
(a) (b)

key kNOWLedGe 

This chapter is designed to enable students to:
■ recognise that organisms must continually expend energy to sustain their

living state
■ understand that plants gain energy by capturing sunlight energy and

transforming it to the chemical energy of sugars through the process of
photosynthesis

■ identify the inputs and outputs of photosynthesis
■ understand that animals gain energy from the chemical energy of their food
■ recognise the essential difference between autotrophy and heterotrophy
■ understand the role of aerobic and anaerobic cellular respiration in the

production of ATP.

fiGuRe 3.1 (a) The boy eating 
spaghetti is capturing the 
chemical energy of organic 
compounds in his food. This is 
how animals trap energy. 
(b) The  fungi (Trametes
versicolor) are capturing the 
chemical energy of organic 
compounds in dead wood. In 
this chapter, we will explore 
how living organisms capture 
external sources of energy, 
how they convert energy into 
a useable form for cell use and 
how they obtain the organic 
molecules that are the building 
blocks needed for their cellular 
structure and functioning.
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Death at a nightclub
In the early hours of 27 January 2013, many young people were enjoying a 
night out at the Kiss nightclub in southern Brazil (see fi gure 3.2). Th e band was 
playing and, to add to the excitement, a band member set off  a fl are that was 
designed for outdoor use only. Th e fl are hit the ceiling, igniting the insulating 
foam that lined the ceiling. Th e resulting fi re spread through the ceiling, pro-
ducing large volumes of thick smoke.

Th is fi re resulted in the tragic deaths of 245 people, 
most aged from 18 to 30 years, with more than 
630 persons injured. Contributing factors included 
overcrowding and the lack of emergency exits. Many 
young people were trapped. A small number died as 
a result of severe burns but most victims showed little 
evidence of physical burns and died as a result of smoke 
inhalation. Why was this smoke so deadly?

Th e soundproofi ng foam in the ceiling was synthetic 
polyurethane foam that had not been treated with a fi re 
retardant. Polyurethane foams, such as plastics, syn-
thetic upholstery and carpets, produce toxic chemi-
cals when they burn. One of the chemicals produced is 
cyanide, in the form of hydrogen cyanide gas (HCN). As 
the fi re progressed, the concentration of cyanide rapidly 
rose to lethal levels. Th e initial signs of cyanide toxicity, 
such as giddiness and excessive dilation of the pupils of 
the eyes, appear less than one minute after inhalation 
of the gas. Gasping, convulsions, loss of consciousness 
and death follow. Th e organs fi rst aff ected by cyanide 
are those with the highest energy requirements, such as 
the brain, skeletal muscle and the heart. 

Why is cyanide a killer?
Have you ever wondered why you need to breathe? (Probably not!) But if you 
have, you might have thought that you breathe to get oxygen. But why do 
you need oxygen? Th e oxygen in every breath of air that reaches your lungs 
is carried by red blood cells to all cells of your body. Oxygen enters cells by 
diff usion and, from the cytosol, diff uses into the mitochondria. Th ere, oxygen 
plays an essential role in one step in the process of cellular respiration. 

Cellular respiration is a multistep process by which cells produce energy-rich 
ATP molecules for immediate use. Oxygen plays an essential role as an electron 
acceptor. Oxygen accepts electrons (e−) and hydrogen ions (H+) in a reaction 
that simply produces water: 

O2 + 4H+ + 4e− → 2H2O

Hard to believe, but this equation is the reason that you need to breathe! 
Th is reaction is catalysed by cytochrome oxidase, an enzyme located in the 
inner membrane of mitochondria. 

When cyanide gas is breathed into the lungs, it is distributed via the blood-
stream to all body cells. In cells, cyanide binds to the cytochrome oxidase 
enzyme and blocks the action of this enzyme, stopping oxygen from accepting 
electrons. Th is is like stopping the movement of one sprocket in a complex 
mechanism — a single block stops the movement of all the sprockets (see 
fi gure 3.3). If oxygen is prevented from acting as an electron acceptor, cellular 
respiration stops and the energy supply to cells stops. Th is leads to organ and 
system failure and death.

fiGuRe 3.2 The front of the Kiss nightclub in Brazil 
following the tragic fi re that caused the death of 245 people 
in January 2013. The front door was the only means of 
entry to and exit from the nightclub.

Odd fact

The Swedish–German 
chemist Karl Scheele 
(1742–86) was the fi rst to 
isolate hydrogen cyanide gas 
in 1782. He recorded it as 
tasting like ‘rotten almonds’. 
Cyanide poisoning was the 
cause of his death a 
few years later. 

Cellular respiration is discussed 
later in this chapter (see p. 112).
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Energy

production

Oxygen
Hydrogen+

electrons ADP

Water ATP

Cyanide

fiGuRe 3.3 Energy production by cellular respiration is a multistep process that 
operates like a series of interconnected revolving sprockets. Block one sprocket and 
the whole mechanism stops. Likewise, blocking one step in cellular respiration stops 
energy production by cells. Cyanide acts like such a block.

In cyanide poisoning the supply of oxygen to the cells is normal. Because 
the cytochrome oxidase enzyme is inhibited the cells are unable to use any 
oxygen. Th is condition is termed histotoxic hypoxia and it is like suff ocating. 
However, breathing more deeply to get more oxygen is of no help because 
oxygen cannot function in people with cyanide poisoning. 

Requirements for life
Survival of unicellular and multicellular organisms requires that certain con-
ditions be met, namely that organisms can: 
•	 access a source of energy from their environment
•	 obtain the organic molecules that are the building blocks needed for their 

structure and function
•	 access water that provides the aqueous medium of cells in which biochem-

ical reactions can occur 
•	 exchange gases with their environment 
•	 remove waste products produced during cell metabolism. 

