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Cell Walls

1. What is the main difference between the cell walls of Gram-negative and Gram-positive bacteria?  

2. Explain why antibiotics targeting the bacterial cell wall will not affect the people taking them:  

3. Describe two functions of cell walls:  

57
Key Idea: Cell walls give structure to cells. They are found in 
bacteria, fungi, and plants.
Cell walls are structural components of cells external to the 
plasma membrane. They give the cell support and protection, 

preventing over expansion when the pressure inside a cell 
rises. Cell walls come in a variety of molecular structures. 
A major component of bacterial cell walls is peptidoglycan, 
whereas the major component of plant cell walls is cellulose.

Bacteria can be divided into two major groups, Gram-positive or 
Gram-negative based on how they appear when treated with certain 
stains. This is determined by wall structure. Gram negative bacteria 
have an outer membrane over a thin layer of peptidoglycan. The 
Archaeans also lack peptidoglycan in their cell wall.

Plant cell walls comprise three major elements: cellulose, 
hemicellulose, and pectin. Hemicellulose links the cellulose into a 
matrix, which is embedded with pectin. The cell wall provides the 
cell with support. Internal pressure (turgor) pushes against the 
wall and produces a rigid cell that can (together with other cells) 
support the mass and structure of the plant.

Fungal cell walls are a unique structure of chitin, b-glucans 
(b-D-glucose polysaccharides), and mannoproteins 
(proteins with mannose sugar attached). As in plants, the 
cell wall offers the fungus support and structure. Antifungal 
medicines target the chitin in the fungal cell wall because 
its uniqueness to fungi.

Gram-positive bacteria have a thick layer of peptidoglycan 
beyond the plasma membrane. Peptidoglycan is made up 
of polysaccharide chains cross-linked by various peptides. 
The gram positive bacterial cell wall is a major target in 
the development of antibiotics. 
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Transcription is the First Step in Gene Expression106

1. (a) Name the enzyme responsible for transcribing the DNA:

(b) What strand of DNA does this enzyme use?

(c) The code on this strand is the [ same as / complementary to ] the RNA being formed (circle correct answer).

(d) Which nucleotide base replaces thymine in mRNA?

(e) On the diagram, use a colored pen to mark the beginning and end of the protein-coding region being transcribed.

2. (a)  In which direction is the RNA strand synthesized?

(b) Explain why this is the case:

3. (a) Why is AUG called the start codon?

(b) What would the three letter code be on the DNA coding strand?

Key Idea: Transcription is the first step of gene expression. 
It involves the enzyme RNA polymerase rewriting the 
information into a primary RNA transcript. In eukaryotes, 
transcription takes place in the nucleus. 
Transcription is the first stage of gene expression. It takes 
place in the nucleus and is carried out by the enzyme 
RNA polymerase, which rewrites the DNA into a primary 
RNA transcript using a single template strand of DNA. The 

protein-coding portion of a gene is bounded by an upstream 
start (promoter) region and a downstream terminator region. 
These regions control transcription by telling RNA polymerase 
where to start and stop transcription. In eukaryotes, non 
protein-coding sections called introns must first be removed 
and the remaining exons spliced together to form the mature 
mRNA before the gene can be translated into a protein. This 
editing process also occurs in the nucleus.

5'

Transcription is carried out by RNA polymerase (RNAP)

Several RNA polymerases may 
transcribe the same gene at 
any one time, allowing a high 
rate of mRNA synthesis. 

Direction of 
transcription

Template (antisense) 
strand of DNA stores 
the information that is 
transcribed into mRNA

The primary RNA transcript is 
edited to form the mature mRNA 
and then passes to the cytoplasm 
where the nucleotide sequence is 
translated into a polypeptide.

Newly synthesized RNA 
strand is complementary 
to the template strand

Translation will 
begin at the start 
codon AUG

mRNA nucleotides. Free 
nucleotides are used to 
construct the RNA strand

Coding (sense) 
strand of DNA

RNA polymerase (RNAP)
adds nucleotides to the 3' end 
so the strand is synthesized 
in a 5' to 3' direction.

RNA polymerase binds at the 
upstream promoter region

RNA polymerase 
dissociates at the 
terminator region

3'

3'

3'

5'

5'

WEB

106
CONNECT

179
AP1

AP Biology 1-2 Sample packet 2017 v2.indd   148 28/06/17   2:07 PM

• The four big ideas provide a thematic framework for 
presenting a wealth of illustrative examples to support 
required content.

