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14  Chapter Review 

SUMMarY OF KeY cONceptS 

cONcept 14.1

Genes specify proteins via transcription 
and translation (pp. 279–284)
•	 Beadle and Tatum’s studies of mutant strains of Neurospora led to 

the one gene–one polypeptide hypothesis. During gene expression, 
the information encoded in genes is used to make specific polypep-
tide chains (enzymes and other proteins) or RNA molecules.

•	 Transcription is the synthesis of RNA complementary to a 
template strand of DNA. Translation is the synthesis of a 
 polypeptide whose amino acid sequence is specified by the 
 nucleotide sequence in mRNA.

•	 Genetic information is encoded as a sequence of nonoverlap-
ping nucleotide triplets, or codons. A codon in messenger 
RNA (mRNA) either is translated into an amino acid (61 of the 
64  codons) or serves as a stop signal (3 codons). Codons must 
be read in the correct reading frame.

? Describe the process of gene expression, by which a gene affects 
the phenotype of an organism.

cONcept 14.2

transcription is the DNa-directed synthesis of rNa: 
a closer look (pp. 284–286)
•	 RNA synthesis is catalyzed by RNA polymerase, which links 

together RNA nucleotides complementary to a DNA template 
strand. This process follows the same base-pairing rules as DNA 
replication, except that in RNA, uracil substitutes for thymine.

•	 Eukaryotic pre-mRNAs undergo RNA processing, which 
 includes RNA splicing, the addition of a modified nucleotide 
5′ cap to the 5′ end, and the addition of a poly-A tail to the 
3′ end. The processed mRNA includes an untranslated region 
(5′ UTR or 3′ UTR) at each end of the coding segment.

•	 Most eukaryotic genes are split into segments: They have introns 
interspersed among the exons (regions included in the mRNA). 
In RNA splicing, introns are removed and exons joined. RNA 
splicing is typically carried out by spliceosomes, but in some 
cases, RNA alone catalyzes its own splicing. The catalytic 
ability of some RNA molecules, called ribozymes, derives 
from the properties of RNA. The presence of introns allows for 
 alternative RNA splicing.

? What function do the 5′ cap and the poly-A tail serve on 
a  eukaryotic mRNA?

cONcept 14.4

translation is the rNa-directed synthesis 
of a polypeptide: a closer look (pp. 288–298)
•	 A cell translates an mRNA message into protein using transfer 

RNAs (tRNAs). After being bound to a specific amino acid by an 
aminoacyl-tRNA synthetase, a tRNA lines up via its anticodon 
at the complementary codon on mRNA. A ribosome, made up of 
ribosomal RNAs (rRNAs) and proteins, facilitates this coupling 
with binding sites for mRNA and tRNA.

•	 Ribosomes coordinate the three stages of translation: initiation, 
elongation, and termination. The formation of peptide bonds 
between amino acids is catalyzed by ribosomal RNAs as tRNAs 
move through the A and P sites and exit through the E site.

•	 After translation, modifications to proteins can affect their shape. 
Free ribosomes in the cytosol initiate synthesis of all proteins, but 
proteins with a signal peptide 
are synthesized on the ER.

•	 A gene can be transcribed by 
multiple RNA polymerases 
simultaneously. Also, a single 
mRNA molecule can be trans-
lated simultaneously by a num-
ber of ribosomes, forming a 
polyribosome. In bacteria, these 
processes are coupled, but in 
eukaryotes they are separated 
in time and space by the nuclear 
membrane.

? What function do tRNAs serve in the process of translation? 

cONcept 14.5

Mutations of one or a few nucleotides can affect 
protein structure and function (pp. 298–300)
•	 Small-scale mutations include point mutations, changes in 

one DNA nucleotide pair, which may lead to production of non-
functional proteins. Nucleotide-pair substitutions can cause 
 missense or nonsense mutations. Nucleotide-pair insertions 
or deletions may produce frameshift mutations.

•	 Spontaneous mutations can occur during DNA replication, re-
combination, or repair. Chemical and physical mutagens cause 
DNA damage that can alter genes.
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•	 The three stages of transcription are initiation, elongation, 
and termination. A promoter, often including a TATA box 
in eukaryotes, establishes where RNA synthesis is initiated. 
 Transcription factors help eukaryotic RNA polymerase recog-
nize promoter sequences, forming a transcription initiation 
complex. Termination differs in bacteria and eukaryotes.

? What are the similarities and differences in the initiation 
of gene transcription in bacteria and eukaryotes?

cONcept 14.3

eukaryotic cells modify rNa after transcription 
(pp. 286–288)
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AP® Given that polypeptides are the link between genotype and 
phenotype, how could this be used to support the hypothesis that 

rnA, not DnA, evolved first, sometimes referred to as the rnA World 
hypothesis? (Big Ideas 1 & 4)
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SUMMARY OF KEY CONCEPTS 

CONCEPT 14.1

Genes specify proteins via transcription 
and translation (pp. 279–284)
• Beadle and Tatum’s studies of mutant strains of Neurospora led to 

the one gene–one polypeptide hypothesis. During gene expression, 
the information encoded in genes is used to make specific polypep-
tide chains (enzymes and other proteins) or RNA molecules.

• Transcription is the synthesis of RNA complementary to a 
template strand of DNA. Translation is the synthesis of a 
 polypeptide whose amino acid sequence is specified by the 
 nucleotide sequence in mRNA.

• Genetic information is encoded as a sequence of nonoverlap-
ping nucleotide triplets, or codons. A codon in messenger 
RNA (mRNA) either is translated into an amino acid (61 of the 
64  codons) or serves as a stop signal (3 codons). Codons must 
be read in the correct reading frame.

? Describe the process of gene expression, by which a gene affects 
the phenotype of an organism.

CONCEPT 14.2

Transcription is the DNA-directed synthesis of RNA: 
a closer look (pp. 284–286)
• RNA synthesis is catalyzed by RNA polymerase, which links 

together RNA nucleotides complementary to a DNA template 
strand. This process follows the same base-pairing rules as DNA 
replication, except that in RNA, uracil substitutes for thymine.

• Eukaryotic pre-mRNAs undergo RNA processing, which 
 includes RNA splicing, the addition of a modified nucleotide 
5′ cap to the 5′ end, and the addition of a poly-A tail to the 
3′ end. The processed mRNA includes an untranslated region 
(5′ UTR or 3′ UTR) at each end of the coding segment.

• Most eukaryotic genes are split into segments: They have introns 
interspersed among the exons (regions included in the mRNA). 
In RNA splicing, introns are removed and exons joined. RNA 
splicing is typically carried out by spliceosomes, but in some 
cases, RNA alone catalyzes its own splicing. The catalytic 
ability of some RNA molecules, called ribozymes, derives 
from the properties of RNA. The presence of introns allows for 
 alternative RNA splicing.

? What function do the 5′ cap and the poly-A tail serve on 
a  eukaryotic mRNA?

CONCEPT 14.4

Translation is the RNA-directed synthesis 
of a polypeptide: a closer look (pp. 288–298)
• A cell translates an mRNA message into protein using transfer 

RNAs (tRNAs). After being bound to a specific amino acid by an 
aminoacyl-tRNA synthetase, a tRNA lines up via its anticodon 
at the complementary codon on mRNA. A ribosome, made up of 
ribosomal RNAs (rRNAs) and proteins, facilitates this coupling 
with binding sites for mRNA and tRNA.

• Ribosomes coordinate the three stages of translation: initiation, 
elongation, and termination. The formation of peptide bonds 
between amino acids is catalyzed by ribosomal RNAs as tRNAs 
move through the A and P sites and exit through the E site.

• After translation, modifications to proteins can affect their shape. 
Free ribosomes in the cytosol initiate synthesis of all proteins, but 
proteins with a signal peptide 
are synthesized on the ER.

• A gene can be transcribed by 
multiple RNA polymerases 
simultaneously. Also, a single 
mRNA molecule can be trans-
lated simultaneously by a num-
ber of ribosomes, forming a 
polyribosome. In bacteria, these 
processes are coupled, but in 
eukaryotes they are separated 
in time and space by the nuclear 
membrane.

? What function do tRNAs serve in the process of translation? 

CONCEPT 14.5

Mutations of one or a few nucleotides can affect 
protein structure and function (pp. 298–300)
• Small-scale mutations include point mutations, changes in 

one DNA nucleotide pair, which may lead to production of non-
functional proteins. Nucleotide-pair substitutions can cause 
 missense or nonsense mutations. Nucleotide-pair insertions 
or deletions may produce frameshift mutations.

• Spontaneous mutations can occur during DNA replication, re-
combination, or repair. Chemical and physical mutagens cause 
DNA damage that can alter genes.
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• The three stages of transcription are initiation, elongation, 
and termination. A promoter, often including a TATA box 
in eukaryotes, establishes where RNA synthesis is initiated. 
 Transcription factors help eukaryotic RNA polymerase recog-
nize promoter sequences, forming a transcription initiation 
complex. Termination differs in bacteria and eukaryotes.

