 Shown are some examples of endergonic processes (ones that require energy) and exergonic
processes (ones that release energy). (credit a: modification of work by Natalie Maynor; credit b: modification of
work by USDA; credit c: modification of work by Cory Zanker; credit d: modification of work by Harry Malsch)

Look at each of the processes shown and decide if it is endergonic or exergonic.

There is another important concept that must be considered regarding endergonic and exergonic reactions. Exergonic
reactions require a small amount of energy input to get going, before they can proceed with their energy-releasing steps.
These reactions have a net release of energy, but still require some energy input in the beginning. This small amount of
energy input necessary for all chemical reactions to occur is called the activation energy.

Watch an animation (http://openstaxcollege.org/l/energy_reactio2) of the move from free energy to transition state of
the reaction.

Enzymes
A substance that helps a chemical reaction to occur is called a catalyst, and the molecules that catalyze biochemical reactions
are called enzymes. Most enzymes are proteins and perform the critical task of lowering the activation energies of chemical
reactions inside the cell. Most of the reactions critical to a living cell happen too slowly at normal temperatures to be of
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any use to the cell. Without enzymes to speed up these reactions, life could not persist. Enzymes do this by binding to the
reactant molecules and holding them in such a way as to make the chemical bond-breaking and -forming processes take
place more easily. It is important to remember that enzymes do not change whether a reaction is exergonic (spontaneous) or
endergonic. This is because they do not change the free energy of the reactants or products. They only reduce the activation
energy required for the reaction to go forward (Figure 4.7). In addition, an enzyme itself is unchanged by the reaction it
catalyzes. Once one reaction has been catalyzed, the enzyme is able to participate in other reactions.

Figure 4.7 Enzymes lower the activation energy of the reaction but do not change the free energy of the reaction.

The chemical reactants to which an enzyme binds are called the enzyme’s substrates. There may be one or more substrates,
depending on the particular chemical reaction. In some reactions, a single reactant substrate is broken down into multiple
products. In others, two substrates may come together to create one larger molecule. Two reactants might also enter a
reaction and both become modified, but they leave the reaction as two products. The location within the enzyme where the
substrate binds is called the enzyme’s active site. The active site is where the “action” happens. Since enzymes are proteins,
there is a unique combination of amino acid side chains within the active site. Each side chain is characterized by different
properties. They can be large or small, weakly acidic or basic, hydrophilic or hydrophobic, positively or negatively charged,
or neutral. The unique combination of side chains creates a very specific chemical environment within the active site. This
specific environment is suited to bind to one specific chemical substrate (or substrates).

Active sites are subject to influences of the local environment. Increasing the environmental temperature generally increases
reaction rates, enzyme-catalyzed or otherwise. However, temperatures outside of an optimal range reduce the rate at which
an enzyme catalyzes a reaction. Hot temperatures will eventually cause enzymes to denature, an irreversible change in
the three-dimensional shape and therefore the function of the enzyme. Enzymes are also suited to function best within a
certain pH and salt concentration range, and, as with temperature, extreme pH, and salt concentrations can cause enzymes
to denature.

For many years, scientists thought that enzyme-substrate binding took place in a simple “lock and key” fashion. This model
asserted that the enzyme and substrate fit together perfectly in one instantaneous step. However, current research supports
a model called induced fit (Figure 4.8). The induced-fit model expands on the lock-and-key model by describing a more
dynamic binding between enzyme and substrate. As the enzyme and substrate come together, their interaction causes a mild
shift in the enzyme’s structure that forms an ideal binding arrangement between enzyme and substrate.
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View an animation (http://openstaxcollege.org/l/hexokinase2) of induced fit.

When an enzyme binds its substrate, an enzyme-substrate complex is formed. This complex lowers the activation energy
of the reaction and promotes its rapid progression in one of multiple possible ways. On a basic level, enzymes promote
chemical reactions that involve more than one substrate by bringing the substrates together in an optimal orientation for
reaction. Another way in which enzymes promote the reaction of their substrates is by creating an optimal environment
within the active site for the reaction to occur. The chemical properties that emerge from the particular arrangement of
amino acid R groups within an active site create the perfect environment for an enzyme’s specific substrates to react.

The enzyme-substrate complex can also lower activation energy by compromising the bond structure so that it is easier to
break. Finally, enzymes can also lower activation energies by taking part in the chemical reaction itself. In these cases, it is
important to remember that the enzyme will always return to its original state by the completion of the reaction. One of the
hallmark properties of enzymes is that they remain ultimately unchanged by the reactions they catalyze. After an enzyme
has catalyzed a reaction, it releases its product(s) and can catalyze a new reaction.

Figure 4.8 The induced-fit model is an adjustment to the lock-and-key model and explains how enzymes and
substrates undergo dynamic modifications during the transition state to increase the affinity of the substrate for the
active site.

It would seem ideal to have a scenario in which all of an organism's enzymes existed in abundant supply and functioned
optimally under all cellular conditions, in all cells, at all times. However, a variety of mechanisms ensures that this does not
happen. Cellular needs and conditions constantly vary from cell to cell, and change within individual cells over time. The
required enzymes of stomach cells differ from those of fat storage cells, skin cells, blood cells, and nerve cells. Furthermore,
a digestive organ cell works much harder to process and break down nutrients during the time that closely follows a
meal compared with many hours after a meal. As these cellular demands and conditions vary, so must the amounts and
functionality of different enzymes.

Since the rates of biochemical reactions are controlled by activation energy, and enzymes lower and determine activation
energies for chemical reactions, the relative amounts and functioning of the variety of enzymes within a cell ultimately
determine which reactions will proceed and at what rates. This determination is tightly controlled in cells. In certain cellular
environments, enzyme activity is partly controlled by environmental factors like pH, temperature, salt concentration, and,
in some cases, cofactors or coenzymes.

Enzymes can also be regulated in ways that either promote or reduce enzyme activity. There are many kinds of molecules
that inhibit or promote enzyme function, and various mechanisms by which they do so. In some cases of enzyme inhibition,
an inhibitor molecule is similar enough to a substrate that it can bind to the active site and simply block the substrate
from binding. When this happens, the enzyme is inhibited through competitive inhibition, because an inhibitor molecule
competes with the substrate for binding to the active site.
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On the other hand, in noncompetitive inhibition, an inhibitor molecule binds to the enzyme in a location other than the
active site, called an allosteric site, but still manages to block substrate binding to the active site. Some inhibitor molecules
bind to enzymes in a location where their binding induces a conformational change that reduces the affinity of the enzyme
for its substrate. This type of inhibition is called allosteric inhibition (Figure 4.9). Most allosterically regulated enzymes
are made up of more than one polypeptide, meaning that they have more than one protein subunit. When an allosteric
inhibitor binds to a region on an enzyme, all active sites on the protein subunits are changed slightly such that they bind their
substrates with less efficiency. There are allosteric activators as well as inhibitors. Allosteric activators bind to locations on
an enzyme away from the active site, inducing a conformational change that increases the affinity of the enzyme’s active
site(s) for its substrate(s) (Figure 4.9).

Figure 4.9 Allosteric inhibition works by indirectly inducing a conformational change to the active site such that the
substrate no longer fits. In contrast, in allosteric activation, the activator molecule modifies the shape of the active site
to allow a better fit of the substrate.

100 Chapter 4 | How Cells Obtain Energy

This OpenStax book is available for free at http://cnx.org/content/col11487/1.9



Pharmaceutical Drug Developer

Figure 4.10 Have you ever wondered how pharmaceutical drugs are developed? (credit: Deborah Austin)

Enzymes are key components of metabolic pathways. Understanding how enzymes work and how they can
be regulated are key principles behind the development of many of the pharmaceutical drugs on the market
today. Biologists working in this field collaborate with other scientists to design drugs (Figure 4.10).

Consider statins for example—statins is the name given to one class of drugs that can reduce cholesterol
levels. These compounds are inhibitors of the enzyme HMG-CoA reductase, which is the enzyme that
synthesizes cholesterol from lipids in the body. By inhibiting this enzyme, the level of cholesterol synthesized
in the body can be reduced. Similarly, acetaminophen, popularly marketed under the brand name Tylenol,
is an inhibitor of the enzyme cyclooxygenase. While it is used to provide relief from fever and inflammation
(pain), its mechanism of action is still not completely understood.

How are drugs discovered? One of the biggest challenges in drug discovery is identifying a drug target. A
drug target is a molecule that is literally the target of the drug. In the case of statins, HMG-CoA reductase
is the drug target. Drug targets are identified through painstaking research in the laboratory. Identifying
the target alone is not enough; scientists also need to know how the target acts inside the cell and which
reactions go awry in the case of disease. Once the target and the pathway are identified, then the actual
process of drug design begins. In this stage, chemists and biologists work together to design and synthesize
molecules that can block or activate a particular reaction. However, this is only the beginning: If and when
a drug prototype is successful in performing its function, then it is subjected to many tests from in vitro
experiments to clinical trials before it can get approval from the U.S. Food and Drug Administration to be on
the market.

Many enzymes do not work optimally, or even at all, unless bound to other specific non-protein helper molecules. They
may bond either temporarily through ionic or hydrogen bonds, or permanently through stronger covalent bonds. Binding to
these molecules promotes optimal shape and function of their respective enzymes. Two examples of these types of helper
molecules are cofactors and coenzymes. Cofactors are inorganic ions such as ions of iron and magnesium. Coenzymes
are organic helper molecules, those with a basic atomic structure made up of carbon and hydrogen. Like enzymes, these
molecules participate in reactions without being changed themselves and are ultimately recycled and reused. Vitamins are
the source of coenzymes. Some vitamins are the precursors of coenzymes and others act directly as coenzymes. Vitamin C
is a direct coenzyme for multiple enzymes that take part in building the important connective tissue, collagen. Therefore,
enzyme function is, in part, regulated by the abundance of various cofactors and coenzymes, which may be supplied by an
organism’s diet or, in some cases, produced by the organism.

Feedback Inhibition in Metabolic Pathways

Molecules can regulate enzyme function in many ways. The major question remains, however: What are these molecules
and where do they come from? Some are cofactors and coenzymes, as you have learned. What other molecules in the
cell provide enzymatic regulation such as allosteric modulation, and competitive and non-competitive inhibition? Perhaps
the most relevant sources of regulatory molecules, with respect to enzymatic cellular metabolism, are the products of the
cellular metabolic reactions themselves. In a most efficient and elegant way, cells have evolved to use the products of their
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own reactions for feedback inhibition of enzyme activity. Feedback inhibition involves the use of a reaction product to
regulate its own further production (Figure 4.11). The cell responds to an abundance of the products by slowing down
production during anabolic or catabolic reactions. Such reaction products may inhibit the enzymes that catalyzed their
production through the mechanisms described above.

Figure 4.11 Metabolic pathways are a series of reactions catalyzed by multiple enzymes. Feedback inhibition, where
the end product of the pathway inhibits an upstream process, is an important regulatory mechanism in cells.