• Concept maps make connections between key content 
areas.

• Enduring understandings are clearly identified and 
explored through the essential knowledge statements, 
the learning objectives, and the supporting activities.

• Chapter introductions are based on the Essential 
Knowledge statements of the curriculum and summarize 
the learning objectives for the students.

• Inquiry-based learning is emphasized.

• Science practices are supported with specific content 
and identified throughout, providing the preparation for 
independent inquiry.

• A range of engaging activities support independence, 
critical thinking, and inquiry.

• Flexible, concept-based structure accommodates 
diverse learning styles and allows for multiple approaches 
to teaching essential knowledge.

Key Idea
This new feature 
provides a focus 
for the activity and 
provides a clear 
take-home message 
for the student.

Activity number
Numbered activities 
make it easy to 
navigate through 
the book and locate 
concept and content 
connections.

Visual impact
Annotated diagrams 
and photographs
deliver the content,
directly or indirectly 
providing the
information
necessary to 
complete the activity.

Questions
The questions provide a tool to develop and 
evaluate skills and understanding. A wide range 
of tasks, including free response, data analysis 
and presentation, and interpretation and 
evaluation of evidence, build confidence and 
competence.

Task codes
Indicates the
type of activity.

Concise content
Comprehensive 
content is presented 
concisely and logically, 
encouraging student 
engagement with the 
information.

Weblinks
External URLs 
providing support for 
the activity (available 
through Biozone’s 
dedicated link).

Concept and content connections
These tabs give the activity number of related 
content or concepts elsewhere in the book.

Science Practices
This tab identifies the science practices 
associated with the activity.



The Biochemistry of LifeEnduring 
Understanding

2.A
4.A

Key terms
amino acid

amphipathic

carbohydrate

dehydration synthesis  
(=condensation)

DNA

hydrolysis

hydrophilic

hydrophobic

lipid

monomer

non-polar

nucleic acid

nucleotide

phospholipid

polar

polymer

primary structure

protein

quaternary structure

RNA

secondary structure

sugar

surface area to 
volume ratio

tertiary structure

2.A.3 Organisms must exchange matter with the environment 
to grow, reproduce, and maintain organization

Activity 
number

Essential knowledge

(a)  Molecules and atoms from the environment are necessary to build new molecules

c 1 Explain how carbon moves from the environment and how it is used to build 
new molecules and in storage and cell formation in organisms.

21  24  25

c 2 Describe how nitrogen and phosphorus move from the environment to 
organisms and how they are used in building new molecules in organisms.

21  24  25

c 3 Explain how living systems depend on the properties of water that arise from 
its polarity and hydrogen bonding. Include reference to cohesion, adhesion, 
thermal conductivity, high specific heat capacity, heat of vaporization, and heat 
of fusion, and role as a universal solvent.

22  23

(b)  Surface area to volume ratios affect ability to make exchanges with the environment

c 1 Describe how the SA:V changes as cells increase in size and how this constrains 
cell size. Using examples, explain how the cells and structures of organisms 
enable adequate exchanges of materials and energy with the environment. 

41  42

c 2 Understand that the surface area of the plasma membrane must be large 
enough to supply the needs of the cell. Explain why smaller cells have a more 
favorable SA:V ratio for the exchange of materials with the environment.

42  43

c PR-4 Investigate factors affecting diffusion rates in model cells [Procedure 1]. 43

4.A.1 The subcomponents of biological molecules and their 
sequence determine the properties of that molecule

Activity 
number

Essential knowledge

(a)  The structure and function of polymers are derived from the way their 
monomers are assembled

c 1 Describe the structure of nucleic acids, including reference to the components 
of individual nucleotides and how the nucleotides are organized into polymers. 
Describe the structural and functional differences between DNA and RNA.

27  28

c 2 Explain how the specific order of amino acids in polypeptide (the primary 
structure) interacts with the environment to determine the overall shape of the 
protein molecule and its function. Explain how the properties of the amino acid 
R groups and their interactions determine final protein structure and function.

29 - 33

c 3 Describe the non-polar nature of a typical lipid (e.g. a triacyl glycerol) and explain 
how phospholipids differ in having polar and non-polar regions. Explain how 
differences in fatty acid saturation determine lipid structure and function.