? What are the similarities and differences in the initiation 
of gene transcription in bacteria and eukaryotes?

CONCEPT 14.3

Eukaryotic cells modify RNA after transcription 
(pp. 286–288)
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Level 3: Synthesis/evaluation AP®

10. ScieNTific iNQuiRY/Science Practice 6
Knowing that the genetic code is almost universal, a scientist 
uses molecular biological methods to insert the human β-globin 
gene (shown in Figure 14.12) into bacterial cells, hoping the 
cells will express it and synthesize functional β-globin protein. 
Instead, the protein produced is nonfunctional and is found to 
contain many fewer amino acids than does β-globin made by a 
eukaryotic cell. Explain why.

11. coNNecT To biG iDea 1
Most amino acids are coded for by a set of similar codons (see 
 Figure 14.6). Propose at least one evolutionary explanation to 
 account for this pattern. 

12. coNNecT To biG iDea 3
Evolution accounts for the unity and diversity of life, and the 
continuity of life is based on heritable information in the form 
of DNA. In a short essay (100–150 words), discuss how the 
fidelity with which DNA is inherited is related to the processes 
of evolution. (Review the discussion of proofreading and DNA 
repair in Concept 13.2.)

13.  SYNTHeSize YouR KNoWleDGe

9. Complete the following table:

Functionstype of rNa

messenger rnA (mrnA)

plays catalytic (ribozyme) roles and
structural roles in ribosomes

transfer rnA (trnA)

primary transcript

small rnAs in the spliceosome

? What will be the results of chemically modifying one nucleotide 
base of a gene? What role is played by DNA repair systems in 

the cell?

teSt YOUr UNDerStaNDING 
Level 1: Knowledge/comprehension

1. In eukaryotic cells, transcription cannot begin 
until
(A) the two DNA strands have completely 

 separated and exposed the promoter.
(B) several transcription factors have bound to  

the promoter.
(C) the 5′ caps are removed from the mRNA.
(D) the DNA introns are removed from the template.

2. Which of the following is NOT true of a codon?
(A) It may code for the same amino acid as another codon.
(B) It never codes for more than one amino acid.
(C) It extends from one end of a tRNA molecule.
(D) It is the basic unit of the genetic code.

3. The anticodon of a particular tRNA molecule is
(A) complementary to the corresponding mRNA codon.
(B) complementary to the corresponding triplet in rRNA.
(C) the part of tRNA that bonds with a specific amino acid.
(D) catalytic, making the tRNA a ribozyme.

4. Which of the following is NOT true of RNA processing?
(A) Exons are cut out before mRNA leaves the nucleus.
(B) Nucleotides may be added at both ends of the RNA.
(C) Ribozymes may function in RNA splicing.
(D) RNA splicing can be catalyzed by spliceosomes.

5. Which component is NOT directly involved in translation?
(A) GTP
(B) DNA

(C) tRNA
(D) ribosomes

Level 2: application/analysis

6. Using Figure 14.6, identify a 5′ → 3′ sequence of nucleotides in 
the DNA template strand for an mRNA coding for the polypep-
tide sequence Phe-Pro-Lys.
(A) 5′-UUUCCCAAA-3′
(B) 5′-GAACCCCTT-3′
(C) 5′-CTTCGGGAA-3′
(D) 5′-AAACCCUUU-3′

7. Which of the following mutations would be MOST likely to 
have a harmful effect on an organism?
(A) a deletion of three nucleotides near the middle  

of a gene
(B) a single nucleotide deletion in the middle of an intron
(C) a single nucleotide deletion near the end of the coding 

sequence
(D) a single nucleotide insertion downstream of, and close to, 

the start of the coding sequence
8. Would the coupling of the processes shown in Figure 14.23 be 

found in a eukaryotic cell? Explain why or why not.

PRacTice 
TeST

goo.gl/CRZjvS

ScieNTific iNQuiRY/Science Practice 6
Some mutations result in proteins that function well at one 
temperature but are nonfunctional at a different (usually higher) 
temperature. Siamese cats have such a “temperature-sensitive” 
mutation in a gene encoding an enzyme that makes dark pig-
ment in the fur. The mutation results in the breed’s distinctive 
point markings and lighter body color (see the photo). Using 
this information and what you learned in the chapter, explain 
the pattern of the cat’s fur pigmentation.

For selected answers, see Appendix A.
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9. DRAW IT  Fill in the following table:

Functionstype of rNa

messenger rnA (mrnA)

plays catalytic (ribozyme) roles and
structural roles in ribosomes

transfer rnA (trnA)

primary transcript

small rnAs in the spliceosome

Level 3: Synthesis/Evaluation
10. SCIENTIFIC INQUIRY

Knowing that the genetic code is almost universal, a scientist 
uses molecular biological methods to insert the human β-globin 
gene (shown in Figure 14.12) into bacterial cells, hoping the 
cells will express it and synthesize functional β-globin protein. 
Instead, the protein produced is nonfunctional and is found to 
contain many fewer amino acids than does β-globin made by a 
eukaryotic cell. Explain why.

11. FOCUS ON EVOLUTION
Most amino acids are coded for by a set of similar codons (see 
Figure 14.6). What evolutionary explanations can you give for 
this pattern? (Hint: There is one explanation relating to ances-
try, and some less obvious ones of a “form-fits-function” type.)

12. FOCUS ON INFORMATION
Evolution accounts for the unity and diversity of life, and the 
continuity of life is based on heritable information in the form 
of DNA. In a short essay (100–150 words), discuss how the 
fidelity with which DNA is inherited is related to the processes 
of evolution. (Review the discussion of proofreading and DNA 
repair in Concept 13.2.)

13.  SYNTHESIZE YOUR KNOWLEDGE

? What will be the results of chemically modifying one nucleotide 
base of a gene? What role is played by DNA repair systems in 

the cell?

TEST YOUR UNDERSTANDING 
Level 1: Knowledge/Comprehension

1. In eukaryotic cells, transcription cannot begin 
until
(A) the two DNA strands have completely 

 separated and exposed the promoter.
(B) several transcription factors have bound to  

the promoter.
(C) the 5′ caps are removed from the mRNA.
(D) the DNA introns are removed from the template.

2. Which of the following is not true of a codon?
(A) It may code for the same amino acid as another codon.
(B) It never codes for more than one amino acid.
(C) It extends from one end of a tRNA molecule.
(D) It is the basic unit of the genetic code.

3. The anticodon of a particular tRNA molecule is
(A) complementary to the corresponding mRNA codon.
(B) complementary to the corresponding triplet in rRNA.
(C) the part of tRNA that bonds with a specific amino acid.
(D) catalytic, making the tRNA a ribozyme.

4. Which of the following is not true of RNA processing?
(A) Exons are cut out before mRNA leaves the nucleus.
(B) Nucleotides may be added at both ends of the RNA.
(C) Ribozymes may function in RNA splicing.
(D) RNA splicing can be catalyzed by spliceosomes.

5. Which component is not directly involved in translation?
(A) GTP
(B) DNA

(C) tRNA
(D) ribosomes

Level 2: Application/Analysis

6. Using Figure 14.6, identify a 5′ → 3′ sequence of nucleotides in 
the DNA template strand for an mRNA coding for the polypep-
tide sequence Phe-Pro-Lys.
(A) 5′-UUUCCCAAA-3′
(B) 5′-GAACCCCTT-3′
(C) 5′-CTTCGGGAA-3′
(D) 5′-AAACCCUUU-3′

7. Which of the following mutations would be most likely to have a 
harmful effect on an organism?
(A) a deletion of three nucleotides near the middle  

of a gene
(B) a single nucleotide deletion in the middle of an intron
(C) a single nucleotide deletion near the end of the coding 

sequence
(D) a single nucleotide insertion downstream of, and close to, 

the start of the coding sequence
8. Would the coupling of the processes shown in Figure 14.23 be 

found in a eukaryotic cell? Explain why or why not.

PRACTICE 
TEST

goo.gl/CRZjvS

Some mutations result in proteins that function well at one 
temperature but are nonfunctional at a different (usually higher) 
temperature. Siamese cats have such a “temperature-sensitive” 
mutation in a gene encoding an enzyme that makes dark pig-
ment in the fur. The mutation results in the breed’s distinctive 
point markings and lighter body color (see the photo). Using 
this information and what you learned in the chapter, explain 
the pattern of the cat’s fur pigmentation.

For selected answers, see Appendix A.
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probably be gibberish: for example, “her edd oga tet heb ug.” 
The reading frame is also important in the molecular language 
of cells. The short stretch of polypeptide shown in Figure 14.5, 
for instance, will be made correctly only if the mRNA nucleo-
tides are read from left to right (5′ → 3′) in the groups of three 
shown in the figure: UGG UUU GGC UCA. Although a ge-
netic message is written with no spaces between the codons, 
the cell’s protein-synthesizing machinery reads the message as 
a series of nonoverlapping three-letter words. The message is 
not read as a series of overlapping words—UGGUUU, and so 
on—which would convey a very different message.