The production of both amino acids and nucleotides is controlled through feedback inhibition. Additionally, ATP is an
allosteric regulator of some of the enzymes involved in the catabolic breakdown of sugar, the process that creates ATP. In
this way, when ATP is in abundant supply, the cell can prevent the production of ATP. On the other hand, ADP serves as
a positive allosteric regulator (an allosteric activator) for some of the same enzymes that are inhibited by ATP. Thus, when
relative levels of ADP are high compared to ATP, the cell is triggered to produce more ATP through sugar catabolism.

4.2 | Glycolysis

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

• Explain how ATP is used by the cell as an energy source

• Describe the overall result in terms of molecules produced of the breakdown of glucose by glycolysis

Even exergonic, energy-releasing reactions require a small amount of activation energy to proceed. However, consider
endergonic reactions, which require much more energy input because their products have more free energy than their
reactants. Within the cell, where does energy to power such reactions come from? The answer lies with an energy-supplying
molecule called adenosine triphosphate, or ATP. ATP is a small, relatively simple molecule, but within its bonds contains
the potential for a quick burst of energy that can be harnessed to perform cellular work. This molecule can be thought of as
the primary energy currency of cells in the same way that money is the currency that people exchange for things they need.
ATP is used to power the majority of energy-requiring cellular reactions.

ATP in Living Systems
A living cell cannot store significant amounts of free energy. Excess free energy would result in an increase of heat in the
cell, which would denature enzymes and other proteins, and thus destroy the cell. Rather, a cell must be able to store energy
safely and release it for use only as needed. Living cells accomplish this using ATP, which can be used to fill any energy
need of the cell. How? It functions as a rechargeable battery.

When ATP is broken down, usually by the removal of its terminal phosphate group, energy is released. This energy is used
to do work by the cell, usually by the binding of the released phosphate to another molecule, thus activating it. For example,
in the mechanical work of muscle contraction, ATP supplies energy to move the contractile muscle proteins.

ATP Structure and Function

At the heart of ATP is a molecule of adenosine monophosphate (AMP), which is composed of an adenine molecule bonded
to both a ribose molecule and a single phosphate group (Figure 4.12). Ribose is a five-carbon sugar found in RNA and
AMP is one of the nucleotides in RNA. The addition of a second phosphate group to this core molecule results in adenosine
diphosphate (ADP); the addition of a third phosphate group forms adenosine triphosphate (ATP).
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Figure 4.12 The structure of ATP shows the basic components of a two-ring adenine, five-carbon ribose, and three
phosphate groups.

The addition of a phosphate group to a molecule requires a high amount of energy and results in a high-energy bond.
Phosphate groups are negatively charged and thus repel one another when they are arranged in series, as they are in ADP and
ATP. This repulsion makes the ADP and ATP molecules inherently unstable. The release of one or two phosphate groups
from ATP, a process called hydrolysis, releases energy.

Glycolysis
You have read that nearly all of the energy used by living things comes to them in the bonds of the sugar, glucose.
Glycolysis is the first step in the breakdown of glucose to extract energy for cell metabolism. Many living organisms carry
out glycolysis as part of their metabolism. Glycolysis takes place in the cytoplasm of most prokaryotic and all eukaryotic
cells.

Glycolysis begins with the six-carbon, ring-shaped structure of a single glucose molecule and ends with two molecules of
a three-carbon sugar called pyruvate. Glycolysis consists of two distinct phases. In the first part of the glycolysis pathway,
energy is used to make adjustments so that the six-carbon sugar molecule can be split evenly into two three-carbon pyruvate
molecules. In the second part of glycolysis, ATP and nicotinamide-adenine dinucleotide (NADH) are produced (Figure
4.13).

If the cell cannot catabolize the pyruvate molecules further, it will harvest only two ATP molecules from one molecule of
glucose. For example, mature mammalian red blood cells are only capable of glycolysis, which is their sole source of ATP.
If glycolysis is interrupted, these cells would eventually die.
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Figure 4.13 In glycolysis, a glucose molecule is converted into two pyruvate molecules.

4.3 | Citric Acid Cycle and Oxidative Phosphorylation

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

• Describe the location of the citric acid cycle and oxidative phosphorylation in the cell

• Describe the overall outcome of the citric acid cycle and oxidative phosphorylation in terms of the products of each

• Describe the relationships of glycolysis, the citric acid cycle, and oxidative phosphorylation in terms of their inputs
and outputs.

The Citric Acid Cycle
In eukaryotic cells, the pyruvate molecules produced at the end of glycolysis are transported into mitochondria, which are
sites of cellular respiration. If oxygen is available, aerobic respiration will go forward. In mitochondria, pyruvate will be
transformed into a two-carbon acetyl group (by removing a molecule of carbon dioxide) that will be picked up by a carrier
compound called coenzyme A (CoA), which is made from vitamin B5. The resulting compound is called acetyl CoA.
(Figure 4.14). Acetyl CoA can be used in a variety of ways by the cell, but its major function is to deliver the acetyl group
derived from pyruvate to the next pathway in glucose catabolism.
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Figure 4.14 Pyruvate is converted into acetyl-CoA before entering the citric acid cycle.

Like the conversion of pyruvate to acetyl CoA, the citric acid cycle in eukaryotic cells takes place in the matrix of
the mitochondria. Unlike glycolysis, the citric acid cycle is a closed loop: The last part of the pathway regenerates the
compound used in the first step. The eight steps of the cycle are a series of chemical reactions that produces two carbon
dioxide molecules, one ATP molecule (or an equivalent), and reduced forms (NADH and FADH2) of NAD+ and FAD+,
important coenzymes in the cell. Part of this is considered an aerobic pathway (oxygen-requiring) because the NADH and
FADH2 produced must transfer their electrons to the next pathway in the system, which will use oxygen. If oxygen is not
present, this transfer does not occur.

Two carbon atoms come into the citric acid cycle from each acetyl group. Two carbon dioxide molecules are released on
each turn of the cycle; however, these do not contain the same carbon atoms contributed by the acetyl group on that turn
of the pathway. The two acetyl-carbon atoms will eventually be released on later turns of the cycle; in this way, all six
carbon atoms from the original glucose molecule will be eventually released as carbon dioxide. It takes two turns of the
cycle to process the equivalent of one glucose molecule. Each turn of the cycle forms three high-energy NADH molecules
and one high-energy FADH2 molecule. These high-energy carriers will connect with the last portion of aerobic respiration
to produce ATP molecules. One ATP (or an equivalent) is also made in each cycle. Several of the intermediate compounds
in the citric acid cycle can be used in synthesizing non-essential amino acids; therefore, the cycle is both anabolic and
catabolic.

Oxidative Phosphorylation
You have just read about two pathways in glucose catabolism—glycolysis and the citric acid cycle—that generate ATP.
Most of the ATP generated during the aerobic catabolism of glucose, however, is not generated directly from these
pathways. Rather, it derives from a process that begins with passing electrons through a series of chemical reactions to a
final electron acceptor, oxygen. These reactions take place in specialized protein complexes located in the inner membrane
of the mitochondria of eukaryotic organisms and on the inner part of the cell membrane of prokaryotic organisms.
The energy of the electrons is harvested and used to generate a electrochemical gradient across the inner mitochondrial
membrane. The potential energy of this gradient is used to generate ATP. The entirety of this process is called oxidative
phosphorylation.

The electron transport chain (Figure 4.15a) is the last component of aerobic respiration and is the only part of metabolism
that uses atmospheric oxygen. Oxygen continuously diffuses into plants for this purpose. In animals, oxygen enters the body
through the respiratory system. Electron transport is a series of chemical reactions that resembles a bucket brigade in that
electrons are passed rapidly from one component to the next, to the endpoint of the chain where oxygen is the final electron
acceptor and water is produced. There are four complexes composed of proteins, labeled I through IV in Figure 4.15c,
and the aggregation of these four complexes, together with associated mobile, accessory electron carriers, is called the
electron transport chain. The electron transport chain is present in multiple copies in the inner mitochondrial membrane of
eukaryotes and in the plasma membrane of prokaryotes. In each transfer of an electron through the electron transport chain,
the electron loses energy, but with some transfers, the energy is stored as potential energy by using it to pump hydrogen ions
across the inner mitochondrial membrane into the intermembrane space, creating an electrochemical gradient.
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Figure 4.15 (a) The electron transport chain is a set of molecules that supports a series of oxidation-reduction
reactions. (b) ATP synthase is a complex, molecular machine that uses an H+ gradient to regenerate ATP from
ADP. (c) Chemiosmosis relies on the potential energy provided by the H+ gradient across the membrane.

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?

Electrons from NADH and FADH2 are passed to protein complexes in the electron transport chain. As they are passed
from one complex to another (there are a total of four), the electrons lose energy, and some of that energy is used to pump
hydrogen ions from the mitochondrial matrix into the intermembrane space. In the fourth protein complex, the electrons
are accepted by oxygen, the terminal acceptor. The oxygen with its extra electrons then combines with two hydrogen ions,
further enhancing the electrochemical gradient, to form water. If there were no oxygen present in the mitochondrion, the
electrons could not be removed from the system, and the entire electron transport chain would back up and stop. The
mitochondria would be unable to generate new ATP in this way, and the cell would ultimately die from lack of energy. This
is the reason we must breathe to draw in new oxygen.

In the electron transport chain, the free energy from the series of reactions just described is used to pump hydrogen ions
across the membrane. The uneven distribution of H+ ions across the membrane establishes an electrochemical gradient,
owing to the H+ ions’ positive charge and their higher concentration on one side of the membrane.
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Hydrogen ions diffuse through the inner membrane through an integral membrane protein called ATP synthase (Figure
4.15b). This complex protein acts as a tiny generator, turned by the force of the hydrogen ions diffusing through it, down
their electrochemical gradient from the intermembrane space, where there are many mutually repelling hydrogen ions to
the matrix, where there are few. The turning of the parts of this molecular machine regenerate ATP from ADP. This flow of
hydrogen ions across the membrane through ATP synthase is called chemiosmosis.

Chemiosmosis (Figure 4.15c) is used to generate 90 percent of the ATP made during aerobic glucose catabolism. The
result of the reactions is the production of ATP from the energy of the electrons removed from hydrogen atoms. These
atoms were originally part of a glucose molecule. At the end of the electron transport system, the electrons are used to
reduce an oxygen molecule to oxygen ions. The extra electrons on the oxygen ions attract hydrogen ions (protons) from the
surrounding medium, and water is formed. The electron transport chain and the production of ATP through chemiosmosis
are collectively called oxidative phosphorylation.

ATP Yield
The number of ATP molecules generated from the catabolism of glucose varies. For example, the number of hydrogen ions
that the electron transport chain complexes can pump through the membrane varies between species. Another source of
variance stems from the shuttle of electrons across the mitochondrial membrane. The NADH generated from glycolysis
cannot easily enter mitochondria. Thus, electrons are picked up on the inside of the mitochondria by either NAD+ or FAD+.
Fewer ATP molecules are generated when FAD+ acts as a carrier. NAD+ is used as the electron transporter in the liver and
FAD+ in the brain, so ATP yield depends on the tissue being considered.