34  35

c 4 Explain how carbohydrates are constructed from sugar monomers by 
dehydration synthesis (condensation) and how the structures and bonding 
determine the properties and functions of the polymer. To illustrate this, compare 
the structure of glucose polymers such as cellulose, starch, and glycogen.

36 - 40

c SKILL Use simple biochemical tests to distinguish sugars, proteins, and lipids. 26

(b)  Directionality influences structure and function of the polymer

c 1 Nucleic acids have directionality, defined by the 3' and a 5' carbons of the sugar 
in the nucleotide. Explain how the directionality of the molecule determines the 
direction of nucleotide addition during DNA synthesis and transcription (5'3').

27  28

c 2 Describe how proteins have an amino (NH2) end and a carboxyl (COOH) end. 
Explain how this determines the primary structure of a protein as a linear 
sequence of amino acids joined by peptide bonds.

29  30

c 3 Explain how the nature of the bonding between sugar monomers determines 
their orientation in the carbohydrate, which then determines 2° structure.

36  37  40
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1. Explain the importance of the amino acid sequence in protein folding:  

2. Why do channel proteins often fold with non-polar R groups to the channel's exterior and polar R groups to its interior?

3. Why does denaturation often result in the loss of protein functionality?  
 

Protein Shape is Related to Function

Channel proteins
Proteins that fold to form channels in the 
plasma membrane present non-polar R 
groups to the membrane and polar R groups 
to the inside of the channel. Hydrophilic 
molecules and ions are then able to pass 
through these channels into the interior of 
the cell. Ion channels are found in nearly all 
cells and many organelles.

Enzymes
Enzymes are globular proteins that 
catalyze specific reactions. Enzymes that 
are folded to present polar R groups at 
the active site will be specific for polar 
substances. Non-polar active sites will 
be specific for non-polar substances. 
Alteration of the active site by extremes of 
temperature or pH cause a loss of function.

Active 
site

Amylase

31
Key idea: Interactions between amino acid R groups direct 
a polypeptide chain to fold into its functional shape. When a 
protein is denatured, it loses its functionality.
A protein may consist of one polypeptide chain, or several 
polypeptide chains linked together. Hydrogen bonds between 
amino acids cause it to form its secondary structure, either 

an a-helix or a b-pleated sheet. The interaction between R 
groups causes a polypeptide to fold into its tertiary structure, 
a three dimensional shape held by ionic bonds and disulfide 
bridges (bonds formed between sulfur containing amino 
acids). If bonds are broken (through denaturation), the protein 
loses its tertiary structure, and its functionality. 

Protein denaturation
When the chemical bonds holding a protein together 
become broken the protein can no longer hold its 
three dimensional shape. This process is called 
denaturation, and the protein usually loses its ability 
to carry out its biological function.

There are many causes of denaturation including 
exposure to heat or pH outside of the protein's 
optimum range. The main protein in egg white is 
albumin. It has a clear, thick fluid appearance in a 
raw egg (right). Heat (cooking) denatures the albumin 
protein and it becomes insoluble, clumping together 
to form a thick white substance (far right).

The shape of a protein reflects its biological role

Raw (native) 
egg white

Cooked (denatured) 
egg white

Sub-unit proteins
Many proteins, e.g. insulin and 
hemoglobin, consist of two or more 
sub-units in a complex quaternary 
structure, often in association with a 
metal ion. Active insulin is formed by 
two polypeptide chains stabilized by 
disulfide bridges between neighboring 
cysteines. Insulin stimulates glucose 
uptake by cells.

H2N

H2N

COOH

COOH

Ser

Pro

Arg

Glu

Glu

Thr

Thr

Tyr

Tyr

His

HisHis

Cys

Cys

Gly

Gly

Gly

Gln

Ala

Lys

Val

Val

Val

Leu

Leu

Leu

Leu

Asn

Val
Glu

Glu

Ile

Ile

Leu

Thr

Ser

Ser

Tyr

Tyr

Gly

Cys

Cys
Cys

CysGln

Gln

Leu

Asn

Asn

Phe

Phe

Phe

S

S S

S

S

Sa chain

b chain
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Cell Walls

1. What is the main difference between the cell walls of Gram-negative and Gram-positive bacteria?  

2. Explain why antibiotics targeting the bacterial cell wall will not affect the people taking them:  

3. Describe two functions of cell walls:  

57
Key Idea: Cell walls give structure to cells. They are found in 
bacteria, fungi, and plants.
Cell walls are structural components of cells external to the 
plasma membrane. They give the cell support and protection, 

preventing over expansion when the pressure inside a cell 
rises. Cell walls come in a variety of molecular structures. 
A major component of bacterial cell walls is peptidoglycan, 
whereas the major component of plant cell walls is cellulose.

