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1.2: Genes and protein synthesis

A gene consists of a unique sequence of nucleotides that codes for a functional protein or an RNA

molecule.

Protein synthesis involves transcription of a gene into messenger RNA (mRNA), and translation of
mRNA into an amino acid sequence at the ribosomes. In eukaryotic cells, transcription occurs in
the nucleus.

e Describe and illustrate the role of DNA, mRNA, transfer RNA (tRNA), ribo

in transcription and translation.

e Describe the relationship between codons, anticodons, an acids.

o Distinguish between coding (gene) and template strands of D
¢ Distinguish between exons and introns as coding and non-coding
in genes.

e Describe how both exons and introns are transcribe

exons is translated to form a polypeptide in eukg

Proteins are large molecules that ar protein is composed
of smaller molecules called amin ino acids in a protein is coded for

by the sequence of DNA nucleot . re synthesised from genes in several stages

. X ) exon exon
intron ¥—— intron —~— intron ——

+ transcription

+ splicing

AN ———

+ translation

+ modification

protein

Figure 1.10: Stages of protein synthesis.
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STR analysis

A Short Tandem Repeat (STR) analysis is a method used in biology to compare the short tandem
repeat sequences at specific loci on the DNA from two or more samples. Scientists have identified
several loci in the human genome where STRs are commonly found, and some are identified below.

Chromosome Locus STR sequence
2 TPOX AATG
3 D3S1358 TCTATCTG TC
5 CSF1PO
7 D7S820
10 D10S1248
11 THO1
16 D16S539

The number of STR repeats at certain loci is highly variab
scientists to compare the DNA of two individua

The data from STR analysis is used to const
representation of a DNA profile showi

Locus D21S11 D78820 CSF1PO ‘

Relative fluorescence

-
=]
5]

t sequences. For example, the individual has an allele containing an STR with 13
repeats and one with 16 repeats at locus D851179. In contrast, the presence of one peak at D7S820
indicates that the individual is homozygous at this locus as the STR is the same length on the
paternal and maternal chromosomes.

STR electropherograms are used to compare the genotypes of two individuals in DNA profiling, and

the results may be used as forensic evidence or to determine paternity, maternity and heredity.
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_ Example 1.11

The probability of two individuals having the same number of STRs at a given locus is very low, and

the probability decreases as more loci are compared. This property allows forensic scientists to rule
out suspects based on similarities with DNA samples recovered from a crime scene. Figure 1.69 is an
electropherogram comparing DNA from a crime scene with that of two suspects. The DNA profile

from the crime scene matches Suspect B as all of their alleles are present in the sample.

locus | D3s138 || VWA | |
3000 Crime scene
2000
1000

0

Suspect A

3000
2000
1000 +

0

3000 - SuspectB

2000 -
1000 -

Figure 1.69:

_ Example 1.12

STR electropherogra ernity and maternity testing. Children inherit STRs from
their parents whic '

profiles. Figure 1,

Anne as one allele Elizabeth comes from Henry and the other from Anne.

| WA I FGA |
EIEd

3000 -
2000 -
1000 ~ A U

0
3000 - Elizabeth
2000 -
1000 + ’ l

0

[1]

Figure 1.70: STR electropherogram showing paternity and maternity.
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DNA profile table

The data from an STR electropherogram can be displayed in a DNA profile table (also called an
Autosomal STR DNA profile). The numbers in the table are called allele values which identify the
number of repeats in the STRs on the alleles of an individual at certain loci. The information in a DNA
profile table is used in the same way as an STR electropherogram and can be used to determine

paternity, maternity, family lineage and to identify a suspect using DNA found at a crime scene.

! Example 1.13

The DNA profile table below shows the allele values of a mother, h&

Locus Alleged father Child
AMEL X, Y X, X
D8S1179 15.3, 14 15.3
D3S1358 16, 17.2
D13S317 11,13
D7S820 10,12
TPOX 9, 14 )
CSF1PO 10
D21S11 30, 28, D
vWA 18, 18 16, 18 15, 16

The table shows that the alleged fat
STRs in the child is ps

- Example

the likely patent of the child as one allele from each pair of

e alleg? her.

The DN ile table b sthe allele values of two suspects and DNA found at a crime scene.
e scene Victim Suspect A Suspect B
15, 16, 18 15,15 12, 14.3 16, 18
6,8,9.3 6,9.3 10, 12 6,8
28, 29,32.2 28, 29 26, 28.2 29,322
8551 13, 14, 16 13, 14 11.1,13 13, 16
D5S818 11,12, 13 11,13 9,101 11,12
D13S317 10, 11, 12 11,12 13, 14 10, 11
VWA 17,18 18, 18 18, 20 17,17

The table shows that there is evidence that Suspect B was at the crime scene as both alleles from

each pair of STRs in Suspect B are present in the DNA obtained from the crime scene.
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Question 37

The DNA profile table below contains data obtained from a crime scene, a victim and two suspects.

THO1 is a locus on human chromosome 11 that contains t

(@) Define a short tandem repeat.

Locus Crime scene Victim Suspect A Suspect B
D3S1358 15,17, 19 15, 19 15, 17 16, 17
THO1 9, 11,12 9, 11 9,12 7,9
D21S11 29, 30, 31, 32.2 31,32.2 29, 30
D18S51 12, 16, 18 12, 16 12,18
D5S818 11,12 11,12
D13S317 11,13 11, 11
vWA 15,17, 18 17,18
FGA 21,23 21,23

(b) The victim has the DNA profi

(1 mark) KA1

(1 mark) KA1

(c) State and explain which suspect was present at the crime scene.

(2 marks) KA1

(2 marks) KA2
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Question 39

The diagram below is an STR electropherogram used to identify the paternity of a child.

Locus D5S818 vWA FGA
3000 - Mother
2000 -
1000 ~
0
Child
3000

2000
1000

3000 - Person A
2000
1000 1

Person B

lain how the information in the STR electropherogram is used to determine
e child.

ernity

(2 marks) KA2

(b) Identify the father of the child using the information in the electropherogram.

(1 mark) KA4
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Protein design

Protein design is the science of developing new protein molecules to control biochemical processes
in cells for applications including biomedical research, medicine and technology. Proteins can be
designed from scratch or redesigned by making specific modifications to existing proteins. Modern
protein design involves the use of computer software to predict the three-dimensional structure and

folding of a protein from its amino acid sequence. The designed proteins may then be s

using biotechnology techniques. Some applications and examples of designed protei
in the table below.