Another factor that affects the yield of ATP molecules generated from glucose is that intermediate compounds in these
pathways are used for other purposes. Glucose catabolism connects with the pathways that build or break down all other
biochemical compounds in cells, and the result is somewhat messier than the ideal situations described thus far. For
example, sugars other than glucose are fed into the glycolytic pathway for energy extraction. Other molecules that would
otherwise be used to harvest energy in glycolysis or the citric acid cycle may be removed to form nucleic acids, amino acids,
lipids, or other compounds. Overall, in living systems, these pathways of glucose catabolism extract about 34 percent of the
energy contained in glucose.

Mitochondrial Disease Physician
What happens when the critical reactions of cellular respiration do not proceed correctly? Mitochondrial
diseases are genetic disorders of metabolism. Mitochondrial disorders can arise from mutations in nuclear
or mitochondrial DNA, and they result in the production of less energy than is normal in body cells.
Symptoms of mitochondrial diseases can include muscle weakness, lack of coordination, stroke-like
episodes, and loss of vision and hearing. Most affected people are diagnosed in childhood, although there
are some adult-onset diseases. Identifying and treating mitochondrial disorders is a specialized medical
field. The educational preparation for this profession requires a college education, followed by medical
school with a specialization in medical genetics. Medical geneticists can be board certified by the American
Board of Medical Genetics and go on to become associated with professional organizations devoted to the
study of mitochondrial disease, such as the Mitochondrial Medicine Society and the Society for Inherited
Metabolic Disease.

4.4 | Fermentation

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

• Discuss the fundamental difference between anaerobic cellular respiration and fermentation

• Describe the type of fermentation that readily occurs in animal cells and the conditions that initiate that
fermentation
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In aerobic respiration, the final electron acceptor is an oxygen molecule, O2. If aerobic respiration occurs, then ATP will
be produced using the energy of the high-energy electrons carried by NADH or FADH2 to the electron transport chain. If
aerobic respiration does not occur, NADH must be reoxidized to NAD+ for reuse as an electron carrier for glycolysis to
continue. How is this done? Some living systems use an organic molecule as the final electron acceptor. Processes that use
an organic molecule to regenerate NAD+ from NADH are collectively referred to as fermentation. In contrast, some living
systems use an inorganic molecule (other than oxygen) as a final electron acceptor to regenerate NAD+; both methods are
anaerobic (do not require oxygen) to achieve NAD+ regeneration and enable organisms to convert energy for their use in
the absence of oxygen.

Lactic Acid Fermentation
The fermentation method used by animals and some bacteria like those in yogurt is lactic acid fermentation (Figure
4.16). This occurs routinely in mammalian red blood cells and in skeletal muscle that has insufficient oxygen supply to
allow aerobic respiration to continue (that is, in muscles used to the point of fatigue). In muscles, lactic acid produced
by fermentation must be removed by the blood circulation and brought to the liver for further metabolism. The chemical
reaction of lactic acid fermentation is the following:

Pyruvic acid + NADH ↔ lactic acid + NAD+

The enzyme that catalyzes this reaction is lactate dehydrogenase. The reaction can proceed in either direction, but the left-
to-right reaction is inhibited by acidic conditions. This lactic acid build-up causes muscle stiffness and fatigue. Once the
lactic acid has been removed from the muscle and is circulated to the liver, it can be converted back to pyruvic acid and
further catabolized for energy.
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Figure 4.16 Lactic acid fermentation is common in muscles that have become exhausted by use.

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?

Alcohol Fermentation
Another familiar fermentation process is alcohol fermentation (Figure 4.17), which produces ethanol, an alcohol. The
alcohol fermentation reaction is the following:

Figure 4.17 The reaction resulting in alcohol fermentation is shown.

In the first reaction, a carboxyl group is removed from pyruvic acid, releasing carbon dioxide as a gas. The loss of carbon
dioxide reduces the molecule by one carbon atom, making acetaldehyde. The second reaction removes an electron from
NADH, forming NAD+ and producing ethanol from the acetaldehyde, which accepts the electron. The fermentation of
pyruvic acid by yeast produces the ethanol found in alcoholic beverages (Figure 4.18). If the carbon dioxide produced by
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the reaction is not vented from the fermentation chamber, for example in beer and sparkling 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)
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Visit this site (http://openstaxcollege.org/l/fermentation2) to see anaerobic cellular respiration in action.

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 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

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.
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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.

Figure 4.20 Glycogen from the liver and muscles, together with fats, can feed into the catabolic pathways for
carbohydrates.

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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acetyl CoA

activation energy

active site

allosteric inhibition

anabolic

anaerobic cellular respiration

ATP

ATP synthase

bioenergetics

catabolic

chemiosmosis

citric acid cycle

competitive inhibition

electron transport chain

endergonic

enzyme

exergonic

feedback inhibition

fermentation

glycolysis

heat energy

kinetic energy

KEY TERMS
the combination of an acetyl group derived from pyruvic acid and coenzyme A which is made from

pantothenic acid (a B-group vitamin)

the amount of initial energy necessary for reactions to occur

a specific region on the enzyme where the substrate binds

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

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

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

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

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

the concept of energy flow through living systems

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

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

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

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

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

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

a molecule that catalyzes a biochemical reaction

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

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

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

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

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

the type of energy associated with objects in motion
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metabolism

noncompetitive inhibition

oxidative phosphorylation

potential energy

substrate

thermodynamics

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

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

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

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

a molecule on which the enzyme acts

the science of the relationships between heat, energy, and work

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
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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 synthesis starts with acetyl CoA, and the components of triglycerides are
picked up by acetyl CoA and enter the citric acid cycle.

ART 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?
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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

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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5 | PHOTOSYNTHESIS

Figure 5.1 This sage thrasher’s diet, like that of almost all organisms, depends on photosynthesis. (credit: modification
of work by Dave Menke, U.S. Fish and Wildlife Service)

Chapter Outline
5.1: Overview of Photosynthesis

5.2: The Light-Dependent Reactions of Photosynthesis

5.3: The Calvin Cycle

Introduction
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

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 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.
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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.

Click the following link (http://openstaxcollege.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)

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.

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.
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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 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
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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).

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.
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5.2 | The Light-Dependent Reactions of
Photosynthesis

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)

Visit this site (http://openstaxcollege.org/l/light_reaction2) and click through the animation to view the process of
photosynthesis within a leaf.

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
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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).

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.
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Understanding Pigments
Different kinds of pigments exist, and each absorbs only certain wavelengths (colors) of visible light. Pigments 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 to the molecule. For ATP, it is
a phosphate atom, 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 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

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
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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 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 chloroplast through the stomata and diffuses into the stroma of the
chloroplast—the site of the Calvin cycle reactions where sugar is synthesized. The reactions are named after 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 (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.

The following is a link (http://openstaxcollege.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.
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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.

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.
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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 Cycle
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.

You may have noticed that the overall reaction for photosynthesis:

6CO2 + 6H2 O →⎯ C6 H12 O6 + 6O2

is the reverse of the overall reaction for cellular respiration:

6O2 + C6 H12 O6 → 6CO2 + 6H2 O

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.
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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
the specific pattern of absorption for a substance that absorbs electromagnetic radiation

an organism capable of producing its own food

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

the process of converting inorganic CO2 gas into organic compounds

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

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

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

the organelle where photosynthesis takes place

the range of all possible frequencies of radiation

a stack of thylakoids located inside a chloroplast

an organism that consumes other organisms for food

the first stage of photosynthesis where visible light is absorbed to form two energy-carrying
molecules (ATP and NADPH)

the middle layer of cells in a leaf

an organism capable of synthesizing its own food molecules (storing energy), using the energy of light

a distinct quantity or “packet” of light energy

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

a molecule that is capable of absorbing light energy

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

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

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

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.
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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 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.

ART 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
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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?

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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6 | REPRODUCTION AT
THE CELLULAR LEVEL

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)

Chapter Outline
6.1: The Genome

6.2: The Cell Cycle

6.3: Cancer and the Cell Cycle

6.4: Prokaryotic Cell Division

Introduction
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

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.
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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 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

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:
https://www.youtube.com/watch?v=Wy3N5NCZBHQ (https://www.youtube.com/watch?v=Wy3N5NCZBHQ)

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
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DNA and the associated proteins, as well as accumulating enough energy reserves to complete the task of replicating each
chromosome in the nucleus.

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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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
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spindle continues to develop as more microtubules assemble and stretch across the length of 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.

This page of movies (http://openstaxcollege.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.
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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 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
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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.

Watch what occurs at the G1, G2, and M checkpoints by visiting this animation (http://openstaxcollege.org/l/
cell_checkpnts2) of the cell cycle.

6.3 | Cancer and the Cell Cycle

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.
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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.

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)

Go to this website (http://openstaxcollege.org/l/cancer2) to watch an animation of how cancer results from errors in the
cell cycle.
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6.4 | Prokaryotic Cell Division

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

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)
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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 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.

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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Mitotic Spindle Evolution

Structure of
genetic material Division of nuclear material

Separation
of

daughter
cells

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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anaphase

binary fission

cell cycle

cell cycle checkpoints

cell plate

centriole

cleavage furrow

cytokinesis

diploid

FtsZ

G0 phase

G1 phase

G2 phase

gamete

gene

genome

haploid

homologous chromosomes

interphase

kinetochore

locus

metaphase

metaphase plate

mitosis

mitotic phase

mitotic spindle

KEY TERMS
the stage of mitosis during which sister chromatids are separated from each other

the process of prokaryotic cell division

the ordered sequence of events that a cell passes through between one cell division and the next

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

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

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

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

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

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

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

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

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

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

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

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

the entire genetic complement (DNA) of an organism

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

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

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

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

the position of a gene on a chromosome

the stage of mitosis during which chromosomes are lined up at the metaphase plate

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

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

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

the microtubule apparatus that orchestrates the movement of chromosomes during mitosis
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oncogene

origin

prometaphase

prophase

proto-oncogene

quiescent

S phase

septum

telophase

tumor suppressor gene

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

the region of the prokaryotic chromosome at which replication begins

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

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

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

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

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

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

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

a gene that codes for regulator proteins that prevent the cell from undergoing uncontrolled
division

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
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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.

ART 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

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.
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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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7 | THE CELLULAR BASIS
OF INHERITANCE

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)

Chapter Outline
7.1: Sexual Reproduction

7.2: Meiosis

7.3: Errors in Meiosis

Introduction
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.

Sexual reproduction is the production by parents of haploid cells and the fusion of a haploid cell from each 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.

7.1 | Sexual Reproduction

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.
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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.

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 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

1. Leigh Van Valen, “A new evolutionary law,” Evolutionary Theory 1 (1973): 1–30.
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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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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)
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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?

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

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.
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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.

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

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.
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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 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.
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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.

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

7.3 | Errors in Meiosis

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

• Explain how nondisjunction leads to disorders 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)

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
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chromosome. If sister chromatids fail to separate during meiosis II, the result is one gamete that lacks that chromosome,
two normal gametes with one copy of the chromosome, and one gamete with two copies of the chromosome.