Bacteria can be divided into two major groups, Gram-positive or 
Gram-negative based on how they appear when treated with certain 
stains. This is determined by wall structure. Gram negative bacteria 
have an outer membrane over a thin layer of peptidoglycan. The 
Archaeans also lack peptidoglycan in their cell wall.

Plant cell walls comprise three major elements: cellulose, 
hemicellulose, and pectin. Hemicellulose links the cellulose into a 
matrix, which is embedded with pectin. The cell wall provides the 
cell with support. Internal pressure (turgor) pushes against the 
wall and produces a rigid cell that can (together with other cells) 
support the mass and structure of the plant.

Fungal cell walls are a unique structure of chitin, b-glucans 
(b-D-glucose polysaccharides), and mannoproteins 
(proteins with mannose sugar attached). As in plants, the 
cell wall offers the fungus support and structure. Antifungal 
medicines target the chitin in the fungal cell wall because 
its uniqueness to fungi.

Gram-positive bacteria have a thick layer of peptidoglycan 
beyond the plasma membrane. Peptidoglycan is made up 
of polysaccharide chains cross-linked by various peptides. 
The gram positive bacterial cell wall is a major target in 
the development of antibiotics. 
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Types of Cell Signaling80
Key Idea: The majority of cell signals bind to extracellular 
receptors to exert their effect. However some cell signals are 
able to pass through the plasma membrane and bind directly 
to intracellular receptors within the cell to exert their effect.
Cell receptors fall into two broad classes. Extracellular 
receptors bind signal molecules outside of the cell. The 

signal molecule does not have to pass across the plasma 
membrane to cause a cellular response. Most cell receptors 
are extracellular receptors. Intracellular receptors bind 
signal molecules that have passed into the cell directly across 
the plasma membrane. Intracellular receptors may be located 
in the cytoplasm or on the nucleus.

Hydrophilic signal molecules are water soluble and cannot 
cross the plasma membrane. They cannot exert their effect 
without the aid of an extracellular receptor. Hydrophilic signals 
include water soluble hormones such as epinephrine. The 
signal molecule is called the first messenger. When it binds, 
the extracellular receptor is activated, triggering a sequence 
of biochemical reactions, including activation of a second 
messenger. As a consequence of these sequential reactions, the 
original signal is amplified, bringing about a cellular response.

Hydrophobic signal molecules diffuse freely across the 
plasma membrane and into the cytoplasm of target cells. In 
the example above the signal molecule binds to a receptor in 
the cytoplasm to form a receptor/signal complex. The complex 
moves to the cell nucleus where it acts as a transcription 
factor to alter gene transcription, thus controlling the 
expression of specific genes. Steroid hormones, such as 
cortisol and sex hormones, are examples of hydrophobic 
signal molecules.

Hydrophobic signal molecules are 
received by intracellular receptors

Hydrophilic signal molecules are 
received by extracellular receptors

The first messenger 
(signal molecule) binds to 
the receptor protein

Enzyme

Plasma 
membrane

Protein subunit from 
the receptor protein 
activates the enzyme 

Active enzyme produces a 
second messenger

The second messenger 
triggers a cascade of 
phosphorylation events 
leading to a cellular response

Cell response

P

Second 
messenger

Receptor 
protein

Extracellular 
fluid

Cytoplasm

Plasma 
membrane

Extracellular 
fluid

Cytoplasm
Cell response

Signal molecule

Signal binds to 
receptor to form a  
receptor/signal 
complex 

Receptor/signal 
complex acts as a 
transcription factor, 
binding to DNA to 
begin transciption

Lipid soluble signal 
molecule passes 
across the plasma 
membrane

Nucleus

DNA

The protein product 
produced alters the 
cell’s activity

Cortisol is involved in glucose 
metabolism and response to stress

Epinephrine accelerates heart rate and 
is involved in the fight or flight response
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1. Describe the differences between an intracellular receptor and an extracellular receptor:  

2. What must a signal molecule do in order to activate a receptor?  

3.  In terms of their ability to cross the plasma membrane, describe the difference between a hydrophobic signal molecule 
and a hydrophilic signal molecule: 

4. (a) Outline the process when signal transduction occurs via an extracellular receptor:  

 (b) Describe the differences between a first messenger and a second messenger:  

5. Outline the process when signal transduction occurs via an intracellular receptor:   

6. The diagram on the right represents a cell signaling process.

 (a) Does this diagram represent an extracellular or intracellular 
signaling process? Explain your answer:

 

 (b) What type of receptor is B?  
 

