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GASEOUS EXCHANGE 

This is the diffusion of gases from an area of higher concentration to an area of lower 
concentration, especially the exchange of oxygen and carbon dioxide between an organism and 
its environment. 

VENTILATION is an active mechanism which draws over and expels respiratory gases away 
from the gaseous exchange surfaces. 

Pulmonary ventilation 

It is simply taking in of air from the atmosphere and giving out of air from the lungs. It is carried 
out by breathing which constantly renews the air present in the lungs. It involves two processes - 
inspiration and expiration 
Difference between inspiration and expiration 

Note: One breathe includes one inspiration and one expiration, the respiratory rate is the number 
of breathes taken per minute. For a person breathing normally at rest, it is equal to 12-14 breaths 
per minute. 

CONDITIONS NEEDED FOR GAS EXCHANGE 

a) The supply of oxygen

(1) Air - About 21% of air is oxygen.
(2) Water - Amount of oxygen in water varies (about 1.03% in fresh water and 0.85% in sea
water) but is always much less than in air, being even lower in warmer water than colder water.
b) Diffusion

Diffusion is faster when the
 surface area to volume ratio is large

Inspiration Expiration 

(i) Taking in of atmospheric
air. 

gasses (i) Giving out of air from the lungs.
(ii)  Contraction of external intercostal mus- (ii)  Relaxation of external intercostal muscles

muscles or inspiratory muscles and 
relax-

 and contraction of internal intercostal
mus-relaxation of internal intercostal 

muscles. 
muscles, 

(iii) Rib cage moves forward and outward. (iii
) 

Rib cage moves downwards and inwards. 
(iv) Diaphragm contracts and becomes flat- (iv

) 
Diaphragm relaxes and becomes dome 

tened.  shaped (original 
position): (v) Increase in the volume of thoracic

cavity. 
(v)  Decrease in the volume of thoracic cavity. 

(vi) Decrease in pressure of thoracic cavity (vi
) 

Increase in pressure of- thoracic cavity 
and (below the atmospheric pressure) arid  hence in the lungs. 

hence in the lungs,
(vii) Rushing in of air through nostrils into

the 
(vi
)))
)i)

Expulsion of air from lungs into the atmo-  
 alveolar sacs causing inflation of lungs.  sphere causing deflation of lungs.  

(viii) Composition of inspired air (viii) Composition of expired
air Oxygen  -  20.95% Oxygen  - 16.4%

Carbondioxide  -  0.04% Carbondioxide  - 4.0%
Nitrogen  - 79.01% Nitrogen - 79.6%



A-level: Gaseous Exchange

 Page 2 of 23:  

 distance travelled is small
 concentration gradient of the diffusing substance is high.

c) A moist surface is required because oxygen and carbondioxide must be dissolved in water to
diffuse across a membrane.
d) Permeable membranes

(e) large surface area to volume ratio

Therefore, an efficient gas exchange surface must

(1) Have a large surface area relative to the volume of the organism to ensure a faster diffusion
rate of respiratory gases
(2) provide a short distance (be thin) for gases to diffuse across
(3) be moist to enable dissolving of respiratory gases
(4) permeable to the respiratory gases to enable their diffusion
(5) be organized or operate in a way that maintains a favourable concentration gradient for the
diffusion of respiratory gases
Hence a circulatory system may operate in tandem with the gas exchange system to maintain

the concentration gradient.

Advantages of air over water as gas 

exchange media 

Disadvantage of air as a gas exchange 

medium and why most land animals have 

internal respiratory surfaces 

(1) Air has a much higher oxygen
concentration than water (2) Diffusion
occurs more quickly so less ventilation of
the surface is needed (3) Less energy is
needed to move air through the respiratory
system than water

 Water is continuously lost from the gas
exchange surface by evaporation so the gas
exchange surface is folded into the body to
reduce water loss.

A comparison of selected properties of fresh water and air 

Property Air Fresh water 

Oxygen content (cm3/l) 210 8 
Diffusion rate (arbitrary units) 1 10-5

Viscosity (arbitrary units) 1 100 
Density (arbitrary units) 1 1000 

Gaseous exchange surface in organisms 

Gas exchange surfaces How the  gas exchange structures are suited to their 

function 

Cell surface membrane in 

unicellular organisms e.g. 

amoeba 

 The cell surface membrane has a sufficiently large surface
area to volume ratio enables efficient diffusion of gases.
 Being aquatic, the cell membrane is always moist to
dissolve respiratory gases to enable their diffusion.

http://www.google.co.ug/url?q=http://au.answers.yahoo.com/question/index%3Fqid%3D20100322234251AAXGtVt&ei=xyn0S921Cs_m-Qafs7j5DQ&sa=X&oi=forum_cluster&resnum=8&ct=result&cd=1&ved=0CCsQrAIoADAH&usg=AFQjCNFtO0J-qxFO34xv3vnG6kdPx_qLAQ
http://www.google.co.ug/url?q=http://au.answers.yahoo.com/question/index%3Fqid%3D20100322234251AAXGtVt&ei=xyn0S921Cs_m-Qafs7j5DQ&sa=X&oi=forum_cluster&resnum=8&ct=result&cd=1&ved=0CCsQrAIoADAH&usg=AFQjCNFtO0J-qxFO34xv3vnG6kdPx_qLAQ
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 The cell surface membrane is permeable to respiratory
gases

Entire body surface e.g. skin 

of earthworms 

 Skin surface is moist to enable dissolving of respiratory
gases for efficient diffusion.
 Skin is thin to reduce the diffusion distance such that there is

increased rate of diffusion of respiratory gases.
 The epidermal tissue is highly vascular to deliver and carry

respiratory gases such that a high concentration gradient for
the gases is maintained

Across the surface of 

flattened body e.g. 

flatworms 

 The flatness increases the surface area to volume ratio to
increase the rate of diffusion of respiratory gases.

Lung-books in spiders 
 The internal cavity increases the surface area for exchange

of respiratory gases.
External gills in young tad 

poles and lugworms   

NB: 

External gills are epidermal 

outgrowths suspended in 

water unprotected and 

therefore easily get damaged. 

 There is increased surface area for diffusion of respiratory
gases.

Tracheoles in insects 

Note: 
Size of insects is limited by the 

relatively slow diffusion rate 

of respiratory gases.  

 Tracheae are kept open by circular bands of chitin to enable
continued movement of air in and out of tracheoles.
 Tracheae branch to form tracheoles that reach every cell to

delivered oxygen directly to respiring cells and take away
Carbondioxide.
 Ends of the tracheoles are moist to enable dissolution of

respiratory gases for increasing their diffusion

Internal gills in fish 

NB: 

Increased surface area is 

needed because (1) water 

holds less oxygen than air and 

(2) diffusion across the skin of

the fish would be inadequate

due to the large size of the

animal

 Gill filaments have folds called secondary lamellae that
increase the surface area for gas exchange.
 The gill lamellae contain a network of capillaries for carrying
away oxygen or bringing in Carbondioxide for expulsion.
 There is counter current flow i.e. water and blood in the gills
flow in opposite directions to maintain a favourable
concentration gradient for diffusion of respiratory gases.
 Gills are moist to enable dissolution of respiratory gases for
efficient diffusion.
 Gills are thin-walled and in close contact with water to
provide a short distance for diffusion of respiratory gases.
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Inner alveolar surface of 

lungs in mammals 

 Lungs have many tiny alveoli which provide a large surface
area for gas exchange.

 Diffusion of respiratory gases is made faster by the
shortened distance due to (1) alveoli and capillary walls
being only one cell thick (2) epithelial cells are flattened so
are very thin (3) capillaries are pressed against alveoli.

 The moistened alveolar surface enables dissolution of
respiratory gases to increase the rate of diffusion.

 The gas exchange system is internal to reduce water loss by
evaporation.

 There are high concentration gradients of the gases,
maintained by ventilation and flow of blood in the
capillaries.

Cell walls of cells in the leaf 

mesophyll and cortex of root 

and stem  

 When the stomata open, production and consumption of
oxygen and carbon dioxide in the leaf is sufficient to maintain
a concentration gradient steep enough to facilitate gas
exchange with the atmosphere.
 Large intercellular air filled spaces in the spongy mesophyll
act as a reservoir for gaseous exchange.
 The cortical air spaces of roots and stems are continuous up
and down and also in a side ways direction, thus allowing gas
transport throughout the stem and root tissues.
 Root hairs lack a waxy cuticle and have moist surfaces to
facilitate rapid diffusion of gases through the cell wall.
 Mangrove species that grow in water logged soils with less
air content develop breathing roots above the ground level to
increase gas exchange.
 Root hairs are numerous to increase the surface area for gas
exchange.
 In the stem, lenticels consist of loosely packed cells at the
opening to enable diffusion of respiratory gases.

GAS EXCHANGE IN VARIOUS ORGANISMS 

1. SIMPLE ORGANISMS

(a) In unicellular (single-celled) organisms such as protozoa e.g. amoeba, gas exchange occurs
by diffusion across their membranes. Along their concentration gradients, dissolved oxygen
diffuses from the water across the cell membrane into the cytoplasm while dissolved
carbondioxide diffuses in the opposite direction.

(b) In organisms such as green algae, the cells may be close to the environment, and gas
exchange can occur easily by diffusion.
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(i) In the dark, no photosynthesis occurs in the chloroplast, no oxygen is made. Dissolved oxygen
diffuses from the water across the cell membrane into the mitochondria while dissolved
carbondioxide diffuses in the opposite direction, along their concentration gradients.
(ii) In the light, photosynthesis in chloroplasts releases oxygen, some of which diffuses into the
mitochondria, the excess diffuses out.

2. GAS EXCHANGE IN EARTHWORMS

Earthworms exchange oxygen and carbon dioxide directly through their skin. The oxygen diffuses
into tiny blood vessels in the skin surface, where it combines with the red pigment haemoglobin.

Hemoglobin binds loosely to oxygen and carries it through the animal's bloodstream. Carbon
dioxide is transported back to the skin by the hemoglobin from which it detaches and diffuses out.

3. GAS EXCHANGE IN INSECTS

Terrestrial insect e.g. grasshopper 

In grasshopper, the tracheal system consists of 10 pairs of spiracles, located laterally on the body 
surface. Of these, 2 pairs are thoracic and 8 pairs are abdominal. The spiracles are guarded by fine 
hairs to keep the foreign particles out and by valves that function to open or close the spiracles as 
required. The spiracles open into small spaces called the atria that continue as air tubes called the 
tracheae. The tracheae are fine tubes that have a wall of single layered epithelial cells.  
The cells secrete spiral cuticular thickenings called taenidia around the tube that gives support to 
the tubes. 
The tracheal tubes branch further into finer tracheoles that enter all the tissues and sometimes, 
even the cells of the insect. The ends of the tracheoles that are in the tissue are filled with fluid and 
lack the cuticular thickenings.  
The main tracheal tubes join together to form three main tracheal trunks- dorsal, ventral and lateral. 
At some places, the tracheae enlarge to form air sacs which are devoid of cuticle and serve to store 
air. 
ventilation and gaseous exchange in insects  

 Increased CO2 is detected by chemoreceptors, causing relaxation of the abdominal muscles and
lowering of pressure. The spiracles valves open and  air rich in oxygen is drawn into the tracheal
system.
 Spiracles valves then close and oxygen is forced along the tracheal system into the fluid-filled
tracheoles, which are in direct contact with the tissue fluid. Gaseous exchange takes place due to
difference in concentration gradients of oxygen and carbon dioxide.

 Air is expelled out when muscles contract and flatten the insect body, decreasing the volume of
the tracheal system.
 During increased metabolic activity, the water potential of tissue lowers causing osmotic efflux
of water from the tracheoles; and hence air replaces the fluid of the tracheoles.
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 In resting tissues, the water potential of tissue fluid increases resulting in the diffusion of much
water into the tracheoles.

Appearance of tracheoles at rest      Appearance of tracheoles during activity 

4. GAS EXCHANGE IN FROGS

Gaseous exchange in the frog takes place in three main parts of the body:
(1) The skin - especially during low activity when hibernating (2) the mouth [buccal cavity] (3)

the lungs.

The Skin:

Air from the atmosphere diffuses through the moist thin skin; it into the dense capillary below the 
skin. 
Due to its low concentration in the blood than in the skin surface, oxygen is then taken to the 
tissues via the red blood cells. Carbon dioxide moves from the blood into the skin surface then to 
the atmosphere. This happens due to its high concentration in the blood tissues than in the surface 
of the skin. 

