
NEXT GENERATION SUNSHINE STATE STANDARDS

For the full text of all benchmarks, see the Course 
Overview in the front matter of this book.

Other key benchmarks: SC.912.N.1.6 Describe 
how scientific inferences are drawn from scientific 
observations and provide examples from the 
Benchmark being studied.

 Beneficial Effects Some of the variation pro-
duced by mutations can be highly advantageous 
to an organism or species.  Mutations often 
 produce proteins with new or altered functions 
that can be useful to organisms in  different or 
changing environments. For example, mutations 
have helped many insects resist chemical pesti-
cides. And some have enabled  microorganisms to 
adapt to new chemicals in the environment. 

Over the past 20 years, mutations in the 
mosquito genome have made many African 
mosquitoes resistant to the chemical pesticides 

once used to control them. This may be bad news for humans, 
but it is highly beneficial to the insects themselves. Beneficial 
mutations occur in humans, too, including ones that increase 
bone strength and density, making fractures less likely, and 
mutations that increase resistance to HIV, the virus that 
causes AIDS.

Plant and animal breeders often make use of “good” muta-
tions. For example, when a complete set of chromosomes fails 
to separate during meiosis, the gametes that result may pro-
duce triploid (3N) or tetraploid (4N) organisms. The condi-
tion in which an organism has extra sets of chromosomes is 
called polyploidy. Polyploid plants are often larger and stron-
ger than diploid plants. Important crop plants—including 
bananas and the limes shown in Figure 13–14—have been pro-
duced this way. Polyploidy also occurs naturally in citrus plants, 
often through spontaneous mutations.

In Your Notebook List five examples of mutations. Classify 
each as neutral, harmful, or helpful, and explain your reasoning.

FIgure 13–14 Polyploid Plants 
The fruit of the Tahiti lime is seedless, 
a result of polyploidy. Changes to the 
ploidy number of citrus plants can affect 
the size and strength of the trees as well 
as the quality and seediness of their fruit.

Review Key Concepts 
1. a. Review Describe the two main 

types of mutations.
 b. Explain What is a frameshift muta-

tion? Give an example.
 c. Infer The effects of a mutation are 

not always visible. Choose a species, 
and explain how a biologist might 
determine whether a mutation has 
occurred and, if so, what type of 
mutation it is. 

2. a. Review List three effects mutations can have 
on genes. 

 b. Apply Concepts What is the significance of 
mutations to living things? 

3. Make a compare/contrast table to  organize your 
ideas about gene  mutations and chromosomal 
 mutations. Then use your table to write a paragraph 
comparing and  contrasting these two kinds of 
mutations.
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Prokaryotic Gene Regulation
 How are prokaryotic genes regulated?

As it turns out, bacteria and other prokaryotes do not need to tran-
scribe all of their genes at the same time. To conserve energy and 
resources, prokaryotes regulate their activities, using only those genes 
necessary for the cell to function. For example, it would be wasteful for a 
bacterium to produce enzymes that are needed to make a molecule that 
is readily available from its environment. By regulating gene expression, 
bacteria can respond to changes in their environment—the presence or 
absence of nutrients, for example. How?  DNA-binding proteins in 
prokaryotes regulate genes by controlling transcription. Some of these 
regulatory proteins help switch genes on, while others turn genes off.

How does an organism know when to turn a gene on or off? One 
of the keys to gene transcription in bacteria is the organization of 
genes into operons. An operon is a group of genes that are regulated 
together. The genes in an operon usually have related functions. E. coli, 
shown in Figure 13–15, provides us with a clear example. The 4288 
genes that code for proteins in E. coli include a cluster of 3 genes that 
must be turned on together before the bacterium can use the 
sugar lactose as a food. These three lactose genes in E. coli 
are called the lac operon.

Gene Regulation 
and Expression

Key Questions
 How are prokaryotic genes 

regulated?

 How are genes regulated 
in eukaryotic cells?

 What controls the devel-
opment of cells and tissues in 
multicellular organisms?

Vocabulary
operon   
operator   
RNA interference   
differentiation 
homeotic gene   
homeobox gene   
Hox gene

Taking Notes
Outline Before you read, use the 
headings in this lesson to make 
an outline. As you read, fill in 
the subtopics and smaller topics. 
Then add phrases or a sentence 
after each subtopic that provides 
key information. 

Tem 27,000

Figure 13–15 
Small Cell, Many Genes 
This E. coli bacterium has been 
treated with an enzyme enabling 
its DNA, which contains more 
than 4000 genes, to spill out.
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THINK ABOUT IT Think of a library filled with how-to books. 
Would you ever need to use all of those books at the same time? Of 
course not. If you wanted to know how to fix a leaky faucet, you’d 
open a book about plumbing but would ignore the one on carpentry. 
Now picture a tiny bacterium like E. coli, which contains more than 
4000 genes. Most of its genes code for proteins that do everything 
from building cell walls to breaking down food. Do you think E. coli 
uses all 4000-plus volumes in its genetic library at the same time?

SC.912.L.16.5 Explain the basic processes of transcription and translation, 
and how they result in the expression of genes. Also covered: SC.912.N.1.1, 
SC.912.N.1.6, MA.912.S.3.2
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Getting Started

Objectives
13.4.1 Describe gene regulation in prokaryotes.

13.4.2 Explain how most eukaryotic genes 
are regulated.

13.4.3 Relate gene regulation to development in 
multicellular organisms.

Student Resources
Study Workbooks A and B, 13.4  Worksheets

Spanish Study Workbook, 13.4  Worksheets

Lab Manual B, 13.4  Data Analysis Worksheet

 Lesson Overview • Lesson Notes 
• Activity: Data Analysis • Assessment: Self-
Test,  Lesson Assessment

 For corresponding lesson in the 
Foundation Edition, see pages 320–325.

Activate Prior Knowledge
Have students recall from Lesson 13.1 what happens 
to mRNA after it is transcribed. ( The mRNA is edited; 
introns are cut out and exons are spliced together.) 
Next, call on a student to define gene expression, 
which was introduced in Lesson 13.2. (the way that 
DNA, RNA, and proteins put genetic information into 
action in living cells) Then, ask a volunteer to infer 
how mRNA editing affects gene expression. (Sections 
of mRNA are cut out and not translated into pro-
teins.) Tell students they will read in this lesson about 
other ways gene expression is controlled.

Teach for Understanding
ENDURING UNDERSTANDING DNA is the universal code of life; it enables an 
organism to transmit hereditary information and, along with the environment, 
determines an organism’s characteristics.

GUIDING QUESTION How do cells regulate gene expression?