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).

Chapter 7 | The Cellular Basis of Inheritance 165



Figure 7.9 The incidence of having a fetus with trisomy 21 increases dramatically with maternal age.

Visualize the addition of a chromosome that leads to Down syndrome in this video simulation
(http://openstaxcollege.org/l/down_syndrome2) .

Humans display dramatic deleterious effects with autosomal trisomies and monosomies. Therefore, it may seem
counterintuitive that human females and males can function normally, despite carrying different numbers of the X
chromosome. 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
(maternally or paternally derived) 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
of her cells. As a result, X-chromosomal abnormalities are typically associated with mild mental and physical defects, as
well as sterility. If the X chromosome is absent altogether, the individual will not develop.

Several errors in sex chromosome number have been characterized. Individuals with three X chromosomes, called triplo-X,
appear 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.
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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.

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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alternation of generations

aneuploid

autosome

chiasmata

chromosome inversion

crossing over

diploid-dominant

euploid

fertilization

gametophyte

germ cell

haploid-dominant

interkinesis

karyogram

karyotype

life cycle

meiosis

meiosis I

meiosis II

monosomy

nondisjunction

polyploid

recombinant

reduction division

somatic cell

sporophyte

synapsis

KEY TERMS
a life-cycle type in which the diploid and haploid stages alternate

an individual with an error in chromosome number; includes deletions and duplications of chromosome
segments

any of the non-sex chromosomes

(singular = chiasma) the structure that forms at the crossover points after genetic material is exchanged

the detachment, 180° rotation, and reinsertion of a chromosome arm

(also, recombination) the exchange of genetic material between homologous chromosomes resulting in
chromosomes that incorporate genes from both parents of the organism forming reproductive cells

a life-cycle type in which the multicellular diploid stage is prevalent

an individual with the appropriate number of chromosomes for their species

the union of two haploid cells typically from two individual organisms

a multicellular haploid life-cycle stage that produces gametes

a specialized cell that produces gametes, such as eggs or sperm

a life-cycle type in which the multicellular haploid stage is prevalent

a period of rest that may occur between meiosis I and meiosis II; there is no replication of DNA during
interkinesis

the photographic image of a karyotype

the number and appearance of an individuals chromosomes, including the size, banding patterns, and
centromere position

the sequence of events in the development of an organism and the production of cells that produce offspring

a nuclear division process that results in four haploid cells

the first round of meiotic cell division; referred to as reduction division because the resulting cells are haploid

the second round of meiotic cell division following meiosis I; sister chromatids are separated from each other,
and the result is four unique haploid cells

an otherwise diploid genotype in which one chromosome is missing

the failure of synapsed homologs to completely separate and migrate to separate poles during the first
cell division of meiosis

an individual with an incorrect number of chromosome sets

describing something composed of genetic material from two sources, such as a chromosome with both
maternal and paternal segments of DNA

a nuclear division that produces daughter nuclei each having one-half as many chromosome sets as
the parental nucleus; meiosis I is a reduction division

all the cells of a multicellular organism except the gamete-forming cells

a multicellular diploid life-cycle stage that produces spores

the formation of a close association between homologous chromosomes during prophase I
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tetrad

translocation

trisomy

X inactivation

two duplicated homologous chromosomes (four chromatids) bound together by chiasmata during prophase I

the process by which one segment of a chromosome dissociates and reattaches to a different,
nonhomologous chromosome

an otherwise diploid genotype in which one entire chromosome is duplicated

the condensation of X chromosomes into Barr bodies during embryonic development in females to
compensate for the double genetic dose

CHAPTER SUMMARY
7.1 Sexual Reproduction

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

7.2 Meiosis

Sexual reproduction requires that diploid organisms produce haploid cells that can fuse during fertilization to form diploid
offspring. The process that results in haploid cells is called meiosis. Meiosis is a series of events that arrange and separate
chromosomes into daughter cells. During the interphase of meiosis, each chromosome is duplicated. In meiosis, there are
two rounds of nuclear division resulting in four nuclei and usually four haploid daughter cells, each with half the number
of chromosomes as the parent cell. During meiosis, variation in the daughter nuclei is introduced because of crossover in
prophase I and random alignment at metaphase I. The cells that are produced by meiosis are genetically unique.

Meiosis and mitosis share similarities, but have distinct outcomes. Mitotic divisions are single nuclear divisions that
produce daughter nuclei that are genetically identical and have the same number of chromosome sets as the original cell.
Meiotic divisions are two nuclear divisions that produce four daughter nuclei that are genetically different and have one
chromosome set rather than the two sets the parent cell had. The main differences between the processes occur in the first
division of meiosis. The homologous chromosomes separate into different nuclei during meiosis I causing a reduction of
ploidy level. The second division of meiosis is much more similar to a mitotic division.

7.3 Errors in Meiosis

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

ART CONNECTION QUESTIONS
1. Figure 7.2 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?

REVIEW QUESTIONS
2. What is a likely evolutionary advantage of sexual
reproduction over asexual reproduction?

a. sexual reproduction involves fewer steps
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b. less chance of using up the resources in a given
environment

c. sexual reproduction results in greater variation in
the offspring

d. sexual reproduction is more cost-effective

3. Which type of life cycle has both a haploid and diploid
multicellular stage?

a. an asexual life cycle
b. diploid-dominant
c. haploid-dominant
d. alternation of generations

4. Which event leads to a diploid cell in a life cycle?

a. meiosis
b. fertilization
c. alternation of generations
d. mutation

5. Meiosis produces ________ daughter cells.
a. two haploid
b. two diploid
c. four haploid
d. four diploid

6. At which stage of meiosis are sister chromatids
separated from each other?

a. prophase I
b. prophase II
c. anaphase I
d. anaphase II

7. The part of meiosis that is similar to mitosis is
________.

a. meiosis I
b. anaphase I
c. meiosis II
d. interkinesis

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

a. 8
b. 16
c. 32
d. 64

9. The genotype XXY corresponds to:
a. Klinefelter syndrome
b. Turner syndrome
c. Triplo-X
d. Jacob syndrome

10. Abnormalities in the number of X chromosomes tend
to be milder than the same abnormalities in autosomes
because of ________.

a. deletions
b. nonhomologous recombination
c. synapsis
d. X inactivation

11. Aneuploidies are deleterious for the individual
because of what phenomenon?

a. nondisjunction
b. gene dosage
c. meiotic errors
d. X inactivation

CRITICAL THINKING QUESTIONS
12. Explain the advantage that populations of sexually
reproducing organisms have over asexually reproducing
organisms?

13. Describe the two events that are common to all
sexually reproducing organisms and how they fit into the
different life cycles of those organisms.

14. Explain how the random alignment of homologous
chromosomes during metaphase I contributes to variation
in gametes produced by meiosis.

15. In what ways is meiosis II similar to and different
from mitosis of a diploid cell?

16. Individuals with trisomy 21 are more likely to survive
to adulthood than individuals with trisomy 18. Based on
what you know about aneuploidies from this module, what
can you hypothesize about chromosomes 21 and 18?
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8 | PATTERNS OF
INHERITANCE

Figure 8.1 Experimenting with thousands of garden peas, Mendel uncovered the fundamentals of genetics. (credit:
modification of work by Jerry Kirkhart)

Chapter Outline
8.1: Mendel’s Experiments

8.2: Laws of Inheritance

8.3: Extensions of the Laws of Inheritance

Introduction
Genetics is the study of heredity. Johann Gregor Mendel set the framework for genetics long before chromosomes or
genes had been identified, at a time when meiosis was not well understood. Mendel selected a simple biological system
and conducted methodical, quantitative analyses using large sample sizes. Because of Mendel’s work, the fundamental
principles of heredity were revealed. We now know that genes, carried on chromosomes, are the basic functional units of
heredity with the ability to be replicated, expressed, or mutated. Today, the postulates put forth by Mendel form the basis of
classical, or Mendelian, genetics. Not all genes are transmitted from parents to offspring according to Mendelian genetics,
but Mendel’s experiments serve as an excellent starting point for thinking about inheritance.
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8.1 | Mendel’s Experiments

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

• Explain the scientific reasons for the success of Mendel’s experimental work

• Describe the expected outcomes of monohybrid crosses involving dominant and recessive alleles

Figure 8.2 Johann Gregor Mendel set the framework for the study of genetics.

Johann Gregor Mendel (1822–1884) (Figure 8.2) was a lifelong learner, teacher, scientist, and man of faith. As a young
adult, he joined the Augustinian Abbey of St. Thomas in Brno in what is now the Czech Republic. Supported by the
monastery, he taught physics, botany, and natural science courses at the secondary and university levels. In 1856, he began
a decade-long research pursuit involving inheritance patterns in honeybees and plants, ultimately settling on pea plants as
his primary model system (a system with convenient characteristics that is used to study a specific biological phenomenon
to gain understanding to be applied to other systems). In 1865, Mendel presented the results of his experiments with nearly
30,000 pea plants to the local natural history society. He demonstrated that traits are transmitted faithfully from parents to
offspring in specific patterns. In 1866, he published his work, Experiments in Plant Hybridization,

[1]
in the proceedings of

the Natural History Society of Brünn.

Mendel’s work went virtually unnoticed by the scientific community, which incorrectly believed that the process of
inheritance involved a blending of parental traits that produced an intermediate physical appearance in offspring. This
hypothetical process appeared to be correct because of what we know now as continuous variation. Continuous variation
is the range of small differences we see among individuals in a characteristic like human height. It does appear that offspring
are a “blend” of their parents’ traits when we look at characteristics that exhibit continuous variation. Mendel worked
instead with traits that show discontinuous variation. Discontinuous variation is the variation seen among individuals
when each individual shows one of two—or a very few—easily distinguishable traits, such as violet or white flowers.
Mendel’s choice of these kinds of traits allowed him to see experimentally that the traits were not blended in the offspring
as would have been expected at the time, but that they were inherited as distinct traits. In 1868, Mendel became abbot of
the monastery and exchanged his scientific pursuits for his pastoral duties. He was not recognized for his extraordinary
scientific contributions during his lifetime; in fact, it was not until 1900 that his work was rediscovered, reproduced, and
revitalized by scientists on the brink of discovering the chromosomal basis of heredity.

Mendel’s Crosses
Mendel’s seminal work was accomplished using the garden pea, Pisum sativum, to study inheritance. This species naturally
self-fertilizes, meaning that pollen encounters ova within the same flower. The flower petals remain sealed tightly until
pollination is completed to prevent the pollination of other plants. The result is highly inbred, or “true-breeding,” pea plants.

1. Johann Gregor Mendel, “Versuche über Pflanzenhybriden.” Verhandlungen des naturforschenden Vereines in Brünn, Bd. IV für das Jahr, 1865
Abhandlungen (1866):3–47. [for English translation, see http://www.mendelweb.org/Mendel.plain.html]
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These are plants that always produce offspring that look like the parent. By experimenting with true-breeding pea plants,
Mendel avoided the appearance of unexpected traits in offspring that might occur if the plants were not true breeding. The
garden pea also grows to maturity within one season, meaning that several generations could be evaluated over a relatively
short time. Finally, large quantities of garden peas could be cultivated simultaneously, allowing Mendel to conclude that his
results did not come about simply by chance.