Application Description

Scientists design enzymes that bind with a su

Enzyme design specificity. These enzymes are used i

Studying protein-

protein interactions

Scientists design
Development of new . .
properties such gved toughness and

materials

Targeted

chemotherapy

Biosensors

teins, antibodies, or enzymes that detect chemical substances in
cet molecules with high specificity. There are many potential

d'some examples are identified below.

Example

Monitoring blood glucose levels in diabetics.

Environmental Detecting pesticides and river water contaminants

Counter-bioterrorism | Sensing airborne bacteria during a biological attack.

Disease prevention | Detection of pathogens in a host or environment.

Food quality Detection of contaminants in food products.

Food safety Detection of toxic metabolites in foods such as mycotoxins.
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Review Test 1
Question 1

Place a cross in the box next to the answer you think is most correct.
(@) A DNA molecule contains 180,000 guanine bases and 220,000 thymine bases.

What is the total number of nucleotide bases in the DNA molecule?

J. 180,000
K. 220,000
L. 800,000
M. 400,000

(b) The table below shows some mRNA codons and their am

mRNA codon
ACC
AUU

Cuu

(1 mark)

ogical disorder caused by mutations in the MeCP2 protein which

pression.

ncreased methylation of cytosine nucleotides in DNA

Increased activity of microRNAs and siRNAs

J
K
L. Increased activity of transcription factors and repressor proteins
M

Increased conversion of heterochromatin to euchromatin

(1 mark)
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Question 4

Catalase is an enzyme in liver cells that converts hydrogen peroxide to oxygen.
An investigation was conducted to determine the effect of temperature on the activity of catalase.

Ground samples of liver tissue were transferred to five separate beakers containing pure water at
different temperatures until they reached thermal equilibrium.

The samples were transferred to test tubes containing 5 mL of hydrogen peroxide.

Test tube ——

(1 mark) IAE1

endent variable in this investigation and give one reason for your answer.

(2 marks) IAE1

(c) State why it was necessary to maintain a constant pH in this investigation.

(1 mark) IAE1
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(d) The graph below shows the pattern of results of the investigation.

10 4

Vertical distance travelled by
fluid in 30 seconds (cm)

| | |
0 10 20 30

Initial temperature

(1) Describe and explain the pattern shown by the ré

(3 marks) IAE3

source of random error in this investigation.

(1 mark) IAE4

(3) State why it is important to minimise the effect of random error in the investigation.

(1 mark) IAE4
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Question 5

Refer to the following information:

CRISPR gene editing is a technique used in biotechnology to edit the genomes of living things.
The technique is based on the CRISPR-Cas9 antiviral defence system in bacteria that was first
described by researchers at Osaka University in 1987.

Since that time, more than 1 000 research papers about CRISPR have been publishg

at universities and research facilities around the world, and the gene-editing tech

already been used in clinical trials with varied results. It is hope the result

will inform scientists and allow them to improve treatments and m

patients undergoing treatment with CRISPR.

Huntington’s, and heart disease.

Scientists are currently investigating the use Q
transmit diseases such as malaria and to de

herpes, and HPV. Research is also being

Discuss how this example demonstr

(6 marks) KA3
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The cell membrane

The cell membrane, also called the plasma membrane, is a thin boundary that separates a cell from
the extracellular environment. The function of the cell membrane is to control the movement of
materials, including raw materials and wastes, between the cell and its environment. The cell
membrane has a thickness of approximately eight nanometres and consists of a bilayer of lipids,
including sterols and phospholipids as shown in Figure 2.02.

phospholipid
molecule
lipid bilayer

The cell membrane also contains a variable amoun i e embedded in the

membrane, and others span the width of the is described using the

fluid-mosaic model, which states that the brane is phospholipids move

within and between layers, and contg aic of embedd

outer face

cholesterol
ide chain

hydrophilic (polar) head
of phospholipid

integral (intrinsic) proteins peripheral (extrinsic) protein

hydrophobic (nonpolar)
inner face fatty acid tail
of phospholipid

Figure 2.03: Fluid mosaic model of the cell membrane.

The cell membrane is composed of lipids and proteins. Lipids are a family of chemical compounds
with similar physical properties which includes fats, phospholipids, and cholesterol. The three types
of lipids in the membrane of eukaryotes are phospholipids (75%), sterols (20%), and glycolipids (5%).
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Endoplasmic reticulum (ER)

The endoplasmic reticulum (Figure 2.17) is a continuous membrane system that serves multiple
functions, including the synthesis, folding, modification, and transport of proteins. There are two
distinct types of endoplasmic reticulum that have different structures and functions. The rough ER
has ribosomes attached to its outer surface which gives it a rough appearance. The membrane of the

rough ER is continuous with the nuclear envelope which allows mature mRNA molecules to diffuse

out of the nucleus following transcription and RNA splicing and attach to ribosomeg

In contrast, the smooth ER has no ribosomes and is involved in the synthesis of lj

cholesterol and phospholipids used in the membranes of the cell
nuclear envelope

nuclear pore -
smooth endoplasmic reticulum

Golgi Body

The Golgi body,
located next to th

s (Figure 2.18), is a membrane-bound organelle
and near the cell nucleus that is made up of a series of

flattened e Golgi body is responsible for transporting, modifying, and

e @ %j/loi.' /

|
newly forming vesicle o O\

secretory vesicle

Figure 2.18: Structure of a Golgi body.
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Question 49

The diagram below is a coloured TEM of an onion root cell.

Cell membrane ——

Ribosomes ——

Mitochondrion —

(2 marks) KA1

(2 marks) KA1

an animal cell.

(1 mark) KA1

(1 mark) KA1

(2 marks) KA1

(3) State the reason why chloroplasts are not present in the cell in the diagram above.

(1 mark) KA2
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The sun is the main source of energy for life.

e Recognise that photosynthesis is important in the conversion of light energy into chemical
energy, as illustrated by the following equation:
light

6CO, + 6H,0 ———» CgHy05 + 60,
chlorophyll
light
carbon dioxide + water —— glucose + oxygen
chlorophyll

The sun is the principal source of energy for living things on Eart
sun to the Earth in the form of electromagnetic radiation (light), and t
autotrophs such as plants, phytoplankton, and cyanobacteria that use the
photosynthesis. Photosynthesis is a complex chemical process tha
energy through the transformation of carbon dioxide and wa
glucose as depicted in Figure 2.30.