The mouth (Buccal cavity):

The muscles of the mouth contract and then lower the surface of the mouth hence reducing its 
pressure than that of the atmosphere. 
Air rich in oxygen is inhaled through the nostrils into the mouth cavity 
There exists dense capillary network in the mouth cavity and as such, gaseous exchange takes 
place. Oxygen due to its high concentration diffuses into the blood and is transported by the red 
blood cells. Carbon dioxide diffuses from the blood tissues to the buccal cavity; then exhaled 
through the nostrils when the mouth floor is raised. 

The lungs:

The mouth muscles contract then lower the floor of the mouth hence increasing its volume. 
Pressure reduces in the mouth cavity than the atmosphere’s, causing air to move into the mouth 
through the nostrils.  
The nostril then closes and the mouth’s floor is raised. This forces the air into the lungs. 

 Page 6 of 23: 



A-level: Gaseous Exchange

 Page 7 of 23:  

Gaseous exchange takes place between the alveoli of the lungs and the blood; oxygen due to its 
high concentration in the alveoli than the blood diffuse into the blood while Carbon dioxide 
diffuses out of the blood tissue to the alveoli where it is exhaled out through the nostrils by the 
muscles of the lungs which contract and relax rhythmically. 

5. GAS EXCHANGE IN BONY FISH

Mechanism of ventilation in bony fish 

 Contraction of the mouth muscles lowers the floor of the mouth, reducing its pressure as the
mouth opens. Water (with dissolved oxygen) moves into the mouth and at the same time the
operculum remain closed.
 The operculum muscles relax; causing operculum to bulge open; this increases the volume but
lowers the pressure in the gill region as the mouth closes.
 Water from the cavity mouth moves into the gill region due to the reduced pressure; and bathes
the gill filaments in opposite direction to the flow of the blood. This is termed countercurrent

flow. Oxygen diffuses into the blood capillaries due to its high concentration in the gill region
than the blood capillaries; it combines with haemoglobin and is transported as oxyhaemoglobin
to the respiring tissues.
 Carbon dioxide and toxic metabolic wastes, like ammonia which are at higher concentration in
the blood than the gill filaments are excreted  into the gills and exhaled through the water that
moves out when the operculum opens.
 The higher internal water pressure in gill chamber forces operculum to open to exit the water
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DETAIL OF PART OF ONE GILL FILAMENT SHOWING THE LAMELLAE 
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COUNTERFLOW AND PARALLELFLOW SYSTEMS COMPARED 

Parallel flow system / Co-current flow 

system 

Countercurrent exchange 

 Blood in the gill lamellae would flow in the
same direction and at the same speed as the
water passing it, resulting in only half (50%)
of the available oxygen from the water
diffusing into blood. The blood and water
would reach equilibrium in oxygen content
and diffusion would no longer take place.
 If the blood in the gill lamellae and water
were to flow in the same direction, initially
large amounts of oxygen would diffuse but
the efficiency would reduce when the fluids
start to reach equilibrium.
 The concentration of oxygen gained from
this system would not meet the physiological
needs of the fish.
How to improve parallel flow:

The flow of water being very rapid compared
with that of the blood, to ensure a higher
saturation of the blood by the time it leaves
the respiratory surface.
How an efficient counterflow system is

prevented in a dogfish:

(1) The main flow of the water through the
gill pouches is parallel to the lamellae (2) the
vertical septum deflects the water so that it
tends to pass over rather than between the gill
plates.
         Gill plate           Distance across gill 

plate

Water flows across the gill lamellae in an
opposite direction to the blood flow, enabling
almost all of the oxygen (80-90%) from the
water diffusing into the blood.
 Although dissolved oxygen levels in water
drop as the water flows across the gill
lamellae, the blood has lower levels; therefore
a sustained diffusion gradient is maintained
throughout.
 By having the blood flow in the opposite
direction, the gradient is always such that the
water has more available oxygen than the
blood, and oxygen diffusion continues to take
place after the blood has acquired more than
50% of the water's oxygen content. The
countercurrent exchange system gives fish an
80-90% efficiency in acquiring oxygen
Advantages of counterflow

(1) Enables blood of the gill lamellae to
extract oxygen from the water maximally for
the entire period the water flows across the
gill filaments than if blood moved in the same
direction as the passing water (2) Under
conditions permitting adequate oxygen
uptake, the counter-current fish expends less
energy in respiration compared to the
identical hypothetical co-current fish
Gill plate                         Distance across gill

plate

CHANGES IN THE PRESSURES OF THE BUCCAL CAVITY AND OPERCULUM 

DURING VENTILATION IN A BONY FISH 
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OBSERVATIONS AND EXPLANATIONS FROM THE GRAPH 

At 1, the buccal cavity is expanding, the pressure reduces and falls below that of opercular cavity 
(acquires negative pressure); mouth valve opens and water enters from outside. 
At 2, opercular cavity is expanding, pressure reduces (acquires negative pressure); opercular 
valve closes. 
At 3, pressure in opercular cavity falls below that of buccal cavity which has began to contract, 
resulting in water being sucked into opercular cavity from buccal cavity 
At 4, buccal cavity pressure increases (acquires positive pressure); mouth valve closes and 
water is forced from buccal cavity to opercular cavity. 
At 5, opercular cavity is contracting, pressure increases (acquires positive pressure); opercular 
valve opens and water is expelled  

WHAT IS THE DIFFRERENCE BETWEEN NEGATIVE AND POSITIVE PRESSURE? 

Negative pressure: It refers to a situation in which an enclosed area has lower pressure than 

the area around it. 

Positive pressure: a situation in which an enclosed an area has higher pressure than the 

surrounding regions 

NOTE:

(1) Water almost flows in one direction from the buccal cavity to the opercular cavity.

 Page 10 of 23: 



A-level: Gaseous Exchange

 Page 11 of 23: 

EVIDENCE: Throughout the ventilation cycle, except for one short period when the buccal 

cavity expands (see 1above), the pressure in the buccal cavity is higher than that in the 

opercular cavity forcing water to flow from the buccal cavity to the opercular cavity along the 

pressure gradient. Expansion of buccal cavity lowers the pressure below that of opercular 

cavity, causing the water to enter the buccal cavity but at the same time the opercular valves 

close to prevent entry of water. 

(2) The buccal cavity acts as a force pump while the opercular cavity as a suction pump.

Sample questions  

Qn. 1. (a) Explain why when fish are taken out of the water, they suffocate. 

b) Under what circumstances do fish suffocate in the water?

Qn. 2. The graph below shows the changes in pressure in the buccal cavity and in the 

opercular cavity during a ventilation cycle. 

a) Calculate the rate of ventilation in cycles per minute

b) (i) With evidence from the graph, explain why water almost flows in one direction over

the gills.

ii) How does the fish increase buccal cavity pressure?

6. GAS EXCHANGE IN MAN

Humans have a high metabolic rate which necessitates a fast rate of gas exchange.
This is enabled by two key features the human system has evolved:
(1) A blood transport system with red blood cells containing haemoglobin
(2) A mechanism of ventilation to get the gases to and from the gas exchange surface.

Main features of the respiratory system  

Trachea (wind pipe), the two bronchi and the bronchioles: They are held open (without 
collapsing) by the C-shaped cartilaginous rings. Epithelium is ciliated, have goblet cells that 
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secret mucus, and have smooth muscle; there is also connective tissue with elastic and collagen

fibres.

Lungs: they 
1. are spongy and elastic - are capable of expanding and contracting
2. consist of air sacs and the alveoli
3. have blood vessels that are the branches of the pulmonary artery and veins
4. each is enclosed by two membranes called the outer and the inner pleural membrane. The

membranes enclose a space called the pleural cavity that contains a fluid that lubricates

free lung movement.
Alveolar ducts and alveolar sacs: lack cartilage, are non-ciliated and lack goblet cells. There is 
connective tissue with elastic and collagen fibres  
Alveoli: lack cartilage, are non-ciliated and lack goblet cells. Epithelium is squamous (thin 
flattened cells) with liquid surfactant on inner surface and blood capillaries on outer surface.
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Diagram of cross section through two alveoli 
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WHAT IS A LUNG (PULMONARY) SURFACTANT? 

Is a detergent-like substance formed by type II alveolar cells, which adsorbs to the air-water 
interface of alveoli with the hydrophilic head groups in the water and the hydrophobic tails 
facing towards the air. The proteins and lipids that surfactant comprises have both a hydrophilic 
region and a hydrophobic region.  

FUNCTIONS OF LUNG SURFACTANT 

(1) It greatly reduces alveolar surface tension, increasing compliance allowing the lung to inflate
much more easily, thereby reducing the effort needed to breath in air.
NB: Compliance is the ability of lungs and thorax to expand. Lung compliance is defined as

the volume change per unit of pressure change across the lung.

(2) It speeds up the transport of oxygen and carbondioxide between the air and the liquid lining
the alveoli.
(3) It kills bacteria that reach the alveoli
(4) It lowers pressure when the radius is small, and therefore stabilises the alveoli.

The pressure within a spherical structure with surface tension, such as the alveolus, is inversely 
proportional to the radius of the sphere. That is, at a constant surface tension, small alveoli will 
generate bigger pressures within them than will large alveoli. Smaller alveoli would therefore be 
expected to empty into larger alveoli as the pressure in the smaller alveolus is higher! The small 
alveolus would get smaller, the large one would get larger, and so on until the small alveolus 
collapses completely! This does not occur, however, because surfactant differentially reduces 
surface tension, more at lower volumes and less at higher volumes, leading to alveolar stability 
and reducing the likelihood of alveolar collapse.

VENTILATION AND GASEOUS EXCHANGE IN MAN 

INSPIRATION:  

The inspiratory muscles (the muscles which cause active increase in lung volume) include: 

1. Diaphragm
2. external intercostals
3. sternocleidomastoid and other accessory muscles

http://en.wikipedia.org/wiki/Pulmonary_alveolus
http://en.wikipedia.org/wiki/Surfactant
http://en.wikipedia.org/wiki/Hydrophilic
http://en.wikipedia.org/wiki/Hydrophobic
http://en.wikipedia.org/wiki/Surface_tension
http://en.wikipedia.org/wiki/Lung
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 The external intercostal muscles contract and the inner ones relax.
 The rib cage moves upwards and outwards.
 The muscles of the diaphragm contract and it flattens (loses its dome shape).
 These movements increase the volume of the thoracic cavity; and that of the lungs.
 Pressure in the lungs is then decreased; lower than the atmospheric pressure. Because air

always flows from a region of high pressure to a region of lower pressure, it rushes in through
the nostrils, through the nasal passages, into the pharynx, through the larynx, down the trachea,
into the main bronchi, then into smaller bronchioles, through even smaller alveolar ducts, and
into alveoli.
 Air dissolves in the moisture lining the alveolar epithelium, oxygen then diffuses into blood

capillaries while carbondioxide diffuses from blood capillaries into alveolar air along the
concentration gradients.

EXPIRATION: 

 The internal intercostal muscles contract while the external intercostals muscles relax.
 The rib cage moves downwards and inwards.
 The muscles of the diaphragm relax; causing it to assume its dome shape.
 The volume of the thoracic cavity decreases; resulting into decrease in the volume of the

lungs.
 The pressure in the lungs increases higher than that of the atmospheric pressure; air richer in

carbondioxide and less in oxygen is then forced out of the lungs.

THE RELATIONSHIP BETWEEN AN ALVEOLUS AND A CAPILLARY, AND 

GASEOUS EXCHANGE 
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PHYSICAL CHANGES THAT OCCUR TO AIR DURING GAS EXCHANGE 

It is 
1. warmed by the capillary blood in the nostrils
2. moistened by mucus lining the trachea, bronchi and bronchioles
3. filtered and cleaned of particles and dust by hair (whiskers) in the nostrils, cilia

and mucus in the trachea, bronchi and bronchioles
4. the composition of air changes as indicated in the table below:

GAS 
PERCENTAGE BY VOLUME 

Inspired air Alveolar air Expired air 

Oxygen 20.90 13.90 15.30 
Nitrogen 78.60 No available data 74.90 
Carbondioxide 0.03 4.90 3.60 
Water vapour 0.47 (usually varies) No available data 6.20 (saturated) 

OBSERVATIONS AND EXPLANATIONS FROM THE TABLE ABOVE 

Observations Explanations 

1. Inspired air contains more oxygen
and nitrogen than exhaled air, yet
exhaled air contains more
carbondioxide (120 times) and water
vapour than those in inhaled air

Some of the oxygen in inhaled air diffuses into blood 
capillaries while carbondioxide and water vapour 
from blood diffuse into the air to be expired. The 
percentage of nitrogen decreases in expired air 
because of the increased partial pressure of 
carbondioxide and water vapour.