Mendel performed hybridizations, which involve mating two true-breeding individuals that have different traits. In the pea,
which is naturally self-pollinating, this is done by manually transferring pollen from the anther of a mature pea plant of one
variety to the stigma of a separate mature pea plant of the second variety.

Plants used in first-generation crosses were called P, or parental generation, plants (Figure 8.3). Mendel collected the seeds
produced by the P plants that resulted from each cross and grew them the following season. These offspring were called the
F1, or the first filial (filial = daughter or son), generation. Once Mendel examined the characteristics in the F1 generation of
plants, he allowed them to self-fertilize naturally. He then collected and grew the seeds from the F1 plants to produce the F2,
or second filial, generation. Mendel’s experiments extended beyond the F2 generation to the F3 generation, F4 generation,
and so on, but it was the ratio of characteristics in the P, F1, and F2 generations that were the most intriguing and became
the basis of Mendel’s postulates.
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Figure 8.3 Mendel’s process for performing crosses included examining flower color.

Garden Pea Characteristics Revealed the Basics of Heredity
In his 1865 publication, Mendel reported the results of his crosses involving seven different characteristics, each with two
contrasting traits. A trait is defined as a variation in the physical appearance of a heritable characteristic. The characteristics
included plant height, seed texture, seed color, flower color, pea-pod size, pea-pod color, and flower position. For the
characteristic of flower color, for example, the two contrasting traits were white versus violet. To fully examine each
characteristic, Mendel generated large numbers of F1 and F2 plants and reported results from thousands of F2 plants.

What results did Mendel find in his crosses for flower color? First, Mendel confirmed that he was using plants that bred true
for white or violet flower color. Irrespective of the number of generations that Mendel examined, all self-crossed offspring
of parents with white flowers had white flowers, and all self-crossed offspring of parents with violet flowers had violet
flowers. In addition, Mendel confirmed that, other than flower color, the pea plants were physically identical. This was an
important check to make sure that the two varieties of pea plants only differed with respect to one trait, flower color.

Once these validations were complete, Mendel applied the pollen from a plant with violet flowers to the stigma of a plant
with white flowers. After gathering and sowing the seeds that resulted from this cross, Mendel found that 100 percent of
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the F1 hybrid generation had violet flowers. Conventional wisdom at that time would have predicted the hybrid flowers
to be pale violet or for hybrid plants to have equal numbers of white and violet flowers. In other words, the contrasting
parental traits were expected to blend in the offspring. Instead, Mendel’s results demonstrated that the white flower trait had
completely disappeared in the F1 generation.

Importantly, Mendel did not stop his experimentation there. He allowed the F1 plants to self-fertilize and found that 705
plants in the F2 generation had violet flowers and 224 had white flowers. This was a ratio of 3.15 violet flowers to one
white flower, or approximately 3:1. When Mendel transferred pollen from a plant with violet flowers to the stigma of a
plant with white flowers and vice versa, he obtained approximately the same ratio irrespective of which parent—male or
female—contributed which trait. This is called a reciprocal cross—a paired cross in which the respective traits of the
male and female in one cross become the respective traits of the female and male in the other cross. For the other six
characteristics that Mendel examined, the F1 and F2 generations behaved in the same way that they behaved for flower
color. One of the two traits would disappear completely from the F1 generation, only to reappear in the F2 generation at a
ratio of roughly 3:1 (Figure 8.4).

Figure 8.4 Mendel identified seven pea plant characteristics.

Upon compiling his results for many thousands of plants, Mendel concluded that the characteristics could be divided into
expressed and latent traits. He called these dominant and recessive traits, respectively. Dominant traits are those that are
inherited unchanged in a hybridization. Recessive traits become latent, or disappear in the offspring of a hybridization. The
recessive trait does, however, reappear in the progeny of the hybrid offspring. An example of a dominant trait is the violet-
colored flower trait. For this same characteristic (flower color), white-colored flowers are a recessive trait. The fact that the
recessive trait reappeared in the F2 generation meant that the traits remained separate (and were not blended) in the plants
of the F1 generation. Mendel proposed that this was because the plants possessed two copies of the trait for the flower-
color characteristic, and that each parent transmitted one of their two copies to their offspring, where they came together.
Moreover, the physical observation of a dominant trait could mean that the genetic composition of the organism included
two dominant versions of the characteristic, or that it included one dominant and one recessive version. Conversely, the
observation of a recessive trait meant that the organism lacked any dominant versions of this characteristic.
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For an excellent review of Mendel’s experiments and to perform your own crosses and identify patterns of inheritance,
visit the Mendel’s Peas (http://openstaxcollege.org/l/mendels_peas) web lab.

8.2 | Laws of Inheritance

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

• Explain the relationship between genotypes and phenotypes in dominant and recessive gene systems

• Use a Punnett square to calculate the expected proportions of genotypes and phenotypes in a monohybrid cross

• Explain Mendel’s law of segregation and independent assortment in terms of genetics and the events of meiosis

• Explain the purpose and methods of a test cross

The seven characteristics that Mendel evaluated in his pea plants were each expressed as one of two versions, or
traits. Mendel deduced from his results that each individual had two discrete copies of the characteristic that are passed
individually to offspring. We now call those two copies genes, which are carried on chromosomes. The reason we have two
copies of each gene is that we inherit one from each parent. In fact, it is the chromosomes we inherit and the two copies
of each gene are located on paired chromosomes. Recall that in meiosis these chromosomes are separated out into haploid
gametes. This separation, or segregation, of the homologous chromosomes means also that only one of the copies of the
gene gets moved into a gamete. The offspring are formed when that gamete unites with one from another parent and the two
copies of each gene (and chromosome) are restored.

For cases in which a single gene controls a single characteristic, a diploid organism has two genetic copies that may or
may not encode the same version of that characteristic. For example, one individual may carry a gene that determines white
flower color and a gene that determines violet flower color. Gene variants that arise by mutation and exist at the same
relative locations on homologous chromosomes are called alleles. Mendel examined the inheritance of genes with just two
allele forms, but it is common to encounter more than two alleles for any given gene in a natural population.

Phenotypes and Genotypes
Two alleles for a given gene in a diploid organism are expressed and interact to produce physical characteristics. The
observable traits expressed by an organism are referred to as its phenotype. An organism’s underlying genetic makeup,
consisting of both the physically visible and the non-expressed alleles, is called its genotype. Mendel’s hybridization
experiments demonstrate the difference between phenotype and genotype. For example, the phenotypes that Mendel
observed in his crosses between pea plants with differing traits are connected to the diploid genotypes of the plants in the
P, F1, and F2 generations. We will use a second trait that Mendel investigated, seed color, as an example. Seed color is
governed by a single gene with two alleles. The yellow-seed allele is dominant and the green-seed allele is recessive. When
true-breeding plants were cross-fertilized, in which one parent had yellow seeds and one had green seeds, all of the F1
hybrid offspring had yellow seeds. That is, the hybrid offspring were phenotypically identical to the true-breeding parent
with yellow seeds. However, we know that the allele donated by the parent with green seeds was not simply lost because it
reappeared in some of the F2 offspring (Figure 8.5). Therefore, the F1 plants must have been genotypically different from
the parent with yellow seeds.

The P plants that Mendel used in his experiments were each homozygous for the trait he was studying. Diploid organisms
that are homozygous for a gene have two identical alleles, one on each of their homologous chromosomes. The genotype
is often written as YY or yy, for which each letter represents one of the two alleles in the genotype. The dominant allele
is capitalized and the recessive allele is lower case. The letter used for the gene (seed color in this case) is usually related
to the dominant trait (yellow allele, in this case, or “Y”). Mendel’s parental pea plants always bred true because both
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produced gametes carried the same allele. When P plants with contrasting traits were cross-fertilized, all of the offspring
were heterozygous for the contrasting trait, meaning their genotype had different alleles for the gene being examined. For
example, the F1 yellow plants that received a Y allele from their yellow parent and a y allele from their green parent had the
genotype Yy.

Figure 8.5 Phenotypes are physical expressions of traits that are transmitted by alleles. Capital letters represent
dominant alleles and lowercase letters represent recessive alleles. The phenotypic ratios are the ratios of visible
characteristics. The genotypic ratios are the ratios of gene combinations in the offspring, and these are not always
distinguishable in the phenotypes.

Law of Dominance

Our discussion of homozygous and heterozygous organisms brings us to why the F1 heterozygous offspring were identical
to one of the parents, rather than expressing both alleles. In all seven pea-plant characteristics, one of the two contrasting
alleles was dominant, and the other was recessive. Mendel called the dominant allele the expressed unit factor; the recessive
allele was referred to as the latent unit factor. We now know that these so-called unit factors are actually genes on
homologous chromosomes. For a gene that is expressed in a dominant and recessive pattern, homozygous dominant and
heterozygous organisms will look identical (that is, they will have different genotypes but the same phenotype), and the
recessive allele will only be observed in homozygous recessive individuals (Table 8.1).

Correspondence between Genotype and Phenotype for a Dominant-Recessive
Characteristic.

Homozygous Heterozygous Homozygous

Genotype YY Yy yy

Phenotype yellow yellow green

Table 8.1

Mendel’s law of dominance states that in a heterozygote, one trait will conceal the presence of another trait for the same
characteristic. For example, when crossing true-breeding violet-flowered plants with true-breeding white-flowered plants,
all of the offspring were violet-flowered, even though they all had one allele for violet and one allele for white. Rather
than both alleles contributing to a phenotype, the dominant allele will be expressed exclusively. The recessive allele will
remain latent, but will be transmitted to offspring in the same manner as that by which the dominant allele is transmitted.
The recessive trait will only be expressed by offspring that have two copies of this allele (Figure 8.6), and these offspring
will breed true when self-crossed.
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Figure 8.6 The allele for albinism, expressed here in humans, is recessive. Both of this child’s parents carried the
recessive allele.

Monohybrid Cross and the Punnett Square
When fertilization occurs between two true-breeding parents that differ by only the characteristic being studied, the process
is called a monohybrid cross, and the resulting offspring are called monohybrids. Mendel performed seven types of
monohybrid crosses, each involving contrasting traits for different characteristics. Out of these crosses, all of the F1
offspring had the phenotype of one parent, and the F2 offspring had a 3:1 phenotypic ratio. On the basis of these results,
Mendel postulated that each parent in the monohybrid cross contributed one of two paired unit factors to each offspring,
and every possible combination of unit factors was equally likely.

The results of Mendel’s research can be explained in terms of probabilities, which are mathematical measures of likelihood.
The probability of an event is calculated by the number of times the event occurs divided by the total number of
opportunities for the event to occur. A probability of one (100 percent) for some event indicates that it is guaranteed to
occur, whereas a probability of zero (0 percent) indicates that it is guaranteed to not occur, and a probability of 0.5 (50
percent) means it has an equal chance of occurring or not occurring.