1 carbon
P dioxide

| \ vater
' Figure 2.30: Photosynthesis

-absorbing molecules such as chlorophyll that are stored in chloroplasts

I\

d membranes (prokaryotes) located near the cell membrane. The light energy
absorbed

molecules o

s in photosynthesis is stored in chemical bonds between the atoms in
cose. The transformation of carbon dioxide and water into glucose and oxygen in

photosynthesis is summarised using the symbol and word equations below.

light
6CO, + 6H,O0 ——— CgHy05 + 60,
chlorophyll

light
carbon dioxide + water —— glucose + oxygen
chlorophyll

149
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Interphase

Interphase is the longest phase and accounts for approximately 90% of the duration of the cell cycle.
Interphase is divided into subphases called G, S, and Gz, and the events occurring in each subphase

are described in the table below.

Phase Description
In G, phase (first gap phase), the cell grows in size and ca
C, metabolic reactions including protein synthesis and res
addition, the cell accumulates DNA nucl
preparation for DNA replication in S phase.
In S phase (synthesis phase), the chromosomes
S the two copies of a chromosome are joineeb
addition, the cytoskeleton is disma
replicated in preparation for mjto
In G phase (second gap phase) :
C organelles are replica cell grows in
VA is checked,
M phase.

Figure 2.78: The cell cycle in eukaryotes.
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Checkpoints

The cell cycle has specific checkpoints where the cycle is stopped, and the cell is prevented from
entering the next stage if one or more conditions are unfavourable. The cell cycle is controlled by
three internal checkpoints that are described in Figure 2.79 and the table below.

G, checkpoint

M checkpoint G, checkpoint

Checkpoint

Gi

, the cell

J

G, checkpoint

(a) Cell receives a go-ahead signal. (b) Cell does not receive a go-ahead signal.

Figure 2.80: The cell cycle at the G, checkpoint.
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3.1: Tolerance limits of organisms

Organisms survive most effectively within their tolerance limits.

Factors for which organisms have tolerance limits include:
- body temperature

- water availability

- blood glucose level

- carbon dioxide concentration in the blood and tissues.

There are impacts on an organism when conditions fall outside it

and salinity.

Tolerance limits

minimum and maximum tolerance limi ith high tolerance
ranges are widely distributed on Ea toleranc&ranges are confined to a

smaller number of geographica ide the body of a host.

Body temperature

Consequence

The rates of enzyme-catalysed metabolic reactions are too slow
to maintain the life processes in the cell.

o The shapes of the active sites of enzymes are altered, which
Above tolerance limit

decreases the rates of enzyme-catalysed metabolic reactions.

In humans, the tolerance range for body temperature is between 36 and 38°C. Controlling body
temperature within narrow tolerance limits allows an organism to function effectively despite
changes in the environmental temperature. The process by which organisms regulate body

temperature is called thermoregulation and this concept is explored in Topic 3.2.
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Water availability

Water is a chemical compound that is essential to all life processes, including metabolism, growth,
movement, reproduction, and excretion. Organisms have mechanisms that regulate osmolarity,
which refers to the relative concentrations of water and solutes in cells and tissues. The cells, tissues,
and organs of living things operate in a fluid environment, and osmolarity must be maintained within
fairly narrow tolerance limits. The table below identifies consequences for organisms w

osmolarity is outside the tolerance limits.

Osmolarity

Below tolerance limit | into cells by osmosis. An increase in the

result in mild to serious health problems.

Above tolerance limit | out of cells by osmosis. The

is tightly regulated. The process by which o fe cotiCentrations and balance the

gain and loss of water is called osmore

available to body piration. below identifies consequences for the human body

when the blood

Consequence

erson becomes hypoglycaemic and has difficulty functioning
as body cells are not receiving enough glucose to maintain

respiration. If untreated, a person can lose consciousness.

A person becomes hyperglycaemic and experiences
complications, including excessive urination, thirst, and hunger.

If untreated, complications from hyperglycaemia may be fatal.

The normal blood glucose level in humans is between 70 and 110 mg per 100 mL of blood which is
known as the fasting level as it is measured after approximately 10 hours of fasting and represents
the quantity of glucose being transported to the cells to maintain the rate of respiration. The

regulation of blood glucose level is explored in Topic 3.2.
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3.2: Stimulus-response and Negative feedback

Organisms detect and respond to changes in the internal and external environment.

Homeostasis is the maintenance of a relatively constant internal environment. This ensures the

optimum conditions for the body to function.

In human beings, homeostasis depends on the functioning of the nervous and endocrine systems.

Homeostasis involves a stimulus—response and negative feedback model.

e Describe the role of sensory receptors.
e Describe the role of effectors.

e Explain the stimulus-response model.
e Recognise that in negative feedback, the response inhibits the ini

Living things function most efficiently when the internal envj

each maintained at a constant level. Homeos

endocrine systems and involves both stimul ive feedback models.

detected by sensory receptors. Sensory

receptors respond tg rve impulses to a control centre such as the brain that

HOMEOSTASIS

RESPONSE ]

STIMULUS:
Change in internal variable

‘ Sensory receptor ’ [ Effector ]

Control centre

Figure 3.01: The stimulus-response model of homeostasis.
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Sensory receptors

A homeostatic mechanism begins with sensory reception, which is the detection of a stimulus by
sensory receptors. Sensory receptors are usually epithelial or nerve cells (neurons) located in sensory
organs that detect stimuli both inside and outside the body. Sensory receptors translate the physical
and chemical properties of stimuli into patterns of nerve impulses that are transmitted to the brain.

Figure 3.04 shows two common types of sensory receptors in the human body.

(a) Receptor is a sensory neuron. (b) Receptor regulates a sensory neur;
To CNS

T — Sensory Sensory
neuron neuron

protein

| Sensory
receptor

0

; Stimulus

Description

anoreceptors sense physical deformation caused by
uli such as pressure, touch, stretch, motion, and sound.

Electromagnetic receptors detect electromagnetic energy

such as light (photoreceptors), electricity, and magnetism.

Thermoreceptors sense changes in temperature in both the
internal and external environment.

