CHAPTER

2

STRUCTURE OF CELLS
AND ORGANELLES

MULTIPLE-CHOICE QUESTIONS
1 What is the common function of pilus and capsule in the prokaryotic cell?
A Protection of the cell
B Movement of the cell
C Pathogenicity of the cell
D Attachment to the surface of the cell
		
[STPM 2010/P1/Q5]
2 The three types of muscle tissue are
A cardiac, skeletal, cartilage
B nervous, skeletal, cardiac

C nervous, skeletal, smooth
D cardiac, skeletal, smooth

3 Which of the following organelles is the origin of the other membranes in the cell?
A Vacuole
B Nucleus
C Lysosome
D Smooth endoplasmic reticulum
		
[STPM 2005/P1/Q4]
4 The cell membrane is made up of
A glycoproteins
B phospholipid and proteins

C phosphoproteins
D proteins only

5 Differences between eukaryotic and prokaryotic cells include all of the following except
A eukaryotic cells have mitochondria
B prokaryotic cells have more complex cell walls
C eukaryotic cells have cilia and flagella with complex structure
D prokaryotic cells have no genetic material
6 The diagram below shows a part of the secondary tissue of a tree.
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This represents a
A vessel element
B fibre

C tracheid
D xylem parenchyma cell

7 Which of the following correctly describes the function of nucleoli?
A The breakdown and reformation of the nuclear membrane
B The formation of ribosomes
C The formation of new DNA molecules
D The organisation of the spindle during nuclear division
STRUCTURED QUESTIONS
8 The diagram below shows some cells of a transport tissue found in flowering plants.

(a) Transverse section

(b) Longitudinal section

(a) Name the tissue shown in the diagram.
(b) Name two types of cell shown in the diagram which are characteristic of the tissue.
(c) State two substances which are normally transported in this tissue.
9 The diagram below shows three organelles in a plant cell.

P

Q

R

(a) (i) Name P, Q and R.
(ii) State the functions of P, Q and R.
(b) Draw a diagram to show the arrangement of microtubules in a filament of an animal cell.
ESSAY QUESTION
10 (a) Distinguish a bacterial chromosome from a eukaryotic chromosome.
(b) With the aid of a labelled diagram, describe the structure and functions of the Golgi
apparatus.
[STPM 2008/P2/Q5]
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Answers
Multiple-choice Questions
1 D

2 D

3 D

4 B

5 D

6 A

7 B

Structured Questions
8 (a) Phloem
(b) Sieve tube element, companion cell
(c) Sugar and amino acids
9 (a) (i) P – mitochondrion
Q – ribosome
R – chloroplast
(ii) P – site for aerobic respiration to produce energy (ATP)
Q – site for protein synthesis
R – site for photosynthesis
		
(b)

Essay Question
10 (a) – Bacterial DNA is naked, i.e. it is not incorporated in chromosomes but is a single, circular
strand lying free in the cytoplasm. There is no nucleus.
			 – Eukaryotic DNA is linear and incorporated with proteins (including histones) and RNA in
chromosomes. There is a nucleus bound by a double membrane nuclear envelope.
(b)
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Structure
• The Golgi apparatus consists of a stack of flattened, membrane bound sacs called cisternae.
• The concave-shaped cisternae nearer to the cell surface membrane is known as the trans Golgi
network.
• The convex-shaped cis Golgi network near the ER is formed from the fusion of transport vesicles
from endoplasmic reticulum.
Functions
• The Golgi apparatus receives vesicles from ER, then stores and modifies the proteins by adding
sugar molecules to form glycoprotein.
• The secretory vesicles produced by the Golgi apparatus contain zymogen (e.g. pepsinogen,
trypsinogen), mucin, hormones and neurotransmitters and they release their contents to the cell’s
exterior by exocytosis.
• The fusion of secretory vesicles with the plasma membrane maintains the membrane which is used
to form phagocytic vacuoles and pinocytic vesicles.
• The Golgi apparatus is involved in the formation of lysosomes containing hydrolytic enzymes.
• In plant cells, the Golgi apparatus secretes polysaccharides for the formation of cell plates and cell
walls.
• It is also involved in the formation of peroxisomes.

4

ACE AHEAD Biology First Term Second Edition
© Oxford Fajar Sdn. Bhd. 2015

Gaseous
Exchange
and Its
Control

8

8.1 Gaseous Exchange and Control in Mammals
8.2 Role of Chemoreceptors in Controlling Breathing
8.3 Gaseous Exchange and Control in Plants
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INTRODUCTION
1 During cellular respiration, oxygen is used up in cells and carbon
dioxide is given out. Therefore, all organisms must take in oxygen
from the surrounding and release carbon dioxide from its body.
This process of exchanging one gas for another is called gaseous
exchange.
2 Small organisms such as protozoa, coelenterates, tapeworms
and some annelids do not need specialised respiratory organs for
gaseous exchange. This is because small organisms have a very
high total surface area to volume ratio (TSA/V ratio). The TSA/V
ratio is large enough for efficient gaseous exchange to take place
by diffusion through the cell membrane or the body surface.
3 For larger organisms, the TSA/V ratio is too low for efficient
gaseous exchange. Most of the body cells are located deep in the
inner parts of the body. Therefore, specialised respiratory systems
are needed to bring oxygen to these cells and remove the carbon
dioxide produced.