For unicellular organisms, such as the prokaryotes, all these life-sustaining 
processes are achieved at the cellular level. Inputs to and outputs from micro-
bial cells occur across the plasma membrane, including diff usion of gases, 
uptake of water by osmosis, active transport of substances and excretion of 
some wastes by exocytosis. 

For multicellular organisms, life-sustaining processes involve cells that are 
organised into organs and systems. For example, in mammals, the exchange 
of gases involves the lungs of the respiratory system where oxygen is absorbed 
and carbon dioxide is expelled, and the removal of nitrogenous wastes involves 
the kidneys of the excretory system. In higher plants, water taken in by the 
roots is transported to all the cells via the vascular system. (Th ese processes 
will be explored further in chapter 4.) 

Odd fact

In a prison in Argentina 
in 1990, an inmate set a 
mattress alight in a confi ned 
space. The fi re resulted in 
the deaths of 35 inmates 
and, in each case, the cause 
of death was found to be 
cyanide poisoning.
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Energy is needed for living
Living organisms use energy all of the time to drive the large number of 
chemical processes occurring in cells. To obtain energy for life-sustaining 
activities, organisms must be able to:
•	 capture energy from an external source in their environment 
•	 convert this energy into the chemical energy of organic molecules for use by 

cells
•	 transfer energy produced in excess of immediate needs into organic mol-

ecules for storage. 
Let’s explore each of these ideas in turn.

External sources of energy 
For an organism to stay alive, it must be able to capture energy from an external 
source in its environment. Consider the following eukaryotic organisms: 
•	 a mountain ash tree (Eucalyptus regnans) in a temperate forest
•	 a green alga (Ulva lactuca) attached to rocks in shallow coastal seas 
•	 a bracket fungus (Trametes versicolor) on a rotting log (refer to fi gure 3.1b) 
•	 a copperhead snake (Austrelaps superbis) in vegetation around a swamp.

What are the external sources of energy that each organism can capture 
from its environment? 

Energy exists in many diff erent forms, including thermal, electrical, radiant 
and chemical energy (see the box, pp. 126–7). Wind blowing through your hair 
is motion energy, but this is not an energy source that you can use to keep your 
cells alive. Likewise, you might use the ultraviolet part of sunlight energy to get 
a tan (or sunburn if you don’t use an appropriate sunscreen) but you cannot 
use this as a source of energy to keep your cells alive. Copperhead snakes may 
use thermal energy to raise their body temperature but cannot use this energy 
to drive energy-requiring reactions in their cells. On the other hand, a cheese 
sandwich is a source of chemical energy that assists you to stay alive. Th e 
cheese sandwich is of no use to a mountain ash tree, but the tree can make use 
of sunlight energy.

Th e two external sources of energy that can be captured and used by eukary-
otic organisms are:
•	 the radiant energy of sunlight (sunlight energy)
•	 the chemical energy of organic molecules.

Th e type of organism determines which of these external energy sources can 
be captured (see fi gure 3.4). 

fiGuRe 3.4 The external 
source of energy for plants is 
sunlight energy. For animals 
it is the chemical energy of 
organic matter in their food. 
Can you identify the energy 
captures (actual and possible) 
in this image?

unit 1 energy intake
Concept summary 
and practice 
questions

aOs 1

topic 3

concept 1
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Plants and algae capture sunlight energy
Plants and algae (seaweeds) capture the radiant energy of sunlight. Th e 
mountain ash tree in a temperate forest and the green alga attached to rocks in 
shallow coastal seas use sunlight energy as their external energy source. 

Green leaves are the main organs that enable plants to capture sunlight energy. 
For algae, it is the fl attened body (thallus) (see fi gure 3.5). A fl attened shape pro-
vides a large surface area for this capture. In fact, much of the structure of the 
aerial part of terrestrial plants consists of leaves and the stems that support them. 

fiGuRe 3.5 Plants and algae capture the radiant energy of sunlight. (a) Green leaves 
are the means through which plants capture the radiant energy of sunlight. Leaves are 
the major component of the visible surface area of plants. (b) The sheet-like body or 
thallus of this sea lettuce alga (Ulva lactuca) is just two cells thick. Effectively all of the 
surface area of this alga is involved in capturing the sunlight energy. 

(b)(a)

Animals and fungi capture chemical energy
All animals and fungi capture energy from their environment in the form of 
the chemical energy of organic molecules in their food. ‘Food’ for animals 
and fungi consists of the organic molecules of other organisms, living or dead, 
or their products. Th ese organic molecules may be carbohydrates, lipids or 
proteins, or their subunits.

Th e term ‘food’ as perceived by a person might be a juicy hamburger, hot por-
ridge, an ice-cream , apples or carrots. Th e food of other species might look quite 
unappetising to people, such as the cellulose in paper and the keratins in wool 
that are food for silverfi sh, the contents of the large intestine of humans that pro-
vide pre-digested food for pinworms (Enterobius vermicularis) and tapeworms 
(Taenia solium), hay that is food for cattle, live frogs that are the prey of copper-
head snakes and the dead wood that is food for some fungi. In every case, ‘food’ is 
any organic substance that is a source of chemical energy which can be absorbed 
and utilised by an organism to provide energy for its cellular functions.

key ideas

 ■ Living organisms use energy all the time and stopping that process for any 
extended period results in rapid death.

 ■ Among the requirements for life is the ability of organisms to access a 
source of energy from their environment.

 ■ Many different forms of energy exist.
 ■ The only external sources of energy for eukaryotic organisms are the 
energy of sunlight and the chemical energy of organic molecules. 