Evolution of the Genetic Code

EVOLUTION  The genetic code is nearly universal, shared by 
organisms from the simplest bacteria to the most complex 
plants and animals. The mRNA codon CCG, for instance, is 
translated as the amino acid proline in all organisms whose 
genetic code has been examined. In laboratory experiments, 
genes can be transcribed and translated after being trans-
planted from one species to another, sometimes with quite 
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▲ Figure 14.6 The codon table for mRNA. the three nucleotide 
bases of an mrnA codon are designated here as the first, second, and 
third bases, reading in the 5′ → 3′ direction along the mrnA. (practice 
using this table by finding the codons in Figure 14.5.) the codon AUG 
not only stands for the amino acid methionine (met) but also functions 
as a “start” signal for ribosomes to begin translating the mrnA at 
that point. three of the 64 codons function as “stop” signals, marking 
where ribosomes end translation. see Figure 3.18 for a list of the full 
names of all the amino acids.
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CONCEPT 14.2

Transcription is the DNA-directed 
synthesis of RNA: a closer look
Now that we have considered the linguistic logic and evolution-
ary significance of the genetic code, we are ready to reexamine 
transcription, the first stage of gene expression, in more detail.

Molecular Components of Transcription
Messenger RNA, the carrier of information from DNA to the 
cell’s protein-synthesizing machinery, is transcribed from the tem-
plate strand of a gene. An enzyme called an RNA  polymerase 
pries the two strands of DNA apart and joins together RNA 
nucleotides complementary to the DNA template strand, thus 
elongating the RNA polynucleotide (Figure 14.8). Like the DNA 
polymerases that function in DNA replication, RNA polymerases 
can assemble a polynucleotide only in its 5′ → 3′ direction. Unlike 
DNA polymerases, however, RNA polymerases are able to start a 
chain from scratch; they don’t need a primer.

Specific sequences of nucleotides along the DNA mark where 
transcription of a gene begins and ends. The DNA sequence 
where RNA polymerase attaches and initiates transcription is 
known as the promoter; in bacteria, the sequence that signals 
the end of transcription is called the terminator. (The termi-
nation mechanism is different in eukaryotes; we’ll describe it 
later.) Molecular biologists refer to the direction of transcription 
as “downstream” and the other direction as “upstream.” These 
terms are also used to describe the positions of nucleotide se-
quences within the DNA or RNA. Thus, the promoter sequence 
in DNA is said to be upstream from the terminator. The stretch 
of DNA downstream from the promoter that is transcribed into 
an RNA molecule is called a transcription unit.

Bacteria have a single type of RNA polymerase that synthe-
sizes not only mRNA but also other types of RNA that func-
tion in protein synthesis, such as ribosomal RNA. In contrast, 
eukaryotes have at least three types of RNA polymerase in 
their nuclei; the one used for pre-mRNA synthesis is called 
RNA polymerase II. In the discussion that follows, we start 
with the features of mRNA synthesis common to both bacteria 
and eukaryotes and then describe some key differences.

Synthesis of an RNA Transcript
The three stages of transcription, as shown in Figure 14.8 and 
described next, are initiation, elongation, and termination of 
the RNA chain. Study Figure 14.8 to familiarize yourself with 
the stages and the terms used to describe them.

RNA Polymerase Binding and 
Initiation of Transcription

The promoter of a gene includes within it the transcription 
start point (the nucleotide where RNA synthesis actually be-
gins) and typically extends several dozen or more nucleotide 

striking results, as shown in Figure 14.7. Bacteria can be 
programmed by the insertion of human genes to synthesize 
certain human proteins for medical use, such as insulin. Such 
applications have produced many exciting developments in the 
area of genetic engineering (see Concept 13.4).

Despite a small number of exceptions in which a few co-
dons differ from the standard ones, the evolutionary signifi-
cance of the code’s near universality is clear. A language shared 
by all living things must have been operating very early in the 
history of life—early enough to be present in the common an-
cestor of all present-day organisms. A shared genetic vocabu-
lary is a reminder of the kinship that bonds all life on Earth.

(a) Tobacco plant expressing a 
firefly gene. the yellow glow 
is produced by a chemical 
reaction catalyzed by the 
protein product of the firefly 
gene.

(b) Pig expressing a jellyfish 
gene. Researchers injected the 
gene for a fluorescent protein 
into fertilized pig eggs. One
of the eggs developed into
this fluorescent pig.

▲ Figure 14.7 Expression of genes from different species. 
Because diverse forms of life share a common genetic code, one species 
can be programmed to produce proteins characteristic of a second 
species by introducing DnA from the second species into the first.

CONCEPT CHECK 14.1 
1. MAKE CONNECTIONS  in a research article about alkaptonuria 

published in 1902, Garrod suggested that humans inherit two 
“characters” (alleles) for a particular enzyme and that both 
parents must contribute a faulty version for the offspring to 
have the disorder. today, would this disorder be called domi-
nant or recessive? (see Concept 11.4.)

2. What polypeptide product would you expect from a poly-G 
mrnA that is 30 nucleotides long?

3. DRAW IT  the template strand of a gene contains the sequence 
3′-ttCAGtCGt-5′. suppose that the nontemplate sequence 
could be transcribed instead of the template sequence. Draw the 
nontemplate sequence in 3′ to 5′ order. then draw the mrnA 
sequence and translate it using Figure 14.6. (Be sure to pay at-
tention to the 5′ and 3′ ends, remembering that the mrnA is 
antiparallel to the DnA strand.) predict how well the protein syn-
thesized from the nontemplate strand would function, if at all.
For suggested answers, see Appendix A.
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disastrous effect on the resulting protein more often than sub-
stitutions do. Insertion or deletion of nucleotides may alter the 
reading frame of the genetic message, the triplet grouping of 
nucleotides on the mRNA that is read during translation. Such 
a mutation, called a frameshift mutation, occurs whenever 
the number of nucleotides inserted or deleted is not a multiple 
of three. All nucleotides downstream of the deletion or inser-
tion will be improperly grouped into codons; the result will be 
extensive missense mutations, usually ending sooner or later 
in a nonsense mutation and premature termination. Unless 
the frameshift is very near the end of the gene, the protein is 
almost certain to be nonfunctional.

New Mutations and Mutagens
Mutations can arise in a number of ways. Errors during DNA 
replication or recombination can lead to nucleotide-pair 
substitutions, insertions, or deletions, as well as to mutations 
affecting longer stretches of DNA. If an incorrect nucleotide 
is added to a growing chain during replication, for example, 
the base on that nucleotide will then be mismatched with the 
nucleotide base on the other strand. In many cases, the error 
will be corrected by DNA proofreading and repair systems (see 
 Concept 13.2). Otherwise, the incorrect base will be used as a 
template in the next round of replication, resulting in a muta-
tion. Such mutations are called spontaneous mutations. It is 
difficult to calculate the rate at which such mutations occur. 
Rough estimates have been made of the rate of mutation during 
DNA replication for both E. coli and eukaryotes, and the num-
bers are similar: About one nucleotide in every 1010 is altered, 
and the change is passed on to the next generation of cells.

A number of physical and chemical agents, called  mutagens, 
interact with DNA in ways that cause mutations. In the 1920s, 
Hermann Muller discovered that X-rays caused genetic changes 
in fruit flies, and he used X-rays to make Drosophila mutants 
for his genetic studies. But he also recognized an alarming 
implication of his discovery: X-rays and other forms of high-
energy radiation pose hazards to the genetic material of people 
as well as laboratory organisms. Mutagenic radiation, a physical 
mutagen, includes ultraviolet (UV) light, which can cause dis-
ruptive thymine dimers in DNA (see Figure 13.21).

Chemical mutagens fall into several categories. Nucleotide 
analogs are chemicals that are similar to normal DNA nucleo-
tides but that pair incorrectly during DNA replication. Some 
other chemical mutagens interfere with correct DNA replica-
tion by inserting themselves into the DNA and distorting the 
double helix. Still other mutagens cause chemical changes in 
bases that change their pairing properties.

Researchers have developed a variety of methods to test the 
mutagenic activity of chemicals. A major application of these 
tests is the preliminary screening of chemicals to identify those 
that may cause cancer. This approach makes sense because 
most carcinogens (cancer-causing chemicals) are mutagenic, 
and conversely, most mutagens are carcinogenic.

CONCEPT CHECK 14.5 
1. What happens when one nucleotide pair is lost from the 

middle of the coding sequence of a gene?
2. MAKE CONNECTIONS  Individuals heterozygous for the sickle-

cell allele show effects of the allele under some circumstances 
(see Concept 11.4). Explain in terms of gene expression.