EVIDENCE OF UNDERSTANDING  After completing the lesson, assign students 
the following assessment to show they understand how eukaryotic cells regulate 
gene expression. Ask students to use presentation software to create and present 
a series of slides showing how gene expression in eukaryotic cells is regulated by 
transcription factors and RNA interference. Their slides should include both text 
and visuals.
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The Lac Operon Why must E. coli be able to 
switch the lac genes on and off? Lactose is a com-
pound made up of two simple sugars, galactose 
and glucose. To use lactose for food, the bacterium 
must transport lactose across its cell membrane and 
then break the bond between glucose and galactose. 
These tasks are performed by proteins coded for by 
the genes of the lac operon. This means, of course, 
that if the bacterium grows in a medium where 
lactose is the only food source, it must transcribe 
these genes and produce these proteins. If grown on 
another food source, such as glucose, it would have 
no need for these proteins.

Remarkably, the bacterium almost seems to “know” 
when the products of these genes are needed. When 
lactose is not present, the lac genes are turned off by 
proteins that bind to DNA and block transcription.

Promoters and Operators On one side of the 
operon’s three genes are two regulatory regions. 
The first is a promoter (P), which is a site where 
RNA-polymerase can bind to begin transcription. 
The other region is called the operator (O). The 
O site is where a DNA-binding protein known as  
the lac repressor can bind to DNA. 

The Lac Repressor Blocks Transcription As 
 Figure 13–16 shows, when the lac repressor binds to 
the O region, RNA polymerase cannot reach the lac 
genes to begin transcription. In effect, the binding 
of the repressor protein switches the operon “off” by 
preventing the transcription of its genes.

Lactose Turns the Operon “On” If the repressor 
protein is always present, how can the lac genes ever 
be switched on? Besides its DNA binding site, the lac 
repressor protein has a binding site for lactose itself. 
When lactose is added to the medium, it diffuses 
into the cell and attaches to the lac repressor. This 
changes the shape of the repressor protein in a way 
that causes it to fall off the operator. Now, with the 
repressor no longer bound to the O site, RNA poly-
merase can bind to the promoter and transcribe the 
genes of the operon. As a result, in the presence of 
lactose, the operon is automatically switched on.

Figure 13–16 Gene Expression in Prokaryotes  
The lac genes in E. coli are turned off by lac 
repressors and turned on in the presence of lactose.  
Use Analogies  How is the way lactose turns genes 
on and off similar to the way cold air signals a 
furnace to turn on or off?

 

O

O

O

OP

P

Lactose

mRNA

Promoter
RNA polymerase
binds here

Codes for
repressor 

protein

Lac Repressor
gene

RNA polymerase

Operator
Repressor
binds here

Lac genes

When lactose is not present, 
the repressor protein binds to 
the operating region. This 
blocks RNA polymerase from 
transcribing the lac genes.

When lactose is present, it binds to 
the repressor. This causes the release 
of the repressor which then moves 
away from the operating region. 
Transcription can now take place.

P O
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Eukaryotic Gene Regulation
 How are genes regulated in eukaryotic cells?

The general principles of gene regulation in prokary-
otes also apply to eukaryotes, although there are 
differences. Most eukaryotic genes are controlled 
individually and have more complex regulatory 
sequences than those of the lac repressor system. 

Figure 13–17 shows several features of a typical  
eukaryotic gene. One of the most interesting is the 
TATA box, a short region of DNA, about 25 or 30 
base pairs before the start of a gene, containing the 
sequence TATATA or TATAAA. The TATA box binds a 
protein that helps position RNA polymerase by mark-
ing a point just before the beginning of a gene. 

Transcription Factors Gene expression in eukary-
otic cells can be regulated at a number of levels. 
One of the most critical is the level of transcription, 
by means of DNA-binding proteins known as transcription 
factors.  By binding DNA sequences in the regulatory 
regions of eukaryotic genes, transcription factors control 
the expression of those genes. Some transcription factors 
enhance transcription by opening up tightly packed chroma-
tin. Others help attract RNA polymerase. Still others block 
access to certain genes, much like prokaryotic repressor pro-
teins. In most cases, multiple transcription factors must bind 
before RNA polymerase is able to attach to the promoter 
region and start transcription.

Promoters have multiple binding sites for transcription 
factors, each of which can influence transcrip tion. Certain 
factors activate scores of genes at once, dramatically chang-
ing patterns of gene expression in the cell. Other factors 
form only in response to chemical signals. Steroid hormones, 
for example, are chemical messengers that enter cells and 
bind to receptor proteins. These “receptor complexes” then 
act as transcription factors that bind to DNA, allowing a 
single chemical signal to activate multiple genes. Eukaryotic 
gene expression can also be regulated by many other factors, 
including the exit of mRNA molecules from the nucleus, 
the stability of mRNA, and even the breakdown of a gene’s 
protein products.

in Your Notebook Compare gene regulation in single-cell 
organisms and multicellular organisms.

Figure 13–17 The TATA Box and 
Transcription many eukaryotic  
genes include a region called the 
TATA box that helps position  
RNA polymerase.

To make the mouse 
gene work inside 
the cells of a 
fly, researchers 
attached a 
new promoter 
sequence to the 
gene. Why do you 
think they did that?
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Teach

Use Visuals
Guide students in using Figure 13–16 to learn about 
prokaryotic gene regulation. Ask them to locate 
and identify the function of each of the following 
elements in the figure: repressor, promoter, opera-
tor, lac genes, RNA polymerase, lactose, and mRNA. 
Make sure they know that each panel shows the 
same segment of DNA in an E. coli bacterium. Point 
out that lactose is absent in the second panel but 
present in the third panel.

Ask In the second panel, what happens because 
lactose is absent? (The repressor binds to the opera-
tor, preventing RNA polymerase from binding to 
the promoter.)

Ask In the third panel, what happens because 
lactose is present? (Lactose binds to the repres-
sor, preventing the repressor from binding to the 
promoter. This allows RNA polymerase to bind to 
the promoter.)

DIFFERENTIATED INSTRUCTION

LPR Less Proficient Readers Have students fill in a 
Flowchart to sequence the events that occur dur-
ing the process of prokaryote gene regulation, using 
the lac operon as an example. They should add to 
the flowchart a brief description and sketch of each 
event in the process as they read about it in the text.

Study Wkbks A/B, Appendix S25, Flowchart. 
T ransparencies, GO8.

  In the Data Analysis: A Com-
plicated Operon, students analyze results 
of growing bacteria with lac operon muta-
tions to identify which genes contain the 
mutations.

Answers
FIGURE 13–16 Sample answer: Cold air causes a 
furnace to turn on. When the air is no longer cold, 
the warmer temperature causes the furnace to turn 
off. Lactose works in a similar way. The presence of 
lactose causes lac genes to turn on. When lactose is 
no longer present, the absence of lactose causes lac 
genes to turn off.

How Science Works

DISCOVERY OF THE LAC OPERON

The three French scientists who discovered the lac operon won the 1965 Nobel Prize 
in Physiology or Medicine for their work. Why was it considered such an important 
discovery? The lac operon is the first system of gene regulation ever discovered. It 
showed for the first time that structural genes, which code for proteins, are regulated 
by other genes. The existence of regulatory genes was unknown until then. The lac 
operon also provided a mechanism to explain how living cells could respond to envi-
ronmental stimuli by controlling the expression of genes and thereby the enzymes 
and other proteins they code for.