 ■ The external energy source for plants and algae is sunlight energy.
 ■ The external energy source for animals and fungi is the chemical energy of 
organic molecules.

Odd fact

One study found that the 
surface area of the leaves of 
orchard apple trees  (Malus 
domestica) represented more 
than 80 per cent of the total 
surface area of the above-
ground trees, with stems, 
branches and trunk making 
up the remainder.
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Quick check

1 Identify whether each of the following statements is true or false.
a With cyanide poisoning, death results because the supply of oxygen to 

cells stops.
b The energy of sunlight is a useable source of energy for all eukaryotic 

organisms.
c Heat energy is a usable form of energy for cells.
d Organic molecules are a source of chemical energy.

2 List three different forms of energy.

Transforming energy to a useful form
To stay alive, living organisms capture energy from an external source in their 
environment. However, the energy captured from the environment may not be 
in a form that can be used by cells. 

Th e sunlight energy captured by plants and algae is not a useful form of 
energy for cells. Sunlight energy is a diff use form of energy that cannot be 
transported by cells or stored in that form in cells (see fi gure 3.6). If cells had 
to rely solely on sunlight energy for staying alive, darkness would be fatal since 
sunlight energy cannot be stored. In contrast, the chemical energy of organic 
molecules, such as glucose, is a dense form of energy that can easily be trans-
ported and stored, as either glycogen or starch, so that its energy can be drawn 
on at any time. Th us, plants and algae are faced with the challenge of con-
verting the sunlight energy that they capture to the useable form of chemical 
energy. In this form, the energy can be transported within the organism and 
any energy in excess of immediate cell needs can be stored.

fiGuRe 3.6 (a) The radiant energy of sunlight is a diffuse form of energy. In that 
form, sunlight can neither be transported nor stored. (b) Glucose tablets: much 
easier to put chemical energy into a package!

(b)
(a)

Table 3.1 shows the energy density of various organic molecules present in 
food and in some industrial fuels for comparison. Energy density is expressed 
as energy stored per unit mass (kilojoule per gram, kJ/g). 
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taBLe 3.1 Energy density of the organic molecules in various foods. Some fuels 
are included for comparison. 

Type of molecules Energy density(kJ/g)

Organic molecules of food

sugars (e.g. glucose) 17

polysaccharides (e.g. starch, glycogen) 17

proteins 17

fats 37

Fuels

carbon (in anthracite coal)  33

hydrocarbons (in petrol)  46

hydrazine (rocket fuel)  20

liquid hydrogen (rocket fuel) 142

Other

water   0

alcohol (ethanol)  29

Plants transform sunlight to chemical energy
Plants and algae capture some of the sunlight energy that reaches the Earth’s 
surface. Th ey can convert sunlight energy to useful chemical energy through 
the process of photosynthesis. In this process, plants and algae transfer the 
energy of sunlight to glucose, an energy-rich organic molecule. To make glu-
cose, plants and algae use the simple inorganic compounds of carbon dioxide 
and water (see fi gure 3.7). 

Light

+

Carbon dioxide

+

Water

Glucose

+

Oxygen

INPUTS OUTPUTS

fiGuRe 3.7 Summary of 
the inputs and outputs of 
photosynthesis. What energy 
transformation occurs in 
photosynthesis? 

No need for energy conversion in animals
Transformation from radiant energy to chemical energy is not necessary 
in animals and fungi. Th e energy they capture from their environment is 
from the organic molecules of their food and this is already in the form of 
chemical energy. 

However, for animals and fungi capturing an external source of chemical 
energy from organic molecules can pose challenges. In some cases, the target 
for capture may be highly mobile (the organic molecules of another animal) or 
diffi  cult to fi nd. Contrast this with the strategy for capturing sunlight energy — 
just expose a leaf or two to the sunlight. 

Th e process of photosynthesis is 
explored later in this chapter 
(see pp. 102–5)
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Animals and fungi use many diff erent strategies to capture 
the chemical energy of organic molecules, including:
•	 predation — hunting and killing live prey (see fi gure 3.8a)
•	 grazing — feeding on living plants without necessarily 

killing them (see fi gure 3.8b)
•	 scavenging — consuming dead animal matter (carrion) (see 

fi gure 3.8c) 
•	 parasitism — feeding from another kind of organism 

without killing it (see fi gure 3.8d)
•	 fi lter feeding — trapping food particles from water (see 

fi gure 3.8e)
•	 saprotrophy — feeding on dead and decaying organic 

matter (refer to fi gure 3.1b). 

Although they do not need to transform their captured energy, animals and 
fungi have the challenge that their food is often composed of large insoluble 
organic molecules — proteins, carbohydrates and fats — that must be broken 
down into smaller, water-soluble subunits before they can be absorbed and 
used by cells. Digestive enzymes produced by animals and fungi carry out this 
function. 

For animals, digestion typically occurs within the gut after food has been 
eaten (ingested). In contrast, fungi secrete digestive enzymes externally, so 
that digestion occurs outside their structure. So, fungi digest their food fi rst 
and then ‘eat’ or absorb it, while animals eat their food and then digest and 
absorb it.

(c) (e)

(d)

(b)

(a)

fiGuRe 3.8 Animals and fungi use various strategies to obtain the chemical energy of organic molecules in their food. 
(a) A praying mantis captures and kills its prey (a cricket) (b) Cattle (Bos taurus) are grazers that obtain energy by eating 
living plants (grasses). (c) The Tasmanian devil (Sarcophilus harrisii) is a scavenger that feeds on dead animals (carrion), 
such as road kill. (d) The parasitic fungus, wheat stem rust (Puccinia graminis) gains its nutrients from the stems of living 
wheat plants without killing them. (e) The humpback whale (Megaptera novaeangliae) is one of many fi lter feeders. Its 
baleen plates act as a sieve or fi lter that retains food while pushing out water. 