3. WHAT IF?  DRAW IT  The template strand of a gene includes 
this sequence: 3′-TACTTGTCCGATATC-5′. It is mutated to 
3′-TACTTGTCCAATATC-5′. For both versions, draw the DNA, 
the mRNA, and the encoded amino acid sequence. What is 
the effect on the amino acid sequence?
For suggested answers, see Appendix A.

What Is a Gene? Revisiting the Question
Our definition of a gene has evolved over the past few chap-
ters, as it has through the history of genetics. We began with 
the Mendelian concept of a gene as a discrete unit of inheri-
tance that affects a phenotypic character (Chapter 11). We saw 
that Morgan and his colleagues assigned such genes to specific 
loci on chromosomes (Chapter 12). We went on to view a gene 
as a region of specific nucleotide sequence along the length of 
the DNA molecule of a chromosome (Chapter 13). Finally, in 
this chapter, we have considered a functional definition of a 
gene as a DNA sequence that codes for a specific polypeptide 
chain. All these definitions are useful, depending on the con-
text in which genes are being studied.

We now realize that saying a gene codes for a polypeptide 
is overly simplistic. Most eukaryotic genes contain noncoding 
segments (such as introns), so large portions of these genes 
have no corresponding segments in polypeptides. Molecular 
biologists also often include promoters and certain other regu-
latory regions of DNA within the boundaries of a gene. These 
DNA sequences are not transcribed, but they can be consid-
ered part of the functional gene because they must be present 
for transcription to occur. Our definition of a gene must also 
be broad enough to include the DNA that is transcribed into 
rRNA, tRNA, and other RNAs that are not translated. These 
genes have no polypeptide products but play crucial roles in 
the cell. Thus, we arrive at the following definition: A gene is 
a region of DNA that can be expressed to produce a final func-
tional product that is either a polypeptide or an RNA molecule.

When considering phenotypes, however, it is useful to focus 
on genes that code for polypeptides. In this chapter, you have 
learned how a typical gene is expressed—by transcription into 
RNA and then translation into a polypeptide that forms a pro-
tein of specific structure and function. Proteins, in turn, bring 
about an organism’s observable phenotype.

A given type of cell expresses only a subset of its genes. This 
is an essential feature in multicellular organisms: Gene expres-
sion is precisely regulated. We’ll explore gene regulation in the 
next chapter, beginning with the simpler case of bacteria and 
continuing with eukaryotes.
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▲ Figure 14.1 How does a single faulty gene result in the 
dramatic appearance of an albino donkey?

translated by cells into a specific trait, such as brown hair, 
type A blood, or, in the case of an albino donkey, a total lack 
of  pigment? The albino donkey has a faulty version of a key 
protein, an enzyme required for pigment synthesis, and this 
protein is faulty because the gene that codes for it contains 
 incorrect information.

This example illustrates the main point of this chapter: 
The DNA inherited by an organism leads to specific traits 
by dictating the synthesis of proteins and of RNA molecules 
involved in protein synthesis. In other words, proteins are the 
link between genotype and phenotype. Gene  expression is 
the  process by which DNA directs the synthesis of  proteins 
(or, in some cases, just RNAs). The expression of genes that 
code for proteins includes two stages: transcription and 
translation. This chapter describes the flow of information 
from gene to protein and explains how genetic mutations 
 affect  organisms through their proteins. Understanding the 
 processes of gene expression, which are similar in all three 
 domains of life, will allow us to revisit the concept of the gene 
in more detail at the end of the chapter.

The Flow of Genetic Information

The island of Asinara lies off the coast of Sardinia, an 
Italian island. The name Asinara probably originated 
from the Latin word sinuaria, which means “sinus-

shaped.” A second meaning of Asinara is “donkey-inhabited,” 
which is particularly appropriate because Asinara is home to a 
wild population of albino donkeys (Figure 14.1). The donkeys 
were brought to Asinara in the early 1800s and abandoned 
there in 1885 when the 500 residents were forced to leave the 
island so it could be used as a penal colony. What is responsi-
ble for the phenotype of the albino donkey, strikingly different 
from its pigmented relative?

Inherited traits are determined by genes, and the trait 
of   albinism is caused by a recessive allele of a pigmenta-
tion gene (see Concept 11.4). The information content of 
genes is in the form of specific sequences of nucleotides 
along strands of DNA, the genetic material. But how does 
this  information determine an organism’s traits? Put another 
way, what does a gene actually say? And how is its message 

Key ConCepts

14.1 Genes specify proteins via 
transcription and translation

14.2 Transcription is the DNA-directed 
synthesis of RNA: a closer look

14.3 Eukaryotic cells modify RNA after 
transcription

14.4 Translation is the RNA-directed 
synthesis of a polypeptide: 
a closer look

14.5 Mutations of one or a few 
nucleotides can affect protein 
structure and function

Gene Expression: From Gene to Protein14
C H A P T E R

AP®  BIG IDEAS: The highly conserved processes 
of gene transcription and translation 

(Big Idea 3) shared by all domains (Big Idea 1) result 
from molecular interactions that include specific 
enzymes (Big Idea 4) and transcription factors that act 
as control mechanisms (Big Idea 2).
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14  Chapter Review 

SUMMarY OF KeY cONceptS 

cONcept 14.1

Genes specify proteins via transcription 
and translation (pp. 279–284)
•	 Beadle and Tatum’s studies of mutant strains of Neurospora led to 

the one gene–one polypeptide hypothesis. During gene expression, 
the information encoded in genes is used to make specific polypep-
tide chains (enzymes and other proteins) or RNA molecules.

•	 Transcription is the synthesis of RNA complementary to a 
template strand of DNA. Translation is the synthesis of a 
 polypeptide whose amino acid sequence is specified by the 
 nucleotide sequence in mRNA.

•	 Genetic information is encoded as a sequence of nonoverlap-
ping nucleotide triplets, or codons. A codon in messenger 
RNA (mRNA) either is translated into an amino acid (61 of the 
64  codons) or serves as a stop signal (3 codons). Codons must 
be read in the correct reading frame.

? Describe the process of gene expression, by which a gene affects 
the phenotype of an organism.

cONcept 14.2

transcription is the DNa-directed synthesis of rNa: 
a closer look (pp. 284–286)
•	 RNA synthesis is catalyzed by RNA polymerase, which links 

together RNA nucleotides complementary to a DNA template 
strand. This process follows the same base-pairing rules as DNA 
replication, except that in RNA, uracil substitutes for thymine.

•	 Eukaryotic pre-mRNAs undergo RNA processing, which 
 includes RNA splicing, the addition of a modified nucleotide 
5′ cap to the 5′ end, and the addition of a poly-A tail to the 
3′ end. The processed mRNA includes an untranslated region 
(5′ UTR or 3′ UTR) at each end of the coding segment.

•	 Most eukaryotic genes are split into segments: They have introns 
interspersed among the exons (regions included in the mRNA). 
In RNA splicing, introns are removed and exons joined. RNA 
splicing is typically carried out by spliceosomes, but in some 
cases, RNA alone catalyzes its own splicing. The catalytic 
ability of some RNA molecules, called ribozymes, derives 
from the properties of RNA. The presence of introns allows for 
 alternative RNA splicing.

? What function do the 5′ cap and the poly-A tail serve on 
a  eukaryotic mRNA?

cONcept 14.4

translation is the rNa-directed synthesis 
of a polypeptide: a closer look (pp. 288–298)
•	 A cell translates an mRNA message into protein using transfer 

RNAs (tRNAs). After being bound to a specific amino acid by an 
aminoacyl-tRNA synthetase, a tRNA lines up via its anticodon 
at the complementary codon on mRNA. A ribosome, made up of 
ribosomal RNAs (rRNAs) and proteins, facilitates this coupling 
with binding sites for mRNA and tRNA.

•	 Ribosomes coordinate the three stages of translation: initiation, 
elongation, and termination. The formation of peptide bonds 
between amino acids is catalyzed by ribosomal RNAs as tRNAs 
move through the A and P sites and exit through the E site.

•	 After translation, modifications to proteins can affect their shape. 
Free ribosomes in the cytosol initiate synthesis of all proteins, but 
proteins with a signal peptide 
are synthesized on the ER.

•	 A gene can be transcribed by 
multiple RNA polymerases 
simultaneously. Also, a single 
mRNA molecule can be trans-
lated simultaneously by a num-
ber of ribosomes, forming a 
polyribosome. In bacteria, these 
processes are coupled, but in 
eukaryotes they are separated 
in time and space by the nuclear 
membrane.

? What function do tRNAs serve in the process of translation? 

cONcept 14.5

Mutations of one or a few nucleotides can affect 
protein structure and function (pp. 298–300)
•	 Small-scale mutations include point mutations, changes in 

one DNA nucleotide pair, which may lead to production of non-
functional proteins. Nucleotide-pair substitutions can cause 
 missense or nonsense mutations. Nucleotide-pair insertions 
or deletions may produce frameshift mutations.