8.1

Gaseous Exchange
and Control in
Mammals
LEARNING OUTCOMES
• Describe the structure of haemoglobin and its characteristics as a respiratory
pigment
• Describe the oxygen dissociation curve of haemoglobin
• Explain the Bohr effect due to the partial pressure of carbon dioxide
• Compare the oxygen dissociation curves of haemoglobin and myoglobin
• Explain the transport of carbon dioxide by haemoglobin
1 The respiratory system in mammals (Figure 8.1) has
(a) a tubular system consisting of the nasal passage, trachea,
bronchi (singular, bronchus) and bronchioles.
(b) a pair of spongy lungs consisting of millions of sac-like,
spherical alveoli (singular, alveolus) to provide a very large
surface area for efficient gaseous exchange.
2 Although each alveolus is a very small structure, the lungs contain
millions of alveoli giving a huge total surface area for gaseous
exchange.
3 The structure of the alveolus is adapted for efficient gaseous
exchange (Figure 8.2).
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Figure 8.1 Human respiratory system

Figure 8.2 The structure of the alveolus is adapted for efficient gaseous e
 xchange

(a) The wall of the alveolus is very thin, consisting of a single
layer of cells. The walls of the blood capillaries surrounding
each alveolus is also made up of single layers of cells. This
ensures effective diffusion of gases through the walls of the
alveoli and blood capillaries.
(b) Each alveolus is covered by a dense network of blood capillaries.
In the blood capillaries, the oxygen concentration is lower and
the carbon dioxide concentration is higher compared to the
inhaled air in the alveolus. As a result, oxygen diffuses into
the blood and carbon dioxide diffuses out into the alveolus.
(c) The inner wall of each alveolus is kept moist by the secretion
of fluid from cells to allow gases to dissolve. The fluid secreted
also contains a natural ‘detergent’ to prevent the walls of the
alveoli from sticking together.
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Haemoglobin
1 The need for a respiratory pigment
(a) Multicellular animals such as mammals require a large amount
of oxygen to be transported speedily from the respiratory
surface (alveolar wall) to the cells of the body. This is necessary
to cope with their high rate of respiration.
(b) At the same time, the large amount of carbon dioxide from
cellular respiration must be transported quickly from respiring
cells to the respiratory surface to be expelled out of the body.
(c) In addition, the solubility of oxygen in water or plasma is
very low.
2 In mammals, the vehicle for the transport of respiratory gases is the red
respiratory pigment, haemoglobin (Hb) found in red blood cells.
3 Structure of haemoglobin (Figure 8.3)
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Figure 8.3 Structure of haemoglobin

(a) Haemoglobin is a quaternary protein molecule made up of
four subunits. Each subunit is a polypeptide chain. Two of
the chains are a-chains and the other two are b-chains.
(b) Each subunit is a conjugated protein made up of a globular
protein called globin attached to a prosthetic group called the
haem group.
(c) Each haem group comprises a porphyrin ring with an iron
atom attached in the centre.
(d) It is the haem groups in haemoglobin that give the red colour
of blood, and are responsible for the transport of oxygen.
(e) The iron atom in each of the four haem groups can bind reversibly
to one oxygen molecule without reacting with it. Thus, each
haemoglobin molecule can carry four oxygen molecules to form
a complex molecule called oxyhaemoglobin (Hb(O2)4).
Hb + 4O2 → Hb(O2)4
haemoglobin

oxyhaemoglobin
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4 Each red blood cell contains about 250 × 106 molecules of haemoglobin
and transports a total of about 109 (4 × 250 × 106) oxygen molecules.
5 To increase their capacity for transporting oxygen molecules, red
blood cells do not contain nuclei and have a biconcave shape
which gives an extremely high surface area to volume ratio.
6 The high efficiency of haemoglobin as a respiratory pigment in
binding oxygen is due to its characteristics as listed below.
(a) Haemoglobin (Hb) and oxygen bond easily even at low oxygen
concentrations. Therefore, blood can be saturated immediately
with oxygen once in contact with water or air.
(b) Despite having a high affinity for oxygen, Hb can also release
oxygen easily when there is a drop in oxygen concentration
(low partial oxygen pressure).

Take Note!
The partial pressure
of a gas is the pressure
exerted by that gas in
a mixture of gases.

Check

7 In summary, haemoglobin has a high affinity for oxygen when the
partial oxygen pressure is high as in the lungs, but a low affinity for
oxygen when the partial oxygen pressure is very low as in respiring
tissues.

8.1

1 (a) Explain how gaseous exchange takes place in the lungs and tissues.
		 (b) How is the structure of the alveolus adapted for efficient gaseous exchange?
2

(a) Describe briefly the structure of haemoglobin.
(b) What characteristics of haemoglobin make it an efficient means of transporting oxygen?

3

(a) What is oxyhaemoglobin?
(b) Where is a higher concentration of oxyhaemoglobin expected to be found, in peripheral
tissues or in the lungs?

Transport of Oxygen and the Oxygen
Dissociation Curve
1 The partial pressure of oxygen in the alveoli is higher than in the
alveolar blood capillaries. This causes oxygen to diffuse into the
alveolar blood capillaries.
2 (a)	
In the alveolar blood capillaries, the haemoglobin in the
red blood cells combine with oxygen to form the unstable
oxyhaemoglobin complex which is then circulated in the
bloodstream to respiring tissues all over the body.
(b) In the respiring tissues, where the partial pressure of oxygen
is low, oxyhaemoglobin dissociates to release oxygen.
lungs, high Po2

Hb + 4O2		Hb(O2)4
haemoglobin

other tissues, low Po2
oxyhaemoglobin

3 The speed at which blood transports oxygen to supply the
requirement of the body relies on the high affinity of haemoglobin
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for oxygen. This is shown by the oxygen dissociation curve obtained
by plotting the oxygen saturation percentage of haemoglobin
against the partial pressures of oxygen (Figure 8.4). As blood enters
the lungs, it is rapidly saturated with oxygen. A small drop in
the oxygen partial pressures in respiring tissues will cause a lot
of oxygen to be released from the oxygenated haemoglobin.
sigmoid curve
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Figure 8.4 Oxygen dissociation curve of haemoglobin
The sigmoid or S-shaped curve shows that
• the haemoglobin in blood can be saturated with oxygen even at
low partial oxygen pressures. This is what is meant by the high
affinity of haemoglobin for oxygen
• the percentage of oxygen saturation declines steeply as the
partial oxygen pressure falls, as in respiring tissues. In respiring
tissues, the oxyhaemoglobin releases more of its bonded
oxygen, and the freed haemoglobin in the red blood cells is
then re-circulated to the lungs for rebinding with oxygen

4 Bohr effect and partial pressure of carbon dioxide
(a) The affinity of haemoglobin for oxygen is affected by changes
in the partial pressure of carbon dioxide (Figure 8.5).
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Figure 8.5 Effect of partial pressure of carbon dioxide on the oxygen
dissociation curve (A–C) of human haemoglobin