2. The volume of oxygen and
carbondioxide in expired air is
intermediate between the inspired and
alveolar values.

Some oxygen in alveolar air diffuses into blood 
capillaries while carbondioxide from blood diffuses 
into alveolar air. The air that remains in the alveoli 
mixes with the incoming fresh air hence lowering the 
percentage of oxygen in alveolar air 

TYPICAL QUESTION 

 The table below shows the rate and depth of breathing in a group of students during rest and 
during strenuous exercise.  

Student 

Breathing during rest Breathing during exercise 

Volume of 
inspired air (cm3) 

Number of 
inspirations per 
minute 

Volume of 
inspired air (cm3) 

Number of 
inspirations per 
minute 

1 480 13 2300 19 
2 508 12 2250 20 
3 496 12 2290 21 
4 515 11 2340 20 
5 490 12 2280 20 
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(i) Calculate the average number of inspirations per minute during rest and during exercise.
During rest: 12; during exercise: 20 

(ii) Calculate the average tidal volume during rest and during exercise
During rest: 497.8cm3; during exercise: 2292cm3

(b) Explain how the oxygen requirements of a mammal are met under different conditions of
physical activity.

NORMAL LUNG VOLUMES AND LUNG CAPACITIES IN RESTING ADULTS 

Lung volumes and lung capacities refer to the volume of air associated with different phases of 
the respiratory cycle. Lung volumes are directly measured. Lung capacities are determined from 
lung volumes. Lung capacities are subdivisions of total volume that include two or more of the 4 
basic lung volumes. 
Lung volumes and capacities as shown by a spirometer 

Pulmonary air volumes: 

1. Tidal volume (TV): It is the volume of air breathed in and out during normal breathing
or in in each respiratory cycles. TV= 500 ml (0.5 litre)

2. Inspiratory reserve volume (IRV). It is an extra volume of air over and above the tidal
volume that can be taken in during deep breath. IRV = 1500-2500 ml (l.5 - 2.5 litres)

3. Expiratory reserve volume (ERV). After a normal expiration (tidal expiration), one can
still expel a large volume of air. This is known as expiratory reserve volume. ERV =
1500 ml (l.5 litres)

4. Vital capacity. It is the total volume of air expired after a maximum inspiration- 
followed by a maximum expiration.

Vital capacity of a normal adult = TV + IRV + ERV = 3500 – 4500 ml (3.5 – 4.5 litres)
The higher the vital capacity, the higher the amount of air exchanged in each breath

http://en.wikipedia.org/wiki/Volume


A-level: Gaseous Exchange

 Page 18 of 23:  

Note: 

5. Total lung capacity. It refers to the amount of air present in the lungs after the maximum
inhalation. It is equivalent to 5000-5500 ml

6. Residual volume (RV). It is the amount of air left in the lungs even after the maximum
expiratory effort. It can never be forced out of lungs.
RV = 1500 ml. (1.5litres)
Residual volume is the air that is always present in the lungs meaning that the exchange
of gases continues even during expiration, or even when you hold the breath

7. Dead space air. It is the amount of air that is present in the respiratory tubes where
gaseous exchange does not occur. With each expiration, it is expelled out without
undergoing any change in oxygen or carbon dioxide concentration.
It is equivalent to about 150 ml (0.15 litres). Out of the tidal volume of 500 ml, 150 ml
remains in respiratory tubes as dead space air and only the rest 350 ml is present in
alveolar sacs in the lungs for exchange of gases.

8. Alveolar ventilation: Total volume of fresh air entering the alveoli per minute.

VENTILATION RATE 

Ventilation = (Tidal volume - anatomic dead space) x respiratory rate. An average human 
breathes some 12-20 times per minute. 
Minute ventilation = Tidal volume x Respiratory rate. Units: (ml/min)  = (ml/breath) 
x  (breaths/minute)  
Since a fixed volume of each tidal volume goes to dead space, increased depth of breathing is 
more effective in elevating alveolar ventilation than increased breathing rate.  

Higher vital capacity Lower vital capacity 

Athletes Non-athletes 
Mountain dwellers People living in plains 
Men Women 
Youth Old individuals 
Non cigarette smokers Cigarette smokers 
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PRESSURE-VOLUME CHANGES DURING ONE RESPIRATORY CYCLE IN MAN 

Factors affecting volumes 

Several factors affect lung volumes; some can be controlled and some cannot. 
Larger volumes Smaller volumes

taller people shorter people 
non-smokers smokers 

Athletes non-athletes 
people living at high altitudes people living at low altitudes 

VARIATION OF ATMOSPHERIC PRESSURE WITH ALTITUDE 

We all live near the bottom of an ocean of air. At sea level, the weight of the air overhead presses 
on us with pressure. We are not aware of this great weight because the air presses on us from all 
sides, even from our insides (due to the air in our lungs). At higher altitudes, there is less air and 
less weight overhead, and the pressure is less. Also, because air is readily compressible, the 
lower layers of air are compressed by the weight of the air above. Thus, the pressure and density 
of air decrease at higher altitudes. That’s why a helium balloon rises: the pressure on the 
underside of the balloon is greater than the pressure on the top.  

EXPLAIN THE FOLLOWING OBSERVATIONS 

1. A person who is born and lives at sea level will develop a slightly smaller lung capacity than

a person who spends their life at a high altitude.

This is because the partial pressure of oxygen is lower at higher altitude which, as a result means
that oxygen less readily diffuses into the bloodstream. In response to higher altitude, the body's
diffusing capacity increases in order to process more air.

2. When someone living at or near sea level travels to locations at high altitudes (eg. the

Rwenzori mountain), that person can develop a condition called altitude (mountain) sickness

This is because their lungs remove adequate amounts of carbon dioxide but they do not take in
enough oxygen. (In normal individuals, carbon dioxide is the primary determinant of respiratory
drive)

http://en.wikipedia.org/wiki/Tobacco_smoking
http://en.wikipedia.org/wiki/Sea_level
http://en.wikipedia.org/wiki/Altitude
http://en.wikipedia.org/wiki/Altitude_sickness
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ALTITUDE SICKNESS (MOUNTAIN SICKNESS) 

 Is an illness that develops when the rate of ascent into higher altitudes outpaces the body’s 
ability to adjust to those altitudes.  
Altitude sickness generally develops at elevations higher than 8,000 feet (about 2,400 meters) 
above sea level and when the rate of ascent exceeds 1,000 feet (300 meters) per day. 

Symptoms: Fatigue, Headache, Dizziness, Insomnia (sleeplessness), Shortness of breath during 
exertion, Nausea, Decreased appetite, Swelling of extremities, Social withdrawal 

How to avoid altitude sickness: (1) allowing the body to get used to the altitude slowly, a 
process called acclimatization. The goal of acclimatization is to increase ventilation (breathing) 
to compensate for lower oxygen content in the air (2) Get used to the high altitude before doing a 
lot of exercise e.g. hiking, skiing, or biking (3) Don't drink alcohol at high altitudes. It takes 
much less alcohol to become drunk at high altitudes than at sea level.  

ADAPTATIONS OF LUNG SYSTEM FOR GASEOUS EXCHANGE 

1. Lungs have numerous alveoli; that provide large surface area for efficient gaseous
exchange

2. Epithelial lining between the alveoli wall and the blood capillaries is thin to provide a
shorter diffusion distance for easy gaseous exchange

3. The lung is spongy and has numerous alveoli to accommodate large volume of gases
4. It is highly supplied with blood capillaries that transport oxygen and carbon dioxide to and

from the body tissues respectively
5. The epithelial lining of alveoli is covered by a thin layer of moisture to dissolve oxygen for

easy diffusion into the blood solution
6. The whole lungs are covered with the pleural membrane which is gas tight thus changes in

the pressure within the lungs can occur without external interference
7. The walls of the trachea and bronchi are lined by rings of cartilage which prevent them

from collapsing and keeps them open for air passage
8. The inner passage of the air ways is lined with mucus membrane which contain ciliated

cells whose movement to and from the pharynx cause a sweeping action that collects dust
towards the pharynx for swallowing hence preventing their entry into the air ways

9. The mucus membrane contains mucus secreting cells which produces mucus that trap dust
and pathogenic particles which would find their way into the air way

10. The mucus membrane has a rich blood supply which warms and moistens the incoming air
for easy diffusion in the lungs

11. The epiglottis and other structures on the top of the trachea prevent food, drinks and other
solid particles from going into the trachea during swallowing.

NON-RESPIRATORY FUNCTIONS OF THE LUNG RESPIRATORY SYSTEM 

1. The vibration of air flowing across the larynx (vocal chords) in humans allows phonation
(speech), and the syrinx, in birds results in vocalization or singing

2. Panting in dogs and some other animals provides a means of cooing body temperature

http://www.emedicinehealth.com/script/main/art.asp?articlekey=58902
http://www.emedicinehealth.com/script/main/art.asp?articlekey=59400
http://www.emedicinehealth.com/script/main/art.asp?articlekey=59408
http://www.emedicinehealth.com/script/main/art.asp?articlekey=4510
http://www.emedicinehealth.com/script/main/art.asp?articlekey=10705
http://www.emedicinehealth.com/script/main/art.asp?articlekey=10690
http://en.wikipedia.org/wiki/Vocal_chords
http://en.wikipedia.org/wiki/Panting
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3. Irritation of nerves within the nasal passages or airways, can induce coughing and
sneezing. These responses cause air to be expelled forcefully from the trachea or nose
thereby enabling expulsion of irritants caught in the mucus which lines the respiratory
tract.

INVOLUNTARY CONTROL OF BREATHING IN MAN 

Introduction 

Physiological control systems involving the nervous system usually have three components. 
These are  

1. a central controlling area where information from other parts of the body is integrated to
produce a coordinated response

2. an afferent pathway which relays impulses from the sensors to the central controlling area
3. an efferent pathway which conveys impulses from the central controlling area to the

organs and muscles
NB: Many factors can modify the rate and depth of breathing but the most important factors

are the levels of carbon dioxide, hydrogen ions (H+) and oxygen in the arterial blood.

CONTROL OF BREATHING IN MAN 

Breathing is usually automatic, controlled subconsciously by the respiratory center at the base of 
the brain. People can also control their breathing when they wish, for example during speech, 
singing, or voluntary breath holding.  
The rate of breathing is controlled by the respiratory centre, which is in the lower part of the 
brain stem, in the medulla oblongata. The respiratory centre comprises of the inspiratory and
expiratory centres.  

Normally, an increased concentration of carbon dioxide is the strongest stimulus to the 

depth and frequency of breathing. 

Central chemoreceptors (cells that respond to chemical stimuli) in the medulla oblongata of 
the brain detect changes in the concentration of carbon dioxide (CO2) in blood by monitoring the 
PH of cerebrospinal fluid while Peripheral chemoreceptors in the carotid and aortic bodies

monitor both carbon dioxide and oxygen concentrations in blood. 
High CO2 lowers the pH (an acid is a solution with a high H+ concentration). 
CO2 + H2O ↔  H2CO3 ⇔  HCO3

- + H+ 
Eliminating CO2 is usually a bigger problem for terrestrial vertebrates than obtaining O2. The 
body is therefore more sensitive to high CO2 concentration than low O2 concentration. 
Aquatic vertebrates are more sensitive to low O2 because O2 is more limited in aquatic 
environments. 
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http://en.wikipedia.org/wiki/Nasal_cavity
http://en.wikipedia.org/wiki/Airways
http://en.wikipedia.org/wiki/Coughing
http://en.wikipedia.org/wiki/Sneezing
http://en.wikipedia.org/wiki/Vertebrate_trachea
http://en.wikipedia.org/wiki/Nose
http://en.wikipedia.org/wiki/Mucus
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NERVOUS CONTROL OF BREATHING 

Increase in carbon dioxide concentration (a condition called hypercapnia) in the blood (e.g. 
following exercise) and reduction in oxygen concentration stimulates the chemoreceptors in the 
carotid and aortic bodies to send impulses via the glossopharyngeal nerve and vagus nerve

respectively to the inspiratory centre of the medulla oblongata. Also, when carbon dioxide 
increases in blood, it rapidly diffuses into the cerebrospinal fluid (CSF) resulting in increased 
hydrogen ion (H+) and bicarbonate ion (HCO3-) concentrations in CSF.  
This increase in CSF acidity stimulates cells in the floor of the fourth ventricle (part of the brain 
stem) to generate impulses which excite the inspiratory centre in the medulla oblongata. The 
inspiratory centre generates and sends impulses via the (1) phrenic nerve to the diaphragm (2) 
segmental intercostal nerves to the intercostal muscles and (3) cervical plexus to the accessory 
muscles in the neck.  
The diaphragm and intercostal muscles contract to cause the following effects: (1) increased rate 
and depth of breathing –a condition called hyperventilation (2) increased rate of heart beat (3) 
vasodilatation occurs. All these result in increased rate and volume of CO2 transport and hence a 
reduction in CO2 concentration to normal and increased concentration of oxygen. 
As the lungs expand, stretch receptors (proprioceptors) in their walls are stimulated to send 
impulses along the vagus nerve to the expiratory centre in the medulla oblongata and this 
automatically switches off the inspiratory centre, causing the muscles to relax and allow 
expiration occur. As the stretch receptors are not/less stimulated, the expiratory centre is 
switched off while the inspiratory centre is switched on and inspiration occurs again. NB: the

main stimulus for ventilation is the change in CO2 and hence H+, and stimulation of stretch 

receptors in the lungs, while changes in O2 concentration have relatively little effect on 

breathing rate.