•	 Spontaneous mutations can occur during DNA replication, re-
combination, or repair. Chemical and physical mutagens cause 
DNA damage that can alter genes.

5′
3′

3′
5′

5′

promoter

rnA polymerase

template strand
of DnA

rnA transcript

3′

transcription unit

•	 The three stages of transcription are initiation, elongation, 
and termination. A promoter, often including a TATA box 
in eukaryotes, establishes where RNA synthesis is initiated. 
 Transcription factors help eukaryotic RNA polymerase recog-
nize promoter sequences, forming a transcription initiation 
complex. Termination differs in bacteria and eukaryotes.

? What are the similarities and differences in the initiation 
of gene transcription in bacteria and eukaryotes?

cONcept 14.3

eukaryotic cells modify rNa after transcription 
(pp. 286–288)

exon intron exon intron

rnA splicing

exon5′ 3′

Coding
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AP® Given that polypeptides are the link between genotype and 
phenotype, how could this be used to support the hypothesis that 

rnA, not DnA, evolved first, sometimes referred to as the rnA World 
hypothesis? (Big Ideas 1 & 4)
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SUMMARY OF KEY CONCEPTS 

CONCEPT 14.1

Genes specify proteins via transcription 
and translation (pp. 279–284)
• Beadle and Tatum’s studies of mutant strains of Neurospora led to 

the one gene–one polypeptide hypothesis. During gene expression, 
the information encoded in genes is used to make specific polypep-
tide chains (enzymes and other proteins) or RNA molecules.

• Transcription is the synthesis of RNA complementary to a 
template strand of DNA. Translation is the synthesis of a 
 polypeptide whose amino acid sequence is specified by the 
 nucleotide sequence in mRNA.

• Genetic information is encoded as a sequence of nonoverlap-
ping nucleotide triplets, or codons. A codon in messenger 
RNA (mRNA) either is translated into an amino acid (61 of the 
64  codons) or serves as a stop signal (3 codons). Codons must 
be read in the correct reading frame.

? Describe the process of gene expression, by which a gene affects 
the phenotype of an organism.

CONCEPT 14.2

Transcription is the DNA-directed synthesis of RNA: 
a closer look (pp. 284–286)
• RNA synthesis is catalyzed by RNA polymerase, which links 

together RNA nucleotides complementary to a DNA template 
strand. This process follows the same base-pairing rules as DNA 
replication, except that in RNA, uracil substitutes for thymine.

• Eukaryotic pre-mRNAs undergo RNA processing, which 
 includes RNA splicing, the addition of a modified nucleotide 
5′ cap to the 5′ end, and the addition of a poly-A tail to the 
3′ end. The processed mRNA includes an untranslated region 
(5′ UTR or 3′ UTR) at each end of the coding segment.

• Most eukaryotic genes are split into segments: They have introns 
interspersed among the exons (regions included in the mRNA). 
In RNA splicing, introns are removed and exons joined. RNA 
splicing is typically carried out by spliceosomes, but in some 
cases, RNA alone catalyzes its own splicing. The catalytic 
ability of some RNA molecules, called ribozymes, derives 
from the properties of RNA. The presence of introns allows for 
 alternative RNA splicing.

? What function do the 5′ cap and the poly-A tail serve on 
a  eukaryotic mRNA?

CONCEPT 14.4

Translation is the RNA-directed synthesis 
of a polypeptide: a closer look (pp. 288–298)
• A cell translates an mRNA message into protein using transfer 

RNAs (tRNAs). After being bound to a specific amino acid by an 
aminoacyl-tRNA synthetase, a tRNA lines up via its anticodon 
at the complementary codon on mRNA. A ribosome, made up of 
ribosomal RNAs (rRNAs) and proteins, facilitates this coupling 
with binding sites for mRNA and tRNA.

• Ribosomes coordinate the three stages of translation: initiation, 
elongation, and termination. The formation of peptide bonds 
between amino acids is catalyzed by ribosomal RNAs as tRNAs 
move through the A and P sites and exit through the E site.

• After translation, modifications to proteins can affect their shape. 
Free ribosomes in the cytosol initiate synthesis of all proteins, but 
proteins with a signal peptide 
are synthesized on the ER.

• A gene can be transcribed by 
multiple RNA polymerases 
simultaneously. Also, a single 
mRNA molecule can be trans-
lated simultaneously by a num-
ber of ribosomes, forming a 
polyribosome. In bacteria, these 
processes are coupled, but in 
eukaryotes they are separated 
in time and space by the nuclear 
membrane.

? What function do tRNAs serve in the process of translation? 

CONCEPT 14.5

Mutations of one or a few nucleotides can affect 
protein structure and function (pp. 298–300)
• Small-scale mutations include point mutations, changes in 

one DNA nucleotide pair, which may lead to production of non-
functional proteins. Nucleotide-pair substitutions can cause 
 missense or nonsense mutations. Nucleotide-pair insertions 
or deletions may produce frameshift mutations.

• Spontaneous mutations can occur during DNA replication, re-
combination, or repair. Chemical and physical mutagens cause 
DNA damage that can alter genes.
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• The three stages of transcription are initiation, elongation, 
and termination. A promoter, often including a TATA box 
in eukaryotes, establishes where RNA synthesis is initiated. 
 Transcription factors help eukaryotic RNA polymerase recog-
nize promoter sequences, forming a transcription initiation 
complex. Termination differs in bacteria and eukaryotes.

? What are the similarities and differences in the initiation 
of gene transcription in bacteria and eukaryotes?

CONCEPT 14.3

Eukaryotic cells modify RNA after transcription 
(pp. 286–288)
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Level 3: Synthesis/evaluation AP®

10. ScieNTific iNQuiRY/Science Practice 6
Knowing that the genetic code is almost universal, a scientist 
uses molecular biological methods to insert the human β-globin 
gene (shown in Figure 14.12) into bacterial cells, hoping the 
cells will express it and synthesize functional β-globin protein. 
Instead, the protein produced is nonfunctional and is found to 
contain many fewer amino acids than does β-globin made by a 
eukaryotic cell. Explain why.

11. coNNecT To biG iDea 1
Most amino acids are coded for by a set of similar codons (see 
 Figure 14.6). Propose at least one evolutionary explanation to 
 account for this pattern. 

12. coNNecT To biG iDea 3
Evolution accounts for the unity and diversity of life, and the 
continuity of life is based on heritable information in the form 
of DNA. In a short essay (100–150 words), discuss how the 
fidelity with which DNA is inherited is related to the processes 
of evolution. (Review the discussion of proofreading and DNA 
repair in Concept 13.2.)

13.  SYNTHeSize YouR KNoWleDGe

9. Complete the following table:

Functionstype of rNa

messenger rnA (mrnA)

plays catalytic (ribozyme) roles and
structural roles in ribosomes

transfer rnA (trnA)

primary transcript

small rnAs in the spliceosome

? What will be the results of chemically modifying one nucleotide 
base of a gene? What role is played by DNA repair systems in 

the cell?

teSt YOUr UNDerStaNDING 
Level 1: Knowledge/comprehension

1. In eukaryotic cells, transcription cannot begin 
until
(A) the two DNA strands have completely 

 separated and exposed the promoter.
(B) several transcription factors have bound to  

the promoter.
(C) the 5′ caps are removed from the mRNA.
(D) the DNA introns are removed from the template.

2. Which of the following is NOT true of a codon?
(A) It may code for the same amino acid as another codon.
(B) It never codes for more than one amino acid.
(C) It extends from one end of a tRNA molecule.
(D) It is the basic unit of the genetic code.

3. The anticodon of a particular tRNA molecule is
(A) complementary to the corresponding mRNA codon.
(B) complementary to the corresponding triplet in rRNA.
(C) the part of tRNA that bonds with a specific amino acid.
(D) catalytic, making the tRNA a ribozyme.

4. Which of the following is NOT true of RNA processing?
(A) Exons are cut out before mRNA leaves the nucleus.
(B) Nucleotides may be added at both ends of the RNA.
(C) Ribozymes may function in RNA splicing.
(D) RNA splicing can be catalyzed by spliceosomes.

5. Which component is NOT directly involved in translation?
(A) GTP
(B) DNA

(C) tRNA
(D) ribosomes

Level 2: application/analysis

6. Using Figure 14.6, identify a 5′ → 3′ sequence of nucleotides in 
the DNA template strand for an mRNA coding for the polypep-
tide sequence Phe-Pro-Lys.
(A) 5′-UUUCCCAAA-3′
(B) 5′-GAACCCCTT-3′
(C) 5′-CTTCGGGAA-3′
(D) 5′-AAACCCUUU-3′

7. Which of the following mutations would be MOST likely to 
have a harmful effect on an organism?
(A) a deletion of three nucleotides near the middle  

of a gene
(B) a single nucleotide deletion in the middle of an intron
(C) a single nucleotide deletion near the end of the coding 

sequence
(D) a single nucleotide insertion downstream of, and close to, 

the start of the coding sequence
8. Would the coupling of the processes shown in Figure 14.23 be 

found in a eukaryotic cell? Explain why or why not.