To demonstrate this with a monohybrid cross, consider the case of true-breeding pea plants with yellow versus green
seeds. The dominant seed color is yellow; therefore, the parental genotypes were YY for the plants with yellow seeds and
yy for the plants with green seeds. A Punnett square, devised by the British geneticist Reginald Punnett, is useful for
determining probabilities because it is drawn to predict all possible outcomes of all possible random fertilization events and
their expected frequencies. Figure 8.9 shows a Punnett square for a cross between a plant with yellow peas and one with
green peas. To prepare a Punnett square, all possible combinations of the parental alleles (the genotypes of the gametes) are
listed along the top (for one parent) and side (for the other parent) of a grid. The combinations of egg and sperm gametes
are then made in the boxes in the table on the basis of which alleles are combining. Each box then represents the diploid
genotype of a zygote, or fertilized egg. Because each possibility is equally likely, genotypic ratios can be determined from
a Punnett square. If the pattern of inheritance (dominant and recessive) is known, the phenotypic ratios can be inferred as
well. For a monohybrid cross of two true-breeding parents, each parent contributes one type of allele. In this case, only one
genotype is possible in the F1 offspring. All offspring are Yy and have yellow seeds.

When the F1 offspring are crossed with each other, each has an equal probability of contributing either a Y or a y to the F2
offspring. The result is a 1 in 4 (25 percent) probability of both parents contributing a Y, resulting in an offspring with a
yellow phenotype; a 25 percent probability of parent A contributing a Y and parent B a y, resulting in offspring with a yellow
phenotype; a 25 percent probability of parent A contributing a y and parent B a Y, also resulting in a yellow phenotype; and
a (25 percent) probability of both parents contributing a y, resulting in a green phenotype. When counting all four possible
outcomes, there is a 3 in 4 probability of offspring having the yellow phenotype and a 1 in 4 probability of offspring having
the green phenotype. This explains why the results of Mendel’s F2 generation occurred in a 3:1 phenotypic ratio. Using
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large numbers of crosses, Mendel was able to calculate probabilities, found that they fit the model of inheritance, and use
these to predict the outcomes of other crosses.

Law of Segregation
Observing that true-breeding pea plants with contrasting traits gave rise to F1 generations that all expressed the dominant
trait and F2 generations that expressed the dominant and recessive traits in a 3:1 ratio, Mendel proposed the law of
segregation. This law states that paired unit factors (genes) must segregate equally into gametes such that offspring have
an equal likelihood of inheriting either factor. For the F2 generation of a monohybrid cross, the following three possible
combinations of genotypes result: homozygous dominant, heterozygous, or homozygous recessive. Because heterozygotes
could arise from two different pathways (receiving one dominant and one recessive allele from either parent), and because
heterozygotes and homozygous dominant individuals are phenotypically identical, the law supports Mendel’s observed 3:1
phenotypic ratio. The equal segregation of alleles is the reason we can apply the Punnett square to accurately predict the
offspring of parents with known genotypes. The physical basis of Mendel’s law of segregation is the first division of meiosis
in which the homologous chromosomes with their different versions of each gene are segregated into daughter nuclei. This
process was not understood by the scientific community during Mendel’s lifetime (Figure 8.7).

Figure 8.7 The first division in meiosis is shown.

Test Cross

Beyond predicting the offspring of a cross between known homozygous or heterozygous parents, Mendel also developed
a way to determine whether an organism that expressed a dominant trait was a heterozygote or a homozygote. Called the
test cross, this technique is still used by plant and animal breeders. In a test cross, the dominant-expressing organism is
crossed with an organism that is homozygous recessive for the same characteristic. If the dominant-expressing organism is
a homozygote, then all F1 offspring will be heterozygotes expressing the dominant trait (Figure 8.8). Alternatively, if the
dominant-expressing organism is a heterozygote, the F1 offspring will exhibit a 1:1 ratio of heterozygotes and recessive
homozygotes (Figure 8.8). The test cross further validates Mendel’s postulate that pairs of unit factors segregate equally.
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Figure 8.8 A test cross can be performed to determine whether an organism expressing a dominant trait is a
homozygote or a heterozygote.
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Figure 8.9 This Punnett square shows the cross between plants with yellow seeds and green seeds. The cross
between the true-breeding P plants produces F1 heterozygotes that can be self-fertilized. The self-cross of the
F1 generation can be analyzed with a Punnett square to predict the genotypes of the F2 generation. Given an
inheritance pattern of dominant–recessive, the genotypic and phenotypic ratios can then be determined.

In pea plants, round peas (R) are dominant to wrinkled peas (r). You do a test cross between a pea plant
with wrinkled peas (genotype rr) and a plant of unknown genotype that has round peas. You end up with
three plants, all which have round peas. From this data, can you tell if the parent plant is homozygous
dominant or heterozygous?

Law of Independent Assortment
Mendel’s law of independent assortment states that genes do not influence each other with regard to the sorting of alleles
into gametes, and every possible combination of alleles for every gene is equally likely to occur. Independent assortment of
genes can be illustrated by the dihybrid cross, a cross between two true-breeding parents that express different traits for two
characteristics. Consider the characteristics of seed color and seed texture for two pea plants, one that has wrinkled, green
seeds (rryy) and another that has round, yellow seeds (RRYY). Because each parent is homozygous, the law of segregation
indicates that the gametes for the wrinkled–green plant all are ry, and the gametes for the round–yellow plant are all RY.
Therefore, the F1 generation of offspring all are RrYy (Figure 8.10).
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Figure 8.10 A dihybrid cross in pea plants involves the genes for seed color and texture. The P cross produces
F1 offspring that are all heterozygous for both characteristics. The resulting 9:3:3:1 F2 phenotypic ratio is obtained
using a Punnett square.

In pea plants, purple flowers (P) are dominant to white (p), and yellow peas (Y) are dominant to green (y).
What are the possible genotypes and phenotypes for a cross between PpYY and ppYy pea plants? How
many squares would you need to complete a Punnett square analysis of this cross?

The gametes produced by the F1 individuals must have one allele from each of the two genes. For example, a gamete could
get an R allele for the seed shape gene and either a Y or a y allele for the seed color gene. It cannot get both an R and an r
allele; each gamete can have only one allele per gene. The law of independent assortment states that a gamete into which
an r allele is sorted would be equally likely to contain either a Y or a y allele. Thus, there are four equally likely gametes
that can be formed when the RrYy heterozygote is self-crossed, as follows: RY, rY, Ry, and ry. Arranging these gametes
along the top and left of a 4 × 4 Punnett square (Figure 8.10) gives us 16 equally likely genotypic combinations. From
these genotypes, we find a phenotypic ratio of 9 round–yellow:3 round–green:3 wrinkled–yellow:1 wrinkled–green (Figure
8.10). These are the offspring ratios we would expect, assuming we performed the crosses with a large enough sample size.

The physical basis for the law of independent assortment also lies in meiosis I, in which the different homologous pairs line
up in random orientations. Each gamete can contain any combination of paternal and maternal chromosomes (and therefore
the genes on them) because the orientation of tetrads on the metaphase plane is random (Figure 8.11).
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Figure 8.11 The random segregation into daughter nuclei that happens during the first division in meiosis can lead to
a variety of possible genetic arrangements.

8.3 | Extensions of the Laws of Inheritance

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

• Identify non-Mendelian inheritance patterns such as incomplete dominance, codominance, multiple alleles, and sex
linkage from the results of crosses

• Explain the effect of linkage and recombination on gamete genotypes

• Explain the phenotypic outcomes of epistatic effects among genes

Mendel studied traits with only one mode of inheritance in pea plants. The inheritance of the traits he studied all followed
the relatively simple pattern of dominant and recessive alleles for a single characteristic. There are several important modes
of inheritance, discovered after Mendel’s work, that do not follow the dominant and recessive, single-gene model.

Alternatives to Dominance and Recessiveness
Mendel’s experiments with pea plants suggested that: 1) two types of “units” or alleles exist for every gene; 2) alleles
maintain their integrity in each generation (no blending); and 3) in the presence of the dominant allele, the recessive
allele is hidden, with no contribution to the phenotype. Therefore, recessive alleles can be “carried” and not expressed
by individuals. Such heterozygous individuals are sometimes referred to as “carriers.” Since then, genetic studies in other
organisms have shown that much more complexity exists, but that the fundamental principles of Mendelian genetics still
hold true. In the sections to follow, we consider some of the extensions of Mendelism.
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Incomplete Dominance

Mendel’s results, demonstrating that traits are inherited as dominant and recessive pairs, contradicted the view at that time
that offspring exhibited a blend of their parents’ traits. However, the heterozygote phenotype occasionally does appear
to be intermediate between the two parents. For example, in the snapdragon, Antirrhinum majus (Figure 8.12), a cross
between a homozygous parent with white flowers (CWCW) and a homozygous parent with red flowers (CRCR) will produce
offspring with pink flowers (CRCW). (Note that different genotypic abbreviations are used for Mendelian extensions to
distinguish these patterns from simple dominance and recessiveness.) This pattern of inheritance is described as incomplete
dominance, meaning that one of the alleles appears in the phenotype in the heterozygote, but not to the exclusion of
the other, which can also be seen. The allele for red flowers is incompletely dominant over the allele for white flowers.
However, the results of a heterozygote self-cross can still be predicted, just as with Mendelian dominant and recessive
crosses. In this case, the genotypic ratio would be 1 CRCR:2 CRCW:1 CWCW, and the phenotypic ratio would be 1:2:1 for
red:pink:white. The basis for the intermediate color in the heterozygote is simply that the pigment produced by the red
allele (anthocyanin) is diluted in the heterozygote and therefore appears pink because of the white background of the flower
petals.

Figure 8.12 These pink flowers of a heterozygote snapdragon result from incomplete dominance. (credit:
"storebukkebruse"/Flickr)

Codominance

A variation on incomplete dominance is codominance, in which both alleles for the same characteristic are simultaneously
expressed in the heterozygote. An example of codominance occurs in the ABO blood groups of humans. The A and B
alleles are expressed in the form of A or B molecules present on the surface of red blood cells. Homozygotes (IAIA and IBIB)
express either the A or the B phenotype, and heterozygotes (IAIB) express both phenotypes equally. The IAIB individual has
blood type AB. In a self-cross between heterozygotes expressing a codominant trait, the three possible offspring genotypes
are phenotypically distinct. However, the 1:2:1 genotypic ratio characteristic of a Mendelian monohybrid cross still applies
(Figure 8.13).
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Figure 8.13 This Punnet square shows an AB/AB blood type cross

Multiple Alleles

Mendel implied that only two alleles, one dominant and one recessive, could exist for a given gene. We now know that this
is an oversimplification. Although individual humans (and all diploid organisms) can only have two alleles for a given gene,
multiple alleles may exist at the population level, such that many combinations of two alleles are observed. Note that when
many alleles exist for the same gene, the convention is to denote the most common phenotype or genotype in the natural
population as the wild type (often abbreviated “+”). All other phenotypes or genotypes are considered variants (mutants)
of this typical form, meaning they deviate from the wild type. The variant may be recessive or dominant to the wild-type
allele.