A-level: Gaseous Exchange

 Page 23 of 23:  



 CELLULAR RESPIRATION │  

Page 1 of 22 

WHAT IS CELLULAR RESPIRATION? 

A series of enzyme catalysed reactions in living cells during which complex organic substances are broken down to 

release energy in form of adenosine triphosphate (ATP). 

A series of enzyme catalysed reactions in living cells during which the chemical-bond energy of complex organic 

substances is released and converted into the usable form called adenosine triphosphate (ATP). 

STORAGE OF CHEMICAL ENERGY IN FOOD 

The C-H covalent bonds in organic substances (e.g. carbohydrates and lipids) form by sharing pairs of fast-moving 

energetic electrons, and therefore contain potential energy. The catalytic breakage of the C-H bonds releases energy, some 

of which powers the formation of ATP – a compound that can readily hydrolyse to provide energy that powers cellular 

activities. The higher the C-H bonds, the more the energy yields. This explains why lipids yield twice more energy 

than carbohydrates of same mass. 

The Fate of High Energy Electrons and Hydrogen  ions released from breaking C-H Bonds 

To avoid fatality, the electrons lost from compounds are prevented from joining other molecules by joining electron 

carrier molecules which pass them along the electron transport chain until they get attached to oxygen, which becomes 

negatively charged, O2-. As the electrons are transferred along the transport chain, energy is gradually extracted from them 

to power ATP formation. To avoid PH becoming acidic, which would be fatal, hydrogen ions, H+ combine with O2- to 

form neutral water.  

STRUCTURE OF ADENOSINE TRIPHOSPHATE (ATP)  

ATP is a compound made up of a molecule of adenine – a nitrogenous base, a molecule of ribose sugar, and three 

phosphate molecules.  

WHY ATP IS CONSIDERED TO BE AN ENERGY CARRIER 

ATP is an energy carrier because it stores chemical energy, which is released as free energy on hydrolysis of the covalent 

phosphate to phosphate bonds. Hydrolysis of ATP to form adenosine diphosphate (ADP) releases 30.6kJmol-1 of free 

energy, and further hydrolysis of the terminal phosphate bond of ADP to form adenosine monophosphate (AMP) yields 

another 30.6kJmol-1 of free energy, but hydrolysis of the phosphate-ribose bond in AMP is not feasible because releases 

very little energy.  

WHY THE TWO ATP TERMINAL PHOSPHATE BONDS ARE HIGH-ENERGY BONDS 

It is because their hydrolysis proceeds with the release of an unusually large amount of free energy (about 7.3kcal/mol or 

30.6kJ per mol from each phosphate bond) 

OR 

Triphosphate 

NOTE: 

(1) Phosphorylation of AMP (addition of phosphate

molecules to AMP) forms ADP, while

Phosphorylation of ADP yields ATP.

(2) Addition of each phosphate molecule requires

30.6kJ, and therefore energy released from any

chemical reaction if less than 30.6kJ cannot be stored

as ATP but is lost as heat.

(3) High-energy bonds are symbolized by the

squiggle () i.e. solid curved line. 

(4) Potential energy increases whenever things

experiencing a repulsive force are pushed together 

such as adding the 3rd phosphate to an ADP molecule. 

Potential energy also increases whenever things that 

attract each other are pulled apart as in the separating 

of protons from the electrons. 
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PHOSPHORYLATION IN CELLS 

ATP is formed in cells by three types of phosphorylation: 

1. Directly by substrate-level Phosphorylation i.e. direct transfer of a phosphate group from high energy phosphorylated

compounds to ADP to form ATP. Examples of high energy phosphate compounds: Phosphoenolpyruvate, 1, 3-

Bisphosphoglycerate, acetyl phosphate and phosphocreatine.

2. Indirectly by oxidative Phosphorylation i.e. use of energy supplied by transmembrane proton gradients across the

inner mitochondrial membrane during electron transport system to form ATP.

3. Indirectly by Photophosphorylation i.e. use of energy supplied by transmembrane proton gradients across thylakoid

membranes in chloroplasts during photosynthesis to form ATP.

EXAMPLES OF OTHER HIGH-ENERGY COMPOUND IN CELLS 

Phosphoenolpyruvate, 1, 3-Bisphosphoglycerate, acetyl phosphate and phosphocreatine 
Apart from ATP, there are other compounds with even higher energy than ATP, but ATP is commonly used because: 

(i) ATP releases just the right amount of energy for cellular needs when hydrolysed.

(ii) ATP releases energy at the right time

(iii) ATP and can be moved to any place when need arises.

Example: In muscles and nerve cells where ATP is continually hydrolysed at a rate faster than respiration can provide due

to high metabolic activity, phosphocreatine provides the phosphate for regeneration of ATP from ADP.

Standard Free Energies of Phosphate hydrolysis 

of some compounds in cells 

Compound G0’ (kJ/mol)

Phosphoenolpyruvate  

1, 3-Bisphosphoglycerate 

 Acetyl phosphate 

Phosphocreatine 

ATP (+ H2O  ADP + Pi) 

Glucose-1-phosphate 

Fructose-6-phosphate 

Glucose-6-phosphate 

Glycerol-3-phosphate 

-61.9

-49.4

-43.1

-43.1

-30.6

-20.9

-13.8

-13.8

-9.2

WHY ATP IS REFERRED TO AS “THE UNIVERSAL ENERGY CURRENCY” 
It is because the structure and functioning of ATP in providing energy is the same in all living cells. 

DURATION OF ATP STORAGE IN CELLS 

ATP is continually hydrolysed and regenerated. The metabolic half-life of an ATP molecule varies from seconds to a few 

minutes depending on the cell type and its metabolic activity.  

Examples:  

(i) Brain cells have only a few seconds’ supply of ATP – which partly explains why brain tissue deteriorates rapidly if

deprived of oxygen.

(ii) Muscle cells can store phosphocreatine for some minutes to act as a reservoir of phosphate groups that can be used to

produce ATP. This ATP/PCr store although small, is important in providing instant energy e.g. during sprinting.

HYDROLYSIS OF ATP TO ADP AND INORGANIC PHOSPHATE (Pi) 

Hydrolysis of ATP to ADP + Pi releases more potential energy than hydrolysis of ADP to AMP + Pi because: 

(1) The three phosphate molecules in ATP have four negative charges with great electrical repulsion, raising the potential

energy of the electrons.

(2) The negative charges on ADP and Pi are stablised by much more efficiently by interactions with the partial positive

charges on surrounding water molecules. For these and other reasons, ADP and Pi have lower potential energy than does

ATP.

1. ATP has an intermediate phosphate-group transfer

potential. Under standard conditions, the compounds

above ATP in the table on the left can spontaneously

transfer a phosphate group to ADP to form ATP, which

can in turn spontaneously transfer a phosphate group to

the appropriate groups to form the compounds listed

below it.

2. The negatives of the values listed in the table are often

referred to as phosphate group-transfer potentials;

compounds with large negative values readily transfer

their phosphate group to form compounds with small

negative values by first forming ATP
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USES OF ENERGY OF ATP IN CELLS 

(1) Enables transport of materials in phloem of plants.

(2) Enables movement of cilia or flagella and muscle contraction

(3) Allows active transport to be carried out (movement of substances against concentration gradient) e.g. ion pumps

(4) Drives endergonic reactions e.g. assembly of amino acids into proteins, synthesis of polysaccharides from

monosaccharides, and DNA replication

(5) Activates chemicals to become more reactive e.g. phosphorylation of sugar during Glycolysis

(6) Enables formation of vesicles during secretion of cell products.

(7) Contraction of microfilaments during cell division

LOCATION OF RESPIRATION IN CELLS 

Cell type Location of pathway in cell 

All prokaryotic cells Infoldings of cell membrane (mesosomes) and in cytoplasm 

All eukaryotic cells Cytoplasm (Glycolysis), Mitochondrial matrix (Krebs cycle) and inner membrane 

of mitochondria (Electron transport system) 

STAGES OF CELLULAR RESPIRATION 

(1) Glycolysis (2) Krebs cycle (3) Electron transfer system

Each step will be discussed individually, but remember that each is part of the whole process.

GLYCOLYSIS (glyco = carbohydrate; lys = splitting; sis = the process of) 

Definition:  

A series of enzymatically controlled reactions in the cytoplasm of cells during which one molecule of a six-carbon sugar 

glucose, is split into two molecules of the three-carbon compound Pyruvate, with a net out put of two ATP molecules. 
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DESCRIPTION OF GLYCOLYSIS 

 
 

 
 

                      

     

 

 
 
 
 
 
 
 
 
 

 
 

 

 
 

NAD+

ADP 

ATP 

Glycolysis starts with phosphorylation of glucose by ATP to form 

glucose-6-phosphate.  

This process (1) chemically reactivates glucose (2) traps glucose in the 

cell because the phosphate group bears a negative charge yet the cell 

membrane is impermeable to ions. 

 Glucose-6-phosphate isomerizes to form fructose-6-phosphate to 

ease another Phosphorylation. 

Fructose-6-phosphate is phosphorylated by ATP to form fructose-1, 

6-bisphosphate (Fructose-1, 6-diphosphate)

Fructose-1, 6-bisphosphate splits / cleavages at once into two 

molecules each with three-carbons: 

Glyceraldehyde-3-phosphates (3-phosphoglyceraldehyde / PGAL) 

Dihydroxyacetone, which isomerizes into Glyceraldehyde 3-

phosphate 

Each 3-phosphoglycerate isomerizes to 

form 2-phosphoglycerate  

Each 2-phosphoglycerate loses a water 

molecule (dehydrated) to form 3-

phosphoenolpyruvate (PEP). 

Each 3-phosphoenolpyruvate (PEP) loses a 

phosphate to ADP (dephosphorylated) to 

form ATP and pyruvate which has three-

carbons 

Each PGAL is dehydrogenated by 

nicotinamide adenine dinucleotide (NAD+) 

to form reduced nicotinamide adenine 

dinucleotide (NADH) 

Each 3-PGAL molecule is 

phosphorylated by phosphates present in 

the cytoplasm to form 1, 3-

diphosphoglycerate, which later donates 

the phosphate to ADP to form ATP and 3-

phosphoglycerate, which has 3-carbons. 

Pyruvate 

(3-Carbon) 

Glucose 

(6-Carbon) 

Glucose-6-phosphate 
(6-Carbon) 

Fructose-6-phosphate 

(6-Carbon) 

Fructose-1, 6-Diphosphate 

(6-Carbon) 

NAD+

NADH

H2O 

Glyceraldehyde-3-phosphate 

(3-Carbon) 

1, 3-Disphosphoglycerate 

(3-Carbon) 

3-Phosphoglycerate

(3-Carbon)

2-Phosphoglycerate

(3-Carbon)

ADP 
 ATP 

Phosphoenolpyruvate/PEP 

(3-Carbon) 

ADP 
 ATP 

NADH

H2O 

Dihydroxyacetone 

(3-Carbon) 

1, 3-Disphosphoglycerate 

(3-Carbon) 

3-Phosphoglycerate

(3-Carbon)

2-Phosphoglycerate

(3-Carbon)

ADP 
 ATP 

Phosphoenolpyruvate/PEP 

(3-Carbon) 

ADP 
 ATP 

Pyruvate 

(3-Carbon) 

ATP 
 ADP 

Pi Pi 
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SIGNIFICANCE OF GLYCOLYSIS 

Glycolysis forms: 

(1) ATP which is used to power cell activities

(2) NADH and Pyruvate which may be further oxidized to generate additional ATP.

However in oxygen deficiency, both NADH and pyruvate undergo fermentation to regenerate NAD+.

NOTE:  

The breakdown of Glucose in glycolysis into two molecules of pyruvate yields about 5.2% of the total energy that can be 

released from glucose by complete oxidation.  