(b) When the partial pressure of carbon dioxide in the blood
increases, the affinity of haemoglobin for oxygen decreases.
(c) This is called the Bohr effect and it is due to proton–oxygen
coupling.
(i) In deoxyhaemoglobin, the N-terminal amino groups
of the a-subunits and the C-terminal histidine of the
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Take Note!
Effect of pH on oxygen
dissociation curve
Blood pH decreases when
CO2 partial pressure
increases and vice versa.
Thus, blood pH has the
same effect as CO2 partial
pressure on the oxygen
dissociation curve and a
decrease in blood pH will
result in the Bohr effect.

b-subunits participate in ion pairing. The formation of
ion pairs causes these groups to decrease in acidity. Thus,
deoxyhaemoglobin binds one proton for every two O2
molecules released. Consequently, when the concentration
of H+ in the blood increases (blood pH decreases), oxygen
is released and proton is bound by haemoglobin.
(ii) In oxyhaemoglobin, these ion pairings are absent and
these groups increase in acidity. Thus, a proton is released
for every two O2 molecules bound. Consequently, when
the concentration of H+ in the blood decreases (blood pH
increases), haemoglobin binds oxygen and releases proton.
(d) The Bohr effect facilitates oxygen transport as it causes
haemoglobin to bind to oxygen in the lungs but release it in
the tissues, particularly those tissues in most need of oxygen.
(e) When a tissue’s metabolic rate increases, its carbon dioxide
production increases.
	  (i) Carbon dioxide forms bicarbonate ions and protons through
the following reaction:
CO2 + H2O

Take Note!
When muscles are
undergoing strenuous
activity, they generate CO2
and lactic acid as products
of cellular respiration and
lactic acid fermentation. In
fact, muscles generate
lactic acid so quickly that
the pH of the blood passing
through the muscles will
drop to around 7.2. As lactic
acid releases its protons,
the pH decreases, which
causes haemoglobin to
release approximately 10%
more oxygen.

H2CO3

H+ + HCO3−

(ii) Although the reaction usually proceeds very slowly, the
enzyme carbonic anhydrase in red blood cells accelerates
the reaction.
(iii) The increase in proton concentration causes the pH to
decrease, promoting the dissociation of oxygen from
haemoglobin, allowing the tissue to obtain enough oxygen.
	 (iv) Conversely, in the lungs, where oxygen concentration is
high, binding of oxygen causes haemoglobin to release
protons which combine with bicarbonate ions. Since these
two reactions are closely linked, there is little change in
blood pH.
(g) The Bohr effect results in the oxygen dissociation curve shifting
to the right (for this reason, the Bohr effect is sometimes
called the Bohr shift) when carbon dioxide or hydrogen ion
concentration is increased.
(h) This facilitates the increased release of oxygen when the carbon
dioxide partial pressure is high, allowing the body to supply
more oxygen to tissues that need it the most.

Comparing the oxygen dissociation curves of
myoglobin and haemoglobin
1 In the skeletal muscle of active animals such as birds, myoglobin
is found in very high concentrations. Myoglobin gives the
characteristic red colour to the flesh of these animals.
2 Myoglobin is a conjugated protein consisting of a globin protein
and a haem group, thus having chemical properties similar to
haemoglobin.
3 Compared to haemoglobin, myoglobin shows a higher affinity for
oxygen, becoming easily saturated with oxygen even at very low
partial oxygen pressures (curve D in Figure 8.5). This difference
is due to the following reasons.
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(a) Each myoglobin molecule has only one haem group attached
to only one globin. In contrast, haemoglobin has four haem
groups attached to four different globins in the same molecule.
(b) When an oxygen molecule dissociates from an oxyhaemoglobin
molecule, changes in the oxyhaemoglobin molecule make it
easier for the remaining oxygen molecules to dissociate as
well. This explains why at moderate oxygen partial pressures,
oxyhaemoglobin releases oxygen while oxymyoglobin still binds
oxygen molecules.
(c) Oxymyoglobin only releases oxygen at very low partial pressures
of oxygen. This allows myoglobin to act as oxygen store in
resting muscles and helps to delay the onset of anaerobic
respiration during vigorous activity.

Extra Notes
Oxygen dissociation curves of fetal haemoglobin (HbF) and
adult haemoglobin (HbA)
Take Note!
The affinity of haemoglobin
for oxygen is given by the
P50 index, that is, the partial
pressure of oxygen at which
haemoglobin is 50%
saturated. The P50 of
fetal haemoglobin is
approximately 18 mmHg
compared to 27 mmHg in
adult haemoglobin.

1 During development, the embryo or fetus requires an increasing
supply of oxygen. These oxygen needs are achieved through
(a) increased maternal blood supply to the placenta
(b) fetal haemoglobin (HbF) having a higher affinity for oxygen than
the maternal haemoglobin (HbA)
(c) a higher haemoglobin concentration in fetal blood than in
maternal blood
(d) the double Bohr effect
100
HbF
HbA

75
Oxygen
saturation
50
(%)
25

Take Note!
The fetus receives oxygen
as well as nutrients from the
mother while carbon dioxide
and other waste products
from the fetus are expelled
through the capillary-rich
placenta. The placenta has
many villi growing into the
uterine wall.
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Figure 1 Oxygen dissociation curves of fetal haemoglobin and adult haemoglobin

2 The higher affinity of fetal haemoglobin (HbF) for oxygen compared
to adult haemoglobin (HbA) has the following implications.
(a) The oxygen dissociation curve is shifted to the left (Figure 1).
This means that HbF can be easily saturated with oxygen at
even lower partial pressures of oxygen.
(b) The high affinity of fetal haemoglobin for oxygen ensures
sufficient and efficient oxygen supply to the fetus.
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3 The double Bohr effect (Figure 2)
HbF in
umbilical
vein
Oxygen
saturation (%)

0

HbF in umbilical artery
HbA in
uterus
artery
HbA in uterus vein

Partial pressure of O2

Figure 2 The oppositely operative Bohr effect, called the double Bohr effect,
causes the oxygen dissociation curves for maternal haemoglobin
(HbA) and fetal haemoglobin (HbF) to be shifted in opposite directions.
The HbA curve is shifted to the right while the HbF curve is shifted to
the left

(a) The oxygen transfer from maternal blood to fetal blood is also
facilitated by the double Bohr effect.
(b) The double Bohr effect refers to the situation in the placenta
where the Bohr effect is operative in both the maternal and the
fetal circulation.
(c) In the intervillous tissue of the uterus artery on the maternal side
of the blood circulation, the increase in partial carbon dioxide
pressure will assist in oxygen unloading from the maternal
oxyhaemoglobin in the maternal blood. This causes the oxygen
content of the blood in the maternal vein to decrease.
(d) Conversely, in the intervillous tissue of the umbilical artery on
the fetal side, the decrease in partial carbon dioxide pressure
will assist in oxygen loading. This causes the oxygen content of
the blood in the umbilical vein to increase.
(e) The double Bohr effect facilitates the reciprocal exchange of
oxygen for carbon dioxide.