Chemoreceptors respond to changes in the concentrations of
chemicals caused by stimuli such as smell and taste as well as

h
Chemoreceptors responding to changes in pH caused by carbon dioxide and
osmolarity caused by the gain and loss of water.
_ Nociceptors detect painful stimuli that could damage animal
Nociceptors

tissues and triggering defensive reactions.
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Effectors

An effector is any tissue or organ that receives information from the control centre and facilitates the

response required to maintain homeostasis. Some examples of effectors are identified below.

Regulatory process Effector Response

Thermoregulation Skeletal muscles Cause shivering to increase body temperature
Osmoregulation Pituitary gland Secretes ADH to increase absorp
Glucoregulation Pancreas Secretes insulin to decrease

Chemoregulation Lungs Increase or dgetease the ra

Negative feedback model

Homeostasis is maintained by negative feedback, a control g
to the tolerance range by reducing the original stimulus. ¢

by negative feedback, especially those that use hormone

- Example 3.01

Body temperature is affected by changes i i e. Thermoreceptors in the

skin, blood, brain and other sensory,

secrete more thyroid-stimulatin timulates the thyroid gland to secrete the

hormone thyroxine (T4). ' i o tissue cells, where it increases the rate of

Ny
._j.—j..n P

(<]
\ b
Thyroid stimulating Thyroxine (T,) .
hormone (TSH) Motredhsat Its i
Hypothalamus/ Secretory cell in gier:l;?a:e inu:ltg ofe
anterior pituitary gland thyroid gland

metabolic reactions

Figure 3.05: Negative feedback in the regulation of body temperature.
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Thermoregulation

Thermoregulation is the process by which humans and other animals maintain an internal
temperature within tolerance limits. Thermoreceptors in the body detect changes in the internal
temperature and send nerve impulses to the hypothalamus in the brain, which acts as the control
centre for thermoregulation. The hypothalamus stimulates effectors to carry out processes that

either generate or remove heat from the body depending on the stimulus. Thermoregulation involves

stimulus—response and negative feedback models that are summarised in Figure

Sensor/control centre
(hypothalamus) -

STIMULUS:
Body

temperature ~ O\ LA

increases [ decreases

| SETPOINT:
Tolerance range
36-38°C

Blood ' Blood

vessels in production vessels in

skin expand incr skin narrow
‘ RESPONSE: ‘

Body temperature -
decreases
Figure
Osmoregulation

Osmoregulation is the process by er animals maintain osmolarity within

tolerance limits. Osg lamus detect changes in osmolarity of the blood and
stimulates the pit ce the secretion of antidiuretic hormone (ADH)
depending on the

models tha

involves stimulus—response and negative feedback

Sensor/control centre
. (hypothalamus)
AR

STIMULUS:
Osmolarity

STIMULUS:
Osmolarity

increases . W decreases — 2\
(low water) ‘ (high water) .
Pituitary gland | (/0
" secretes less =/ ®
3 ADH
SET POINT:
- Tolerance range —
275-315 mOsm/kg
Kidneys y Kidneys N e
reabsorb reabsorb
more water less water
! RESPONSE: y B RESPONSE:
5 Osmolarity decreases 4 O Osmolarity increases
(water increases) (water decreases)

Figure 3.09: Osmoregulation in humans.
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Glucoregulation

Glucoregulation is the regulation of blood sugar levels in humans and other animals.
Chemoreceptors detect changes in blood sugar levels and stimulate the pancreas to secrete the
hormones insulin and glucagon depending on the stimulus. Glucoregulation involves stimulus—

response and negative feedback models that are summarised in Figure 3.10.

STIMULUS: ) i STIMULUS:
High blood ~ |<_ ., | Lowpblood
glucose ‘
| Pancreas
# // secretes
o | insulin
] ‘ SET POINT:
N/ Tolerance range

(70-110 mg/100 mL)
Liver and other
tissue cells
absorb glucose

’ ‘ N RESPONSE: | RESPONSE:
) > Blood glucose Blood glucose
decreases increases

Sensor/control centre:
£S5 medulla oblongata

STIMULUS: s %
fosic |

4
[ Al

Low blood pH
(High CO,)

High blood pH

(LowCO,) | ‘2;(\(,

SET POINT:
Tolerance range

Breathing rate (pH 7.35-7.45) Breathing rate

and depth and depth

increases £\ decreases
m RESPONSE: RESPONSE: )
CO, decr ) CO,incr and |«

and pH increases pH decreases

Figure 3.11: Chemoregulation in humans.
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Neurons

Neurons are the primary cell type in the nervous system. Neurons have a highly specialised structure
that enables the rapid transmission of nerve impulses between sensory receptors, the control centre,

and effectors. Figure 3.15 shows the structure of a neuron.

myelin node of

sheath \ . S / Ranvier

nerve
impulse

nucleus

cell body
(soma)
dendrites
Schwann cell
nerve
myelin . fibres

NG

r1 5: Structure of a neuron.

3 of the primary structural features of a neuron.

Function

Contains the organelles that facilitate life processes in the cell.

Extensions of the cell body that receive nerve impulses from other cells.

Axon A long fibre that conducts nerve impulses from the cell body to synapses.

Myelin sheath A protective layer of support cells that insulate the axon.

Axon terminals | The branches of the axon that transmit nerve impulses to other neurons.

Synapse The region between two nerve cells in a neural pathway.
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Types of neurons

The peripheral nervous system contains sensory receptors that detect a stimulus and transmit the
information to the central nervous system. The central nervous system interprets the information
and transmits nerve impulses to effectors that facilitate the appropriate response to the original

stimulus. The transmission of nerve impulses between the central and peripheral nervous systems

occurs via three distinct types of neurons called sensory neurons, interneurons, and motor neurons.

Figure 3.18 shows differences in the structure of the three functional types of neur

Motor neuron

ree functional types of neuron.

ructural features, and function of the three types of neuron.

Structural features Function

e Long axon Conduct nerve impulses
e Myelinated or unmyelinated | from sensory receptors to
e Cell body on the side of axon | the CNS.

e Very short axon Relay nerve impulses

Interneuron CNS e Unmyelinated between sensory and motor
e Cell body on the side of axon | neurons.

e Longaxon
8 Conduct impulses from the

Motor neuron PNS e Usually myelinated
CNS to effectors.

e Cell body at one end.
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Nerve pathway

A nerve pathway describes the pathway of nerve impulses as they travel between sensory receptors,
the CNS, and effectors. The most common effectors in nerve pathways are neurons, muscle cells, and

endocrine cells. The stages of a nerve pathway are described below.