Odd fact

Sometimes, animals that 
eat food are not the ones 
that digest it. Hay-eating 
cattle have a community of 
bacteria, protozoa, fungi and 
yeasts living in the rumen of 
their stomachs. These rumen 
residents digest the insoluble 
cellulose of the hay, breaking 
it down into water-soluble 
simple sugars that can be 
absorbed by the cattle.
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key ideas

 ■ Chemical energy is a useful form of energy for cells because, not only can 
it be used, it can also be transported and stored.

 ■ Sunlight energy is a diffuse form of energy that cannot be transported or 
stored.

 ■ Organic molecules are dense forms of energy, but they differ in their stored 
energy concentrations. 

 ■ Plants and algae transform the sunlight energy they capture to the 
chemical energy of organic molecules, mainly glucose.

 ■ Energy transformation is not required for the ‘food’ of animals and fungi.

Quick check

3 By what process do plants and algae transform sunlight energy to chemical 
energy?

4 Briefly explain why energy transformation is needed for the sunlight energy 
captured by plants.

5 How do fungi obtain the energy for living?
6 Which organic molecule could provide you with energy for living for a  

longer period: 10 g of sugars or 10 g of fat? Explain briefly.
7 Identify the key difference between predation and parasitism.
8 Identify whether each of the following statements is true or false.

a Plants transform sunlight energy to the chemical energy of glucose.
b Food eaten by animals must be transformed to chemical energy.
c Fungi do not need to digest their food.

Chemical energy for living: immediate  
and stored
Organic molecules provide the chemical energy needed by cells to stay alive. 
The major organic molecules that supply energy to cells include ATP, glucose, 
glycogen (in animals), starch (in plants) and fats (see figure 3.9). These organic 
molecules have chemical energy stored in the bonds between their atoms, 
and this energy can be released for use in cells. Nucleic acids are essential to 
heredity and do not play a role in providing energy. Similarly, proteins are not 
normally used as a source of energy for cells. Proteins are a major component 
of the structure and the function of the human body, as seen in the actin and 
myosin of skeletal muscle, the collagen of bone and cartilage and the haemo-
globin of red blood cells. 

Chemical energy for immediate use by cells must be packaged in a form 
that:
•	 produces an immediate release of energy through a single-step reaction, 

rather than a slower multistep series of reactions
•	 releases energy in small amounts, rather than a larger amount that may be in 

excess of requirements.
The energy-rich molecule that meets these requirements is ATP (adenosine 

triphosphate).
Figure 3.9 shows the distribution of various energy-rich organic molecules 

in an average person. These organic molecules include one for instantaneous 
energy release for use by cells (ATP), one that provides a rapidly available 
reserve of energy (glucose), and others that serve as short-term (glycogen) and 
longer-term energy stores (fat) of chemical energy.

Odd fact

When a person goes on 
hunger strike, the energy 
needs of their cells must 
continue to be met. The 
person first exhausts their 
liver glycogen stores and 
then their fat stores. After 
this, they use proteins, such 
as their muscle tissue.
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Glycogen

Glucose

Fat

in adipose tissue

in blood
5 g

85 kJ

9 kg
+300000 kJ

ATP

no signi�cant
store in cells

Glycogen

in liver

in muscle

120 g

400 g

2000 kJ

6800 kJ

fiGuRe 3.9 Energy 
compartments in an average 
adult. ATP is the immediate 
form of energy for use by 
cells. The other energy 
supplies in the various 
compartments differ in how 
rapidly their chemical energy 
can be accessed. What is the 
largest chemical energy store? 

Let us look at each of these energy compartments.

Energy for immediate use by cells
Th e energy available for instantaneous use by the cells of all living organisms 
is the chemical energy of adenosine triphosphate (ATP). ATP powers all the 
energy-requiring reactions that keep all organisms alive. Th e chemical energy 
of ATP is released in a single-step reaction in which one of its phosphate groups 
is removed in a process called hydrolysis (hydro = water; lysis = unfastening, 
releasing) (see fi gure 3.10). 

Energy from
glucose

regenerates
ATP.

Energy released
from ATP

drives energy-
requiring process.

ATP

ADP

H2O

Pi

+

+

E
EfiGuRe 3.10 The ATP–ADP 

cycle. The chemical energy of 
ATP is released for use by cells 
when ATP is hydrolysed. ATP 
is regenerated from ADP in 
an energy-requiring reaction, 
with the energy coming from 
glucose.

ATP molecules are constantly being hydrolysed to supply the energy for the 
many energy-requiring metabolic activities of cells. Yet at any stage, the supply 
of ATP molecules in cells is suffi  cient for only several seconds of activity. 
Th ere is no signifi cant store of ATP in cells — only about 50 g (0.1 mole) in 
total at any one time in the entire human body. In a typical day, a person uses 
the energy of more than 100 kg of ATP. Th is means that the ATP molecules 
of a typical human adult are recycled several thousand times per day — this 
involves energy transfer from glucose. 

Rapid release of energy for transfer to ATP
Th e chemical energy of glucose can be released and transferred to ATP. 
In the human body, glucose is transported in solution in the blood plasma 
to all cells. On average, people with normal blood sugar levels have 
about 5 g of glucose in total in their blood plasma — just a teaspoon (see 
fi gure 3.11). 