Check

8.2

1 (a) What is the oxygen dissociation curve for haemoglobin?
		 (b) Plot the curve and state the shape of the curve.
		 (c)	If the oxygen dissociation curve were a directly proportional straight line passing through
the origin, how would this affect the efficiency of oxygen release by oxyhaemoglobin?
2 (a)	How is the oxygen saturation of haemoglobin influenced by changes in the partial
pressure of carbon dioxide in blood?
(b) What is the Bohr effect (or Bohr shift)?
3 (a)	Compare the partial pressures of oxygen at which haemoglobin and myoglobin become
saturated with oxygen.
(b) What is the significance of the characteristic oxygen saturation levels of myoglobin at
different partial pressures of oxygen to animals?
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Transport of Carbon Dioxide by
Haemoglobin
1 The carbon dioxide produced from aerobic respiration in cells
either
(a) diffuses directly into blood capillaries, or
(b) diffuses into tissue fluid which eventually enters blood capillaries.
2 The carbon dioxide is then transported by blood to the lungs in
three different ways (Figure 8.6).
(a) By conversion to hydrogen carbonate ions in the red blood cells
(b) By binding to haemoglobin
(c) By dissolving in the plasma
3 Conversion to hydrogen carbonate ions in red blood cells
(a) About 85% of the carbon dioxide produced during cell
respiration diffuses into the red blood cell, where it combines
with water to form carbonic acid, H2CO3, in the presence of
the enzyme carbonic anhydrase.
(b) The carbonic acid then dissociates into HCO3– and H+ ions.
carbonic anhydrase

H2CO3		 HCO3– + H+
The H+ ions, if allowed to accumulate, will increase the acidity
of the cells and finally destroy the cells.

tissue fluid

CO2

capillary wall
approximately 5% of CO2
is carried in physical solution
as well as in the form of
carbonic acid in the plasma
H2CO3
H+ + HCO3--

10% of CO2 combines
with haemoglobin
H
H
HbN + CO 2
HbN
COO-H
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protein

proteinic
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body cells
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+
H+
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ions, HCO3-- in red blood
cells
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diffusion
CO2 + H2O
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Na + CI
chloride
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shift

carbonic anhydrase

H2CO3
Hb(O2)4

oxyhaemoglobin
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O2 + Hb

+
H + HCO3-- CI

--

HHb
haemoglobinic acid

red blood
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Figure 8.6 Transport of carbon dioxide by blood
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  (c) The increase in acidity due to the H+ ions is effectively controlled
by the haemoglobin which becomes available again after
oxyhaemoglobin releases its oxygen when the carbon dioxide
in blood increases. The released oxygen will diffuse out of the
red blood cells into tissue cells to be used in cellular respiration.
(d) The freed haemoglobin can act as a buffer by combining
with the H+ ions to form haemoglobinic acid, HHb, as shown
below. This is the cause of Bohr’s effect.
Hb(O2)4

4O2 +

oxyhaemoglobin		

Hb
haemoglobin

				
H+ ion from

				
carbonic acid

			 HHb

			
haemoglobinic acid

  
(e) At the same time, hydrogen carbonate ions, HCO3–, also
accumulate in the red blood cells and then diffuse out into
the plasma, combining with sodium to form sodium hydrogen
carbonate. Sodium hydrogen carbonate dissociates into Na+ and
HCO3–. The freed HCO3– ions are then carried to the lungs
where they are converted into carbon dioxide molecules. The
carbon dioxide then diffuses into the alveoli from which they
are expelled into the atmosphere in the exhaled air.
  
(f ) As a result of the negatively charged HCO3– diffusing out
into the plasma, the inside of the red blood cells will become
positively charged due to the accumulation of sodium ions
from the sodium hydrogen carbonate. However, the electroneutrality of the red blood cells is immediately restored by the
movement of chloride ions, Cl–, from the plasma into the cells.
This process is called chloride displacement or chloride shift.
(g) Therefore more carbon dioxide diffusing into the red blood cells
will cause more oxygen to be released from oxyhaemoglobin.
4 Binding to haemoglobin
(a) About 10% of the carbon dioxide produced in respiration
combines in a reversible reaction with the amino group of
haemoglobin to form carbaminohaemoglobin.
(b) Carbaminohaemoglobin is transported to the lungs where
it dissociates releasing carbon dioxide to be expelled in
exhaled air.
5 Dissolved carbon dioxide in plasma
(a) About 5% of the carbon dioxide does not diffuse into red
blood cells, but remains dissolved as physical solution in the
plasma as well as becomes carbonic acid, H2CO3.
(b) The carbonic acid then ionises into hydrogen ions (H+) and
hydrogen carbonate ions (HCO3–).
(c) The increase in acidity due to the H+ ions will be buffered by
plasma protein (not haemoglobin) which reacts with the H+
ions to form weak proteinic acid.
(d) The hydrogen carbonate ions are transported by blood to the
lungs where they are converted to carbon dioxide which is
expelled in exhaled air.
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6 In the lungs where the oxygen partial pressure is high and the
carbon dioxide partial pressure is low, oxygen diffuses into the
alveolar blood capillaries from the alveoli while carbon dioxide
diffuses out from the alveolar blood capillaries into the alveoli
and is expelled in exhaled air.

Check

8.3

1 State what happens to the carbon dioxide from aerobic respiration when it diffuses into blood.
2 (a) Name the primary enzyme involved in the transport of carbon dioxide in blood.
(b) In which component of blood is the enzyme found?
3 In what form does the carbon dioxide dissolved in plasma exist?