The Lac Operon Why must E. coli be able to 
switch the lac genes on and off? Lactose is a com-
pound made up of two simple sugars, galactose 
and glucose. To use lactose for food, the bacterium 
must transport lactose across its cell membrane and 
then break the bond between glucose and galactose. 
These tasks are performed by proteins coded for by 
the genes of the lac operon. This means, of course, 
that if the bacterium grows in a medium where 
lactose is the only food source, it must transcribe 
these genes and produce these proteins. If grown on 
another food source, such as glucose, it would have 
no need for these proteins.

Remarkably, the bacterium almost seems to “know” 
when the products of these genes are needed. When 
lactose is not present, the lac genes are turned off by 
proteins that bind to DNA and block transcription.

Promoters and Operators On one side of the 
operon’s three genes are two regulatory regions. 
The first is a promoter (P), which is a site where 
RNA-polymerase can bind to begin transcription. 
The other region is called the operator (O). The 
O site is where a DNA-binding protein known as  
the lac repressor can bind to DNA. 

The Lac Repressor Blocks Transcription As 
 Figure 13–16 shows, when the lac repressor binds to 
the O region, RNA polymerase cannot reach the lac 
genes to begin transcription. In effect, the binding 
of the repressor protein switches the operon “off” by 
preventing the transcription of its genes.

Lactose Turns the Operon “On” If the repressor 
protein is always present, how can the lac genes ever 
be switched on? Besides its DNA binding site, the lac 
repressor protein has a binding site for lactose itself. 
When lactose is added to the medium, it diffuses 
into the cell and attaches to the lac repressor. This 
changes the shape of the repressor protein in a way 
that causes it to fall off the operator. Now, with the 
repressor no longer bound to the O site, RNA poly-
merase can bind to the promoter and transcribe the 
genes of the operon. As a result, in the presence of 
lactose, the operon is automatically switched on.

Figure 13–16 Gene Expression in Prokaryotes  
The lac genes in E. coli are turned off by lac 
repressors and turned on in the presence of lactose.  
Use Analogies  How is the way lactose turns genes 
on and off similar to the way cold air signals a 
furnace to turn on or off?

 

O

O

O

OP

P

Lactose

mRNA

Promoter
RNA polymerase
binds here

Codes for
repressor 

protein

Lac Repressor
gene

RNA polymerase

Operator
Repressor
binds here

Lac genes

When lactose is not present, 
the repressor protein binds to 
the operating region. This 
blocks RNA polymerase from 
transcribing the lac genes.

When lactose is present, it binds to 
the repressor. This causes the release 
of the repressor which then moves 
away from the operating region. 
Transcription can now take place.
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Eukaryotic Gene Regulation
 How are genes regulated in eukaryotic cells?

The general principles of gene regulation in prokary
otes also apply to eukaryotes, although there are 
differences. Most eukaryotic genes are controlled 
individually and have more complex regulatory 
sequences than those of the lac repressor system. 

Figure 13–17 shows several features of a typical 
eukaryotic gene. One of the most interesting is the 
TATA box, a short region of DNA, about 25 or 30 
base pairs before the start of a gene, containing the 
sequence TATATA or TATAAA. The TATA box binds a 
protein that helps position RNA polymerase by mark
ing a point just before the beginning of a gene. 

Transcription Factors Gene expression in eukary
otic cells can be regulated at a number of levels. 
One of the most critical is the level of transcription, 
by means of DNAbinding proteins known as transcription 
factors.  By binding DNA sequences in the regulatory 
regions of eukaryotic genes, transcription factors control 
the expression of those genes. Some transcription factors 
enhance transcription by opening up tightly packed chroma
tin. Others help attract RNA polymerase. Still others block 
access to certain genes, much like prokaryotic repressor pro
teins. In most cases, multiple transcription factors must bind 
before RNA polymerase is able to attach to the promoter 
region and start transcription.

Promoters have multiple binding sites for transcription 
factors, each of which can influence transcrip tion. Certain 
factors activate scores of genes at once, dramatically chang
ing patterns of gene expression in the cell. Other factors 
form only in response to chemical signals. Steroid hormones, 
for example, are chemical messengers that enter cells and 
bind to receptor proteins. These “receptor complexes” then 
act as transcription factors that bind to DNA, allowing a 
single chemical signal to activate multiple genes. Eukaryotic 
gene expression can also be regulated by many other factors, 
including the exit of mRNA molecules from the nucleus, 
the stability of mRNA, and even the breakdown of a gene’s 
protein products.

In Your Notebook Compare gene regulation in single-cell 
organisms and multicellular organisms.

FIgure 13–17 The TATA Box and 
Transcription Many eukaryotic 
genes include a region called the 
TATA box that helps position  
RNA polymerase.

To make the mouse 
gene work inside 
the cells of a 
fly, researchers 
attached a 
new promoter 
sequence to the 
gene. Why do you 
think they did that?

Lesson 13.4 • Data Analysis  379

0377_Bio10_se_Ch13_S4_0379   379 3/26/11   8:55 AM

LE
S
S
O

N
 1

3
.4

 RNA and Protein Synthesis 379

Build Science Skills
Tell students that transcription promotion, which 
is shown in Figure 13–17, is just one way that 
eukaryotic genes can be regulated. They can also be 
regulated by transcription repression. Create a class 
diagram on the board that shows how repressor pro-
teins could control transcription in eukaryotes. (The 
diagram should resemble the part of Figure 13–16 
that shows transcription repression in prokaryotes.)

DIFFERENTIATED INSTRUCTION

ELL  English Language Learners Have students 
begin a KWL Chart about eukaryotic gene regula-
tion before they start reading about it in the lesson. 
Ask them to make predictions about eukaryotic gene 
regulation based on what they already know about 
gene regulation in prokaryotes. Tell them to list their 
predictions in column K. In column W, they should 
write questions they would like to have answered. 
Have them try to find answers to the questions as 
they read and record their answers in column L.

Study Wkbks A/B, Appendix S27, KWL Chart. 
T ransparencies, GO11.

Sample answer: The researchers 
attached a new promoter sequence to 
the mouse eye gene so that RNA poly-

merase would have a point to start transcription of 
the gene. Students can go online to Biology.com to 
gather their evidence.

Address Misconceptions
Control of Gene Expression Students often fail to 
understand the importance of regulatory genes in 
gene expression. Address this lack of understanding 
by pointing out that genes coding for repressor pro-
teins and other regulatory proteins are an important 
part of the genome of even single-celled organisms 
such as bacteria. The lac operon is just one, well-
studied example. Stress how the specialized cells of 
multicellular eukaryotes make gene regulation even 
more important.

Answers
IN YOUR NOTEBOOK In a single-celled organism, 
if a gene is turned on, it is turned on in the entire 
organism. In single-celled organisms, genes are 
usually regulated by repressor proteins that bind to 
operons or other substrates and prevent or allow the 
transcription of groups of genes. In a multicellular 
organism, cells are specialized. Each cell can have 
a unique set of genes that are turned on at any 
given moment. 