Sensory receptors detect a stimulus.

Sensory neurons transmit the nerve impulse from receptors to the CNS.

The CNS interprets the nerve impulse and coordinates the response.

Motor neurons transmit the nerve impulse from the CNS t

S

Effectors facilitate the response to the original stimulus.

Stimulus:
Light enters the retina and is
detected by photoreceptors.

w8 Photoreceptors initiate nerve
impulses that travel to the
brain along sensory neurons.

=8 The brain sends nerve
impulses to muscles in
the arms (effectors).

Muscle fibre

the nerve impulses | erve impulses activate
from the brain to arm scle fibres that lift the
muscles. to catch the ball

ve pathway involved in response to stimuli.

Sensory pathways'are S Between receptors in sensory organs and the brain that

3.20 shows the nerve pathway involved in the sense of taste.

The nerve impulse moves into the area
of the brain where taste is perceived.

Molecules and ions in food and
drink attach to sensory receptors.

Sensory receptors release neurotransmitters
that initiate nerve impulses.

Nerve impulses travel to the
CNS along sensory neurons.

Figure 3.20: Nerve pathway involved in the sense of taste.
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Reflex response

A reflex is an automatic and involuntary response to a stimulus that is not under the direct control of
the brain. A reflex occurs via specialised nerve pathways called reflex arcs that allow an organism to
respond rapidly to a stimulus. In a simple reflex arc, the stimulus activates sensory receptors that
send nerve impulses to the spinal cord. Relay neurons in the spinal cord then transmit the impulse

directly to a motor neuron which activates an effector. Figure 3.21 shows the patellar reflex.

¥ Interneuron relays the
nerve impulse from
sensory to motor neurcn
in the spinal cord

A Sensory neuron conducts
the nerve impulse tg
spinal cord.

Stimulus:
Hammer applig
on the patellar te
which stimulates a
mechanoreceptor.

'8 Motor neuron conducts
the nerve impulse to leg
muscles (effectors).

Response:
Nerve impulses cause

muscles to contract and
extend the leg.

« O

—

e 3.2 1: The pateltar reflex.

se is conducted along very few neurons and crosses
very few synapses ange of Wital functions including responding to environmental
age, maintaining balance and posture, finding food and

he table below identifies some common reflexes in mammals.

Sensory receptor Response
Muscles in the iris adjust the diameter
Photoreceptor _
of the pupil.
Muscles contract to maintain balance
Mechanoreceptor
muscles and posture.
Coughing and Irritation of Diaphragm and intercostal muscles
‘ , Chemoreceptor } i o
sneezing airways contract causing violent expiration.
o Low body Skeletal muscles shake and generate
Shivering Thermoreceptor }
temperature heat by expending energy.
Nociceptive . . Muscles contract and withdraw from
_ Pain Nociceptor ] .
flexion reflex the painful stimulus.
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3.4: The endocrine system

The endocrine system releases hormones that are amino acid derivatives, peptides, proteins, or
steroids.

Hormones travel to target sites via the blood.

Hormones can alter the metabolism of target cells, tissues, or organs.

Hormonal responses are stimulated by either the nervous system or other hormo

o Compare the action of insulin and glucagon in blood sugar regulation.
e Describe how diabetes can result from a hormonal imbal

The endocrine system regulates growth, development, repre

other animals. The endocrine system is compg produce and secrete

chemical messengers called hormones. Fig .22 sho ocrine glands and organs in

the human body.

female pineal gla

)

hypothalamus

pituitary gland

oid glands
male

thyroid gland

adrenal glands

Figure 3.22: The major endocrine organs in the human body.
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Hormone pathways

A hormone pathway describes the path of a hormone between secretory and target cells in the body.

The stages of a hormone pathway are described below.

A stimulus causes secretory cells to synthesise the hormone.
The hormone is transported from secretory cells to the blood.

The hormone is transported in the blood to target cells.

W o=

The hormone binds to complementary receptors, forming a hormone-recep
that initiates a signal transduction pathway in the target c
5. The signal transduction pathway produces enzymes or prot

the original stimulus.

cells. Steroid hormones and some amino acid derivatives a
to special transport proteins in the blood that i
that are insoluble in water are highly solubl passively across the cell

membranes and bind to a receptor protej arget cells. In both cases,

Water-
soluble soluble
hormone hormone

Cell
membrane

< TRy

Hormone-re:
complex

DNA (gene) - g

Relay
molecules

Cytoplasmic fa\’New
response _ protein

ﬁ;xpression\

Figure 3.25: Actions of hormones on target cells.

Cellular response:
Gene expression and protein synthesis
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Glucagon and insulin

Glucagon and insulin are peptide hormones produced and secreted by alpha and beta cells in the
pancreas in response to changes in blood glucose levels. When levels decline, alpha cells release
glucagon, which initiates responses that increase blood glucose. When levels rise, beta cells secrete
insulin, which initiates responses that decrease blood glucose. Figure 3.26 summarises the actions of

insulin and glucagon in the regulation of blood glucose levels in the human body.

Increased rate of
glucose transport
into target cells

Increased rate of
respiration in
tissue cells

Increased conversion
of glucose to glycogen

Increased amino acid
absorption and protein

A synthesis
V 4
Beta cells Increased synthesis >
secrete and storage of fat Decrease in
insulin in adipose tissue blood glucose

levels

RESPONSE:
Blood glucose
levels decreas

STIMULUS:
Increase in
blood glucose
levels

elkdown of Alpha cells
0 glucose in secrete

er cells glucagon
L

W N
| HOMEOSTASIS
Normal blood
glucose levels
(70-110 mg/100 m

Increased breakdown
of fat to fatty acids in
adipose tissue

er cells and initiates the breakdown of glycogen to glucose

shows the structure of glycogen.

Glycogen granules Mitochondria

Glucose Glycogen Liver cell 0.5 um

Figure 3.27: The structure of glycogen.
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Thyroid hormones

Triiodothyronine (T3) and thyroxine (Ts) are amino acid derivative hormones produced and secreted
by follicle cells in the thyroid gland in response to changes in body temperature. When body
temperature is below the tolerance limit, thermoreceptors in the hypothalamus detect the change
and stimulate neurosecretory cells to secrete thyrotropin-releasing hormone (TRH) into the anterior

pituitary gland. TRH stimulates secretory cells in the pituitary gland to release thyroid-

hormone (TSH) which travels to follicular cells in the thyroid gland. TSH binds to
receptors and activates key enzymes that synthesise T3 and T4 in follicular cells.
target cells where they increase the rate of metabolism and genera
temperature and reduces the original stimulus. Figure 3.29 summarise

thyroid hormones in response to low body temperature.