8.2

Role of
Chemoreceptors in
Controlling Breathing
LEARNING OUTCOME
• Explain the role of chemoreceptors in controlling the rate of breathing
1 The amount of oxygen and carbon dioxide in the body at any one
time is regulated by both the respiratory system and the circulatory
system.
  2	 (a) When the level of oxygen in blood is low and that of carbon
dioxide is high,
	  (i) the rate of respiration increases, thus increasing the air
displacement rate in the lungs
(ii) the rate of heartbeat (or cardiac frequency) increases
(iii) the diameter of the arterioles increases. Expansion of the
arterioles (vasodilation) ensures more oxygenated blood is
supplied to tissues, especially muscle tissue that require
a large oxygen supply.
(b) If the level of oxygen is high and that of carbon dioxide is low,
the systems respond in the opposite direction by decreasing the
rate of respiration and the heartbeat rate, while constriction
of the arterioles occurs. As a result, less oxygenated blood is
supplied to tissues.
   3 Changes in the level of oxygen and carbon dioxide in blood can
cause adverse effects.
(a) Lack of oxygen (anoxia) prevents tissue metabolism, weakens
the senses (for example, eyesight) and may hamper the normal
functions of the brain.
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(b) Too much oxygen can cause an increase in the metabolic rate
of carbohydrates, fats and proteins. This will result in the
accumulation of carbon dioxide in blood, causing an increase
in the rate of alveolar ventilation as well as cardiac frequency.
This in turn results in more oxygen supply.
This is an example of positive feedback when the normal
homeostatic regulation by negative feedback does not function.
4 However, experiments have shown that changes in the level of
carbon dioxide (not oxygen) is more effective in the control of
respiration and blood circulation. Therefore, the partial pressure
of oxygen may vary over a wider range compared to the partial
pressure of carbon dioxide.

The Role of Chemoreceptors
in Respiratory Control
1 The rate of respiration (or breathing) is regulated by two centres
in the brain; the respiratory centre and the cardiovascular centre,
situated in the medulla oblongata.
2 The respiratory centre consists of groups of neurons organised
into two parts, the inspiratory centre and the expiratory centre
(Figure 8.7).
(a) Chemoreceptors detect increases in the partial pressure of
carbon dioxide and send impulses to the respiratory centre
which is then stimulated to increase alveolar ventilation.
(b) From the inspiratory centre, impulses are sent to the diaphragm
via the efferent phrenic nerve and to the outer intercostal
muscles via the efferent intercostal nerve, causing the lungs
to expand.
(c) As the lungs expand, the stretch receptors in the lungs are
stimulated and impulses are sent to the expiratory centre.
Inspiration (lungs inflate)
Stretch receptors in
lungs stimulated

no inhibitory
impulses

Increase in CO2 partial
pressure in blood detected
by chemoreceptors
stimulates

Inspiratory centre

Contraction of
diaphragm and outer
intercostal muscles

impulses stimulating
contraction

Respiratory centre
inhibitory
impulses

Expiratory centre

no impulses
Relaxation of
diaphragm and outer
intercostal muscles

Stretch receptors in
lungs not stimulated
Expiration (lungs deflate)
CO2 released from lungs
in exhaled air

Figure 8.7 Control of breathing by the respiratory centre
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(d) When the expiratory centre is stimulated, the inspiratory
centre is inhibited (switched off).
(e) When the stretch receptors are no longer stimulated and the
expiratory centre in its turn becomes inactive, inspiration
begins again.
(f) The rate of inspiration and expiration can be modified by
impulses from chemoreceptors.
afferent
nerve
to the
brain

external
carotid
artery

carotid
body

internal
carotid
artery
carotid
sinus
general
carotid
artery

Figure 8.8
Carotid body and
carotid sinus

   3 Chemoreceptors in the respiratory centre (medulla) and carotid
body (under the internal carotid artery at the neck) (Figure 8.8)
are sensitive to changes in the partial pressure of carbon dioxide
(and to a lesser extent, changes in the partial pressure of oxygen)
in blood.
4 When the partial pressure of carbon dioxide increases (pH
levels drop/blood acidity increases), the chemoreceptor cells are
stimulated to send impulses to the cardiovascular centre in the
brain via afferent nerve. From the cardiovascular centre, impulses
are sent via efferent nerves to stimulate
  (a) arterioles to constrict
(b) the heart to increase cardiac frequency
  5	  (a) The constriction of arterioles (vasoconstriction) causes an
increase in blood pressure. At the same time, accumulation
of carbon dioxide in actively respiring tissues (for example,
muscles during strenuous exercise) cause localised arterioles
in those tissues to dilate.
(b) The increase in blood pressure and cardiac frequency coupled
with the dilation of localised arterioles accelerate the circulation
of oxygenated blood to tissues where carbon dioxide has
accumulated (Figure 8.9).
6 In summary, when the partial pressure of carbon dioxide in blood
increases,
(a) chemoreceptors are stimulated to send impulses to the
respiratory centre and the cardiovascular centre,
(b) the two centres respond by stimulating lungs to increase
alveolar ventilation, and the heart to increase cardiac frequency.
centres of brain

afferent
nerve

respiratory and
cardiovascular
centres in hindbrain

carotid body
and aortic body
CO2 in blood
increases

efferent
nerve
to intercostal
muscles

to heart
(increases
cardiac
frequency)

general
vasoconstriction

increases the
rate of aeration
to diaphragm

arteriole

localised vasodilation

Figure 8.9 The regulation of carbon dioxide levels in the body of mammals

7 (a) The increase in the rate of alveolar ventilation helps to remove
the accumulated carbon dioxide from the body and increase
oxygen uptake. This allows aerobic respiration to continue in
actively respiring tissue and repay the oxygen debt.
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(b) The increase in cardiac frequency increases the rate of
circulation of oxygenated blood to tissues where an increased
supply of oxygen is needed.

Take Note!

8 The regulation of carbon dioxide levels appears to be linked to
blood pressure.
(a) As shown in Figure 8.8, a node called the carotid sinus is found
at the initial part of the internal carotid artery. The carotid
sinus contains stretch receptors sensitive to the stretching of
blood vessel walls.
(b) When blood pressure increases and causes stretching of the walls
of carotid arteries, these stretch receptors will be stimulated to
send impulses to the cardiovascular centre through afferent nerves.
(c) The cardiovascular centre responds by stimulating the heart
to reduce cardiac frequency, and the blood vessels to dilate.
(d) Reduction in the cardiac frequency and dilation of blood vessels
will lower blood pressure.