Check for Understanding

qUESTION BOX

Establish an e-mail address for yourself. Give students the e-mail address and instruct 
them to send any questions they have about gene regulation. Suggest they check 
their understanding by trying to answer the two Key Questions about gene regulation 
first. If they are unsure of the answers, encourage them to identify specific questions 
they still have and send them to the e-mail address.

ADJUST INSTRUCTION

Read students’ e-mail questions to the class, and ask for volunteers to answer them. 
Encourage students to raise any other questions they have.
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Cell Specialization Why is gene regulation in 
eukaryotes more complex than in prokaryotes? 
Think for a moment about the way in which 
genes are expressed in a multicellular organ-
ism. The genes that code for liver enzymes, 
for example, are not expressed in nerve cells. 
Keratin, an important protein in skin cells, is 
not produced in blood cells. Cell specialization  
requires genetic specialization, yet all of the cells 
in a multicellular organism carry the same 
genetic code in their nucleus. Complex gene 
regulation in eukaryotes is what makes special-
ization possible.

RNA Interference For years biologists won-
dered why cells contain lots of small RNA mol-
ecules, only a few dozen bases long, that don’t 
belong to any of the major groups of RNA 
(mRNA, tRNA, or rRNA). In the last decade, a 
series of important discoveries has shown that 
these small RNA molecules play a  powerful role 
in regulating gene expression. And they do so 
by interfering with mRNA.

As Figure 13–18 shows, after they are 
pro duced by transcription, the small interfer-
ing RNA molecules fold into double-stranded 
hairpin loops. An enzyme called the “Dicer” 
enzyme cuts, or dices, these double-stranded 
loops into microRNA (miRNA), each about 
20 base pairs in length. The two strands of the 
loops then separate. Next, one of the miRNA 
pieces attaches to a cluster of proteins to form 
what is known as a silencing complex. The silenc-
ing complex binds to and destroys any mRNA 
containing a sequence that is complementary to 
the miRNA. In effect, miRNA sticks to certain 
mRNA molecules and stops them from passing 
on their protein-making instructions.

The silencing complex effectively shuts 
down the expression of the gene whose mRNA 
it destroys. Blocking gene expression by means 
of an miRNA silencing complex is known as 
RNA interference. At first, RNA interference 
(RNAi) seemed to be a rare event, found only 
in a few plants and other species. It’s now clear 
that RNA interference is found throughout 
the living world and that it even plays a role in 
human growth and development.

Figure 13–18 Blocking Gene Expression Like tiny  
pieces of sticky tape, microRNAs attach to certain 
mRNA molecules and stop them from passing 
on their protein-making instructions.  
Interpret Visuals What happens to the mRNA 
sequence that is complementary to the bound miRNA?
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The Promise of RNAi Technology The discovery of RNAi has made 
it possible for researchers to switch genes on and off at will, simply 
by inserting double-stranded RNA into cells. The Dicer enzyme then 
cuts this RNA into miRNA, which activates silencing complexes. These 
complexes block the expression of genes producing mRNA comple-
mentary to the miRNA. Naturally this technology is a powerful way to 
study gene expression in the laboratory. However, RNAi technology 
also holds the promise of allowing medical scientists to turn off the 
expression of genes from viruses and cancer cells, and it may provide 
new ways to treat and perhaps even cure diseases. 

Genetic Control of Development
 What controls the development of cells and tissues  

in multicellular organisms?
Regulating gene expression is especially important in shaping the way 
a multicellular organism, like the mouse embryo in Figure 13–19, 
develops. Each of the specialized cell types found in the adult origi-
nates from the same fertilized egg cell. Cells don’t just grow and divide 
during embryonic development. As the embryo develops, different sets 
of genes are regulated by transcription factors and repressors. Gene 
regulation helps cells undergo differentiation, becoming specialized in 
structure and function. The study of genes that control development 
and differentiation is one of the most exciting areas in biology today.

The Discovery of RNA Interference

Figure 13–19 Differentiation  
This scanning electron micrograph 
shows a mouse embryo under-
going cell differentiation 13.5 
days after conception.

2. Form a Hypothesis Twitching results from the failure of 
muscle cells to control their contractions. What does this 
suggest about the unc-22 protein in some of the worms?  
How would you test your hypothesis?

3. Infer The injected fragments came from two different 
places in the gene and were only a few hundred bases long. 
The unc-22 mRNA is thousands of bases long. What does 
this suggest about the mechanism of RNA interference?

In 1998, Andrew Fire and Craig Mello 
carried out an experiment that helped 
explain the mechanism of RNA inter-
ference. They used RNA from a large 
gene called unc-22, which codes for 
a protein found in muscle cells. They 
prepared short mRNA  fragments cor-
responding to two exon  regions of the 
gene and injected them into egg cells 
of the worm C.  elegans. Some of their 
results are shown in the table.
1. Draw Conclusions How did the 
adult worms’ responses differ to 
injections of single-stranded mRNA 
(the “sense” strand), its complementary 
strand (“antisense”), and double-
stranded RNA (“sense + antisense”)?

Sense

Antisense

Unc-22
(exon 21–22)

Unc-22
(exon 27)

Sense +
Antisense
Sense

Antisense
Sense +
Antisense

Strand
Injected

Result in 
Adult Worm

Normal 

Normal 

Twitching 

Normal 

Normal 

Twitching 

Portion of Gene Used 
to Produce mRNA

Injections of mRNA into C. elegans Eggs
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Teach continued

Lead a Discussion
Tell students that it is easier to understand new 
material by relating it to something they already 
know. Point out that RNA interference depends on 
something they already know about: complementary 
base pairing. Call on volunteers to explain how base 
pairing works and to identify the processes in which 
it occurs. (DNA replication, transcription, translation) 
Then, discuss with the class how RNA interference 
depends on base pairing. Ask students to identify 
each step in the process of RNA interference in 
which complementary bases pair up.

DIFFERENTIATED INSTRUCTION

L1  Special Needs Guide students in finding online 
animations of RNA interference. Try to find anima-
tions that simplify the process described in the text. 
Watch the animations with students, and answer any 
questions they have.

Biology In-Depth

TREATING DISEASE USING RNA INTERFERENCE

Soon after RNA interference was discovered, scientists began exploring ways that it 
might be used to treat or cure diseases. The aim was to develop artificial miRNA mol-
ecules that could turn off the expression of disease-causing genes. One of the first 
diseases to be studied was macular degeneration, which is the primary cause of adult 
blindness in the U.S. The disease occurs when a protein stimulates overgrowth of 
capillaries in the eye. An RNAi drug was developed that shuts down the expression of 
the gene coding for this protein. The drug can be injected directly into the eye. This is 
important because a drug injected into the blood might prevent the expression of this 
gene in parts of the body where it is needed. Researchers are also trying to find RNAi 
treatments for cancer, AIDS, hepatitis C, and Huntington’s disease.