Refer to fi gure 2.15 on page 63 to 
check the chemical structure of 
ATP.
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Within cells, the chemical energy of glucose 
molecules is released in a series of oxidation reactions 
termed cellular respiration (see p. 112 for discussion). 
Th e chemical energy released from one molecule of 
glucose is suffi  cient to power the production of about 
34 molecules of ATP. So, through the process of cellular 
respiration, the supply of ATP to cells is continuously 
replenished. (It was the last step in this process that 
was blocked in the victims of the Kiss nightclub fi re.) 

Stored energy for later use
Energy is stored in the cells of living organisms as the 
chemical energy of large organic molecules. Typically, 
storage molecules are insoluble in water. 
Energy stores for quick access to more glucose 
Th e organic molecules that act as stores of chemical 
energy in eukaryotes are starch (in plants and algae) 
and glycogen (in animals and fungi). Both starch 
and glycogen are polysaccharides (poly = many; 
saccharum = sugar) that are composed of thousands of 
glucose subunits. When needed, glucose can be readily 
released from these energy stores. 

Glycogen is the rapidly accessed energy store in animals and fungi. In 
the human body, glycogen is stored mainly in the liver and skeletal muscle 
(see fi gure 3.12). Liver cells store a total of about 120 g of glycogen. Skeletal 
muscle has an average store of about 400 g, but this glycogen is available for 
muscle cells only. If you have not eaten for a while, your blood glucose levels 
begin to fall below the lower end of normal range. When this happens, glucose 
is mobilised from your liver glycogen stores. Similarly, when your blood glu-
cose level rises after you have eaten, the excess glucose is shifted from the 
blood into storage as glycogen.

fiGuRe 3.12 Rapid-access energy stores in animal cells are the chemical energy of glycogen. (a) Glycogen (stained 
purple) is present as granules in the cytosol of mammalian liver cells. (b) Glycogen is a polymer made of a very large 
number of glucose subunits.

(a) Glucose subunits

Glycogen Glucose

H

H

OH

OH H
OHHO

HH

CH2OH
O

(b)

Starch is the rapidly accessed energy store in the plant and algal cells. Starch 
is present in tubers such as potatoes, in some fruits such as bananas and in 
cereal crops such as wheat and corn (see fi gure 3.13).

fiGuRe 3.11 Glucose is an energy-rich molecule. 
The chemical energy of one mole of glucose is about 
2800 kJ. In comparison, the chemical energy of one 
mole of ATP is about 30 kJ.

Odd fact

The word ‘glycogen’ comes 
from glyco = glucose, sugar 
and gen = substance that 
produces. And that’s exactly 
what glycogen can do — 
release its glucose subunits.
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fiGuRe 3.13 Energy is stored 
in the cells of plants and 
algae as the chemical energy 
of starch. (a) Starch grains 
(shown in red) in potato cells 
(b) Each kernel in an ear of 
corn contains more than 
70 per cent starch. 

(a) (b)

Longer term energy store for slow release
Fats in the form of triglycerides are slower release energy stores in the human 
body. Fats provide the largest energy store in the human body. For a healthy 
adult male, stored body fat makes up an average of about 15 per cent of the 
body weight, while for healthy females the fi gure is about 25 per cent. On 
average, a well-nourished male has a store of about 9 kg of fat that can yield 
more than 300  000 kJ of energy. 

Fat stores in humans are mainly in adipose tissue located under the skin 
and around the internal organs. Figure 3.14a and b shows an adipocyte, a cell 
specialised for the storage of fat. Figure 3.14c shows the structure of triglyceride 
fat — each molecule is composed of one glycerol molecule bonded to three 
fatty acid molecules. (Do not worry about the details of the formula, simply 
note that, like all organic molecules, each fatty acid has a carbon backbone.)

Cell membrane Cytoplasm

Fat storage

Adipose cell

Nucleus

(b)

(a)

H

C O–H – –

H

C O–H – –

HO H

HH H H

H H

H

H

C C C C C–C– – –C – –

H

HH H H H

H

H

H

C C C C C– – – –

H

HH H H H

HH H

H

H

C C C C C C H– – – – – –

C O–H – –

H H

HH H H

H H

H

H

C C C C C–C– – – – –

H H

HH H H H

HH H

H

H

C C C C C C– – – – – –

H H

HH H H H

HH H

H

H

C C C C C C H– – – – – –

O

C

HO H

HH H H

H H

H

H

C C C C C–C– – –C – –

H

HH H H

H HH

C C C C

H

C

H

C– – – – C–

H H

HH H H H

HH H

H

H

C C C C C H– – – – – –

C

Glycerol Three fatty acids

(c)

fiGuRe 3.14 (a) Fat in a fat storage cell (adipocyte) in mammalian adipose tissue. This false coloured transmission 
electron micrograph shows fat droplets (yellow) and the cell nucleus (purple). (b) Diagram of an adipocyte (c) Example 
of a fat storage molecule. Note the carbon backbone of each of the three fatty acids and of the glycerol part of the 
triglyceride. Fatty acid components of fats are the major source of their chemical energy.
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Th e energy of fats comes principally from its fatty acids. Palmitic acid is a fatty 
acid found in palm oil and animal fats, including meat, milk, cream and dairy 
products. When released, the chemical energy of one molecule of palmitic acid 
can supply the energy needed to produce about 130 molecules of ATP.

Th e chemical energy from fat stores is released after the glycogen stores in 
muscle and liver have been used. Energy release from fats occurs more slowly 
than from glycogen. Why? A longer time is required to remove fat molecules 
from storage, break them down into their fatty acids and glycerol components, 
and transport the fatty acids to cells where they enter a series of energy-releasing 
reactions.