The rate of breathing and
cardiac frequency are also
influenced by the hormone
adrenaline secreted into the
blood by adrenal glands. In
stressful situations,
adrenaline triggers an
increase in cardiac
frequency and constriction
of the arterioles, leading to
an increase in blood
pressure.

Check

8.4

1 (a ) Name the two centres in the brain that are involved in the control of breathing in mammals.
(b) What are the roles played by chemoreceptors and stretch receptors in the control of
breathing in mammals?
2 Explain the mechanism that causes an athlete to gasp for air during a vigorous activity.
3 Draw a labelled schematic diagram to show the roles of
• the respiratory centre (inspiratory and expiratory centres),
• chemoreceptors, and
• stretch receptors
		 in the control of breathing in mammals.

8.3

Gaseous Exchange
and Control in Plants
LEARNING OUTCOME
• Explain the regulation of stomatal opening and closing based on
starch–sugar hypothesis
1 In aquatic plants, the carbon dioxide required for photosynthesis is
obtained in the form of hydrogen carbonate ions from the carbonic
acid present in water.
2 In terrestrial plants, carbon dioxide is obtained from the atmosphere
through stomata.
3 A stoma is a pore or aperture that penetrates the epidermis of leaves,
young branches and stems of green plants. Normally, more stomata
are found on the lower epidermis compared to the upper epidermis
of leaves, and much less on the epidermis of branches and stems.
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4 Stomata play an important role in the exchange of respiratory
gases in plants. Through the stoma, oxygen produced during
photosynthesis diffuses out from the leaves into the atmosphere,
while carbon dioxide diffuses from the atmosphere into the leaves.
5 A stoma is formed by two specialised epidermal cells, called guard
cells. The guard cells play an important role in the opening and
closing of the stoma.
6 The guard cells are bean-shaped, and are different from other
epidermal cells whereby guard cells contain chlorophyll and are
thus able to carry out photosynthesis.
7 Another unique characteristic of the guard cell is that the inner cellulose
wall bordering the stoma is thicker than the outer cellulose wall
bordering the epidermal cells surrounding the guard cells (Figure 8.10).

Mechanism of Stomatal Opening
and Closing
1 The opening and closing of a stoma is a response to an increase or
decrease in the water potential of the sap solution in the guard cells.
Take Note!
The water potential of a
solution is defined as the
tendency of water
molecules to enter or leave
the solution by osmosis.
Pure water has the highest
water potential, defined as
zero. When solute
molecules are dissolved in
pure water, the water
potential drops. This means
an aqueous solution has
negative water potential.
Water diffuses from a region
of higher water potential
(zero or less negative) to a
region of lower potential
(more negative).

2 (a) Entry of water into the guard cells increases the water potential
of the sap solution in the guard cells. This causes the guard
cells to expand and become turgid.
(b) Conversely, the exit of water from the guard cells decreases
the water potential of the sap solution, thus causing the guard
cells to shrink and become flaccid.
3 One of the hypotheses to explain the opening and closing of
stomata, is the starch–sugar (glucose) hypothesis.

Starch–sugar hypothesis
1 Mechanism of stomatal opening
(a) During photosynthesis, the production of osmotically active
glucose in the guard cells decreases the water potential of its
sap solution to lower than that of the surrounding epidermal
cells which do not photosynthesise.
(b) Thus, a pressure gradient is established between the epidermal
cells and the guard cells.
(c) Consequently, water enters the guard cells by osmosis and
causes the guard cells to become turgid.
(d) Turgor pressure in the guard cell causes the thin and flexible
cellulose wall bordering the epidermal cells to be more stretched
compared to the wall bordering the stomatal aperture which
is thicker and less flexible.
(e) As a result, an oval-shaped aperture is formed between the
guard cells (Figure 8.10(a)).
2 Mechanism of stomatal closing
(a) Conversely, the conversion of glucose to starch, which is
osmotically inactive, increases the water potential of the sap
solution in the guard cells until it is higher than that of the
surrounding epidermal cells.
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(b) Thus, a pressure gradient is established in the opposite direction.
(c) Consequently, water leaves the guard cells by osmosis and
causes the guard cells to become flaccid.
(d) Loss in turgor pressure leads to the closure of the stomatal
aperture (Figure 8.10(b)).
3 The mechanism of stomatal opening and closing is summarised
as follows.
Open stoma

starch ↑, WP ↑, guard cells flaccid

glucose ↑, WP ↓, guard cells turgid

Closed stoma

WP = water potential of sap solution in guard cells
nucleus
vacuole
stomatal
aperture

thick inner wall
thin outer wall
chloroplast
epidermal cell

guard cells

(a) Open stoma

(b) Closed stoma

Figure 8.10 Structure of stoma

Extra Notes
Potassium ion hypothesis
1 An increase in the concentration of potassium ions (K+) in the vacuole
of guard cells causes a decrease in the water potential of the sap
solution. Consequently, water enters the guard cells resulting in a high
turgor pressure in the cells and inducing the opening of the stoma.
The potassium ions enter the vacuole of the guard cell by active
transport from the subsidiary epidermal cells.
pore opens

pore closes

Figure 1 Effect of change in concentration of potassium ions on the opening
and closing of stoma

2 Conversely, a decrease in the concentration of potassium ions in the
vacuole of guard cells causes an increase in the water potential of
the sap solution. Consequently, water leaves the guard cells lowering
its turgor pressure and inducing the closing of the stoma.
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Factors affecting the opening and closing of the stoma

Take Note!
A hypothesis involving the
starch–malate equilibrium is
very similar to the one
involving the starch–
glucose equilibrium.
pH
sensitive
enzymes

Starch
(osmotically
inactive)

malate
(osmotically
active)

When the pH in the guard
cells rises as a result of
decreased carbon dioxide
concentration (due to
photosynthesis) the starch–
malate equilibrium is
shifted to the right. The
concentration of malate
increases. Consequently,
water enters the guard cells
and the stoma opens. The
opposite events occur
when the carbon dioxide
concentration increases
and the pH falls, leading to
the closing of the stoma.