Answers
FIGURE 13–18 That mRNA sequence is destroyed and 
not translated.



Cell Specialization Why is gene regulation in 
eukaryotes more complex than in prokaryotes? 
Think for a moment about the way in which 
genes are expressed in a multicellular organ-
ism. The genes that code for liver enzymes, 
for example, are not expressed in nerve cells. 
Keratin, an important protein in skin cells, is 
not produced in blood cells. Cell specialization  
requires genetic specialization, yet all of the cells 
in a multicellular organism carry the same 
genetic code in their nucleus. Complex gene 
regulation in eukaryotes is what makes special-
ization possible.

RNA Interference For years biologists won-
dered why cells contain lots of small RNA mol-
ecules, only a few dozen bases long, that don’t 
belong to any of the major groups of RNA 
(mRNA, tRNA, or rRNA). In the last decade, a 
series of important discoveries has shown that 
these small RNA molecules play a  powerful role 
in regulating gene expression. And they do so 
by interfering with mRNA.

As Figure 13–18 shows, after they are 
pro duced by transcription, the small interfer-
ing RNA molecules fold into double-stranded 
hairpin loops. An enzyme called the “Dicer” 
enzyme cuts, or dices, these double-stranded 
loops into microRNA (miRNA), each about 
20 base pairs in length. The two strands of the 
loops then separate. Next, one of the miRNA 
pieces attaches to a cluster of proteins to form 
what is known as a silencing complex. The silenc-
ing complex binds to and destroys any mRNA 
containing a sequence that is complementary to 
the miRNA. In effect, miRNA sticks to certain 
mRNA molecules and stops them from passing 
on their protein-making instructions.

The silencing complex effectively shuts 
down the expression of the gene whose mRNA 
it destroys. Blocking gene expression by means 
of an miRNA silencing complex is known as 
RNA interference. At first, RNA interference 
(RNAi) seemed to be a rare event, found only 
in a few plants and other species. It’s now clear 
that RNA interference is found throughout 
the living world and that it even plays a role in 
human growth and development.

Figure 13–18 Blocking Gene Expression Like tiny 
pieces of sticky tape, microRNAs attach to certain 
mRNA molecules and stop them from passing 
on their protein-making instructions.  
Interpret Visuals What happens to the mRNA 
sequence that is complementary to the bound miRNA?

Dicer 
enzyme

miRNA

mRNA

Chopped mRNA

Complementary base
sequence to miRNA

No protein

Silencing
complex

No translation

Larger RNA
molecule
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The Promise of RNAi Technology The discovery of RNAi has made 
it possible for researchers to switch genes on and off at will, simply 
by inserting double-stranded RNA into cells. The Dicer enzyme then 
cuts this RNA into miRNA, which activates silencing complexes. These 
complexes block the expression of genes producing mRNA comple-
mentary to the miRNA. Naturally this technology is a powerful way to 
study gene expression in the laboratory. However, RNAi technology 
also holds the promise of allowing medical scientists to turn off the 
expression of genes from viruses and cancer cells, and it may provide 
new ways to treat and perhaps even cure diseases. 

Genetic Control of Development
 What controls the development of cells and tissues 

in multicellular organisms?
Regulating gene expression is especially important in shaping the way 
a multicellular organism, like the mouse embryo in Figure 13–19, 
develops. Each of the specialized cell types found in the adult origi-
nates from the same fertilized egg cell. Cells don’t just grow and divide 
during embryonic development. As the embryo develops, different sets 
of genes are regulated by transcription factors and repressors. Gene 
regulation helps cells undergo differentiation, becoming specialized in 
structure and function. The study of genes that control development 
and differentiation is one of the most exciting areas in biology today.

The Discovery of RNA Interference

Figure 13–19 Differentiation  
This scanning electron micrograph 
shows a mouse embryo under
going cell differentiation 23 days 
after conception.

2. Form a Hypothesis Twitching results from the failure of 
muscle cells to control their contractions. What does this 
suggest about the unc-22 protein in some of the worms?  
How would you test your hypothesis?

3. Infer The injected fragments came from two different 
places in the gene and were only a few hundred bases long. 
The unc-22 mRNA is thousands of bases long. What does 
this suggest about the mechanism of RNA interference?

In 1998, Andrew Fire and Craig Mello 
carried out an experiment that helped 
explain the mechanism of RNA inter-
ference. They used RNA from a large 
gene called unc-22, which codes for 
a protein found in muscle cells. They 
prepared short mRNA  fragments cor-
responding to two exon  regions of the 
gene and injected them into egg cells 
of the worm C.  elegans. Some of their 
results are shown in the table.
1. Draw Conclusions How did the 
adult worms’ responses differ to 
injections of single-stranded mRNA 
(the “sense” strand), its complementary 
strand (“antisense”), and double-
stranded RNA (“sense + antisense”)?

Sense

Antisense

Unc-22
(exon 21–22)

Unc-22
(exon 27)

Sense +
Antisense
Sense

Antisense
Sense +
Antisense

Strand
Injected

Result in 
Adult Worm

Normal 

Normal 

Twitching 

Normal 

Normal 

Twitching 

Portion of Gene Used 
to Produce mRNA

Injections of mRNA into C. elegans Eggs
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Connect to Health
After students read about the promise of RNA inter
ference technology, challenge them to explain how 
the technology could be used to treat a specific 
genetic disease. Explain that Huntington’s disease 
is caused by a single autosomal dominant mutant 
gene. The gene produces a protein that causes brain 
abnormalities, which in turn interfere with coordina
tion, speech, and mental abilities.

Ask How might RNA interference technology be 
used to treat Huntington’s disease? (An miRNA 
molecule complementary to the mutant gene that 
causes Huntington’s disease might be injected into a 
person with the gene. The miRNA would prevent the 
expression of the gene so that its protein could not 
be produced. This would prevent the disease from 
developing.)

DIFFERENTIATED INSTRUCTION

L1  Struggling Students Use a Quick Write strat
egy to check students’ understanding of the difficult 
topics of RNA interference and RNA interference 
technology. Give them one or two minutes to write 
down everything they know about the topics. Then, 
read their responses and identify anything they don’t 
understand. Clarify these issues before moving on to 
the next topic.

Study Wkbks A/B, Appendix S11, Quick Write.

L3  Advanced Students Assign one of the follow
ing diseases to each of five students: macular degen
eration, cancer, AIDS, hepatitis C, or Huntington’s 
disease. Tell them to find reports of research inves
tigating the use of RNA interference to treat their 
assigned disease. Ask them to make a list of the 
most studentfriendly research reports to share with 
the class.

PURPOSE Students will analyze data to 
infer how RNA interference works.

PLANNING Make sure students 
understand the role of doublestranded 
RNA in RNA interference by reviewing 
Figure 13–18.

ANSWERS

1. For both portions of the gene, injec
tion of singlestranded mRNA pro
duced adult worms with  normal 

responses, whereas injection of 
 doublestranded mRNA produced 
adult worms with twitching responses.