 (c) What does A represent?  
 

 (d) Would A be hydrophobic or hydrophilic? Explain your answer:  

Cell 
response

Plasma membrane

A B

AP Biology 1-2 Sample packet 2017 v2.indd   109 28/06/17   2:07 PM



148

KNOW 

©2017 BIOZONE International
ISBN: 978-1-927309-62-9
Photocopying permitted for trial

PRACTICES

148

Transcription is the First Step in Gene Expression106

1. (a) Name the enzyme responsible for transcribing the DNA:

(b) What strand of DNA does this enzyme use?

(c) The code on this strand is the [ same as / complementary to ] the RNA being formed (circle correct answer).

(d) Which nucleotide base replaces thymine in mRNA?

(e) On the diagram, use a colored pen to mark the beginning and end of the protein-coding region being transcribed.

2. (a)  In which direction is the RNA strand synthesized?

(b) Explain why this is the case:

3. (a) Why is AUG called the start codon?

(b) What would the three letter code be on the DNA coding strand?

Key Idea: Transcription is the first step of gene expression. 
It involves the enzyme RNA polymerase rewriting the 
information into a primary RNA transcript. In eukaryotes, 
transcription takes place in the nucleus. 
Transcription is the first stage of gene expression. It takes 
place in the nucleus and is carried out by the enzyme 
RNA polymerase, which rewrites the DNA into a primary 
RNA transcript using a single template strand of DNA. The 

protein-coding portion of a gene is bounded by an upstream 
start (promoter) region and a downstream terminator region. 
These regions control transcription by telling RNA polymerase 
where to start and stop transcription. In eukaryotes, non 
protein-coding sections called introns must first be removed 
and the remaining exons spliced together to form the mature 
mRNA before the gene can be translated into a protein. This 
editing process also occurs in the nucleus.

5'

Transcription is carried out by RNA polymerase (RNAP)

Several RNA polymerases may 
transcribe the same gene at 
any one time, allowing a high 
rate of mRNA synthesis. 

Direction of 
transcription

Template (antisense) 
strand of DNA stores 
the information that is 
transcribed into mRNA

The primary RNA transcript is 
edited to form the mature mRNA 
and then passes to the cytoplasm 
where the nucleotide sequence is 
translated into a polypeptide.

Newly synthesized RNA 
strand is complementary 
to the template strand

Translation will 
begin at the start 
codon AUG

mRNA nucleotides. Free 
nucleotides are used to 
construct the RNA strand

Coding (sense) 
strand of DNA

RNA polymerase (RNAP)
adds nucleotides to the 3' end 
so the strand is synthesized 
in a 5' to 3' direction.

RNA polymerase binds at the 
upstream promoter region

RNA polymerase 
dissociates at the 
terminator region

3'

3'

3'

5'

5'
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Comparing gene expression in prokaryotes and eukaryotes
In both prokaryotes and eukaryotes, genes are transcribed by RNA polymerase and translated by ribosomes. However, there are 
some important differences. In eukaryotes, primary RNA must be edited and processed before passing from the nucleus to the 
cytoplasm. In prokaryotes, there is no nucleus and ribosomes can begin translating a gene while it is still being transcribed. 

4. For the following triplets on a DNA template strand, state the codon sequence for the mRNA that would be synthesized:

 Triplets on the DNA: T A C   T A G   C C G   C G A   T T T

 Codons on the mRNA:   
  

 Triplets on the DNA: T A C   A A G   C C T   A T A   A A A

 Codons on the mRNA:   
  

5. What is the significance of the promoter and terminator regions on the DNA? 

6. Why might a cell employ several RNA polymerases to produce multiple RNA transcripts of a gene at any one time?  

7. Based on the diagram above, describe two differences between gene expression in prokaryotes and eukaryotes:

 (a) 

 (b)

8. Based on the diagram above, how is gene expression in prokaryotes and eukaryotes similar?  

9. What benefit might there be to the way in which prokaryotes can begin translation while a gene is still being transcribed? 