EVOLUTIONARY SIGNIFICANCE OF GLYCOLYSIS  

The role of glycolysis in both fermentation and respiration suggests that ancient prokaryotes probably used glycolysis to 

make ATP long before oxygen was present in the atmosphere.  

This conclusion is based on the following observations:  

(1) The oldest bacterial fossils date back 3.5 billion years, yet oxygen accumulated about 2.7 billion years ago. Therefore

early prokaryotes may have generated ATP exclusively from glycolysis, which does not require oxygen.

(2) Glycolysis occurs in all organisms, which suggests that it evolved very early in the history of life.

(3) Glycolysis is located in the cytoplasm where no membrane-bounded organelles are required in eukaryotic cells, which

evolved approximately 1 billion years after the prokaryotic cell.

ELECTRON CARRIER MOLECULES 

1. NAD+ (Nicotinamide Adenine Dinucleotide): A coenzyme containing the B-vitamin, niacin.

NAD+ accepts 2 e- and one H+ (a hydride) in going to the reduced state, as NAD+ + 2 e- + H+  → NADH.

It may also be written as: NAD+ + 2 e- + 2H+  →  NADH + H+

NAD+ is a coenzyme, that reversibly binds to enzymes.

2. FAD (Flavin Adenine Dinucleotide): is derived from the vitamin riboflavin (B2). The protein to which it is attached is

termed a flavoprotein (FP).

FAD normally accepts 2 e- and 2 H+ in going to its reduced state: FAD + 2 e- + 2 H+  →  FADH2

FAD is an electron-carrier coenzyme like NAD+. However, unlike NAD+, FAD always occurs as a prosthetic group,

tightly bound at the active site of an enzyme, never as a free carrier.

3. FMN (Flavin Mono Nucleotide): is a prosthetic group of some flavoproteins. It is similar in structure to FAD, but

lacking the adenine nucleotide.

ROLE OF VITAMIN B COMPLEX IN CELLULAR RESPIRATION 

Vitamin Role in cellular respiration 

B1 (Thiamine) 
Involved in formation of some Krebs cycle enzymes 

Forms part of acetyl coenzyme A 

B2 (Riboflavin) Forms part of the hydrogen carrier Flavine Adenine Dinucleotide (FAD) 

B3 (Niacin or Nicotinic acid) 
Forms part of coenzymes NAD and NADP 

Forms part of acetyl coenzyme A 

B5 (Pantothenic acid) Forms part of acetyl coenzyme A 

FATE OF THE PRODUCTS OF GLYCOLYSIS 

1. ATP:  It is hydrolysed to release energy to power the cell’s needs.

2. NADH:

Under aerobic conditions (in the presence of oxygen), NADH is converted into FADH2 which is then shuttled into the

mitochondria where it donates electrons to a series of electron carriers until they reach  the final oxidizing agent oxygen in

a process called electron transport system. During this process, the free energy of electron transport drives the synthesis of

ATP from ADP and NAD+ is regenerated such that it can participate in further catalysis.

Under anaerobic conditions, NADH must be re-oxidised by other means to supply glycolysis with NAD+

3. PYRUVATE:

Under aerobic conditions, pyruvate is completely oxidised via the citric acid cycle to carbon dioxide and water.

Under anaerobic conditions in the cytoplasm, pyruvate undergoes fermentation.

http://www.mansfield.ohio-state.edu/~sabedon/biol1040.htm#atp
http://www.mansfield.ohio-state.edu/~sabedon/biol1040.htm#atp
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TYPES OF FERMENTATION (ANAEROBIC RESPIRATION) 

There are many types of fermentation, but the two common types are given below: 

(a) Alcoholic fermentation:

Pyruvate is decarboxylated to form a 2-carbon

compound acetaldehyde and carbon dioxide

Acetaldehyde is then reduced by NADH to form 

ethanol and NAD+ 

NAD+ enables the continuation of glycolysis. 

Alcoholic fermentation occurs in some bacteria and 

yeasts. 

(b) Lactic acid fermentation:

Pyruvate is reduced directly by NADH to form lactic

acid as the end product. No carbon dioxide is released.

Lactic acid fermentation:

(1) Is carried out by certain fungi and bacteria during

the formation of yoghurt and cheese

(2) Occurs during oxygen scarcity in human skeletal

muscle cells during sprinting.

The lactic acid is gradually carried away by blood to 

the liver and converted back to pyruvate by liver cells. 

If ATP is abundant, pyruvate and lactate can be used 

as a substrate in the synthesis of glucose. 

EXPERIMENTS ON ALCOHOLIC FERMENTATION IN YEAST 

Investigations have been carried out using a Biology gas pressure sensor and Methylene blue dye to determine: 

(i) The type of sugar best metabolized by yeast (Maltose or glucose or fructose or sucrose, galactose or lactose)

(ii) The effect of yeast fermentation of polysaccharides.

Using Gas pressure sensor 

A gas pressure sensor is used to monitor anaerobic fermentation of sugar because CO2 produced causes a change in the 

pressure of a closed test tube, since no oxygen being consumed. 

Aerobic respiration of yeast consumes oxygen gas at the same rate that CO2 gas is produced, hence no change in the gas 

pressure in the test tube. The rate of CO2 evolution is an indication of the rate of breakdown of sugar. 

Using Methylene blue or DCPIP dye 

In the oxidised state, the colour of indicator / dye is blue but on accepting electrons released by breakdown of sugar 

goes into reduced state and turns colourless. The rate of dye colour change from blue to colourless is an indication of the 

rate of breakdown of sugar to release electrons. 
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EXPERIMENT TO DETERMINE THE TYPE OF SUGAR BEST METABOLIZED BY YEAST 

Independent variable Dependent variable Control variables Series 

Time (minutes) Carbon Dioxide 

Production 

Sugar concentration, 

Yeast, Water, 

Temperature 

Monosaccharides: Dextrose (Glucose), 

Levulose (Fructose) and Galactose 

Disaccharides: Sucrose, Maltose, Lactose 

Graphs of carbon dioxide evolved with time during anaerobic respiration of yeast in different sugar solutions. A 

gas pressure sensor was used to monitor anaerobic fermentation of sugar as the CO2 produced caused a change in the 

pressure of a closed test tube. The data was collected until no more gas could be detected. All control variables were 

managed to enable accuracy of results. 

How control variables were managed to enable obtaining accurate results (08 marks) 

In such experiment involving enzyme work in various substrates, the key control variables that affect results of the 

experiment include: sugar concentration; yeast (enzyme concentration); volume of water; temperature; 

All the control variables must be kept constant in all the experiments; 

Concentrations of sugars and yeast in fixed volume of water must be high enough to generate detectable volume of 

carbon dioxide; for a relatively long period of time; 

Temperature should be optimum for enzyme work; 

Explain the differences in results observed from Maltose and Sucrose, which are both common disaccharides and 

Glucose and Fructose, which are both common monosaccharides.      (05 marks) 

Yeast breaks down maltose faster than sucrose yet both are disaccharides; and also breaks down glucose faster than 

fructose yet both are monosaccharide; 

This is because among monosaccharides and disaccharides are many different configurations of atoms (isomers); 

requiring different enzymes; to be used in utilizing the energy in the different isomers;  

EXPLANATION (12 marks) 
From 0 minute to about 38 

minutes, CO2 evolution was slow by 

almost all sugars; because enzyme 

secretion was still slow / low; 

From about 38 minutes to about 

148 minutes, CO2 evolution was 

rapid in both maltose and glucose; 

but more rapid in maltose; because 

yeast enzymes for maltose and 

glucose breakdown are rapid; but 

enzymes for maltose breakdown are 

more rapid; 

From about 38 minutes to about 

148 minutes, CO2 evolution was 

slow in fructose; because yeast 

enzymes for fructose break down 

are slow;  

From about 38 minutes to about 

148 minutes, CO2 evolution was 

low and constant in sucrose; 

because yeast enzymes for sucrose 

breakdown are in low 

concentration; 

From about 0 minute to about 148 

minutes, CO2 evolution was very 

low and remained constant in 

Lactose and galactose; because 

enzymes for lactose and galactose 

may be present in very low 

concentration; 
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Briefly describe the essential stages in the anaerobic breakdown of glucose by yeast   (08 marks) 

Phosphorylation of glucose by ATP; second phosphorylation of hexose sugar by ATP; cleavage of hexose into two triose 

molecules; dehydrogenation and dephosphorylation of triose molecules to form pyruvate; and a net of two ATP 

molecules; decarboxylation of Pyruvate to form acetaldehyde; and carbon dioxide; reduction of acetaldehyde by NADH 

to form ethanol; 

(i) (04 marks) I State the commercial applications of fermentation
In breweries, fermentation of sugars forms alcoholic drinks like wine, beer and spirits.

In bakeries, fermentation of starch by yeast is used in leavening of bread i.e. production of raised bread  

Applied in the manufacture of milk products like sour milk, yoghurt and cheese  

Applied in food industries for the manufacture of organic acids e.g. citric acid, oxalic acid and butyric acid. 

In sewage treatment, sewage is digested by enzymes secreted by bacteria to reduce the bulk and odour of sewage 

(ii) From the results, comment on the suitability of maltose and sucrose in any named commercial application

(03 marks) 

In breweries in the manufacture of ethanol; maltose is a better substrate / raw material than sucrose; on the basis of the 

faster rate of breakdown of maltose to form ethanol than it occurs in glucose; 

EXPERIMENT TO DETERMINE EFFECT OF YEAST FERMENTATION OF CARBOHYDRATES 

Figure I shows results from the 
experiment of simultaneous 
saccharification and fermentation of 

steam-pretreated sugarcane 

(Saccharum officinarum) bagasse   
by Saccharomyces cerevisiae, a 
strain of yeast.  

Bagasse, the fibrous residue obtained 

after extracting juice from sugar cane 

consists approximately of 50% 

cellulose, 25% hemicellulose, and 

25% lignin.  

During the experiment, temperature 

of the medium was maintained at 

370C, and initial pH adjusted to 6.1.  

Nitrogen was flushed into the 

reaction vessels at the beginning of 

the experiment. 

Figure II shows changes in pH and 

total acidity during the same period 

of time. 
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(10 marks) 

From 0 hour to about 15 hours, the concentration of glucose increased rapidly; 

From about 15 hours to about 19 hours the concentration of glucose decreased rapidly; 

From about 19 hours to about 76 hours the concentration of glucose decreased gradually to complete disappearance; 

From 0 hour to about 4 hours the concentration of Cellobiose increased rapidly; 

From about 4 hours to about 15 hours, the concentration of Cellobiose increased gradually; 

From about 13 hours to about 15 hours the concentration of Cellobiose increased rapidly

(a) From figure I:

(i) Describe the changes in the concentration of sugars and ethanol.

From about 15 hours to about 18 hours the concentration of Cellobiose decreased rapidly to complete disappearance; 

From 13 hours to about 45 hours the concentration of ethanol increased rapidly; 

From about 45 hours to about 62 hours, the concentration of ethanol increased gradually; 

From about 62 hours to about 76 hours the concentration of ethanol was relatively constant; 

(ii) Explain the changes in the concentration of sugars and ethanol.

(10 marks)

From about 0 hour to about 15 hours cellulosic hydrolyzing enzymes secreted by yeast rapidly hydrolysed cellulose to 
form glucose and Cellobiose / there was rapid saccharification;

From about 15 hours to about 19 hours yeast respired the sugars glucose and Cellobiose rapidly under anaerobic 
conditions to form ethanol;

From about 19 hours to about 76 hours there was gradual breakdown of cellulosic material to form glucose; yet there 

was rapid anaerobic respiration to form ethanol;

From 13 hours to about 45 hours rapid alcoholic fermentation of sugars formed ethanol rapidly;

From about 45 hours to about 62 hours gradual alcoholic fermentation of sugars formed ethanol gradually due to little 
inhibition of enzymes; by some of the products of saccharification and fermentation;

From about 62 hours to about 76 hours alcoholic fermentation of sugars had ceased / stopped due to much inhibition of 
enzymes by some of the products of saccharification and fermentation;

(b) Explain the necessity of the following in the experiment:(i) Steam-pretreatment of sugarcane bagasse        

(05 marks) Steam-pretreatment separates / loosens / disentangles lignin from cellulose in the sugarcane residue (bagasse); 

which exposes cellulose molecules to yeast’s hydrolytic enzymes / cellulase and hemicellulase; for conversion into glucose and 

Cellobiose sugars;

Steam-pretreatment also sterilizes the bagasse; to avoid interference by any other microorganisms except yeast;

(ii) Adjustment of pH to 6.1
(02 marks) 

Creates an optimum weakly acidic medium; in which yeast’s hydrolytic enzymes work best;

(iii) Flushing nitrogen into the reaction vessel.