2. Sample answer: In worms with the 
twitching response, the unc22 pro
tein that controls muscle contractions 
was not produced. I would test this 
hypothesis by determining whether 
the protein was present in the worms 
with the twitching response.

3. Sample answer: RNA interference may 
prevent a gene from being expressed 
by interfering with just a small percent
age of its bases.

0360_mlbio10_Ch13_0381   381 3/11/11   8:52 AM



Homeotic Genes The American biologist Edward B. 
Lewis was the first to show that a specific group of genes 
controls the identities of body parts in the embryo of the 
common fruit fly. Lewis found that a mutation in one of 
these genes actually resulted in a fly with a leg growing 
out of its head in place of an antenna! From Lewis’s work 
it became clear that a set of master control genes, known as 
 homeotic genes, regulates organs that develop in specific 
parts of the body.

Homeobox and Hox Genes Molecular studies of 
homeotic genes show that they share a very similar 180-
base DNA sequence, which was given the name homeo-
box. Homeobox genes code for transcription factors that 
activate other genes that are important in cell development 
and differentiation. Homeobox genes are expressed in 
certain regions of the body, and they determine factors like 
the  presence of wings or legs. 

In flies, a group of homeobox genes known as  Hox genes 
are located side by side in a single cluster, as shown in 
 Figure 13–20. Hox genes determine the identities of each 
segment of a fly’s body. They are arranged in the exact order 
in which they are expressed, from anterior to posterior. A 
mutation in one of these genes can completely change the 
organs that develop in specific parts of the body.

Remarkably, clusters of Hox genes exist in the DNA 
of other animals, including humans. These genes are 
arranged in the same way—from head to tail. The function 
of Hox genes in humans seems to be almost the same as it is 
in fruit flies: They tell the cells of the body how to differen-
tiate as the body grows. What this means, of course, is that 
nearly all animals, from flies to mammals, share the same 
basic tools for building the different parts of the body.

The striking similarity of master control genes—genes 
that control development—has a simple scientific explana-
tion. Common patterns of genetic control exist because 
all these genes have descended from the genes of common 
ancestors.  Master control genes are like switches that 
trigger particular patterns of development and differen-
tiation in cells and tissues. The details can vary from one 
organism to another, but the switches are nearly identical. 
Recent studies have shown that the very same Hox gene 
that triggers the development of hands and feet is also 
active in the fins of certain fish. 

Fruit fly chromosome

Fruit fly embryo

Adult fruit fly

Mouse embryo

Adult mouse

Mouse chromosomes

Figure 13–20 Hox Genes and Body 
Development In fruit flies, a series of Hox 
genes along a chromosome determines the 
basic body structure. mice have similar 
genes on four different chromosomes. 
The colored areas on the fly and mouse 
show the approximate body areas 
affected by genes of the corresponding 
colors. Interpret Visuals What section 
of the bodies of flies and mice is coded by 
the genes shown in blue?

What do you 
think controls 
the growth and 
development 
of eyes in flies 
and mice?
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Environmental Influences You’ve seen how cell dif-
ferentiation is controlled at least in part by the regula-
tion of gene expression. Conditions in an organism’s 
environment play a role too. In prokaryotes and 
eukaryotes, environmental factors like temperature, 
salinity, and nutrient availability can influence gene 
expression. One example: The lac operon in E. coli is 
switched on only when lactose is the only food source 
in the bacteria’s environment.

Metamorphosis is another well-studied example 
of how organisms can modify gene expression in 
response to change in their environment. Metamor-
phosis involves a series of transformations from 
one life stage to another. It is typically regulated 
by a number of external (environmental) and 
internal (hormonal) factors. As organisms move 
from larval to adult stages, their body cells dif-
ferentiate to form new organs. At the same time, 
old organs are lost through cell death.

Consider the metamorphosis of a tadpole into a 
bullfrog, as shown in Figure 13–21. Under less than 
ideal conditions—a drying pond, a high density of 
predators, low amounts of food—tadpoles may speed 
up their metamorphosis. In other words, the speed 
of metamorphosis is determined by various environ-
mental changes that are translated into hormonal 
changes, with the hormones func tioning at the 
molecular level. Other environ mental influences 
include temperature and population size.

Review Key Concepts 
1. a. Review How is the lac operon regulated?
 b. Explain What is a promoter?
 c. Use Analogies Write an analogy that demonstrates how the 

lac repressor functions.
2. a. Review Describe how most eukaryotic genes are controlled.
 b. Compare and Contrast How is gene regulation in prokaryotes 

and eukaryotes similar? How is it different?
3. a. Review What genes control cell differentiation during 

development? 
 b. Compare and Contrast How is the way Hox genes are 

expressed in mice similar to the way they are expressed in fruit 
flies? How is it different?

4. A hormone is a chemical 
that is produced in one part 
of the body, travels through 
the blood, and affects cells in 
other parts of the body. Many 
hormones are proteins. How 
might the production of a 
hormone affect the expres-
sion of genes in a eukaryotic 
cell? Write a hypothesis that 
could be tested to answer this 
question. (Hint: Include pro-
moters in your hypothesis.)

Figure 13–21 Metamorphosis environmental factors 
can affect gene regulation. If the bullfrog’s environment 
changes for the worse, its genes will direct the production 
of hormones to speed the transformation of the tadpole 
(top photo) to the adult bullfrog (bottom photo).
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Teach continued

Use Models
Use a simple model to help students understand 
how homeobox genes control development. Stand 
about 20 dominoes on end in a long row. The domi-
noes should be spaced so that knocking over the 
first domino will cause a cascade effect that knocks 
over the rest of the dominoes. Say that the first five 
dominoes represent a homeobox gene and the other 
dominoes represent genes that control the develop-
ment of an organ. Have students observe what hap-
pens to the other dominoes when you knock over 
the first domino. Explain how this models the effects 
of a homeobox gene on genes that control develop-
ment. Set up the dominoes again, and then remove 
the second through fifth dominoes from the row. 
Say that this represents a mutation in the homeo-
box gene. Demonstrate how knocking over the first 
domino no longer causes the cascade effect. Ask stu-
dents to infer how a mutation in a homeobox gene 
might affect an organism’s development.

DIFFERENTIATED INSTRUCTION

LPR Less Proficient Readers On the board, write 
the term differentiation and separate it into its parts 
(different and -ation). Explain that -ation means 
“process of.”

Ask What do you think differentiation means? (proc-
ess of making things different)

Ask What does cell differentiation mean? (process of 
making cells different)

Describe concrete examples of differentiated cells, 
such as skin and blood cells. Point out specific ways 
they differ. Then, explain how gene regulation is 
involved in the differentiation of cells.

Students are likely to infer that homeo-
box genes control the growth and 
development of eyes in flies and mice. 

Students can go online to Biology.com to gather 
their evidence.