STIMULUS:
Decreased T, and
T4 concentrations

in blood or low
body temperature

HOMEOSTASIS

Normal T5 and
Concentrations a
normal body
temperature

y \ / \
. Anterior |
\ lobe

G

Thyroid gland
secretes T;and T,

ctions of thyroid hormones in response to low body temperature.

An imbala oid hormones can cause disorders called hyperthyroidism and hypothyroidism.
In hyperthyroidism, too much T3 and Tj circulate in the blood which increases the rate of metabolism
in target cells resulting in overheating, irritability, high weight loss, high blood pressure, and Graves’
disease. In hypothyroidism, too little Ts and T4 circulate in the blood, which decreases the rate of
metabolism in target cells resulting in low body temperature, lethargy, weight gain, low blood
pressure and goitre. One cause of hypothyroidism is a lack of dietary iodine which is required for the

synthesis of T3 and T4 in thyroid follicular cells.
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Question 104

Gastric juice is a mixture of chemicals secreted by gastric glands during digestion.
The nervous and endocrine systems stimulate gastric glands in the stomach to secrete gastric juice.

(@) Describe differences in the signalling pathways used by the nervous and endocrine systems.

(b) The graph shows the volume of gastric juice produced by nervou

225

200

175

150

125

100

é

Volume of gastric juice secreted (mL)

%

1

2

w
S

Time after meal (hours)

lence that curve A represents nervous stimulation.

0
Describe twa é

(2) State two stimuli that initiate the nervous stimulation of gastric glands.

(2 marks) KA2

(2 marks) KA2

(3) State the evidence that partially-digested food is the stimulus for hormonal secretion.

(1 mark) KA2
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First cells

Scientists have observed the ability of vesicles to grow, divide (reproduce), and maintain an internal
chemical environment that sustains metabolism. These observations led to the hypothesis that the
first simple cells were an assembly of simple organic compounds, macromolecules and genetic

material packaged into vesicles with a lipid bilayer (Figure 4.04).

Macromolecule

Simple organic
compound

RNA rather than DNA as

> RNA molecules can

Mature RNA

Elongation Replication
e RNA nucleotides combine Mature RNA molecules
assemb) spontaneously into short act as templates for
chains of mature RNA. RNA synthesis.

Figure 4.05: Assembly and self-replication of RNA molecules.

In the early 1980s, scientists discovered RNA molecules called ribozymes which catalyse many
different metabolic reactions including the ability to replicate itself and other RNA molecules.
Modern cells contain ribozymes including ribosomal RNA (rRNA) which catalyses the formation of
polypeptides from amino acids. The ability of ribozymes to self-replicate and catalyse metabolic

reactions is evidence that the genetic material was RNA rather than DNA in the first simple cells.
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Endosymbiotic theory

The oldest fossils of eukaryotic cells date back 2.1 billion years. The first eukaryotes were single-
celled organisms with membrane-bound organelles including a nucleus, endoplasmic reticulum,
mitochondria, and chloroplasts. The endosymbiotic theory proposes that the first eukaryotes formed
from the endosymbiosis of prokaryotes. The theory states that mitochondria and chloroplasts were

formerly small prokaryotes that gained entry to a host cell as undigested prey or internal parasites.
he

Over time, the endosymbionts became interdependent with the host leading to the fi

first single-celled eukaryotes as shown in Figure 4.08.

Cell membrane

Cell membrane

/’W ';' Cytoplasm folds inwards
DNA 4

~ /
P78

Nuclear membrane

Ancestral
prokaryote

Nucleus

Aerobic h

Ancestral Ancestral
phic eukaryote photosynthetic eukaryote

Figure 4 ell from endosymbiosis of prokaryotic cells.

The table below d dence for the endosymbiotic theory.

Description

Indepe ondria and chloroplasts replicate independently of the host cell

rough binary fission which is the process of cell division in prokaryotes.

itochondria and chloroplasts contain single, circular DNA molecules

which are also present in prokaryotes.
_ Mitochondria and chloroplasts have their own ribosomes that are a similar
Ribosomes , )
size and structure to those in prokaryotes.
Membrane Mitochondria and chloroplasts have a double membrane and the inner
structure membranes are similar to the cell membranes of prokaryotes.
Membrane The membranes of mitochondria and chloroplasts contain proteins and
composition | lipids found only in prokaryotes.
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DNA-DNA hybridisation

DNA-DNA hybridisation is a technique used to measure the degree of similarity between the DNA of
two organisms. DNA extracted from two organisms is mixed and heated, which separates the two
polynucleotide strands of the DNA molecules. The mixture is cooled, and the single strands of DNA

from the two organisms combine forming hybridised DNA molecules, as shown in Figure 4.12.

DNA of organism X DNA of organism Y
N Y O [ ) S O Y
€D DNA is heated to | l l
separate the two strands
@) Single strands are \4

combined to make a
hybridised DNA molecule

B Temperature is reduced | l
to allow strands to anneal

Complete hybridisation
(highly related organisms)

No hybridisation
lated organisms)

Scientists determine the degree
hybridised DNA molecule

mine evolutionary relationships between different species of
NA from five species of bacteria were prepared, and the percentage

ple was measured.

Species of bacteria Percentage hybridisation
Aand B 65.3
AandC 914
AandD 86.9
AandE 75.4
Aand A 100

The data reveals that species A and C are the most closely related given the greater percentage

hybridisation, and A and B are the least closely related given the smaller percentage hybridisation.
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Question 108

The table below shows the results of DNA-DNA hybridisation experiments between a human gene

(Homo sapiens) and the same gene in four other primates.

Primate species Percentage hybridisation
Homo sapiens and Homo sapiens 100
Homo sapiens and Pan troglodytes 97.6

Homo sapiens and Gorilla gorilla 96.5
4.6

Homo sapiens and Hylobates hoolock

Homo sapiens and Macaca mulatta

(@) State and explain the primate species most closely related to huma

arks) KA2

(b) The percentage hybridisation was determined by | sed DNA molecules until

the two polynucleotide strands separate,

Explain why this method was used to i disation.

(2 marks) KA2

(c) Haemoglok cells of primates.