(02 marks)

To reduce the partial pressure of oxygen within the vessel; so as to create anaerobic conditions for fermentation to occur;

(c) Explain the observed changes in pH and total acidity of the medium during the experiment.  (07 marks)

From about 1 hour to about 15 hours the pH of the medium decreased gradually to become more acidic; and thereafter

remained relatively constant; because anaerobic respiration of glucose produced carbon dioxide; which reacted with

water in the solution to form a weakly acidic medium;

From about 1 hour to about 15 hours glucose was still much in the medium; hence providing much substrate for anaerobic

respiration of yeast;

After 15 hours to 70 hours the concentration of glucose in the medium decreased gradually; hence little carbon dioxide

was generated from anaerobic respiration; whose effect on pH was minimal;

(d) From figure II, suggest one reason for the observed efficiency of the experiment.    (04 marks)

Experiment was inefficient; since only about 16% of the total yielded of ethanol was realised; probably because cellulose

and hemicellulose in bagasse could not be easily hydrolysed / digested into sugars; by enzymes in yeast;
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COMPARISON OF CELLULAR RESPIRATION AND FERMENTATION 

Similarities: Both  

(i) Form ATP

(ii) Use glycolysis to oxidise glucose to pyruvate

(iii) Use NAD+ as the oxidizing agent that accepts electrons from food during glycolysis

(iv) May be carried out by same cells (e.g. muscle cells) or same organisms (e.g. yeasts and bacteria).

Differences: 

Cellular respiration / Aerobic respiration Fermentation / Anaerobic respiration 

Uses oxygen for releasing energy  

Efficient i.e. up to 38 ATPs formed per glucose molecule. 

Occurs in cytosol and mitochondria. 

End products are CO2 and water 

Complete oxidation of respiratory substrate occurs 

Occurs in absence of oxygen 

Inefficient i.e. 2 ATPs formed per glucose molecule 

Occurs in cytoplasm (cytosol) only. 

End products are Ethanol or 2 Lactate and CO2 

Incomplete oxidation of respiratory substrate occurs 
FATE OF PYRUVATE UNDER AEROBIC CONDITIONS  

In the presence of oxygen, each pyruvate molecule produced by glycolysis in the cell cytoplasm is actively transported 

across the mitochondrial envelope (since it is a charged molecule) into the matrix, where it is transformed in what is 

called link reaction as follows: 

First, pyruvate is decarboxylated, then oxidised (dehydrogenated) to form a 2-C compound called acetate, carbon 

dioxide and NADH.  

Carbon dioxide, a waste product is eventually excreted while NAD+ serves as a hydrogen carrier. 

Finally, Acetate is attached to Coenzyme A to form acetyl coenzyme A, making the acetyl group very reactive.  

Acetyl coenzyme A now enters citric acid cycle for further oxidation. (A–stands for acetylation) 

Note: the transition from pyruvate to acetyl coenzyme A is not usually considered as a separate phase and is included 

with the first step of Krebs cycle. 

THE ROLE OF CoA IN RESPIRATION 

(1) Within the active centre of the enzyme citrate synthetase, CoA transfers the 2-carbon acetyl group to a 4-carbon

molecule of oxalocetate to make a molecule of citrate which enters the Krebs cycle.

(2) It serves as a  link between many different pathways of metabolism to provide a wide range of carbon compounds

needed in the cell

(3) During energy deficiency, amino acids from proteins and fatty acids from lipids can be broken down to provide acetyl

CoA for use in respiration.

Acetyl- Coenzyme A: a central metabolic intermediate  

All proteins, lipids, and carbohydrates must be converted to Acetyl- Coenzyme A prior to participation in cellular 

respiration.  

The fate of acetyl-CoA is dependent upon ATP needs. When ATP is prevalent, acetyl-CoA serves as the basis for fatty 

acid synthesis, which forms the basis of your body's long-term energy storage: triglycerides (i.e., fat). Acetyl-CoA is the 

starting point for anabolic pathways that result in the synthesis of fatty acids.  

Alternatively, acetyl-CoA may enter the Kreb’s citric acid cycle. 

file:///G:/cellular%20respiratio.htm%23cellular_respiration
file:///G:/cellular%20respiratio.htm%23cellular_respiration
http://www.mansfield.ohio-state.edu/~sabedon/biol1040.htm#atp
http://www.mansfield.ohio-state.edu/~sabedon/biol1040.htm#atp


Page 11 of 22 

 CELLULAR RESPIRATION │

KREBS CYCLE/ TRICARBOXYLIC ACID CYCLE / CITRIC ACID CYCLE 

It is a multi-step reaction in the mitochondrial matrix during which an acetyl group is completely oxidized to CO2 with the 

generation of ATP and reducing hydrogens in the form of NADH and FADH2.  

It is named: 
1. Krebs cycle after the formulator Hans Krebs

2. Citric acid because citric acid is the first compound formed.

3. Tricarboxylic acid because citric acid which is  the first compound formed has 3 carboxyl (-COOH) groups

7th reaction: fumarate is hydrated (a water molecule is added) and rearranged to form malate. 

8th reaction: finally, malate loses hydrogen to NAD+ to form NADH (is oxidised) regenerating oxaloacetate. 

NOTE: 
(1) Carboxylic acids are represented in their ionized forms as –COO- because the ionized forms prevail at the PH within

the mitochondrion. E.g. citrate is the ionized form of citric acid.

(2) The regeneration of oxalocetate makes the process a cycle

(3) For each acetyl group that enters the cycle, 3 NAD+ are reduced to NADH (reactions 3, 4, and 8)

(4) Most of the ATP output of respiration results from oxidative phosphorylation, when the NADH and FADH2 produced

by the citric acid cycle relay the electrons extracted from food to the electron transport chain.

COMPARISON OF KREBS CYCLE AND GLYCOLYSIS 

Similarities:  In both:   

(1) NADH forms

(2) ATP is generated

(3) There is a reduction in number of carbon atoms of organic compounds

(4) Pyruvate participates

(5) Both occur in living cells

1st Reaction:  Prior to entering the 

Krebs cycle, pyruvate must be 

converted into acetyl CoA. Acetyl 

CoA adds its 2-C acetyl group to a 4-

C oxaloacetate to form a 6-C citrate 

molecule. 

2nd reaction: citrate isomerizes to a 

more reactive isocitrate by both 

removal and addition of one water 

molecule. 

3rd reaction: isocitrate is 

decarboxylated (loses a carbon 

dioxide) and then oxidized (loses 

hydrogen to NAD+ to form NADH) 

to form -ketoglutarate. 

4th reaction: -ketoglutarate loses a 

carbon dioxide (is decarboxylated) 

and is oxidised (loses hydrogen to 

NAD+ to form NADH) and attached 

to coenzyme A to form succinyl-

CoA. 

5th step: succinyl-CoA causes 

phosphorylation of ADP to ATP and 

the formation of succinate. 

6th reaction: a 4-C succinate loses 

two hydrogens to FAD (is 

dehydrogenated), forming FADH2 

and a 4-C fumarate. 

http://www.mansfield.ohio-state.edu/~sabedon/biol1040.htm#atp
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Differences: 

Glycolysis Krebs cycle 

 The electron acceptor FAD is not involved  The electron acceptor FAD is involved

 Carbon dioxide doesn’t form  Carbon dioxide is liberated

 Occurs in cell cytoplasm  Occurs in mitochondrial matrix

 Doesn’t necessarily depend on oxygen  Depends on oxygen availability to occur
ELECTRON TRANSPORT SYSTEM, CHEMIOSMOSIS AND OXIDATIVE PHOSPHORYLATION 

Electron transport system:  

A sequence of oxidation-reduction (redox) reactions whereby the transfer of electrons between protein complexes in 

inner mitochondrial membrane is coupled with the transport of protons into intermembrane space to create a proton 

gradient that drives synthesis of about 34 ATP molecules. 

Chemiosmosis: 

The process by which chemical ions e.g. H+ move from an area of high concentration to an area of low 

concentration through transport proteins on the selectively permeable membrane as a result of proton gradient that 

forms across the membrane that is not readily permeable to ions. 

Oxidative Phosphorylation: 

Use of energy supplied by transmembrane proton gradients across the inner mitochondrial membrane during 

electron transport system to form ATP. 

Components of electron transport chain 

Complex Name Prosthetic Groups 

Complex I NADH Dehydrogenase FMN, 9 Iron-Sulphur (Fe-S) centres 

Complex II Succinate-Coenzyme Q Reductase FAD, cyt b560, 3 Fe-S centers 

Coenzyme Q (CoQ) (also called ubiquinone) cyt bH, cyt bL, cyt c1, Fe-S 

Complex III Cytochrome bc1 complex Cytochrome b1 heme, b2 heme 

 Cytochrome c cyt c 

Complex IV Cytochrome Oxidase cyt a, cyt a3, copper (CuA)and (CuB) 

Cytochromes: are proteins with haem prosthetic groups. Haem contains an iron atom embedded in a porphyrin ring 

system. They absorb light at characteristic wavelengths. 

Iron-sulfur centers (Fe-S): are prosthetic groups containing 2, 3, 4, or 8 iron atoms, complexed to a combination of 

elemental and cysteine sulfur atoms. 

LOCATION OF CONSTITUENTS OF ELECTRON TRANSPORT CHAIN 

The production of ATP during electron transport involves two separate but connected processes i.e. Chemiosmosis and 

oxidative phosphorylation 

http://en.wikipedia.org/wiki/Chemiosmosis
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DESCRIPTION OF ELECTRON TRANSPORT SYSTEM 

The electrons released during glycolysis and carried by NADH are converted to FADH2 in order to shuttle them 

from the cytoplasm into the mitochondrial matrix. 

In Complex I (also called NADH reductase), reduced nicotinamide adenine dinucleotide (NADH) donates electrons to 

the coenzyme Flavin mononucleotide (FMN) which then passes electrons to an iron-sulphur (Fe-S) protein and the 

electrons lose some energy. NADH is oxidized to NAD+, while FMN and Fe3+ are reduced to FMNH2 and Fe2+ 

respectively.  Each electron is transferred with a proton. 

Electrons from the reduced Fe-S proteins are then passed to Coenzyme Q along with protons. Coenzyme Q is thus 

reduced while the Fe-S proteins are oxidised back to Fe3+ state.  

In complex II (succinate dehydrogenase), electrons from FADH2 are passed on to Fe-S proteins then to Coenzyme Q 

which transfers them to complex III. FADH2 becomes oxidised to FAD+.  During this process, four protons (H+) are 

translocated across the inner mitochondrial membrane, from the matrix to the intermembrane space. This creates a proton 

gradient that will be later used to generate ATP through oxidative phosphorylation. During oxidation of FADH2 complex I 

is bypassed because complex II has only enough reducing potential to pass electrons to Coenzyme Q. 

Reduced coenzyme Q (CoQH2) transfers electrons to Complex III where they pass through several cytochromes and Fe-

S proteins and during the process Fe3+ is reduced to Fe2+.  The electrons lose additional energy and are passed on to 

cytochrome c which passes electrons to Complex IV (cytochrome c oxidase), which finally transfers the electrons to 

reduce molecular oxygen to form water. O2 + 4H+ + 4e-                        2H2O. At the same time, complex IV moves 

protons (H+) across the membrane into the intermembrane space, producing a proton gradient. 

Energy lost by electrons in complex I, III and IV, is used to pump protons into the intermembrane space producing a 

proton gradient.  

Complex II (succinate dehydrogenase) is not a proton pump. It only serves to funnel additional electrons into coenzyme 

Q. Electron transfers involving Coenzyme Q and Cytochrome c do not release enough free energy to pump any protons.

When the protons flow down the concentration gradient through the channels in the stalked particles, ATP synthase

enzymes are able to use the energy to generate ATP.

Note: If the oxygen supply is cut off, the electrons and hydrogen protons cease to flow through the electron transport 

system. If this happens, the proton concentration gradient will not be sufficient to power the synthesis of ATP. This is 

why we, and other species, are not able to survive for long without oxygen! 

IS THE E.T.S A SEQUENCE? 

No! The complexes move in the fluid membrane independently of one another, and exchange electrons when they are in 

mutual proximity. Although textbooks show the ETS as a physical sequence, the complexes and carriers are not locked in 

place.  

http://en.wikipedia.org/wiki/NADH
http://en.wikipedia.org/wiki/Succinate_dehydrogenase
http://en.wikipedia.org/wiki/Oxidative_phosphorylation
http://en.wikipedia.org/wiki/Cytochrome_c
http://en.wikipedia.org/wiki/Cytochrome_c_oxidase
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Succinate_dehydrogenase
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CHEMIOSMOTIC COUPLING HYPOTHESIS AND OXIDATIVE PHOSPHORYLATION 

As proposed by Peter D. Mitchell, the chemiosmotic coupling hypothesis explains that the electron transport chain 

and oxidative phosphorylation are coupled by a proton gradient across the inner mitochondrial membrane. 