Answers
FIGURE 13–20 the back of the body (posterior 
portion of the abdomen of the fruit fly and rump of 
the mouse)

How Science Works

DISCOVERY OF HOMEOBOX GENES

The discovery of homeobox genes by Edward B. Lewis provided an explanation for 
something scientists had observed 200 years before but had never been able to 
explain: the similarity in basic body plans of animals as diverse as insects and humans. 
In the early 1800s, French zoologist Étienne Geoffroy Saint-Hilaire noted that verte-
brates are basically arthropods turned upside down. Around the same time, German 
embryologist Karl Ernst von Baer demonstrated that vertebrate embryos were all 
virtually identical. When Lewis identified homeobox genes in fruit flies in the mid-
1900s, these observations suddenly made sense. The evolution of gene sequencing 
technologies over the next few decades allowed scientists to sequence the homeobox 
genes. Since then, nearly identical homeobox genes have been found in many verte-
brates, including humans. This discovery has had a profound influence on the study 
of evolution.



Homeotic Genes The American biologist Edward B. 
Lewis was the first to show that a specific group of genes 
controls the identities of body parts in the embryo of the 
common fruit fly. Lewis found that a mutation in one of 
these genes actually resulted in a fly with a leg growing 
out of its head in place of an antenna! From Lewis’s work 
it became clear that a set of master control genes, known as 
 homeotic genes, regulates organs that develop in specific 
parts of the body.

Homeobox and Hox Genes Molecular studies of 
homeotic genes show that they share a very similar 180-
base DNA sequence, which was given the name homeo-
box. Homeobox genes code for transcription factors that 
activate other genes that are important in cell development 
and differentiation. Homeobox genes are expressed in 
certain regions of the body, and they determine factors like 
the  presence of wings or legs. 

In flies, a group of homeobox genes known as  Hox genes 
are located side by side in a single cluster, as shown in 
 Figure 13–20. Hox genes determine the identities of each 
segment of a fly’s body. They are arranged in the exact order 
in which they are expressed, from anterior to posterior. A 
mutation in one of these genes can completely change the 
organs that develop in specific parts of the body.

Remarkably, clusters of Hox genes exist in the DNA 
of other animals, including humans. These genes are 
arranged in the same way—from head to tail. The function 
of Hox genes in humans seems to be almost the same as it is 
in fruit flies: They tell the cells of the body how to differen-
tiate as the body grows. What this means, of course, is that 
nearly all animals, from flies to mammals, share the same 
basic tools for building the different parts of the body.

The striking similarity of master control genes—genes 
that control development—has a simple scientific explana-
tion. Common patterns of genetic control exist because 
all these genes have descended from the genes of common 
ancestors.  Master control genes are like switches that 
trigger particular patterns of development and differen-
tiation in cells and tissues. The details can vary from one 
organism to another, but the switches are nearly identical. 
Recent studies have shown that the very same Hox gene 
that triggers the development of hands and feet is also 
active in the fins of certain fish. 

Figure 13–20 Hox Genes and Body 
Development In fruit flies, a series of Hox 
genes along a chromosome determines the 
basic body structure. Mice have similar 
genes on four different chromosomes. 
The colored areas on the fly and mouse 
show the approximate body areas 
affected by genes of the corresponding 
colors. Interpret Visuals What section 
of the bodies of flies and mice is coded by 
the genes shown in blue?

What do you 
think controls 
the growth and 
development 
of eyes in flies 
and mice?

Fruit fly chromosome

Fruit fly embryo

Adult fruit fly

Mouse embryo

Adult mouse

Mouse chromosomes
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Environmental Influences You’ve seen how cell dif-
ferentiation is controlled at least in part by the regula-
tion of gene expression. Conditions in an organism’s 
environment play a role too. In prokaryotes and 
eukaryotes, environmental factors like temperature, 
salinity, and nutrient availability can influence gene 
expression. One example: The lac operon in E. coli is 
switched on only when lactose is the only food source 
in the bacteria’s environment.

Metamorphosis is another well-studied example 
of how organisms can modify gene expression in 
response to change in their environment. Metamor-
phosis involves a series of transformations from 
one life stage to another. It is typically regulated 
by a number of external (environmental) and 
internal (hormonal) factors. As organisms move 
from larval to adult stages, their body cells dif-
ferentiate to form new organs. At the same time, 
old organs are lost through cell death.

Consider the metamorphosis of a tadpole into a 
bullfrog, as shown in Figure 13–21. Under less than 
ideal conditions—a drying pond, a high density of 
predators, low amounts of food—tadpoles may speed 
up their metamorphosis. In other words, the speed 
of metamorphosis is determined by various environ-
mental changes that are translated into hormonal 
changes, with the hormones func tioning at the 
molecular level. Other environ mental influences 
include temperature and population size.

Review Key Concepts 
1.	a. Review How is the lac operon regulated?
	 b. Explain What is a promoter?
	 c. Use Analogies Write an analogy that demonstrates how the 

lac repressor functions.
2.	a. Review Describe how most eukaryotic genes are controlled.
	 b. Compare and Contrast How is gene regulation in prokaryotes 

and eukaryotes similar? How is it different?
3.	a. Review What genes control cell differentiation during 

development? 
	 b. Compare and Contrast How is the way Hox genes are 

expressed in mice similar to the way they are expressed in fruit 
flies? How is it different?

4.	A hormone is a chemical 
that is produced in one part 
of the body, travels through 
the blood, and affects cells in 
other parts of the body. Many 
hormones are proteins. How 
might the production of a 
hormone affect the expres-
sion of genes in a eukaryotic 
cell? Write a hypothesis that 
could be tested to answer this 
question. (Hint: Include pro-
moters in your hypothesis.)

Figure	13–21	Metamorphosis  Environmental factors 
can affect gene regulation. If the bullfrog’s environment 
changes for the worse, its genes will direct the production 
of hormones to speed the transformation of the tadpole 
(top photo) to the adult bullfrog (bottom photo).
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Assess and Remediate
EVALUATE UNDERSTANDING

Ask students to write a list of steps that occur in 
eukaryote gene regulation. Have them compare lists 
with a partner and discuss any discrepancies. Then, 
have students complete the 13.4 Assessment.

REMEDIATION SUGGESTION

L1  Struggling Students If students have trouble 
with Question 4, review the role of repressors and 
transcription factors in gene regulation. Remind 
students that repressors, transcription factors, and 
hormones are proteins.

 Students can check their under-
standing of lesson concepts with the Self-
Test assessment. They can then take an online 
version of the Lesson Assessment.

 1a.  The lac operon is regulated by a repressor 
protein that binds to the lac operon site in 
the absence of lactose. In the presence of 
lactose, the repressor protein falls off the 
lac operon site, so that the lac genes can 
be transcribed.

 1b.  a site where RNA polymerase can bind

 1c.  Answers will vary but should show that 
students understand how the lac repres-
sor functions.

 2a.  Most eukaryotic genes are controlled by 
a TATA box. The TATA box binds a protein 

that helps position RNA polymerase so 
transcription can begin. Eukaryotic genes 
are also regulated by transcription fac-
tors that bind to regulatory regions of 
DNA. RNA interference also controls gene 
expression in eukaryotes.