PRacTice 
TeST

goo.gl/CRZjvS

ScieNTific iNQuiRY/Science Practice 6
Some mutations result in proteins that function well at one 
temperature but are nonfunctional at a different (usually higher) 
temperature. Siamese cats have such a “temperature-sensitive” 
mutation in a gene encoding an enzyme that makes dark pig-
ment in the fur. The mutation results in the breed’s distinctive 
point markings and lighter body color (see the photo). Using 
this information and what you learned in the chapter, explain 
the pattern of the cat’s fur pigmentation.

For selected answers, see Appendix A.
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9. DRAW IT  Fill in the following table:

Functionstype of rNa

messenger rnA (mrnA)

plays catalytic (ribozyme) roles and
structural roles in ribosomes

transfer rnA (trnA)

primary transcript

small rnAs in the spliceosome

Level 3: Synthesis/Evaluation
10. SCIENTIFIC INQUIRY

Knowing that the genetic code is almost universal, a scientist 
uses molecular biological methods to insert the human β-globin 
gene (shown in Figure 14.12) into bacterial cells, hoping the 
cells will express it and synthesize functional β-globin protein. 
Instead, the protein produced is nonfunctional and is found to 
contain many fewer amino acids than does β-globin made by a 
eukaryotic cell. Explain why.

11. FOCUS ON EVOLUTION
Most amino acids are coded for by a set of similar codons (see 
Figure 14.6). What evolutionary explanations can you give for 
this pattern? (Hint: There is one explanation relating to ances-
try, and some less obvious ones of a “form-fits-function” type.)

12. FOCUS ON INFORMATION
Evolution accounts for the unity and diversity of life, and the 
continuity of life is based on heritable information in the form 
of DNA. In a short essay (100–150 words), discuss how the 
fidelity with which DNA is inherited is related to the processes 
of evolution. (Review the discussion of proofreading and DNA 
repair in Concept 13.2.)

13.  SYNTHESIZE YOUR KNOWLEDGE

? What will be the results of chemically modifying one nucleotide 
base of a gene? What role is played by DNA repair systems in 

the cell?

TEST YOUR UNDERSTANDING 
Level 1: Knowledge/Comprehension

1. In eukaryotic cells, transcription cannot begin 
until
(A) the two DNA strands have completely 

 separated and exposed the promoter.
(B) several transcription factors have bound to  

the promoter.
(C) the 5′ caps are removed from the mRNA.
(D) the DNA introns are removed from the template.

2. Which of the following is not true of a codon?
(A) It may code for the same amino acid as another codon.
(B) It never codes for more than one amino acid.
(C) It extends from one end of a tRNA molecule.
(D) It is the basic unit of the genetic code.

3. The anticodon of a particular tRNA molecule is
(A) complementary to the corresponding mRNA codon.
(B) complementary to the corresponding triplet in rRNA.
(C) the part of tRNA that bonds with a specific amino acid.
(D) catalytic, making the tRNA a ribozyme.

4. Which of the following is not true of RNA processing?
(A) Exons are cut out before mRNA leaves the nucleus.
(B) Nucleotides may be added at both ends of the RNA.
(C) Ribozymes may function in RNA splicing.
(D) RNA splicing can be catalyzed by spliceosomes.

5. Which component is not directly involved in translation?
(A) GTP
(B) DNA

(C) tRNA
(D) ribosomes

Level 2: Application/Analysis

6. Using Figure 14.6, identify a 5′ → 3′ sequence of nucleotides in 
the DNA template strand for an mRNA coding for the polypep-
tide sequence Phe-Pro-Lys.
(A) 5′-UUUCCCAAA-3′
(B) 5′-GAACCCCTT-3′
(C) 5′-CTTCGGGAA-3′
(D) 5′-AAACCCUUU-3′

7. Which of the following mutations would be most likely to have a 
harmful effect on an organism?
(A) a deletion of three nucleotides near the middle  

of a gene
(B) a single nucleotide deletion in the middle of an intron
(C) a single nucleotide deletion near the end of the coding 

sequence
(D) a single nucleotide insertion downstream of, and close to, 

the start of the coding sequence
8. Would the coupling of the processes shown in Figure 14.23 be 

found in a eukaryotic cell? Explain why or why not.

PRACTICE 
TEST

goo.gl/CRZjvS

Some mutations result in proteins that function well at one 
temperature but are nonfunctional at a different (usually higher) 
temperature. Siamese cats have such a “temperature-sensitive” 
mutation in a gene encoding an enzyme that makes dark pig-
ment in the fur. The mutation results in the breed’s distinctive 
point markings and lighter body color (see the photo). Using 
this information and what you learned in the chapter, explain 
the pattern of the cat’s fur pigmentation.

For selected answers, see Appendix A.
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probably be gibberish: for example, “her edd oga tet heb ug.” 
The reading frame is also important in the molecular language 
of cells. The short stretch of polypeptide shown in Figure 14.5, 
for instance, will be made correctly only if the mRNA nucleo-
tides are read from left to right (5′ → 3′) in the groups of three 
shown in the figure: UGG UUU GGC UCA. Although a ge-
netic message is written with no spaces between the codons, 
the cell’s protein-synthesizing machinery reads the message as 
a series of nonoverlapping three-letter words. The message is 
not read as a series of overlapping words—UGGUUU, and so 
on—which would convey a very different message.

Evolution of the Genetic Code

EVOLUTION  The genetic code is nearly universal, shared by 
organisms from the simplest bacteria to the most complex 
plants and animals. The mRNA codon CCG, for instance, is 
translated as the amino acid proline in all organisms whose 
genetic code has been examined. In laboratory experiments, 
genes can be transcribed and translated after being trans-
planted from one species to another, sometimes with quite 
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▲ Figure 14.6 The codon table for mRNA. the three nucleotide 
bases of an mrnA codon are designated here as the first, second, and 
third bases, reading in the 5′ → 3′ direction along the mrnA. (practice 
using this table by finding the codons in Figure 14.5.) the codon AUG 
not only stands for the amino acid methionine (met) but also functions 
as a “start” signal for ribosomes to begin translating the mrnA at 
that point. three of the 64 codons function as “stop” signals, marking 
where ribosomes end translation. see Figure 3.18 for a list of the full 
names of all the amino acids.
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CONCEPT 14.2

Transcription is the DNA-directed 
synthesis of RNA: a closer look
Now that we have considered the linguistic logic and evolution-
ary significance of the genetic code, we are ready to reexamine 
transcription, the first stage of gene expression, in more detail.

Molecular Components of Transcription
Messenger RNA, the carrier of information from DNA to the 
cell’s protein-synthesizing machinery, is transcribed from the tem-
plate strand of a gene. An enzyme called an RNA  polymerase 
pries the two strands of DNA apart and joins together RNA 
nucleotides complementary to the DNA template strand, thus 
elongating the RNA polynucleotide (Figure 14.8). Like the DNA 
polymerases that function in DNA replication, RNA polymerases 
can assemble a polynucleotide only in its 5′ → 3′ direction. Unlike 
DNA polymerases, however, RNA polymerases are able to start a 
chain from scratch; they don’t need a primer.

Specific sequences of nucleotides along the DNA mark where 
transcription of a gene begins and ends. The DNA sequence 
where RNA polymerase attaches and initiates transcription is 
known as the promoter; in bacteria, the sequence that signals 
the end of transcription is called the terminator. (The termi-
nation mechanism is different in eukaryotes; we’ll describe it 
later.) Molecular biologists refer to the direction of transcription 
as “downstream” and the other direction as “upstream.” These 
terms are also used to describe the positions of nucleotide se-
quences within the DNA or RNA. Thus, the promoter sequence 
in DNA is said to be upstream from the terminator. The stretch 
of DNA downstream from the promoter that is transcribed into 
an RNA molecule is called a transcription unit.

Bacteria have a single type of RNA polymerase that synthe-
sizes not only mRNA but also other types of RNA that func-
tion in protein synthesis, such as ribosomal RNA. In contrast, 
eukaryotes have at least three types of RNA polymerase in 
their nuclei; the one used for pre-mRNA synthesis is called 
RNA polymerase II. In the discussion that follows, we start 
with the features of mRNA synthesis common to both bacteria 
and eukaryotes and then describe some key differences.

Synthesis of an RNA Transcript
The three stages of transcription, as shown in Figure 14.8 and 
described next, are initiation, elongation, and termination of 
the RNA chain. Study Figure 14.8 to familiarize yourself with 
the stages and the terms used to describe them.

RNA Polymerase Binding and 
Initiation of Transcription

The promoter of a gene includes within it the transcription 
start point (the nucleotide where RNA synthesis actually be-
gins) and typically extends several dozen or more nucleotide 

striking results, as shown in Figure 14.7. Bacteria can be 
programmed by the insertion of human genes to synthesize 
certain human proteins for medical use, such as insulin. Such 
applications have produced many exciting developments in the 
area of genetic engineering (see Concept 13.4).