The efflux of protons into the intermembrane space creates both a pH gradient and an electrochemical gradient. 

This proton gradient is used by the ATP synthase complex to make ATP via oxidative phosphorylation. The stalk 

component of ATP synthase complex works as an ion channel for return of protons back to mitochondrial matrix 

during which the free energy produced during the generation of the oxidized forms of the electron carriers (NAD+) is 

released and used to drive ATP synthesis, catalyzed by the head component of the ATP 

synthase complex. 

ACCOUNTING FOR ELECTRONS IN EUKARYOTIC ORGANISMS 

Oxidation of NADH to NAD+ pumps 3 protons from the mitochondrial matrix into the intermembrane space, 

which charges the electrochemical gradient with enough potential to generate 3 ATP. Oxidation of FADH2 to FAD+ 

pumps 2 protons into the intermembrane space, which charges the electrochemical gradient with enough potential to 

generate 2 ATP. 

However, information from recent sources suggests that 1NADH generates 2.5 ATP and 1FADH2 generates 1.5 ATP. 

The reason for this is that not all of the energy stored in the proton gradient is used to generate ATP. Some of the 

energy is used to power transport of ions in and out of the mitochondria. 

A total of 12 pairs of electrons and hydrogens are transported to the electron transport system from glycolysis and 

Krebs cycle for each glucose molecule that enters the process: 

 4 pairs are carried by NADH and were generated during glycolysis in the cytoplasm, 8 pairs are carried as NADH and

were generated within the mitochondrial matrix and 2 pairs are carried by FADH2 and were generated within the

mitochondrial matrix.

 For each of the 8 NADHs generated within the mitochondrial matrix, enough energy is released to produce 3 ATP

molecules; therefore, 24 ATP molecules are released from these electrons carried by NADH.

 The electrons carried by FADH2 are lower in energy, so during the oxidation-reduction reactions, they release energy to

produce only 8 ATP molecules.

 Therefore, a grand total of 32 ATP molecules are produced from hydrogen electrons that enter the electron transport

system.

WHAT QUANTITY OF ATP IS GENERATED BY CHEMIOSMOSIS FROM ONE MOLECULE OF GLUCOSE 

DURING THE ELECTRON TRANSPORT CHAIN? 

The chemiosmotic model suggests that one ATP molecule is generated for each H+ pump activated by the electron 

transport chain. Since the electrons from NADH activate three pumps and those from FADH2 activate two, it would be 

expected that the numbers of ATP molecules generated by each molecule of NADH and FADH2 are three and two 

respectively.  

However, since the transportation of the two molecules of NADH produced during Glycolysis into the mitochondrion 

requires two ATPs, the theoretical yield from aerobic respiration = 36 molecules of ATP i.e. 4 (from substrate-level 

Phosphorylation) + 30 (3 from each of 10 molecules of NADH) + 4 (2 from each of 2 molecules of FADH2) – 2 (for 

transport of glycolytic NADH).  

The actual yield is less than 36 because: 

(1) The inner mitochondrial membrane allows some H+  to re-enter the matrix without passing though ATP-generating

channels

(2) Mitochondria often use the proton gradient generated by chemiosmosis for purposes other than ATP synthesis e.g.

transporting Pyruvate into the matrix. As a result, the measured values of ATP generated are closer to 2.5 for each

NADH and 1.5 for each FADH2.

The molecules of ATPs formed from one molecule of glucose = 30 i.e. 4 (from substrate-level Phosphorylation) + 25 (2.5

from each of 10 molecules of NADH) + 3 (2 from each of 2 molecules of FADH2) – 2 (for transport of glycolytic

NADH)

http://en.wikipedia.org/wiki/Chemiosmosis
http://en.wikipedia.org/wiki/Peter_D._Mitchell
http://en.wikipedia.org/wiki/Chemiosmosis
http://en.wikipedia.org/wiki/Oxidative_phosphorylation
http://en.wikipedia.org/wiki/PH
http://en.wikipedia.org/wiki/Electrochemical_gradient
http://en.wikipedia.org/wiki/Proton_gradient
http://en.wikipedia.org/wiki/ATP_synthase
http://en.wikipedia.org/wiki/Oxidative_phosphorylation
http://en.wikipedia.org/wiki/ATP_synthase
http://en.wikipedia.org/wiki/Ion_channel
http://en.wikipedia.org/wiki/Gibb%27s_free_energy
http://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
http://en.wikipedia.org/wiki/ATP_synthase
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SUMMARY OF ENERGY YIELD DURING AEROBIC RESPIRATION OF ONE GLUCOSE MOLECULE 

Pyruvate    Acetyl CoA = 6 ATP (2 Molecules of reduced NAD each yielding 3 ATP) 

Krebs cycle = 24 ATP (6 Molecules of reduced NAD each yielding: 

3 ATP + 2 Molecules of reduced FAD yielding 

2 ATP + 2 Molecules of ATP formed directly) 

Total ATP yield = 38 Molecules of ATP 

INHIBITORS OF ELECTRON TRANSPORT 

 Inhibitors  Action

 Cyanide and Carbon monoxide  Block cytochrome oxidase enzyme in complex IV

 Rotenone  Blocks complex I. It’s a common rat poison

 Antimycin  Blocks electron transfer in complex III

 Oligomycin  Blocks the proton channel in ATP synthase

Inhibitors bind to the components of the electron transport chain and block electron transfer. All components before

the block are stuck in a reduced state and all components after in an oxidised state. No electron transfer is possible and

proton pumping stops. The proton gradient is quickly run down and ATP synthesis stops. Inhibitors may also block

the proton channel of ATP synthase.

EFFICIENCY OF RESPIRATION 

Not all the energy present in the high-energy hydrogen atoms is conserved as ATP. Part of the energy is released as 

heat used for the maintenance of body temperature, but if it is in excess then it can be dissipated to the external 

environment. The efficiency of energy conserved in aerobic respiration, alcoholic fermentation and lactic acid 

fermentation are thus as follows: 

Aerobic respiration Alcoholic fermentation Lactic acid fermentation 

A total of 38 molecules of ATP are 

formed while the amount of energy 

released is 2880KJ. To form 1 

molecule of ATP requires 30.6kj. 

Thus the amount of energy used to 

form 38 molecules of ATP is equal 

to 38 x 30.6 = 1162.8KJ. 

Alcohol fermentation releases 

210KJ with the formation of 2ATP. 

To form 1 molecule of ATP 

requires 30.6kj. Thus the amount of 

energy used to form 2 molecules of 

ATP is equal to 2 x 30.6 = 61.2KJ. 

Lactic acid fermentation releases 150KJ 

with the formation of 2ATP. To form 1 

molecule of ATP requires 30.6kj. Thus 

the amount of energy used to form 2 

molecules of ATP is equal to 2 x 30.6 = 

61.2KJ. 

Efficiency of energy conserved= 

(38ATP x 30.6KJ) x 100  

 2880 

= 40.375 ≈ 40.4% 

Efficiency of energy conserved = 

(2ATP x 30.6KJ) x 100  

 210 

= 29.1% 

Efficiency of energy conserved = 

(2ATP x 30.6KJ) x 100  

 150 

= 40.8% 

The remaining 1717.2KJ (59.6%) is 

released as heat 

The remaining 148.8KJ (70.9%) is 

released as heat 

The remaining 88.8KJ (59.2%) is 

released as heat 

However, considering that glucose on complete oxidation releases 2880KJ of energy, the yield from anaerobic 

respiration is given by: (2ATP x 30.6KJ) x 100 = 2.1% 

 2880 

 Therefore, on a whole anaerobic respiration is 2% efficient. 
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ENERGY FROM NON-GLUCOSE  SUBSTRATES 

1. ENERGY FROM LIPIDS (FAT AND OIL)

In the gut, the enzyme lipase catalyses the hydrolysis of lipids into fatty acids and glycerol which enter the lacteal and

finally gain entry into liver cells.

Glycerol is phosphorylated with ATP, dehydrogenated with NAD and converted to triose phosphate (glyceldehyde-3-

phosphate) which is fed into the glycolysis pathway. There is a net yield of 19 molecules of ATP from the oxidation of 

triose phosphate and of the NADH formed. 

The fatty acid component is progressively broken in the matrix of the mitochondria into fragments of 2 carbons each 

which are converted to acetyl coenzyme A. This then enters the Krebs cycle with subsequent release of energy.  

Carbohydrates versus Fats in energy release 

Aspect Explanation 

Amount of 

energy released 

Gram for gram, fats provide more energy than carbohydrates. The reason for this is the amount of 

oxidation that takes place as these compounds are converted to carbon dioxide and water. Carbon 

for carbon, fats require more oxidation to become CO2 and H2O than do carbohydrates. Roughly, 

carbohydrates already have one oxygen for every carbon atom, thus each carbon atom needs only 

one more oxygen and each pair of hydrogen atoms needs one more oxygen. However, almost every 

carbon atom in a fat molecule needs two oxygens instead of just one additional one, and each pair 

of hydrogen atoms still needs one more oxygen. So, just from counting the number of oxygens 

needed to be added, fats require about half again as much oxygen for the same number of carbon 

atoms. Because of this, the oxidation of fats takes longer, but it also gives off more energy.  

When comparing gram to gram, instead of carbon to carbon, the effect is exaggerated. When you 

weigh a carbohydrate, more oxygen is included in that weight. When you weigh a fat, you get 

more carbon atoms per gram and therefore, gram for gram, the fats will give even more energy 

(over twice as much) than will the carbohydrates.  

Time spent 
Carbohydrates enter into the oxidation process much more quickly and provide energy more 

rapidly than fats. This is because fats go through several more steps than do carbohydrates to 

become acetyl CoA and enter the citric acid cycle. 

ENERGY FROM OTHER HEXOSES  

In most organisms, hexoses other than glucose can undergo glycolysis after conversion to a phosphorylated derivative. 

1. FRUCTOSE: is present in free form in many fruits and is also formed by hydrolysis of sucrose in the ileum of

vertebrates.

In the muscles and kidney fructose is phosphorylated to fructose-6-phosphate by hexokinase enzyme while in the liver

fructokinase enzyme catalyses the phosphorylation of fructose to fructose-1-phosphate which then splits into

glyceraldehyde and dihydroxyacetone phosphate.

Dihydroxyacetone phosphate converts to glyceraldehyde 3-phosphate while glyceraldehyde is phosphorylated by ATP to

glyceraldehyde 3-phosphate. Thus both products of fructose 1-phosphate hydrolysis enter the glycolytic pathway as

glyceraldehyde 3-phosphate.

2. GALACTOSE: is a product of hydrolysis of the disaccharide lactose (milk sugar). Galactose is first phosphorylated by

ATP to galactose-1-phosphate and then converted to glucose-1-phosphate through a series of reactions.

Galactosemia is a human genetic disease that results from disordered galactose metabolism in which the overall

conversion of galactose to glucose prevented.

3. MANNOSE, which is released in the digestion of various polysaccharides and glycoproteins of foods, can be

phosphorylated at C-6 by hexokinase:

Mannose + ATP → mannose 6-phosphate + ADP

Mannose 6-phosphate then isomerizes to fructose 6-phosphate, an intermediate of glycolysis.
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Tissue respiration and its connections with the rest of metabolism 

 
 

 
 
 
 
 
 
 
 
 
 

 

CONTROL OF RESPIRATION 

Because the main function of respiration is to produce ATP, it must be regulated so that ATP is generated only when 

needed. This occurs in a number of ways: 

1. At cellular level, the rate at which respiration occurs is regulated mainly by the energy state of the cell (i.e. the ratio of

ATP to ADP), acting via regulatory enzymes.

High levels of ATP (high energy level of the cell) inhibit the enzyme hexokinase that catalyses phosphorylation of

glucose at the start of glycolysis while low energy levels (high ADP levels) stimulate hexokinase enzyme. Highly active

cells utilize ATP very fast breaking it to ADP. This has the effect of enhancing the rate of respiration. Such cells include

liver cells, striated muscle cells, spermatozoa and nerve cells. They are characterized by presence of numerous

mitochondria. Less active cells utilize ATP slowly and hence respiration in them is slow e.g. fat cells.