 2b.  Prokaryote gene regulation typically 
involves a repressor protein that prevents 
transcription of groups of genes. Eukaryote 
gene regulation is based on the same 
general principle: transcription is con-
trolled by proteins that bind to regulatory 
sites. However, most eukaryotic genes 

Assessment Answers
are  controlled individually, and have more 
complex regulatory sequences.

 3a.  homeobox genes

 3b.  In fruit flies and mice, Hox genes are 
expressed from anterior (front) to posterior 
(back). The expression of Hox genes differs 
in the specific structures and processes the 
genes control.

 4.  Sample answer: A hormone can bind with 
regulatory regions of genes and allow RNA 
polymerase to attach to promoters.
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NEXT GENERATION SUNSHINE STATE STANDARDS

For the full text of all benchmarks, see the Course 
Overview in the front matter of this book.

Pre-Lab: From DNA to Protein Synthesis
Problem What are the steps involved in making a 
protein?

Lab Manual Chapter 13 Lab

Skills Focus Use Models, Sequence

Connect to the One of the most 
important tasks in a cell is the assembly of proteins 
from amino acids. This task always begins on ribo-
somes that are located throughout a cell’s cytoplasm. 
The directions for the assembly of proteins are stored 
in DNA molecules. The information is carried to the 
ribosomes by a form of RNA called messenger RNA, or 
mRNA. In this lab, you will model the transcription of 
DNA and the translation of mRNA.

Background Questions
a. Review Is the following sequence from a DNA or 

mRNA molecule? How can you tell?

CUAAUGCCCUAGGGCACU
b. Compare and Contrast How are transcription and 

translation similar? How are they different?

c. Sequence List the following molecules in the order 
in which they take part in protein synthesis: amino 
acid, DNA, mRNA, tRNA.

Pre-Lab Questions
Preview the procedure in the lab manual.

1. Sequence Describe briefly the process you will use 
to decode the messages.

2. Compare and Contrast What role do stop codons 
play in protein synthesis? What are they used for in 
the coded messages?

3. Predict Which six letters will not appear in the 
coded messages? Give a reason for your answer.

GUIDED INQUIRY

Chapter 13

 Visit Chapter 13 online to test yourself on chapter 
 content and to find activities to help you learn.

Untamed Science Video Watch the Untamed  
Science explorers as they search for examples of  
how mutations have benefitted a species.

Art in Motion Watch how RNA is processed to make 
mRNA.

Art Review Review your understanding of different 
types of mutations with this drag-and-drop activity.

InterActive Art Build your understanding of tran-
scription and translation with these animations.

Visual Analogy Compare DNA and RNA to the 
master plans and blueprints of a builder. 

Data Analysis Analyze the results of growing bacte-
ria with mutations in the lac operon in order to identify 
which gene contains the mutation.

Tutor Tube Tune into the tutor to find out why proteins 
are so important!
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SC.912.N.1.6 Describe how scientific inferences are drawn from scientific 
observations and provide examples from the Benchmark being studied.
MA.912.S.3.2 Collect, organize, and analyze data sets, (continued below) 

determine the best format for the data and present 
visual summaries from the following:
• bar graphs
• line graphs
• stem and leaf plots
• circle graphs
• histograms
• box and whisker plots
• scatter plots
• cumulative frequency (ogive) graphs
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Translation begins at the start codon.

1

2

The polypeptide is complete.

 Information and Heredity
Messenger RNA, transfer RNA, and ribosomal RNA 
work together in prokaryotic and eukaryotic cells to 
translate DNA’s genetic code into functional proteins. 
These proteins, in turn, direct the expression of genes.

13.1 RNA
 The main differences between RNA and DNA 

are that (1) the sugar in RNA is ribose instead of 
deoxyribose; (2) RNA is generally single-stranded, 
not double-stranded; and (3) RNA contains uracil in 
place of thymine.

 In transcription, segments of DNA serve as tem-
plates to produce complementary RNA molecules.

RNA (362) RNA polymerase (364) 
messenger RNA (363) promoter (365) 
ribosomal RNA (363) intron (365) 
transfer RNA (363) exon (365) 
transcription (364)

13.2  Ribosomes and Protein Synthesis
 The genetic code is read three “letters” at a time, 

so that each “word” is three bases long and corresponds 
to a single amino acid.

 Ribosomes use the sequence of codons in mRNA 
to assemble amino acids into polypeptide chains.

 The central dogma of molecular biology is 
that information is transferred from DNA to RNA 
to protein.

polypeptide (366) translation (368) 
genetic code (366) anticodon (369) 
codon (366) gene expression (370) 

13.3  Mutations
 Mutations are heritable changes in genetic 

information.

 The effects of mutations on genes vary widely. 
Some have little or no effect; some produce beneficial 
variations. Some negatively disrupt gene function.

 Mutations often produce proteins with new or 
altered functions that can be useful to organisms in 
different or changing environments.

mutation (372) mutagen (375) 
point mutation (373) polyploidy (376) 
frameshift mutation (373) 

13.4  Gene Regulation and Expression
 DNA-binding proteins in prokaryotes regulate 

genes by controlling transcription.

 By binding DNA sequences in the regulatory 
regions of eukaryotic genes, transcription factors 
control the expression of those genes.

 Master control genes are like switches that trigger 
particular patterns of development and differentia-
tion in cells and tissues.

operon (377) homeotic gene (382) 
operator (378) homeobox gene (382) 
RNA interference (380) Hox gene (382) 
differentiation (381) 

Think Visually  
Using the information in this chapter, complete the 
following flowchart about protein synthesis:

Study Guide13
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Pre-Lab
Introduce students to the concepts they will explore 
in the chapter lab by assigning the Pre-Lab questions.

Lab
Tell students they will perform the chapter lab 
From DNA to Protein Synthesis described in Lab 
Manual A.

L1  Struggling Students A simpler version of the 
chapter lab is provided in Lab Manual B.

 Look online for Editable Lab 
Worksheets.

 For corresponding pre-lab in the  
Foundation Edition, see page 326.

BACKGROUND QUESTIONS

mRNA, because the sequence contains uracil a. 
instead of thymine.

Sample answer: During both transcription b. 
and translation, large molecules are syn-
thesized from smaller units. During tran-
scription, nucleotides are assembled into 
complementary mRNA molecules. During 
translation, amino acids are assembled into 
proteins.

DNA, mRNA, tRNA, amino acidc. 

Pre-Lab Answers

PRE-LAB QUESTIONS

Transcribe the DNA to mRNA; translate the 1. 
mRNA to amino acids, find the single-letter 
abbreviation for each amino acid.

In protein synthesis, a stop codon is used to 2. 
mark the end of a protein synthesis. In the 

coded messages, stop codons are used to 
represent spaces between words.

The letters B, J, O, U, X, and Z will not appear 3. 
in the messages because these letters are not 
used as single-letter abbreviations for amino 
acids.

C
H

A
P
TE

R
 L

A
B
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