Plants have energy stores in the form of fats and oils. Fats and oils are most 
commonly found in plant seeds (e.g. sunfl ower, linseed, castor bean and cacao 
beans (see fi gure 3.15)), in nuts (e.g. walnuts, peanuts and pecan nuts) and in 
fruits (e.g. olives and avocados). 

Most of the energy stores of the human body are fats (refer to fi gure 3.9,
p. 92). Why not store this energy as glycogen that provides faster access to glu-

cose? Fats are a more dense 
energy store than glycogen 
(refer to table 3.1, p. 89). If 
the average energy store of 
9 kg of fat in a 70 kg adult was 
replaced by an equivalent 
energy store as dry glycogen, 
the mass required would 
be about 20 kg. In fact, the 
replacement mass would be 
even greater because glycogen 
is not stored as dry glycogen 
but as hydrated glycogen.

Key role of glucose in energy transactions
Th e various organic molecules that are involved in the provision of energy to 
cells are interconnected. Glucose is central to the various energy transactions. 
Figure 3.16 shows the key role that glucose plays in the energy economy of 
cells.

Glycogen

Starch energy for
immediate

use by cells
rapid-access
energy store

slower access
energy store

Fats
in animals

in plants

or
ATP

Photosynthesis
in plants

Food eaten
by animals

Glucose

produces is a source of

chemical
energy

transferred to

fiGuRe 3.16 Central role of 
glucose

fiGuRe 3.15 Pods on a cacao 
tree (Theobroma cacao). Each 
pod contains 20 to 50 cacao 
beans. Fat extracted from 
the beans is used to make 
chocolate. Theobroma means 
‘food of the gods’.

Odd fact

Sweets are a source of 
glucose. In the human 
body, if glucose is present 
in excess in the blood, 
the excess is converted 
to glycerol for short-term 
storage. When the glycogen 
stores are full, excess 
glucose is converted to fat for 
longer term energy storage. 
So, too many sweets and 
too little exercise means fat 
deposits increase.
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Plants produce glucose through photosynthesis and animals obtain glucose 
from their food. Glucose is oxidised in both plants and animals in the process 
of cellular respiration and the energy released is used to produce ATP. Excess 
glucose not needed for this purpose is converted to glycogen (in animals) or to 
starch (in plants) and is stored. Any glucose in excess of that is converted to fat 
for longer term storage. When glucose is required for ATP production, it can be 
rapidly accessed from the glycogen or starch stores.

key ideas

 ■ The immediate source of energy for all cells is provided by ATP.
 ■ Cells have no signifi cant stores of ATP and it must constantly be replenished.
 ■ Through the process of cellular respiration, glucose releases its energy to 
ATP production.

 ■ Glycogen (in animals) and starch (in plants) are stores of glucose that can 
be rapidly released.

 ■ In humans, fats are the largest energy store but their energy is released 
more slowly than the energy in glycogen.

 ■ Glucose is central to the energy economy of cells.

Quick check

 9 Identify whether each of the following statements is true or false.
a The release of energy from glucose takes place through the process of 

photosynthesis.
b Glycogen is an energy store in animal cells.
c Starch molecules consist of large numbers of glucose subunits.
d Fat stores are present in animal cells but not in plant cells.

10 Identify three different fates for glucose molecules in a cell.
11 Where is glycogen stored in the human body?
12 ATP could be described as ‘a very busy molecule’. Briefl y explain why this 

label is appropriate.

organic molecules are needed 
for life 
Th e non-living world around us is made of inorganic molecules. Th ese 
inorganic molecules include liquids such as water (H2O); gases such 
as oxygen (O2), nitrogen (N2) and carbon dioxide (CO2); and inorganic 
solids, such as the mineral quartz (silicon dioxide (SiO2)), the iron ore 
hematite (Fe2O3) and the aluminium ore bauxite (a mixture of min-
erals including gibbsite (Al2OH3)). 

In contrast, living organisms are built almost exclusively of organic 
molecules and these molecules are also essential to allow them to 
function. Th e major groups of organic molecules are carbohydrates, 
proteins, lipids and nucleic acids (see the box, pp. 77–8). Th e distinc-
tive feature of organic molecules is that they are composed of carbon 
(C) atoms, arranged as chains or as rings, and bonded to other atoms, 
mainly hydrogen (H) and oxygen (O). Other atoms, most often nitrogen 
(N), phosphorus (P) and sulfur (S), may also be present (see fi gure 3.17). 

A key diff erence between various organisms is how they obtain the 
organic molecules that they need for living. Th is diff erence separ-
ates living organisms into two major groups: the heterotrophs and the 
autotrophs.

fiGuRe 3.17 Organic molecules are 
built of carbon atoms that are linked 
to other atoms, mainly hydrogen and 
oxygen.
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97CHAPTER 3 Energy transformations

Heterotrophs need pre-formed 
organic molecules
Where do animals and fungi obtain the organic molecules that they need? Th e 
answer is not too surprising. Th ese organisms trap chemical energy from their 
environment in the form of food. As well as providing them with chemical energy, 
the food of animals and fungi provides them with pre-formed organic molecules, 
including sugars, amino acids and fatty acids. From these organic molecules, 
animals and fungi can build larger organic molecules, such as proteins from 
amino acids, or can reorganise them in other ways. Animals and fungi cannot 
make the organic molecules they need from simple inorganic molecules. 

Th ose organisms that must obtain pre-formed organic molecules through 
feeding are said to be heterotrophs (from Greek: heteros = other; trophe = food). 
Heterotrophs are also known as consumers. Th ese pre-formed organic mol-
ecules come from the organic matter of living or dead organisms, in whole or 
part, or their organic products, for example, wool, nectar, pollen and honey. 