2. At the level of the whole organism, the respiratory rate is influenced by environmental factors e.g. temperature,

structural factors e.g. body size and physiological factors such as level of activity, growth and dormancy.

(a) Temperature:

Generally, very low temperature slows down respiration in both homoiotherms and poikilotherms, although it can be

observed that homoiotherms need increased respiration rate to generate much heat for maintaining body temperature. In

poikilotherms temperature near to that of the body increases the respiration rate. This partly explains why mosquitoes and

tsetse flies are only found in the tropics where environmental temperature is close to their optimal temperature. High

temperature slows down the respiration rate in homoiotherms. This explains why such animals tend to be sluggish during

hot weather. However, excessively high temperatures trigger increased respiration rate and finally stop as a response by

enzymes to temperature.

ENERGY FROM 

PROTEIN 

The body resorts to 

protein as an energy source 

only during starvation. 

Protein is first 

hydrolysed to amino acids 

which are then individually 

deaminated i.e. amino 

groups (-NH2) are removed 

and converted to ammonia, 

urea or uric acid for 

excretion. The residual 

carbon compound (a keto 

acid) then enters the 

respiratory pathway at a 

number of points 

depending on their number 

of carbon atoms: 

(i) 5-C amino acids like

glutamate are converted to

α-ketoglutarate,

(ii) 4-C amino acid like

aspartate are converted to

oxaloacetate. α-

ketoglutarate and

oxaloacetate enter Krebs

cycle.

(iii) 3-C amino acids like alanine are first converted to pyruvate

and then acetyl coenzyme A.

Amino acids with many carbon atoms are converted by

transamination reactions into 3, 4 or 5-carbon amino acids.
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(b) Body size:

Small organisms with a large surface area to volume ratio lose heat faster and therefore respire faster than large

organisms.

(c) Level of activity:

Animals engaging in vigorous physical exercise require much energy and so experience faster respiration rate e.g.

sprinting, flying, etc

(d) Growth:

Actively growing organisms e.g. young animals and germinating seeds respire faster to generate much energy required to

drive metabolic processes involved in cell division.

(e) Dormancy during extreme cold and hot seasons:

Respiration rate is always slow to avoid depleting food reserves before the unfavourable season ends.

RESPIRATORY QUOTIENT (RQ) 

RQ is the ratio of the volume of Carbon dioxide produced to the volume of oxygen used in respiration during the same 

period of time 

RQ =  Volume of Carbon dioxide given out 

   Volume of oxygen taken in 

Importance of RQ values 

(1) Can indicate the kind of substrate being respired by the cell or organism

(2) Can indicate whether the respiration is aerobic or anaerobic.

RQ can be measured using a spirometer or respirometer. 

RQ FOR HEXOSE SUGAR   
Like glucose, the equation for its complete oxidation is: 

C6H12O6  +  6O2          6CO2 + 6H2O 

Hence RQ is:   6CO2  = 1.0 (one) 

  6O2 

R.Q FOR FATS

For lipids like tripalmitin and tristearin, the equation for its complete oxidation is:

RQ is:     102CO2  = 0.7 (less than one) 

   145O2 

2 C57H110O6 + 163 O2 → 110 H2O + 114 CO2

RQ is:      114CO2  = 0.69 (less than one) 

   145O2 

NB: The R.Qs for different fats show slight variations because of differences in molecular composition. 

R.Q FOR PROTEINS

No concrete value can be calculated since:

(i) Proteins vary so much in composition

(ii) Proteins are difficult to separate in the pure state.

RQ estimates for protein vary between 0.5 and 0.8 on complete oxidation.
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SUMMARY OF THE POSSIBLE INTERPRETATIONS OF R.Q VALUES: 
Subject R.Q. Possible interpretations 

Germinating starchy seeds 

Le   Leaves rich in carbohydrate 

1.0 

       1.0 
Complete oxidation of a carbohydrate substrate 

Wheat seedlings in nitrogen ∞ Anaerobic respiration 

Germinating seeds 0.64 Oxidation of a fatty substance 

Germinating peas (testa intact) 3.0 to 4.0 Slow entry oxygen causing some anaerobic respiration 

Germinating peas (testa removed) 1.5 to 2.5 More rapid entry of oxygen, but some anaerobic respiration 

Man (average) 0.8 to 0.85 Mixed fat and carbohydrates substrate 

Lumbricus terrestris 0.75 Mainly fat substrate 

Drosophila (at rest) 1.23 
Conversion of carbohydrate to fat / organic acids : excess CO2 

produced by decarboxylation 

Drosophila (flying) 1.0 Complete oxidation carbohydrate 

Nerve tissue (resting) 0.77 Possibly mainly fat substrate 

Nerve tissue (active) 0.97 Almost entirely carbohydrate substrate 

COMPARISON OF RESPIRATION WITH PHOTOSYNTHESIS 

Similarities Both: 

(i) Involve converting energy from one form to another

(ii) Occur in living cells

(iii) Form adenosine triphosphate (ATP)

(iv) Require energy to occur

(v) Involve a series of multi-enzyme catalysed reactions

(vi) Involve flow of electrons along electron carriers.

Differences 

Photosynthesis Respiration 

Occurs in cells with chlorophyll Occurs in all cells 

Occurs in the presence of light Occurs all the time 

Raw materials are Carbon dioxide and water Raw materials are reduced carbon compounds and oxygen 

Forms Reduced carbon compounds, oxygen, and water Forms Carbon dioxide and water 

Light is a source of energy Chemical bonds are the source of 

Energy stored Energy released 

Reactions involve reduction of carbon compounds Reactions involve oxidation of carbon compounds 

Energy carrier is NADP Energy carriers are NAD and FAD 

ECONOMIC / COMMERCIAL IMPORTANCE OF ANAEROBIC RESPIRATION 

(i) In breweries, fermentation of sugars forms alcoholic drinks like wine, beer and spirits.

(ii) In bakeries, fermentation of starch by yeast is used in leavening of bread i.e. production of raised bread

(iii) Applied in the manufacture of milk products like sour milk, yoghurt and cheese

(iv) Applied in food industries for the manufacture of organic acids e.g. citric acid, oxalic acid and butyric acid.

CIRCUMSTANCES THAT MAY LEAD TO ANAEROBIC RESPIRATION 

In Yeast In flowering plant In a mammal 

Stagnant solutions 

Centre of 

decomposing fruits 

and other organic 

matter 

Young seeds  

Seeds at centre of fruits 

and other organic matter 

In roots growing in 

water logged soils 

In aquatic plants 

growing in stagnant ponds 

Inefficiency of lungs e.g. emphysema 

Decrease in blood pressure e.g. haemorrhage, pressure on artery 

Low oxygen carrying capacity of blood e.g. anaemia, bone 

marrow disease. 

Low cardiac output e.g. slow heart rate, coronary thrombosis. 

Capillary network inadequate e.g. angina. 

High oxygen demands e.g. strenuous exercise, pregnancy. 

Others: Hibernation, Sperm in oviduct, High altitude   
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ATP PRODUCTION DURING EXERCISE 

On average, a muscle contains only enough ATP to sustain about 15 seconds of intense exercise. For muscle 

contractions to continue, massive amounts of ATP are required.  

Depending on intensity and duration of activity, exercising muscles may produce the ATP aerobically or anaerobically. 

Sustained periods of sub-maximal activity like jogging are powered by aerobic respiration, but in contrast short periods 

of intense activity like sprinting are powered by a combination of aerobic and anaerobic respiration.  

“Anaerobic” here means a combination of glycolysis and stored ATP/Phosphocreatine release.  

The graph below shows the three systems of energy transfer and their percentage contribution to total energy output 

during all-out exercise of different durations. 

Explanation:  

During the first 30 seconds, the small amounts of ATP and phosphocreatine stored in cells provide instant energy for 

muscle contraction and get depleted.   

During the first 15 seconds, glycolysis provides a proportionally smaller contribution, and a smaller contribution yet 

comes from aerobic respiration.  

From about 15 seconds to about 2 minutes, muscles largely rely on glycolysis to generate ATP for contraction. 

From about 30 seconds to 2 minutes, aerobic respiration supplements glycolysis in providing ATP, but after 2 minutes, 

muscle contraction mainly relies on aerobic respiration for ATP.  

NOTE:  

Phosphocreatine (also called creatine phosphate), stores ~P bonds in nerve and muscle cells.  

Creatine Kinase catalyzes:  phosphocreatine + ADP   ATP + creatine 

This is a reversible reaction, though the equilibrium constant slightly favors phosphocreatine formation. 

Phosphocreatine is produced when ATP levels are high. When ATP is depleted during exercise in muscle, phosphate is 

transferred from phosphocreatine to ADP, to replenish ATP. 

Observations / Description: 

(1) From 10 seconds to about

35 seconds, % capacity of

energy from ATP /

Phosphocreatine decreases

rapidly and stops.

(2) From 10 seconds to about

15 seconds, % capacity of

energy from Glycolysis

increases gradually, then

increases rapidly to the

maximum at 32 seconds, then

remains constant from about

32 seconds to about 2

minutes, then decreases

rapidly to about 3 minutes

and finally decreases

gradually.

(3) From 10 seconds to about

30 seconds, % capacity of

energy from Aerobic

respiration increases

gradually, then increases

rapidly thereafter.
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The figure below shows how the different energy sources are used at different stages in a bicycle race. 

 

 

 

 

 

 

 

 

 

 

 

 

 Fast steady riding     Hill climbing  Final sprint  

Observations: 

(1) During the fast steady riding, there is an overriding contribution of aerobic respiration, but very little from

ATP/phosphocreatine and anaerobic respiration.

(2) In the stretches of hill climbing, glycolysis predominates over ATP/phosphocreatine and aerobic respiration in

providing energy. The latter two make equal contribution, which follows closely.

(3) In the final sprint, ATP/phosphocreatine takes the leading role in providing energy, followed by aerobic respiration

and leastly by anaerobic respiration. This is because during the steady riding, ATP/phosphocreatine reservoirs replenished

and therefore provides energy fast to the cells.

TYPICAL EXAMINATION QUESTION 

The figure below summarises the metabolic processes involved in the release of energy in the muscles during and after 

running in a 200-metre sprint. During the race, the rate of oxygen consumption rose above the resting level while after the 

race, oxygen consumption did not drop to the resting level for some time. Blood sample tests after the race revealed a 

significant increase in lactic acid (lactate). 
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ATP/phosphocreatine 

Anaerobic respiration 

Aerobic respiration 

(a) (i) Explain why, although oxygen

consumption rises during the race, more lactic

acid (lactate) is present in the blood at the end

of the race.

(ii) Why is the athlete’s oxygen consumption

still higher than normal sometime after the race.

(iii) After the race ATP is used to convert

most lactic acid (lactate) to glycogen. With the

help of information in the diagram, explain why

this is efficient use of lactic acid.

(iv)For every molecule of glucose, 38 molecules

of ATP are produced during aerobic respiration

but only 2 molecules of ATP are produced

during anaerobic respiration. Explain how this

difference occurs.

(v) From the information in the figure above,

explain why it is advantageous to respire

glycogen rather than glucose during strenuous

exercise.

(b) Suggest three ways in which exercise may

improve an athlete’s subsequent performance.
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SUGGESTED ANSWERS 

(i) During the race, oxygen supplied by ventilation and gaseous exchange is not sufficient to meet the ATP demands of 
the body, causing muscles to resort to anaerobic for ATP generation, with formation of lactic acid.

(ii)All the lactic acid formed during the race is transported to the liver for degradation, which requires oxygen uptake 
shortly after the race. This is what is called paying the “Oxygen debt”.

(iii) Immediately after the race, skeletal muscles have low ATP requirements. Since lactic acid can later be converted 

to pyruvate, conversion of lactic acid to glycogen therefore stores energy for later use rather than oxidise all the lactic acid 

to form ATP which has no immediate use.

(iv) In the absence of oxygen, Krebs cycle and electron transport system are inhibited, so glucose is only partially 

broken down by glycolysis to yield a net of 2 ATP molecules. Under aerobic conditions, Glycolysis, Krebs cycle and 

electron transport system all occur to yield about 38 ATP molecules.

(v)Conversion of glucose to glucose phosphate requires ATP, which reduces the total ATP produced. Conversion of 
glycogen to glucose phosphate does not require ATP, therefore more ATP is available to the organism to power muscle 
contraction during exercise.

(b)

Build up and improved functioning of the muscles.

Improvements in blood circulation, efficient cardiac output (more blood pumped per unit time)

Improved oxygen carrying capacity of the body e.g. through a greater concentration of red blood cells with more 
haemoglobin in each one.

Greater lung capacity permitting more air and therefore oxygen to be inspired per unit time. 
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