1 Light and photosynthesis in the guard cells
(a)
(i) In general, stomata in a leaf open when exposed to light.
The type of light determines the size of the aperture.
(ii) Stomata open wide when exposed to blue and red light,
and do not open at all when exposed to green light. This
corresponds to the maximum and minimum in the absorption
spectrum of the photosynthetic pigments and the action
spectrum of photosynthesis.
(b) (i) When exposed to the appropriate light, the concentration
of osmotically active reducing sugar (glucose, the product
of photosynthesis) in the guard cells increases due to an
increase in the rate of photosynthesis. Consequently, water
enters the guard cells from the epidermal cells by osmosis.
The guard cells become turgid and the stoma opens.
(ii) Conversely, when exposed to inappropriate light, the
concentration of glucose in the guard cells decreases due
to the decrease in the rate of photosynthesis, water leaves
the guard cells, the guard cells become flaccid and shrink,
leading to the closing of the stoma.
2 Carbon dioxide and leaf pH
(a) Changes in the leaf pH is due to changes in carbon dioxide
concentration in the leaf.
(i) When carbon dioxide concentration decreases (due to
photosynthesis), the leaf pH rises.
(ii) Conversely, when carbon dioxide concentration increases
(when only cellular respiration occurs), the leaf pH falls.
(b) The opening and closing of the stoma aperture is sensitive to
changes in the pH of the leaf.
(i) A higher pH stimulates the stoma to open.
(ii) Conversely, a low pH stimulates the stoma to close.
(c) An increase in leaf pH is always followed by a decrease in the
starch content, and an increase in the glucose content in leaves.
The starch–glucose equilibrium is shifted to the right due to pH
sensitive enzymes such as phosphorylase which catalyses the
conversion of starch to glucose.
Starch
pH 7, phosphorylase
(osmotically 		
pH 5
inactive)

glucose 1-phosphate
(osmotically active)

An increase in the concentration of osmotically active glucose
in the guard cells causes water to be drawn into the guard cells
by osmosis, leading to the opening of the stoma.
(d) The opposite takes place when the leaf pH drops. The starch–
glucose equilibrium is shifted to the left resulting in a decrease
of the glucose concentration. Water leaves the guard cells by
osmosis, leading to the closing of the stoma.
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Check

8.5

1 (a) Define the water potential of a solution.
(b)	How do changes in the water potential of the sap solution in guard cells influence the
opening and closing of the stomata in leaves?
2 (a) State two functions of the stoma.
		 (b)	Describe briefly the mechanism of the opening and closing of stoma in leaves based on
the interconversion of starch and glucose.

Summary
1 The respiratory system in mammals consists of the nasal passage, trachea, bronchi and
lungs.
2 The lungs have millions of alveoli that provide a huge total surface area for gaseous exchange.
3 Adaptations of the alveolus for efficient gaseous exchange include
		
(a)	having a very thin wall made up of a single layer of cells to ensure effective diffusion
of gases
		
(b)	having a moist surface to allow respiratory gases to be dissolved, thus ensuring
effective diffusion of gases
		
(c) being covered with a dense network of capillaries
4 Oxygen diffuses from alveoli into alveolar blood capillaries because the partial pressure
of oxygen is higher in the alveoli. Likewise, carbon dioxide diffuses from alveolar blood
capillaries into alveoli which has a lower partial pressure of carbon dioxide.
5 (a) Haemoglobin is a red respiratory pigment found in red blood cells that consists of four
subunits.
		
(b)	Each subunit is made up of a globin attached to a haem group and each haem group
comprises a porphyrin ring containing an iron atom.
		
(c) Haemoglobin (Hb) binds oxygen to form oxyhaemoglobin (Hb(O2)4).
6 The oxygen dissociation curve of haemoglobin is sigmoid or S-shaped, showing the high
affinity of haemoglobin for oxygen even at low partial oxygen pressure.
7 An increase in the partial pressure of carbon dioxide decreases the affinity of haemoglobin
for oxygen as illustrated by the Bohr effect.
8 Myoglobin has a higher affinity for oxygen than haemoglobin.
9 Carbon dioxide is transported by blood to lungs in three different ways.
		
(a) By conversion to hydrogen carbonate ions in the red blood cells
		
(b) By binding to haemoglobin
		
(c) By dissolving in plasma
10 The rate of respiration is regulated by two centres in the brain, the respiratory centre and
the cardiovascular centre.
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11 When the partial pressure of carbon dioxide in blood increases, chemoreceptors are
stimulated to send impulses to the respiratory centre and the cardiovascular centre which
then stimulate the lungs to increase alveolar ventilation and the heart to increase cardiac
frequency.
12 Stomata allow the exchange of respiratory gases in plants through diffusion.
13 Guard cells are bean-shaped, contain chlorophyll and have an inner cell wall that is thicker
than the outer cell wall.
14 Starch–sugar hypothesis
		
(a)	The opening and closing of a stoma is a response to an increase or decrease in the
water potential of the sap solution in the guard cells.
		
(b) Mechanism of stomatal opening and closing
glucose ↑, WP ↓, guard cells turgid

closing of stoma

opening of stoma
starch ↑, WP ↑, guard cells flaccid
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Exam Dr lls