Heterotrophs may be classifi ed in various ways, for example:
•	 range of food items. As specialists, with foods restricted to one or a few items, 

or generalists that use a wider range of foods. Th e koala, for example, is a 
specialist feeder dining almost exclusively on the leaves of a small number 
of Eucalyptus species.

•	 method of obtaining food. As predators, parasites or decomposers (see some 
examples in fi gure 3.8, p. 90)

•	 nature of their food. As carnivores (eat other animals), herbivores (eat plants) 
or omnivores (eat both).

Autotrophs build their own organic molecules 
Th e sunlight energy captured by plants and algae provides them with energy, 
but it provides no substance. So, where do plants and algae obtain the organic 
molecules that they need? Plants and algae make all the organic molecules 
that they need from simple inorganic molecules — mainly carbon dioxide 
(CO2) and water (H2O) through the process of photosynthesis. Any other atoms 
required, such as nitrogen (N) and sulfur (S) come from inorganic salts, such 
as nitrates and sulfates in soil or water. 

Organisms that can make their own organic molecules from inorganic raw 
materials are termed autotrophs (from Greek: autos = self; trophe = food). 
Autotrophic organisms obtain the carbon that is central to organic molecules 
from an inorganic source, carbon dioxide (see fi gure 3.18). Autotrophs are also 
known as producers. 

Carbon dioxide    +    Water Glucose    +    Oxygen
chlorophyll

Carbon dioxide    +    Water Glucose    +    Oxygen
chlorophyll

E
Light

fiGuRe 3.18 Who is cheaper 
to feed? Autotrophs can build 
the organic nutrients that they 
need from carbon dioxide and 
water. Not so for heterotrophs.

A few plant species do not make organic molecules from carbon dioxide and 
water. Th ese plants are parasites who live on other plant species and they must 
obtain pre-formed organic molecules from other organisms, called hosts. For 
example, the Australian dodder (Cuscata australis) attaches to its host plant 

Odd fact

Living organisms may have 
small amounts of inorganic 
molecules in their structure, 
such as the calcium 
hydroxyapatite mineral in 
human bones and the silica 
(H4SiO4) spicules in some 
sponges. 

Odd fact

A champion generalist feeder 
might be the honey badger 
or ratel (Mellivora capensis). 
In one region of Africa, honey 
badgers were recorded as 
eating 60 different kinds 
of prey including insects, 
scorpions, snakes, birds, 
jackals, small crocodiles and 
antelope, as well as raiding 
beehives to eat honey and 
bee larvae.
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through a modifi ed root. Th is modifi ed root invades the transport tissues (xylem 
and phloem) of the host plant where it accesses both organic molecules, such 
as sugars, and water (see fi gure 3.19a). Because they are completely dependent 
on their host for nutrition, dodders are termed holoparasites. Such plants are 
classifi ed as heterotrophs, not as autotrophs. 

However, other parasitic plants are only partially dependent on their hosts. 
Th ese plants have chlorophyll and can make some of their organic molecules, 
while obtaining the rest as pre-formed organic molecules from their hosts. 
Examples include mistletoes, which attach to the stems of their host plants and 
send out suckers that  penetrate the sap-transporting phloem (see fi gure 3.19b), 
and the Christmas tree (Nuytsia fl oribunda), which attaches to the roots of its 
host. Th e Christmas tree is not an obvious parasitic plant because its attach-
ments to the host are underground where it penetrates the roots of the host. 
Th ese plants are termed hemiparasites and they do not fall neatly into the 
category of either autotroph or heterotroph. 

(b)

fiGuRe 3.19 (a) A dodder parasite (yellow) on the leaves of its 
plant host. The dodder attaches to the host using small suckers 
that penetrate the vascular tissue (xylem and phloem) of the 
stems and leaves of the host. What does the dodder obtain from 
this connection? (© State of Victoria, Department of Economic 
Development, Jobs, Transport and Resources 2007. Reproduced 
with permission) (b) A drooping mistletoe (Amyema pendula) on a 
host eucalyptus tree. Australia has about 90 species of mistletoe.

(a)

key ideas

 ■ Organic molecules are essential for the structure and functioning of living 
organisms.

 ■ Animals and fungi must obtain their supply of organic molecules as 
pre-formed organic molecules in their food. 

 ■ Organisms that must obtain their organic molecules pre-formed are termed 
heterotrophs. 

 ■ Plants and algae are generally able to make their own organic molecules 
from simple inorganic molecules, such as carbon dioxide and water, 
through the process of photosynthesis.

 ■ Organisms that can make their own organic molecules from simple 
inorganic molecules are termed autotrophs. 

 ■ Some plants have a parasitic way of life, living either as holoparasites or 
hemiparasites.
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Quick check

13 What is the distinguishing feature of a heterotroph?
14 An organism can make its own organic molecules using simple inorganic 

molecules. Does it qualify as a heterotroph? 
15 Identify whether each of the following statements is true or false.

a Holoparasitic plants are examples of autotrophs. 
b Heterotrophic animals need carbon dioxide to build their own organic 

molecules.
c Organisms may be classifi ed into autotrophs or heterotrophs depending 

on how they obtain their organic molecules. 
d Heterotrophic organisms use various strategies to access their food. 

16 Organism X:
   i has chlorophyll and can build its own organic molecules from simple 

inorganic molecules
ii supplements its supply of organic molecules from a host plant.