Despite a small number of exceptions in which a few co-
dons differ from the standard ones, the evolutionary signifi-
cance of the code’s near universality is clear. A language shared 
by all living things must have been operating very early in the 
history of life—early enough to be present in the common an-
cestor of all present-day organisms. A shared genetic vocabu-
lary is a reminder of the kinship that bonds all life on Earth.

(a) Tobacco plant expressing a 
firefly gene. the yellow glow 
is produced by a chemical 
reaction catalyzed by the 
protein product of the firefly 
gene.

(b) Pig expressing a jellyfish 
gene. Researchers injected the 
gene for a fluorescent protein 
into fertilized pig eggs. One
of the eggs developed into
this fluorescent pig.

▲ Figure 14.7 Expression of genes from different species. 
Because diverse forms of life share a common genetic code, one species 
can be programmed to produce proteins characteristic of a second 
species by introducing DnA from the second species into the first.

CONCEPT CHECK 14.1 
1. MAKE CONNECTIONS  in a research article about alkaptonuria 

published in 1902, Garrod suggested that humans inherit two 
“characters” (alleles) for a particular enzyme and that both 
parents must contribute a faulty version for the offspring to 
have the disorder. today, would this disorder be called domi-
nant or recessive? (see Concept 11.4.)

2. What polypeptide product would you expect from a poly-G 
mrnA that is 30 nucleotides long?

3. DRAW IT  the template strand of a gene contains the sequence 
3′-ttCAGtCGt-5′. suppose that the nontemplate sequence 
could be transcribed instead of the template sequence. Draw the 
nontemplate sequence in 3′ to 5′ order. then draw the mrnA 
sequence and translate it using Figure 14.6. (Be sure to pay at-
tention to the 5′ and 3′ ends, remembering that the mrnA is 
antiparallel to the DnA strand.) predict how well the protein syn-
thesized from the nontemplate strand would function, if at all.
For suggested answers, see Appendix A.
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 summary figures recap key information in a visual way. 
summary of key concepts Questions check students’ 
understanding of a key idea from each concept.

neW! synthesize your 
knowledge questions ask 
students to apply their 
understanding of the 
chapter content to explain 
an intriguing photo.

AP®
 level 3 questions include two 

types of questions correlated to the aP 
curriculum framework:

•  scientific inquiry Questions ask 
students to practice scientific thinking 
by developing hypotheses, designing 
experiments, and analyzing real 
research data in accordance with the 
seven science Practices outlined in the 
framework.

•  connect to the Big idea Questions 
give students practice connecting the 
chapter’s content to the four Big ideas 
outlined in the framework.

neW! QR Codes and URLs 
at the end of every chapter 
give students quick access 
to Vocabulary self-Quizzes 
and Practice Tests on their 
smartphones, tablets, and 
computers.

AP®
Every chapter closes with a  

critical-thinking question that invites students to 
relate chapter content to one or more Big ideas. 

•  Each Chapter Review 
includes at least one 
connect to Big idea 1  
Question that asks 
students to think critically 
about how an aspect of 
the chapter relates to 
evolution.

•  Every chapter has a 
section explicitly relating 
the chapter content to 
evolution (shown at right).

The summary of key concepts refocuses 
students on the main points of the chapter.

evolution, the fundamental theme of biology, 
is emphasized throughout. For example:
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3

4

Connect to the Big Ideas

The Campbell author team has been inspired by the ongoing changes 
in biology education to write the first edition of Campbell BIOLOGY IN 
FOCUS, AP Edition, a streamlined, 900-page textbook that was received 
with widespread excitement by educators. Guided by their feedback, we 
honed the Second Edition so that it does an even better job of helping 
students explore the key questions, approaches, and ideas of modern 
biology.

•  Offers AP specific chapter level features that clearly correlate the 
textbook’s content to the AP Curriculum Framework and prepare 
students for AP Exam success.

•  Features Scientific Skills Exercises that support the Framework’s 
Science Practices as students master data analysis, graphing, 
experimental design, and math skills.

Ready-to-Go Teaching 
Modules help instructors  
efficiently make use of the best 
teaching tools before, during, 
and after class. These Modules 
incorporate the best that the 
text, MasteringBiology, and 
Learning Catalytics have to 
offer, along with new ideas for 
in-class activities. The modules 
can be accessed through the 
Instructor Resources area of 
MasteringBiology.

Each Scientific Skills Exercise is based on an experiment 
related to the chapter content. Students will build skills 
in data analysis, graphing, experimental design, and 
math.

Practice Scientific Skills
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Species, most island species are closely related to species from 
the nearest mainland or a neighboring island. He explained 
this observation by suggesting that islands are colonized by 
species from the nearest mainland. These colonists eventually 
give rise to new species as they adapt to their new environ-
ments. Such a process also explains why two islands with 
similar environments in distant parts of the world tend to be 
populated not by species that are closely related to each other, 
but rather by species related to those of the nearest mainland, 
where the environment is often quite different.

What is theoretical About Darwin’s   
View of Life?
Some people dismiss Darwin’s ideas as “just a theory.” However, 
as we have seen, the pattern of evolution—the observation that 

might be found. For example, scientists have constructed evolu-
tionary trees for horses based on anatomical data. These trees and 
the ages of fossils of horse ancestors suggest that the genus that 
includes present-day horses (Equus) originated 5 million years 
ago in North America. Geologic evidence indicates that at that 
time, North and South America were not yet connected, mak-
ing it difficult for horses to travel between them. Thus, we would 
predict that the oldest Equus fossils should be found only on the 
continent on which the group originated—North America. This 
prediction and others like it for different groups of organisms have 
been upheld, providing more evidence for evolution.

We can also use our understanding of evolution to explain 
biogeographic data. For example, islands generally have many 
plant and animal species that are endemic (found nowhere 
else in the world). Yet, as Darwin described in The Origin of 

Scientific Skills exercise 

Can Predation Result in Natural Selection for Color Patterns 
in Guppies? What we know about evolution changes constantly as 
new observations lead to new hypotheses—and hence to new ways 
to test our understanding of evolutionary theory. Consider the wild 
guppies (Poecilia reticulata) that live in pools connected by streams on 
the  Caribbean island of trinidad. Male guppies have highly varied color 
patterns that are controlled by genes that are only expressed in adult 
males. Female guppies choose males with bright color patterns as mates 
more often than they choose males with drab coloring. But the bright 
colors that attract females also can make the males more conspicuous to 
predators. Researchers observed that in pools with few predator species, 
the benefits of bright colors appear to “win out,” and males are more 
brightly colored than in pools where predation is more intense.

one guppy predator, the killifish, preys on juvenile guppies that 
have not yet displayed their adult coloration. Researchers predicted 
that if adult guppies with drab colors were transferred to a pool 
with only killifish, eventually the descendants of these guppies 
would be more brightly colored (because of the female preference 
for brightly colored males).

How the Experiment Was Done Researchers transplanted 
200 guppies from pools containing pike-cichlid fish, intense preda-
tors of adult guppies, to pools containing killifish, less active preda-
tors that prey mainly on juvenile guppies. they tracked the number 
of bright-colored spots and the total area of those spots on male 
guppies in each generation.

Data from the Experiment After 22 months (15 generations), 
researchers compared the color pattern data for guppies from the 
source and transplanted populations.
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Data from J. A. Endler, natural selection on color patterns in Poecilia reticulata, 
Evolution 34:76–91 (1980).

INtERPREt tHE Data

1. identify the following elements of hypothesis-based science 
in this example: (a) question, (b) hypothesis, (c) prediction, 
(d) control group, and (e) experimental group. (For additional 
information about hypothesis-based science, see Chapter 1 and 
the Scientific Skills Review in Appendix F and the Study Area of 
MasteringBiology.)

2. Explain how the types of data the researchers chose to collect 
 enabled them to test their prediction.

3. What conclusion do you draw from the data presented above?
4. Predict what would happen if, after 22 months, guppies from 

the transplanted population were returned to the source pool. 
 Describe an experiment to test your prediction.

  A related version of this Scientific Skills Exercise can be assigned 
in MasteringBiology.

Making and Testing Predictions

Pools with killifish,
but no guppies 
prior to transplant

Guppies
transplanted

Pools with
pike-cichlids
and guppies

AP®  SPs 1.4, 4.1, 4.2, 5.1, 5.3, 6.4, 7.2

Each Scientific Skills 
Exercise is based on an 
experiment related to 
the chapter content. 
Students will build  
skills in data analysis,  
graphing, experimental  
design, and math. 

Most Scientific Skills 
Exercises use data 
from published 
research, cited in the 
exercise.

AP Biology framework 
science Practices are 
highlighted at point  
of use. 