Explain ho o investigate evolutionary relationships between primates.

(2 marks) KA2

(d) Mitochondrial DNA (mtDNA) and genes for ribosomal RNA (rRNA) are used to determine

evolutionary relationships between living things.

State why mtDNA and genes for rRNA are used to determine evolutionary relationships

between living things.

(1 mark) KA2
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Phylogenetic tree diagrams represent evolutionary relationships.

Mutations accumulate over time, and the rate of mutation is relatively constant over time which

enables its use as a clock.

More closely related species have fewer differences in their DNA sequences and have separated

more recently from a common ancestor than distantly related species.

e Draw and analyse simple phylogenetic tree diagrams to represent evolutionary e

A phylogenetic tree is a diagram depicting the relationships amon
probable evolutionary history of species, and the patterns of desce
The branching diagrams reflect the hierarchical classification of living
branching of newly evolved species from a common ancestor. Figure 4.13

relating to the classification of organisms into taxa such as ordgagf

| Order | ‘ Family H Genus ‘

snpiedoa] |

eloAluIeRD

(European otter)

Canis
latrans
(coyote)

Canis lupus
(wolf)

hylogenetic tree showing evolutionary relationships between taxa.

The phyloge tree reveals relationships between the five species as well as identifying their most
recent common ancestor. The diagram shows that all five species are descended from a common
ancestor from the order carnivora. This ancestor gave rise to members of the families; Felidae,
Mustelidae, and Canidae. The diagram also shows that the family Mustelidae branched into two
separate genera called Mustela and Lutra and that the genus Canus branched into two separate
species which includes the coyote and wolf. The diagram shows that the coyote and wolf are the

most closely related organisms as they share the most recent common ancestor.
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Cladistics

Cladistics is a biological classification system that involves the categorisation of organisms based on
shared characteristics. Cladistics groups organisms into clades which are groups of species including
a common ancestor and all its descendants. The clades are displayed in a type of phylogenetic tree
called a cladogram. Cladistics is based on the concept proposed by Charles Darwin that organisms

share characters with their ancestors but also show new derived characters that distinguish them

from their ancestors. There are two main types of characters in cladistics:

1. Shared ancestral characters, which are characters that originated in an g
taxon. These are used to group organisms into clades.
2. Shared derived characters, which are characters unique to a p

distinguish clades and form the branching points of a cladogram.

- Example 4.04

The cladogram below was construct: istics. he outgroup and four

other tetrapods represent the ingrotip. its is thdicated as O if the trait
is absent or 1 if the trait is pre nstructed from a series of branch points
represented by the emergence of a

absence of an amnio mary and period of gestation (Figure 4.14).

o) —

3 Iguana .
Jo3

m

typus

a
uck-billed

Fr

1 1 = Duck-billed #
air! Amnion platypus
mammary 0 1 1 1
glands
g Hair, Kangaroo
< Gestati 0 0 1 1 mammary
glands = |
9 Gestation
gestation 0 0 9 0 L l:  ————— Beaver
Long gestation '
Character Table Cladogram

Figure 4.14: Cladogram showing relationships between five animal species.

The phylogenetic tree shows the iguana is the most closely related species to the frog as they share a

recent common ancestor and that the beaver is the most distantly related to the frog.
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4.3: Defining species

Different criteria are used to define a species depending on the mode of reproduction.

A species that reproduces sexually can be defined by the ability of its members to actually or
potentially interbreed to produce fertile offspring.

Other criteria used to define a species include morphological similarity, biochemical similarity and
sharing a common gene pool.

Reproductive isolating mechanisms act to maintain distinct species.

o Describe pre-zygotic (prevention of zygote formation) m
isolation, behavioural isolation, mechanical isolation, and ga
o Describe post-zygotic (prevention of fertile hybrids) mechanism

inviability and hybrid sterility.

- Example 4.07

Figure 4.20 shows several mem

African fish eagle (Haliaeetus vocifer)  Bald eagle (Haliaeetus leucocephalus)

Figure 4.21: Different species with similar morphologies.
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Reproductive isolation

Reproductive isolation is the existence of biological factors that act as barriers preventing two

distinct species from interbreeding and producing viable and fertile offspring. Reproductive isolation
mechanisms prevent the formation and survival of hybrids and are classified by whether the barrier
acts before or after fertilisation. Pre-zygotic barriers prevent the formation of a zygote by inhibiting

fertilisation, and post-zygotic barriers prevent zygotes from developing into healthy and fertile

hybrid offspring. The table below identifies and describes several reproductive isol

Type of barrier Description

Pre-zygotic
Temporal isolation ~ Two species breed at different times
) ) , Two species fail to respond to each othe
Behavioural isolation o o

courtship displays or mating rituals

Mechanical isolation ~ Two species are physically incapz
Geographical isolation

N , Two closely relate o
Habitat isolation ating is prevented

each other as the

Gametic isolation tilisation is prevented

Post-zygotic

Hybrid inviability No offspring produced

Hybrid sterility, No offspring produced

are classified as separate species due to reproductive isolation.
eds in late summer and the western spotted skunk breeds in late

ple of temporal isolation.

Eastern spotted skunk (Spilogale putorius) Western spotted skunk (Spilogale gracilis)

Figure 4.24: Skunk species that are reproductively isolated.
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Question 118

Malaria is an infectious disease caused by a parasite that infects red blood cells.

Sickle-cell anaemia (SCA) is an inherited disorder that confers resistance to malaria by distorting the
shape of red blood cells, which reduces the ability of the parasite to cause infection in humans.

Individuals with one copy of the sickle-cell allele are relatively resistant to malaria.

The map below shows the frequencies of the sickle-cell allele in areas with a high in

equencies of the
kle-cell allele

SCA is caused by a mutation in

(a) State one reaso i ly change allele frequencies in human populations.

(1 mark) KA2

n the diagram above using the concept of natural selection.

(3 marks) KA2

(c) Mutation is one source of genetic variation in the human population.

State one other source of genetic variation in humans.

(1 mark) KA2
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4.5: Speciation

Speciation may result from an accumulation of genetic changes influenced by different selection

pressures or genetic drift in geographically isolated populations.

o Describe the process of speciation due to physical separation (allopatric speciation).

e Compare allopatric and sympatric speciation.

flow between the gene pools of two populati cle frequency in one

population are not shared with the other. Cu requencies of the two
distinct gene pools result in member, i terbreed and produce
viable and fertile offspring. Two ' ilitate the emergence of a new species are called

allopatric speciation and symp

Allopatric speciation Sympatric speciation
A population forms a new species while A subset of a population forms a new species
geographically isolated from the original population. without geographic separation.