8

Objective Questions
1 In which of the following ways is the
majority of carbon dioxide transported in
the blood?
A Attached to haemoglobin
B Bound to oxygen
C Dissolved in plasma
D Converted to bicarbonate ions in the
red blood cells
2 Which of the following is explained by the
Bohr effect?
A Haemoglobin binds carbon monoxide
more readily than oxygen.
B Haemoglobin unloads its bound oxygen
more readily at low pH.
C Diffusion of gases occurs slowly over
long distances.
D Oxygen is present in the atmosphere
in relatively low concentration.
3 Which part of the brain controls breathing?
A Cerebrum
B Cerebellum
C Medulla oblongata
D Cortex
4 As blood passes through the systemic
capillaries, what happens to the affinity of
haemoglobin for oxygen and what
happens to the oxygen dissociation curve
of haemoglobin?
A Affinity for oxygen increases and the
dissociation curve shifts to the left.
B Affinity for oxygen increases and the
dissociation curve shifts to the right.
C Affinity for oxygen decreases and the
dissociation curve shifts to the left.
D Affinity for oxygen decreases and the
dissociation curve shifts to the right.
5 Which of the following converts carbon
dioxide into carbonic acid in the
cytoplasm of red blood cells?
A Haemoglobin
B Oxyhaemoglobin
C Carbonic anhydrase
D Hydrogen carbonate
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6 The Bohr effect explains why
A haemoglobin binds carbon monoxide
more readily than oxygen
B haemoglobin unloads its oxygen content
when the pH is low
C diffusion occurs very slowly over long
distances
D oxygen is present in the atmosphere in
relatively low concentrations
7 In carbon monoxide (CO) poisoning, CO
binds to the haem of haemoglobin much
more easily than oxygen. What effect will
this have on the ability of the tissues to
get oxygen?
A More carbonic acid will be produced,
causing the haemoglobin to release
more oxygen to the tissues.
B Haemoglobin will bind less oxygen,
therefore less oxygen is transported to
the tissues.
C Carbon monoxide causes haemoglobin
to give up oxygen more readily in the
tissues.
D Carbon monoxide reduces haemoglobin’s
ability to bind oxygen, but more
haemoglobin will be produced so there
is no decline in oxygen supply to the
tissues.
8 Which of the following is involved in
stomatal closing?
A The water potential of the guard cells
become more negative.
B Potassium ions move into the guard
cells.
C Water moves into the guard cells by
osmosis.
D Potassium ions accumulate in the
subsidiary cells.
For questions 8 to 12, use the table below
to select the correct answer.
A

B

C

D

I only
is
correct

I and II
only are
correct

II and III
only are
correct

I, II and
III are
correct
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9 Which of the following processes occur in
guard cells during the opening of stomata?
I Starch is converted to glucose.
II Water enters the guard cells by osmosis
from the epidermal cells.
III Water exits the guard cells by osmosis.
10 The equilibrium for the dissociation of
oxyhaemoglobin in human blood can be
represented by the following reversible
equation.
Oxyhaemoglobin
oxygen

haemoglobin +

		 In which of the following conditions does
the equilibrium shift to the right?
I Partial pressure of carbon dioxide in
blood increases.
II pH of blood decreases.
III Blood flows through capillaries in the liver.
11 The partial pressure of carbon dioxide in leg
muscles increases after a vigorous work
out. Which of the following regulatory
actions will occur to correct the above
situation?
I Chemoreceptors in the respiratory and
cardiovascular centres in the brain are
stimulated.
II The rate of the heartbeat decreases.
III Arterioles in the leg muscles constrict.
12 Which of the following is true about
carbonic anhydrase?
I Helps in the transport of CO2 to lungs
II Increases the concentration of H+ in
red blood cells
III Increases the permeability of capillary
walls to oxygen gas

13 Pigments X and Y are two types of
haemoglobin.
O2 saturation of haemoglobin (%)
100
X
50

0

Y

20 P 40 60
80 100
Partial pressure of O2 (mmHg)

Based on their oxygen dissociation curves
shown above, which of the following
statements is/are true?
I At P, the oxygen saturation of X is
greater than Y.
II At P, oxygen is released much more
easily by Y than by X.
III X is the oxygen dissociation curve for
adult haemoglobin while Y is for fetal
haemoglobin.
14 Which of the following statements is/are
true?
I Carbon dioxide dissolves in blood
plasma.
II Carbon dioxide can bind to the amino
group of haemoglobin.
III Carbon dioxide combines with water
to form carboxylic acid.
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Structured Questions
1 The diagram below shows gaseous exchange between red blood cell, blood plasma and
respiring tissue.
respiring tissue
O2
X

plasma

X + H2O
4O2

+

H +Z
process B

Y

HbO8

HHb

Hb

process A
red blood cell

NaHCO3
NaCl
CI–

blood capillary

(a)
(b)
(c)
(d)

State the ways in which carbon dioxide is transported in blood.
[3 marks]
Name the gas labelled X and substances Y and Z.
[3 marks]
What is process A? State its function. 
[2 marks]
Process B represents one of the functions of haemoglobin.
What is this function?

[1 mark]
(e) Based on (d), state another substance found in blood plasma which has the same function.

[1 mark]
2 The figure below shows the oxygen dissociation curves P and Q of two pigments involved in
the transport of oxygen in mammals.
% Oxygen saturation

R

P

0

Partial pressure of oxygen

(a) Write an equation to represent the binding reaction between human haemoglobin and
oxygen.
[1 mark]
(b) State which curve is the oxygen dissociation curve of
(i) haemoglobin
(ii) myoglobin
[2 marks]
(c) Explain briefly the difference between the oxygen dissociation curves of haemoglobin
and myoglobin.
[3 marks]
(d) The oxygen dissociation curves of human haemoglobin under different partial pressures
of carbon dioxide are shown in the following figure.
% Oxygen saturation

X

O
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Y

Z

Partial pressure of oxygen
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(i) Arrange the oxygen dissociation curves in ascending order of partial pressures of
carbon dioxide.
[3 marks]
(ii) Name the effect of the partial pressure of carbon dioxide on the oxygen dissociation
curve of haemoglobin.
[1 mark]
3 The following figure shows the structure of a stoma when it is closed and when it is open.

(a) Name the cells labelled P and Q.
[2 marks]
(b) State two differences between the characteristics of cell P and cell Q.
[2 marks]
(c) Explain briefly, in terms of water potential in guard cells, how changes in the starch–
glucose equilibrium cause the opening and closing of the stoma.
[6 marks]

Essay Questions
1 (a) Explain briefly what the oxygen dissociation curve of a respiratory pigment is.
[5 marks]
(b) (i) What does the oxygen dissociation curve of haemoglobin show?
(ii) How is the oxygen dissociation curve of haemoglobin affected by the partial pressure
of carbon dioxide?
[10 marks]
(c) Explain briefly the effect of carbon monoxide on the efficiency of human haemoglobin in
the transportation of oxygen.
[5 marks]
2 With the aid of a labelled diagram, explain the mechanism of stomatal opening and
closing based on the starch–sugar hypothesis.
[20 marks]
3 With the aid of a labelled diagram, explain the mechanism of respiratory (breathing) control
in humans.
[20 marks]
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