Questions build in 
difficulty, walking 
students through new 
skills step by step and 
providing opportunities 
for higher-level critical 
thinking.

every chapter has a scientific skills exercise:

1. Interpreting a Pair of Bar Graphs, p. 18

2. Interpreting a Scatter Plot with a Regression Line, p. 40

3. Analyzing Polypeptide Sequence Data, p. 69

4. Using a Scale Bar to Calculate Volume and Surface Area  
of a Cell, p. 80

5. Interpreting a Scatter Plot with Two Sets of Data, p. 109

6. Making a Line Graph and Calculating a Slope, p. 134

7. Making a Bar Graph and Evaluating a Hypothesis, p. 155

8. Making Scatter Plots with Regression Lines, p. 176

9. Interpreting Histograms, p. 196

10. Making a Line Graph and Converting Between Units of  
Data, p. 210

11. Making a Histogram and Analyzing a Distribution  
Pattern, p. 227 

12. Using the Chi-Square (χ2) Test, p. 246 

13. Working with Data in a Table, p. 257

14. Interpreting a Sequence Logo, p. 294

15. Analyzing DNA Deletion Experiments, p. 313

16. Analyzing Quantitative and Spatial Gene Expression Data, p. 325

17. Analyzing a Sequence-Based Phylogenetic Tree to Understand 
Viral Evolution, p. 353

18. Reading an Amino Acid Sequence Identity Table, p. 370

19. making and testing Predictions, shown above and on p. 392 

20. neW! Using Protein Sequence Data to Test an Evolutionary 
Hypothesis, p. 410

21. Using the Hardy-Weinberg Equation to Interpret Data and Make 
Predictions, p. 420

22. Identifying Independent and Dependent Variables, Making a 
Scatter Plot, and Interpreting Data, p. 441

23. Estimating Quantitative Data from a Graph and Developing 
Hypotheses, p. 459

scientific skills exercises in every chapter help students master the 
Science Practices of the AP Biology Curriculum Framework. 
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24. Making a Bar Graph and Interpreting Data, p. 493

25. Interpreting Comparisons of Genetic Sequences, p. 501

26. neW! Interpreting Genomic Data and Generating  
Hypotheses, p. 529

27. Understanding Experimental Design and Interpreting  
Data, p. 570

28. Using Bar Graphs to Interpret Data, p. 582

29. Calculating and Interpreting Temperature  
Coefficients, p. 597

30. Using Positive and Negative Correlations to Interpret  
Data, p. 632

31. Interpreting Experimental Results from a Bar  
Graph, p. 656

32. Describing and Interpreting Quantitative  
Data, p. 679

33. Interpreting Data from an Experiment with  
Genetic Mutants, p. 704

34. interpreting Data in Histograms, shown above and on p. 721

35. Comparing Two Variables on a Common x-Axis, p. 748 

36. Making Inferences and Designing an Experiment, p. 761

37. Interpreting Data Values Expressed in Scientific Notation, p. 787

38. Designing an Experiment Using Genetic Mutants, p. 797

39. Interpreting a Graph with Log Scales, p. 825

40. Using the Logistic Equation to Model Population Growth, p. 860

41. Using Bar Graphs and Scatter Plots to Present and Interpret  
Data, p. 870

42. Interpreting Quantitative Data in a Table, p. 893

43. Graphing Cyclic Data, p. 922

AP® Includes neW AP® exam-style Practice Questions that test students’ mastery of the Framework’s Learning Objectives and companion 
Science Practices. These questions can be found in both MasteringBiology and ExamView. 

Each Scientific Skills Exercise from the text also has an assignable, 
interactive tutorial version in masteringBiology® that is automatically 
graded and includes coaching feedback.
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Practice Scientific Skills
Scientific Skills Exercises in every chapter help students master the Science Practices  
of the AP Biology Curriculum Framework

Connect Visually 

Make Connections Figures pull together  
content from different chapters, providing a  
visual representation of “big picture”  
relationships, helping students to connect  
and relate knowledge across domains.
Make Connections Questions ask students  
to relate content in the chapter to material 
presented earlier in the course.

Make Connections Visually
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All but the simplest 
multicellular organisms 
must transport nutrients and 
waste products between locations in the body. A system of 
tubelike vessels is the common evolutionary solution, while the 
mechanism of circulation varies. Plants harness solar energy 
to transport water, minerals, and sugars through specialized
tubes (left). In animals, a pump (heart) moves circulatory fluid 
through vessels (right). (See Figure 28.9 and Figure 34.3.)

In sexual reproduction, 
specialized tissues and 
structures produce and 
exchange gametes. Offspring 
are generally supplied with 
nutritional stores that facilitate 
rapid growth and development. 
For example, seeds (left) have 
stored food reserves that supply energy to the young seedling, 
while milk provides sustenance for juvenile mammals (right). 
(See Figure 30.8 and Figure 32.7.)

The exchange of certain 
gases with the environment 
is essential for life. 
Respiration by plants and 
animals requires taking up 
oxygen (O2) and releasing carbon dioxide (CO2). In photosynthesis, 
net exchange occurs in the opposite direction: CO2 uptake and O2 
release. In both plants and animals, highly convoluted surfaces that 
increase the area available for gas exchange have evolved, such as 
the spongy mesophyll of leaves (left) and the alveoli of lungs (right). 
(See Figure 28.17 and Figure 34.20.)
 

Organisms need to absorb nutrients. The root hairs 
of plants (left) and the villi (projections) that line 
the intestines of vertebrates (right) increase the 
surface area available for absorption. (See Figure 28.4 
and Figure 33.10.)

Transport

Reproduction

Absorption

Gas Exchange

Multicellular organisms face a common set 
of challenges. Comparing the solutions that 
have evolved in plants and animals reveals 
both unity (shared elements) and diversity 
(distinct features) across these two lineages.

All forms of life must detect and respond 
appropriately to conditions in their 
environment. Specialized organs sense 
environmental signals. For example, 
the floral head of a sunflower (left) and 
an insect’s eyes (right) both contain 
photoreceptors that detect light. 
Environmental signals activate specific 
receptor proteins, triggering signal 
transduction pathways that initiate 
cellular responses coordinated by 
chemical and electrical communication. 
(See Figure 31.12 and Figure 38.26.)
 

All living things must obtain energy and carbon from the 
environment to grow, survive, and reproduce. Plants are 
autotrophs, obtaining their energy through photosynthesis 
and their carbon from inorganic sources, whereas animals are 
heterotrophs, obtaining their energy and carbon from food. 
Evolutionary adaptations in plants and animals support these 
different nutritional modes. The broad surface of many leaves 
(left) enhances light capture for photosynthesis. When hunting, 
a bobcat relies on stealth, speed, and sharp claws (right). (See 
Figure 29.2 and Figure 33.14.)

The growth and physiology of both plants and animals are 
regulated by hormones. In plants, hormones may act in a local 
area or be transported in the body. They control growth patterns, 
flowering, fruit development, and more (left). In animals, 
hormones circulate throughout the body and act in specific 

target tissues, controlling 
homeostatic processes and 
developmental events such 
as molting (below).                       
(See Table 31.1 and Figure 33.19.)

Nutritional Mode

Growth and Regulation
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▼ Figure 32.3 
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neW! Make 
connections figures 
pull together content 
from different chapters, 
helping students 
connect and relate 
knowledge across 
various scales, concepts, 
and representations  
in and across domains.

Figure 3.30  Contributions of 
Genomics and Proteomics  
to Biology, p. 68

Figure 8.20  The Working Cell, 
pp. 178–179

Figure 16.21  Genomics,  
Cell Signaling, and Cancer, 
pp. 338–339

Figure 21.15  The Sickle-Cell 
Allele, pp. 428–429

Figure 26.14  Maximizing  
Surface Area, p. 526

Figure 29.10  Mutualism Across 
Kingdoms and Domains, p. 603

Figure 32.3  Life Challenges  
and Solutions in Plants and 
Animals, shown at right and  
on pp. 666–667

Figure 37.8  Ion Movement and 
Gradients, p. 777

Figure 42.18  The Working 
Ecosystem, pp. 902–903

Figure 43.28  Climate Change 
Has Effects at All Levels of 
Biological Organization, 
pp. 924–925

Make connections 
figures include:
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Ready-to-Go Teaching Modules 

neW! Ready-to-Go Teaching Modules

ready-to-Go teaching modules help instructors efficiently make use of 
the best teaching tools before, during, and after class.

neW! The ready-to-Go teaching 
modules incorporate the best that the 
text, MasteringBiology, and Learning 
Catalytics have to offer, along with new 
ideas for in-class activities. The modules 
can be accessed through the Instructor 
Resources area of MasteringBiology.

Learning Catalytics™ allows students to use their 
smartphone, tablet, or laptop to respond to questions 
in class. Visit www.learningcatalytics.com.

Instructors can easily incorporate active 
learning into their courses using suggested 
activity ideas and questions for use with 
classroom response systems, including 
Learning Catalytics.
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