Nucleus
DNADNA

mRNA

Cytoplasm

Transcription 
and processing

Transcription

mRNA

Growing polypeptide

Transport

Translation by 
ribosomes

Translation by 
ribosomes

5'

5'

5'

3'

3'

Prokaryote Eukaryote

RNAP

RNAP

148
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1 2 3 4 5 1 2 4 5 1 2 3 5

Exon 2Exon 1 Exon 3 Exon 4 Exon 5

1 2 3 4 5 1 2 4 5 1 2 3 5

Exon 2Exon 1 Exon 3 Exon 4 Exon 5

mRNA Processing in Eukaryotes107

1. What is the purpose of the caps and tail on mRNA?  

2. (a) What happens to the intronic sequences in DNA after transcription?  

 (b) What is one possible fate for these introns?  

3. How can so many proteins be produced from so few genes?  

4. If a human produces 1 million proteins, but human DNA codes for only 25,000 genes, on average how many proteins are 
produced per gene?

Post transcriptional modification
 fHuman DNA contains 25,000 genes, but produces up to one million different proteins. Each gene must therefore produce more 
than one protein. This is achieved through both post-transcriptional modification of the mRNA as well as post translational 
modifications, such as glycosylation and addition of phosphates.

 fPrimary RNA contains both protein coding exons and non-protein coding introns. Introns are usually removed after transcription 
and may be processed to create regulatory elements such as microRNAs. The exons are then spliced together ready to 
be translated. However, there are many alternative ways to splice the exons and these alternatives create variations in the 
translated proteins. The most common method of alternative splicing involves exon skipping, in which not all exons are spliced 
into the final mRNA (below). Other splicing options create further variants.

Primary RNA is modified by the addition of caps and tails
 fAfter transcription, both ends of the primary RNA are modified by enzymes to create 'caps' and 'tails' (below). These 
modifications protect the RNA from degradation and help its transport through the nuclear pore.

Three splicing alternatives creates three different proteins

Splicing

Key Idea: Primary mRNA molecules are modified after 
transcription so that the mRNA can exit the nucleus. Post 
transcriptional modification also enables the cell to produce 
a wide variety of proteins from a smaller number of genes. 
Once a gene is transcribed, the primary transcript is modified  
to produce the mRNA strand that will be translated in the 

cytoplasm. Modifications to the 5' and 3' ends of the transcript 
enable the mRNA to exit the nucleus and remain stable 
long enough to be translated. Other post transcriptional 
modifications remove non-protein coding intronic DNA and 
splice exons in different combinations to produce different 
protein end products. 

5' modification (capping)
A guanine nucleotide cap is added to the 5' end of 
the primary transcript to protect it from degradation 
during transport from the nucleus to the cytoplasm. 

3' modification (poly-A tails)
Multiple adenosine nucleotides are added to the 
primary transcript. These poly-A tails aid nuclear 
export, translation, and stability of the mRNA.

Primary RNA

Intron Intron Intron Intron
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This table shows the N-terminal 22 amino acid residues of human cytochrome c, with corresponding sequences from other organisms 
aligned beneath. Sequences are aligned to give the most position matches. A shaded square indicates no change. In every case, the 
cytochrome's heme group is attached to the Cys-14 and Cys-17. In Drosophila, wheat, and yeast, arrows indicate that several amino acids 
precede the sequence shown.

Cytochrome c and the molecular clock theory

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Human Gly Asp Val Glu Lys Gly Lys Lys Ile Phe Ile Met Lys Cys Ser Gln Cys His Thr Val Glu Lys

Pig Val Gln Ala

Chicken Ile Val Val Gln Ala

Dogfish Val Val Gln Ala Asn

Drosophila << Leu Val Gln Arg Ala Ala

Wheat << Asn Pro Asp Ala Ala Lys Thr Arg Ala Asp Ala

Yeast << Ser Ala Lys Ala Thr Leu Lys Thr Arg Glu Leu

Average amino acid substitutions

30 25 20 15 10 5 0

Human
Monkey
Dog

Horse
Donkey

Pig
Kangaroo
Rabbit
Pigeon

Duck
Chicken
Turtle
Rattlesnake
Tuna
Screwworm fly

Samia cynthis (moth)
Neurospora crassa (mold)
Saccharomyces (baker’s yeast)
Candida krusei (yeast)

Ancestral

organism

The sequence homology of cytochrome c (right), 
a respiratory protein, has been used to construct 
a phylogenetic tree for some species. Overall, the 
phylogeny aligns well to other evolutionary data, although 
the tree indicates that primates branched off before the 
marsupials diverged from other placental mammals, 
which is incorrect based on other evidence. Highly 
conserved proteins, such as cytochrome c, change very 
little over time and between species because they carry 
out important roles and if they changed too much they 
may no longer function properly. 