Figure 4.42: Mechanisms of speciation.
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Sympatric speciation

In sympatric speciation, speciation takes place in geographically overlapping populations when a
subset of a population forms a new species without geographic separation. Sympatric speciation is
the result of reproductive isolation in the absence of any physical barrier that prevents gene flow
between two populations and may result from polyploidy, natural selection, or sexual selection.

Sympatric speciation is also caused by temporal, habitat, gametic and behavioural isolation.

Example 4.23

Polyploidy is the presence of extra sets of chromosomes due to a

Species A
2n=4
Meiotic error;
chromosome number not
on

§ 0=

Unreduced gamete
Unreduced gamete ith 7 chromosomes

with 4 chromosomes

New species:
Viable fertile hybrid
(allopolyploid) 2n = 10

Species B
2n=6

Rapid changes in ause sympatric speciation in plants that share a habitat.

a single generation as populations that differ in chromosome

Octoploid (8n) Diploid (2n)

Figure 4.45: Reproductively isolated strawberries.
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- Example 4.24

Sympatric speciation can also result from the appearance of new ecological niches. Figure 4.46 is an

illustration showing differences in the feeding behaviour and morphology of four species of cichlid
fishes that inhabit Lake Victoria in Eastern Africa. The four species are descended from a common
ancestor, but each population has diverged due to the acquisition of separate ecological niches.

Natural selection altered the allele frequencies of the ancestral populations over time b ing for

alleles that increased reproductive success in their niche. Eventually, natural selec

sympatric speciation as the four populations became reproductivelyisolated.

(feeds,on

. Astatc;tilapia elegans
e (generalised bottom feeder)

Figure 4.46: Sympatric speciation in cichlid fishes.

Sympatric ' an also result from sexual selection in which members of a species favour
certain char istics in individuals of the other sex. Sexual selection for mates of different colours
has likely contributed to sympatric speciation in Lake Victoria which is home to many distinct
species of cichlid fish that vary in colour from blue to red. Cichlid fish species that inhabit shallow
water are blue and prefer to mate with other blue-coloured fish, whereas cichlid species that live in
deeper water are red and prefer to mate with other red-coloured fish. All species evolved from a
common ancestor in the same habitat which is evidence that sexual selection has led to sympatric

speciation in cichlid populations within Lake Victoria.
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4.6: Types of Evolution and Succession

Similar selection pressures in different environments may lead to convergent evolution.

When new niches become available to a species, as a result of succession or environmental

change, different selection pressures may lead to divergent evolution or adaptive radiation.

e Recognise and give examples of convergent evolution.

e Recognise and give examples of adaptive radiation.

e Describe the process of succession.

increase in frequency over time.

Convergent evolution

Convergent evolution is the process whereby n related populations

to independently evolve similar structural, bi acteristics due to similar
selection pressures in their respective envir esult from convergent

evolution are called analogous char.

! Example 4.25

Cacti in North America angd i e evolved analogous characteristics

including smaller leg ' t stems, a fibrous root system, and crassulacean acid

Sugar glider

T
Southern flying squirrel (Petaurus breviceps)

(Glaucomys volans)

Figure 4.47: Examples of convergent evolution in plants and animals.
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Divergent evolution

Divergent evolution is the process of developing two or more species from a common ancestor over
time. Divergent evolution is a slow process and occurs when two populations become separated by a
geographic barrier and experience different selective pressures. Under certain conditions, a
phenomenon known as adaptive radiation may occur in which an ancestral population experiences

multiple speciation events in a relatively short period. Adaptive radiation occurs when agiie

ecological niches become available such as the formation of new islands or througk
In such cases, multiple speciation events occur as many population
ancestor over a short period, and each experiences different selecti

in the allele frequencies of its gene pool.

u Example 4.26

Around 200 million years ago, mammals were small, noctur, i ived i ees and

underground burrows. Around 65 million years ago, ma
ecological niches vacated by dinosaurs following their extin€ i ition resulted in the

rapid speciation of mammals adapted to runnig

shows that adaptive radiation led to more th 000 i entsiin mammals over 65 million

years. Figure 4.48 shows several mama ‘ ] C On ancestor.

Blue wha

Elephant

Figure 4.48: Adaptive radiation in mammals.
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Solutions: Chapter One

Question Part Author’s response
A: phosphate group 1
B: sugar 1
& C: base/nucleobase/nucleotide base/nitrogenous base 1
D: hydrogen bond 1
Thymine = 31.2%

(b) Cytosine = 18.8%
Guanine = 18.8%

Any one similarity

Both are composed of nucleotides;

Both contain adenine, cytosine, and guanine;
Both contain a sugar;

Both contain phosphate;

Any one difference
Sugar in DNA is deoxyribose/sugar in RNA is
DNA is double-stranded/RNA is single-st
DNA contains thymine/RNA contains uracil§
DNA is a much longer molecule.

J: Adenine

(@) K: Cytosine

L: Thymine

Free DNA nucleg

the exposed®strands of the
ary base pairing;

arate, and each serves as a template for the synthesis of a new DNA strand.
e dispersive model states that the original DNA molecule breaks into fragments
at serve as templates for the synthesis of new DNA fragments.

Semi-conservative model. 1
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Solutions: Review Test 2

Question Part Author’s response
(@) K 1
(b) J 1
© M 1
(d) J 1
(e L
1
® L
8 K
(h) L
(0 J
0) L
Any one:
Offspring are produced without the need for a p
It occurs over a short period/is more rapid th
(a) The energy requirements for reproductia
It can occur in various environments;
Maturity is rapid;
(1) | 6C0O, + 6H,0 2
(b)
Autotroph 1
1
1
1
1
1
1
of Phytophthora infestans on leaves reduces the surface area for the 1
ysorption of sunlight;
e rate of photosynthesis and aerobic respiration are reduced, which reduces the 1
ailable energy for growth.
Nucleus 1
Advantage: 1
Increases crop yields;
b Increases profits;
(2) | Reduces crop waste.
Disadvantages: 1
Metalaxyl can be toxic to birds, fish, beneficial insects, and non-target plants;
Metalaxyl can contaminate soil, water, and other vegetation