An example of multiple alleles is the ABO blood-type system in humans. In this case, there are three alleles circulating
in the population. The IA allele codes for A molecules on the red blood cells, the IB allele codes for B molecules on the
surface of red blood cells, and the i allele codes for no molecules on the red blood cells. In this case, the IA and IB alleles are
codominant with each other and are both dominant over the i allele. Although there are three alleles present in a population,
each individual only gets two of the alleles from their parents. This produces the genotypes and phenotypes shown in Figure
8.14. Notice that instead of three genotypes, there are six different genotypes when there are three alleles. The number of
possible phenotypes depends on the dominance relationships between the three alleles.
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Figure 8.14 Inheritance of the ABO blood system in humans is shown.

Multiple Alleles Confer Drug Resistance in the Malaria Parasite
Malaria is a parasitic disease in humans that is transmitted by infected female mosquitoes, including
Anopheles gambiae, and is characterized by cyclic high fevers, chills, flu-like symptoms, and severe
anemia. Plasmodium falciparum and P. vivax are the most common causative agents of malaria, and P.
falciparum is the most deadly. When promptly and correctly treated, P. falciparum malaria has a mortality
rate of 0.1 percent. However, in some parts of the world, the parasite has evolved resistance to commonly
used malaria treatments, so the most effective malarial treatments can vary by geographic region.

In Southeast Asia, Africa, and South America, P. falciparum has developed resistance to the anti-malarial
drugs chloroquine, mefloquine, and sulfadoxine-pyrimethamine. P. falciparum, which is haploid during the
life stage in which it is infective to humans, has evolved multiple drug-resistant mutant alleles of the dhps
gene. Varying degrees of sulfadoxine resistance are associated with each of these alleles. Being haploid, P.
falciparum needs only one drug-resistant allele to express this trait.

In Southeast Asia, different sulfadoxine-resistant alleles of the dhps gene are localized to different
geographic regions. This is a common evolutionary phenomenon that comes about because drug-resistant
mutants arise in a population and interbreed with other P. falciparum isolates in close proximity. Sulfadoxine-
resistant parasites cause considerable human hardship in regions in which this drug is widely used as an
over-the-counter malaria remedy. As is common with pathogens that multiply to large numbers within an
infection cycle, P. falciparum evolves relatively rapidly (over a decade or so) in response to the selective
pressure of commonly used anti-malarial drugs. For this reason, scientists must constantly work to develop
new drugs or drug combinations to combat the worldwide malaria burden.

[2]

Sex-Linked Traits

In humans, as well as in many other animals and some plants, the sex of the individual is determined by sex
chromosomes—one pair of non-homologous chromosomes. Until now, we have only considered inheritance patterns among
non-sex chromosomes, or autosomes. In addition to 22 homologous pairs of autosomes, human females have a homologous
pair of X chromosomes, whereas human males have an XY chromosome pair. Although the Y chromosome contains a small
region of similarity to the X chromosome so that they can pair during meiosis, the Y chromosome is much shorter and
contains fewer genes. When a gene being examined is present on the X, but not the Y, chromosome, it is X-linked.

Eye color in Drosophila, the common fruit fly, was the first X-linked trait to be identified. Thomas Hunt Morgan mapped
this trait to the X chromosome in 1910. Like humans, Drosophila males have an XY chromosome pair, and females are XX.

2. Sumiti Vinayak et al., “Origin and Evolution of Sulfadoxine Resistant Plasmodium falciparum,” PLoS Pathogens 6 (2010): e1000830.
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In flies the wild-type eye color is red (XW) and is dominant to white eye color (Xw) (Figure 8.15). Because of the location
of the eye-color gene, reciprocal crosses do not produce the same offspring ratios. Males are said to be hemizygous, in that
they have only one allele for any X-linked characteristic. Hemizygosity makes descriptions of dominance and recessiveness
irrelevant for XY males. Drosophila males lack the white gene on the Y chromosome; that is, their genotype can only be
XWY or XwY. In contrast, females have two allele copies of this gene and can be XWXW, XWXw, or XwXw.

Figure 8.15 In Drosophila, the gene for eye color is located on the X chromosome. Red eye color is wild-type and is
dominant to white eye color.

In an X-linked cross, the genotypes of F1 and F2 offspring depend on whether the recessive trait was expressed by the male
or the female in the P generation. With respect to Drosophila eye color, when the P male expresses the white-eye phenotype
and the female is homozygously red-eyed, all members of the F1 generation exhibit red eyes (Figure 8.16). The F1 females
are heterozygous (XWXw), and the males are all XWY, having received their X chromosome from the homozygous dominant
P female and their Y chromosome from the P male. A subsequent cross between the XWXw female and the XWY male
would produce only red-eyed females (with XWXW or XWXw genotypes) and both red- and white-eyed males (with XWY
or XwY genotypes). Now, consider a cross between a homozygous white-eyed female and a male with red eyes. The F1

generation would exhibit only heterozygous red-eyed females (XWXw) and only white-eyed males (XwY). Half of the F2

females would be red-eyed (XWXw) and half would be white-eyed (XwXw). Similarly, half of the F2 males would be red-
eyed (XWY) and half would be white-eyed (XwY).
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Figure 8.16 Crosses involving sex-linked traits often give rise to different phenotypes for the different sexes of
offspring, as is the case for this cross involving red and white eye color in Drosophila. In the diagram, w is the
white-eye mutant allele and W is the wild-type, red-eye allele.

What ratio of offspring would result from a cross between a white-eyed male and a female that is
heterozygous for red eye color?

Discoveries in fruit fly genetics can be applied to human genetics. When a female parent is homozygous for a recessive
X-linked trait, she will pass the trait on to 100 percent of her male offspring, because the males will receive the Y
chromosome from the male parent. In humans, the alleles for certain conditions (some color-blindness, hemophilia, and
muscular dystrophy) are X-linked. Females who are heterozygous for these diseases are said to be carriers and may not
exhibit any phenotypic effects. These females will pass the disease to half of their sons and will pass carrier status to half of
their daughters; therefore, X-linked traits appear more frequently in males than females.

In some groups of organisms with sex chromosomes, the sex with the non-homologous sex chromosomes is the female
rather than the male. This is the case for all birds. In this case, sex-linked traits will be more likely to appear in the female,
in whom they are hemizygous.

Watch this video (http://openstaxcollege.org/l/sex-linked_trts) to learn more about sex-linked traits.
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Linked Genes Violate the Law of Independent Assortment
Although all of Mendel’s pea plant characteristics behaved according to the law of independent assortment, we now know
that some allele combinations are not inherited independently of each other. Genes that are located on separate, non-
homologous chromosomes will always sort independently. However, each chromosome contains hundreds or thousands of
genes, organized linearly on chromosomes like beads on a string. The segregation of alleles into gametes can be influenced
by linkage, in which genes that are located physically close to each other on the same chromosome are more likely to be
inherited as a pair. However, because of the process of recombination, or “crossover,” it is possible for two genes on the
same chromosome to behave independently, or as if they are not linked. To understand this, let us consider the biological
basis of gene linkage and recombination.

Homologous chromosomes possess the same genes in the same order, though the specific alleles of the gene can be different
on each of the two chromosomes. Recall that during interphase and prophase I of meiosis, homologous chromosomes first
replicate and then synapse, with like genes on the homologs aligning with each other. At this stage, segments of homologous
chromosomes exchange linear segments of genetic material (Figure 8.17). This process is called recombination, or
crossover, and it is a common genetic process. Because the genes are aligned during recombination, the gene order is not
altered. Instead, the result of recombination is that maternal and paternal alleles are combined onto the same chromosome.
Across a given chromosome, several recombination events may occur, causing extensive shuffling of alleles.

Figure 8.17 The process of crossover, or recombination, occurs when two homologous chromosomes align and
exchange a segment of genetic material.

When two genes are located on the same chromosome, they are considered linked, and their alleles tend to be transmitted
through meiosis together. To exemplify this, imagine a dihybrid cross involving flower color and plant height in which the
genes are next to each other on the chromosome. If one homologous chromosome has alleles for tall plants and red flowers,
and the other chromosome has genes for short plants and yellow flowers, then when the gametes are formed, the tall and red
alleles will tend to go together into a gamete and the short and yellow alleles will go into other gametes. These are called the
parental genotypes because they have been inherited intact from the parents of the individual producing gametes. But unlike
if the genes were on different chromosomes, there will be no gametes with tall and yellow alleles and no gametes with short
and red alleles. If you create a Punnett square with these gametes, you will see that the classical Mendelian prediction of a
9:3:3:1 outcome of a dihybrid cross would not apply. As the distance between two genes increases, the probability of one
or more crossovers between them increases and the genes behave more like they are on separate chromosomes. Geneticists
have used the proportion of recombinant gametes (the ones not like the parents) as a measure of how far apart genes are
on a chromosome. Using this information, they have constructed linkage maps of genes on chromosomes for well-studied
organisms, including humans.

Mendel’s seminal publication makes no mention of linkage, and many researchers have questioned whether he encountered
linkage but chose not to publish those crosses out of concern that they would invalidate his independent assortment
postulate. The garden pea has seven chromosomes, and some have suggested that his choice of seven characteristics was
not a coincidence. However, even if the genes he examined were not located on separate chromosomes, it is possible that
he simply did not observe linkage because of the extensive shuffling effects of recombination.
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Epistasis
Mendel’s studies in pea plants implied that the sum of an individual’s phenotype was controlled by genes (or as he called
them, unit factors), such that every characteristic was distinctly and completely controlled by a single gene. In fact, single
observable characteristics are almost always under the influence of multiple genes (each with two or more alleles) acting in
unison. For example, at least eight genes contribute to eye color in humans.

Eye color in humans is determined by multiple alleles. Use the Eye Color Calculator (http://openstaxcollege.org/l/
eye_color_calc) to predict the eye color of children from parental eye color.

In some cases, several genes can contribute to aspects of a common phenotype without their gene products ever directly
interacting. In the case of organ development, for instance, genes may be expressed sequentially, with each gene adding to
the complexity and specificity of the organ. Genes may function in complementary or synergistic fashions, such that two or
more genes expressed simultaneously affect a phenotype. An apparent example of this occurs with human skin color, which
appears to involve the action of at least three (and probably more) genes. Cases in which inheritance for a characteristic like
skin color or human height depend on the combined effects of numerous genes are called polygenic inheritance.

Genes may also oppose each other, with one gene suppressing the expression of another. In epistasis, the interaction
between genes is antagonistic, such that one gene masks or interferes with the expression of another. “Epistasis” is a word
composed of Greek roots meaning “standing upon.” The alleles that are being masked or silenced are said to be hypostatic
to the epistatic alleles that are doing the masking. Often the biochemical basis of epistasis is a gene pathway in which
expression of one gene is dependent on the function of a gene that precedes or follows it in the pathway.