1. Describe a limitation of using molecular clocks to establish phylogeny:  

2. For cytochrome c, suggest why amino acids 14 and 17 are unchanged in all the organisms shown in the table:

The Molecular Clock Hypothesis239
Key Idea: The molecular clock hypothesis proposes that 
mutations occur at a steady rate and that changes in DNA 
sequences between species can determine phylogeny.
The molecular clock hypothesis states that mutations occur 
at a relatively constant rate for any given gene. The genetic 
difference between any two species can indicate when two 

species last shared a common ancestor and can be used 
to construct a phylogenetic tree. The molecular clock for 
each species, and each protein, may run at different rates, 
so molecular clock data is calibrated with other evidence 
(e.g. morphological) to confirm phylogeny. Molecular clock 
calculations are carried out on DNA or amino acid sequences.

In a theoretical example, the DNA 
sequence for a gene in two species (A 
& B, right) alive today differs by four 
bases. The mutation rate for the gene is 
approximately one base per 25 million 
years. Based on this rate, it can be 
determined that the common ancestor for 
these two species lived 50 mya. 

+ 25 million years

mutation 1 occurred

Time 0 + 50 million years

mutation 2 occurred

Common 
ancestor

CAATTTATCG

CAATTGATCG

CAATTTATCT CAATTTATTT

CAATCGATCG (A)

(B)
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Evolution of Novel Forms
Key Idea: The varied appendages of arthropods (and 
some other animals) can be linked to the duplication and 
modification of  genes and their expression.
Evolutionary developmental biology (or evo-devo) is a 
relatively new area in evolutionary biology that examines 
how modifications in developmental processes can lead to 
novel features. Even very small changes (mutations) in the 
genes controlling development can have a profound effect 
on morphology, and have been important in the evolution 
of novel structures and body plans. Arthropods, as well 
as annelids and vertebrates, have a highly modular body 

structure, i.e. the body is made up of repeating units. These 
are more obvious in taxa where the repeating 'modules' 
have been less modified, e.g. centipedes. In arthropods, 
modification of individual segments through duplication and 
modification of genes has seen the evolution of insects, 
arachnids, and crustaceans. For example, a gene involved 
in the development of appendages in arthropods can be 
duplicated and the duplicate gene modified. This produces 
a set of modifications to some appendages, enabling a 
new set of functions without having to modify all other the 
appendages (below).

241

1. Describe how modularity allows the evolution of complex features:  

2. Outline how studying the duplication of genes provides evidence for evolution:  

Developmental genes and arthropods

Antp

Antp

Antp

Antp Ubx abd-A

Scr

Scr

Scr

abd

By looking at the DNA sequences in a series of genes we 
can piece together the order in which genes were duplicated 
and modified. The sequence above shows the order in which 
genes that are expressed in various parts of an arthropod 
appeared, starting with the original antennapedia (Antp) gene, 
which controls the development of appendages near the head.

We can identify which body segments the genes are expressed in 
and so work out the order in which body segments were modified. 
Above we start with a primitive arthropod (A). Three genes control 
development of the head, the middle segments, and the tail. 
Subsequent duplication and modification of genes produces an 
arthropod resembling a centipede (B), then a primitive wingless 
insect (C), and finally a modern winged insect (D).

Evolution: you work with what you've got!
Four principles underlie the role of developmental genes in 
the evolution of novel forms:

(1) Evolution works with what is already present: New 
structures are modifications of pre-existing structures.

(2) Multifunctionality and (3) redundancy: 
Functional redundancy in any part of a multifunctional 
structure allows for specialization and division of labor 
through the development of two separate structures. 
Example: the diversity of appendages (including 
mouthparts) in arthropods.

(4) Modularity: Modular architecture in animals (e.g. 
arthropods) enables modification and specialization of 
individual body parts. Genetic switches allow changes 
in one part of a structure, independent of other parts. Segmental modifications produce a large amount of variation in arthropods.

Myriopods Insects Arachnids Crustaceans

Head (mandible/maxillae)

Head (other mouthparts)

Thoracic legs

Abdomen

Wings

Abdomen end

A

C

D

B
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