An example of epistasis is pigmentation in mice. The wild-type coat color, agouti (AA) is dominant to solid-colored fur
(aa). However, a separate gene C, when present as the recessive homozygote (cc), negates any expression of pigment from
the A gene and results in an albino mouse (Figure 8.18). Therefore, the genotypes AAcc, Aacc, and aacc all produce the
same albino phenotype. A cross between heterozygotes for both genes (AaCc x AaCc) would generate offspring with a
phenotypic ratio of 9 agouti:3 black:4 albino (Figure 8.18). In this case, the C gene is epistatic to the A gene.
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Figure 8.18 In this example of epistasis, one gene (C) masks the expression of another (A) for coat color. When the C
allele is present, coat color is expressed; when it is absent (cc), no coat color is expressed. Coat color depends on the
A gene, which shows dominance, with the recessive homozygote showing a different phenotype than the heterozygote
or dominant homozygote.
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allele

codominance

continuous variation

dihybrid

discontinuous variation

dominant

epistasis

F1

F2

genotype

hemizygous

heterozygous

homozygous

hybridization

incomplete dominance

law of dominance

law of independent assortment

law of segregation

linkage

model system

monohybrid

P

phenotype

Punnett square

KEY TERMS
one of two or more variants of a gene that determines a particular trait for a characteristic

in a heterozygote, complete and simultaneous expression of both alleles for the same characteristic

a variation in a characteristic in which individuals show a range of traits with small differences
between them

the result of a cross between two true-breeding parents that express different traits for two characteristics

a variation in a characteristic in which individuals show two, or a few, traits with large
differences between them

describes a trait that masks the expression of another trait when both versions of the gene are present in an
individual

an interaction between genes such that one gene masks or interferes with the expression of another

the first filial generation in a cross; the offspring of the parental generation

the second filial generation produced when F1 individuals are self-crossed or fertilized with each other

the underlying genetic makeup, consisting of both physically visible and non-expressed alleles, of an organism

the presence of only one allele for a characteristic, as in X-linkage; hemizygosity makes descriptions of
dominance and recessiveness irrelevant

having two different alleles for a given gene on the homologous chromosomes

having two identical alleles for a given gene on the homologous chromosomes

the process of mating two individuals that differ, with the goal of achieving a certain characteristic in their
offspring

in a heterozygote, expression of two contrasting alleles such that the individual displays an
intermediate phenotype

in a heterozygote, one trait will conceal the presence of another trait for the same characteristic

genes do not influence each other with regard to sorting of alleles into gametes; every
possible combination of alleles is equally likely to occur

paired unit factors (i.e., genes) segregate equally into gametes such that offspring have an equal
likelihood of inheriting any combination of factors

a phenomenon in which alleles that are located in close proximity to each other on the same chromosome are more
likely to be inherited together

a species or biological system used to study a specific biological phenomenon to gain understanding that
will be applied to other species

the result of a cross between two true-breeding parents that express different traits for only one characteristic

the parental generation in a cross

the observable traits expressed by an organism

a visual representation of a cross between two individuals in which the gametes of each individual are
denoted along the top and side of a grid, respectively, and the possible zygotic genotypes are recombined at each box
in the grid
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recessive

reciprocal cross

recombination

test cross

trait

wild type

X-linked

describes a trait whose expression is masked by another trait when the alleles for both traits are present in an
individual

a paired cross in which the respective traits of the male and female in one cross become the respective
traits of the female and male in the other cross

the process during meiosis in which homologous chromosomes exchange linear segments of genetic
material, thereby dramatically increasing genetic variation in the offspring and separating linked genes

a cross between a dominant expressing individual with an unknown genotype and a homozygous recessive
individual; the offspring phenotypes indicate whether the unknown parent is heterozygous or homozygous for the
dominant trait

a variation in an inherited characteristic

the most commonly occurring genotype or phenotype for a given characteristic found in a population

a gene present on the X chromosome, but not the Y chromosome

CHAPTER SUMMARY
8.1 Mendel’s Experiments

Working with garden pea plants, Mendel found that crosses between parents that differed for one trait produced F1
offspring that all expressed one parent’s traits. The traits that were visible in the F1 generation are referred to as dominant,
and traits that disappear in the F1 generation are described as recessive. When the F1 plants in Mendel’s experiment were
self-crossed, the F2 offspring exhibited the dominant trait or the recessive trait in a 3:1 ratio, confirming that the recessive
trait had been transmitted faithfully from the original P parent. Reciprocal crosses generated identical F1 and F2 offspring
ratios. By examining sample sizes, Mendel showed that traits were inherited as independent events.

8.2 Laws of Inheritance

When true-breeding, or homozygous, individuals that differ for a certain trait are crossed, all of the offspring will be
heterozygous for that trait. If the traits are inherited as dominant and recessive, the F1 offspring will all exhibit the same
phenotype as the parent homozygous for the dominant trait. If these heterozygous offspring are self-crossed, the resulting
F2 offspring will be equally likely to inherit gametes carrying the dominant or recessive trait, giving rise to offspring of
which one quarter are homozygous dominant, half are heterozygous, and one quarter are homozygous recessive. Because
homozygous dominant and heterozygous individuals are phenotypically identical, the observed traits in the F2 offspring
will exhibit a ratio of three dominant to one recessive.

Mendel postulated that genes (characteristics) are inherited as pairs of alleles (traits) that behave in a dominant and
recessive pattern. Alleles segregate into gametes such that each gamete is equally likely to receive either one of the two
alleles present in a diploid individual. In addition, genes are assorted into gametes independently of one another. That is, in
general, alleles are not more likely to segregate into a gamete with a particular allele of another gene.

8.3 Extensions of the Laws of Inheritance

Alleles do not always behave in dominant and recessive patterns. Incomplete dominance describes situations in which the
heterozygote exhibits a phenotype that is intermediate between the homozygous phenotypes. Codominance describes the
simultaneous expression of both of the alleles in the heterozygote. Although diploid organisms can only have two alleles
for any given gene, it is common for more than two alleles for a gene to exist in a population. In humans, as in many
animals and some plants, females have two X chromosomes and males have one X and one Y chromosome. Genes that are
present on the X but not the Y chromosome are said to be X-linked, such that males only inherit one allele for the gene,
and females inherit two.

According to Mendel’s law of independent assortment, genes sort independently of each other into gametes during
meiosis. This occurs because chromosomes, on which the genes reside, assort independently during meiosis and
crossovers cause most genes on the same chromosomes to also behave independently. When genes are located in close
proximity on the same chromosome, their alleles tend to be inherited together. This results in offspring ratios that violate
Mendel's law of independent assortment. However, recombination serves to exchange genetic material on homologous
chromosomes such that maternal and paternal alleles may be recombined on the same chromosome. This is why alleles on
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a given chromosome are not always inherited together. Recombination is a random event occurring anywhere on a
chromosome. Therefore, genes that are far apart on the same chromosome are likely to still assort independently because
of recombination events that occurred in the intervening chromosomal space.

Whether or not they are sorting independently, genes may interact at the level of gene products, such that the expression of
an allele for one gene masks or modifies the expression of an allele for a different gene. This is called epistasis.

ART CONNECTION QUESTIONS
1. Figure 8.9 In pea plants, round peas (R) are dominant
to wrinkled peas (r). You do a test cross between a pea
plant with wrinkled peas (genotype rr) and a plant of
unknown genotype that has round peas. You end up with
three plants, all which have round peas. From this data,
can you tell if the parent plant is homozygous dominant or
heterozygous?

2. Figure 8.10 In pea plants, purple flowers (P) are
dominant to white (p), and yellow peas (Y) are dominant to

green (y). What are the possible genotypes and phenotypes
for a cross between PpYY and ppYy pea plants? How many
squares would you need to complete a Punnett square
analysis of this cross?

3. Figure 8.16 What ratio of offspring would result from a
cross between a white-eyed male and a female that is
heterozygous for red eye color?

REVIEW QUESTIONS
4. Imagine that you are performing a cross involving seed
color in garden pea plants. What traits would you expect to
observe in the F1 offspring if you cross true-breeding
parents with green seeds and yellow seeds? Yellow seed
color is dominant over green.

a. only yellow-green seeds
b. only yellow seeds
c. 1:1 yellow seeds:green seeds
d. 1:3 green seeds:yellow seeds

5. Imagine that you are performing a cross involving seed
texture in garden pea plants. You cross true-breeding
round and wrinkled parents to obtain F1 offspring. Which
of the following experimental results in terms of numbers
of plants are closest to what you expect in the F2 progeny?

a. 810 round seeds
b. 810 wrinkled seeds
c. 405:395 round seeds:wrinkled seeds
d. 610:190 round seeds:wrinkled seeds

6. The observable traits expressed by an organism are
described as its ________.

a. phenotype
b. genotype
c. alleles
d. zygote

7. A recessive trait will be observed in individuals that are
________ for that trait.

a. heterozygous
b. homozygous or heterozygous
c. homozygous
d. diploid

8. What are the types of gametes that can be produced by
an individual with the genotype AaBb?

a. Aa, Bb
b. AA, aa, BB, bb

c. AB, Ab, aB, ab
d. AB, ab

9. What is the reason for doing a test cross?
a. to identify heterozygous individuals with the

dominant phenotype
b. to determine which allele is dominant and which

is recessive
c. to identify homozygous recessive individuals in

the F2
d. to determine if two genes assort independently

10. If black and white true-breeding mice are mated and
the result is all gray offspring, what inheritance pattern
would this be indicative of?

a. dominance
b. codominance
c. multiple alleles
d. incomplete dominance

11. The ABO blood groups in humans are expressed as
the IA, IB, and i alleles. The IA allele encodes the A blood
group antigen, IB encodes B, and i encodes O. Both A and
B are dominant to O. If a heterozygous blood type A
parent (IAi) and a heterozygous blood type B parent (IBi)
mate, one quarter of their offspring are expected to have
the AB blood type (IAIB) in which both antigens are
expressed equally. Therefore, ABO blood groups are an
example of:

a. multiple alleles and incomplete dominance
b. codominance and incomplete dominance
c. incomplete dominance only
d. multiple alleles and codominance

12. In a cross between a homozygous red-eyed female
fruit fly and a white-eyed male fruit fly, what is the
expected outcome?

a. all white-eyed male offspring
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b. all white-eyed female offspring
c. all red-eyed offspring
d. half white-eyed make offspring

13. When a population has a gene with four alleles
circulating, how many possible genotypes are there?

a. 3
b. 6
c. 10
d. 16

CRITICAL THINKING QUESTIONS
14. Describe one of the reasons that made the garden pea
an excellent choice of model system for studying
inheritance.

15. Use a Punnett square to predict the offspring in a cross
between a dwarf pea plant (homozygous recessive) and a
tall pea plant (heterozygous). What is the phenotypic ratio
of the offspring?

16. Use a Punnett square to predict the offspring in a cross
between a tall pea plant (heterozygous) and a tall pea plant
(heterozygous). What is the genotypic ratio of the
offspring?

17. Can a male be a carrier of red-green color blindness?

18. Could an individual with blood type O (genotype ii)
be a legitimate child of parents in which one parent had
blood type A and the other parent had blood type B?
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