 Identify whether each of the following statements is true or false in 
relation to organism X.
a Based on statement (i) only, it may be concluded that organism X

might be a plant.
b Based on statement (i) only, it may be concluded that organism X

might be an alga.
c Based on statement (i) only, it may be concluded that organism X

might be a fungus.
d Based on statements (i) and (ii), it may be concluded that 

organism X is most probably a holoparasitic plant.

Radiant energy of sunlight
Th e sun is the source of radiant energy received by planet Earth. Th e use of 
sunlight energy by plants and algae is the basis of life on Earth. Th e energy 
of the sun is transported to Earth as waves of radiant energy across a dis-
tance of about 150 million kilometres. Nearly half of the sunlight energy that 
reaches Earth lies within the wavelength range of 400 to 700 nm; this is the 
visible light region of the spectrum violet to red (see fi gure 3.20). Sunlight 
energy also includes high-energy short-wavelength ultraviolet (UV) radiation 
(about 8%) that causes sunburn and skin cancers, and lower energy longer 
wavelengths including infra-red (IR) radiation.

Among the eukaryotic organisms, only plants and algae can capture sun-
light energy. Th e ability to capture solar energy depends on the presence of 

light-capturing pigments, 
principally chloro phylls, 
present in chloroplasts. 
Of all the wavelengths 
of sunlight energy that 
reach Earth, only radi-
ation within the visible 
light range (violet to red) 
can be used as a source 
of external energy by 
plants and algae. Th eir 
light-capturing pigments 
can absorb only particular 
wavelengths within the 
visible light range. 

Infra-red
radiation

Visible
light

Sun’s energy
spectrum

43%

Microwaves

400 nm

X-rays UV

700 nm 1 mm
Wavelength

E
ne

rg
y

1 m

fiGuRe 3.20 Energy 
spectrum of sunlight. Note 
that almost half (43%) of 
the energy of sunlight is in 
the visible section of the 
spectrum, with wavelengths 
from 400 to 700 nm, covering 
violet to red in the visible light 
spectrum. The shorter the 
wavelength, the higher the 
energy level of the radiation.
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NATuRE of biology 1100

Pigments for capturing sunlight energy
Capturing sunlight energy depends on the presence of light-trapping pig-
ments in cells. Th e major light-trapping pigments present in cells of plants 
and algae are the chlorophylls that give leaves and green algae their colour 
(see fi gure 3.21a). Th e chlorophyll pigments are embedded in the grana (fl at-
tened discs) that are part of the innermost membrane of chloroplasts (refer 
to fi gure 2.31, p. 72). In addition, other light-capturing pigments, termed 
accessory pigments, are found in plants and various algae. Accessory pig-
ments capture sunlight energy and transfer the energy they absorb to the 
chlorophylls. 

One group of accessory pigments are the carotenoids. Carotenoids are 
orange and yellow pigments that are also located on the membranes of the 
chloroplast grana. One carotenoid pigment is responsible for the colour of 
brown algae (see fi gure 3.21b). Another group of accessory pigments are the 
phycobilins; this group includes a blue pigment (phycocyanin) and a red 
pigment (phycoerythrin), both of which occur in red algae (see fi gure 3.21c). 
Th ese phycobilin pigments are water-soluble and are found in solution in the 
stroma of chloroplasts. 

fiGuRe 3.21 Different classes of algae (seaweeds) (a) A green alga (Caulerpa remotifolia) found at depths up to 10 m 
(b) A brown alga (Macrocystis pyrifera) also found at depths of up to 10 m; its brown colour is due to the presence of a 
carotenoid pigment, fucoxanthin (fucus = seaweed; xanthos = yellow) that masks the presence of its chlorophylls. 
(c) A red alga (Callophyllis lambertii) found at depths of up to 35 m

(a) (b) (c)

Table 3.2 identifi es the major light-trapping pigments found in plants and 
algae. Th is table also shows typical values of the absorption peaks of each pig-
ment. An absorption peak identifi es the wavelength(s) at which a pigment is 
most eff ective in capturing sunlight energy. Note that the maximum absorp-
tion of the chlorophylls occurs in both the violet-blue and in the red regions of 
the visible spectrum. Note that the accessory pigments capture sunlight energy 
at wavelengths diff erent from those captured by chlorophylls. Th e presence of 
accessory pigments enables plants and algae to capture more of the sunlight 
energy that chlorophylls alone can capture.
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101CHAPTER 3 Energy transformations

taBLe 3.2 Occurrence of various light-trapping pigments

500 600
Wavelength (nanometres)

700400

Pigment Colour
organisms 
where found Absorption peaks

chlorophyll a green all plants and 
all algae

violet-blue and 
orange-red 

chlorophyll b green all plants and 
green algae

blue and orange-red

chlorophyll c green brown algae blue and orange-red 
chlorophyll d green red algae violet-blue, blue 

and red
carotenoids red, orange, 

yellow
all plants and 
various algae

blue and blue-green 

phycocyanin blue red algae yellow
phycoerythrin red red algae blue and green 

Note: Th e diff erent colours of light-capturing pigments result from the wavelengths of light that 
they do not absorb, but instead refl ect or transmit. (Phycocyanin and phycoerythrin belong to 
the phycobilin group of accessory pigments.)

Th e wavelengths of sunlight energy captured by plants and algae depend on the 
pigments present in their chloroplasts. Th e major chlorophylls — chlorophyll a 
and chlorophyll b — capture sunlight energy mainly in the violet-blue and the 
orange-red regions of the spectrum (see fi gure 3.22), but almost none in the green 
region. Instead, green light is mostly refl ected from leaf surfaces, while the blue 
light and the red light are absorbed. Th is is why leaves are green! (What colour 
would plant leaves be if chlorophyll pigments absorbed the energy in the green 
and the red regions of the spectrum and refl ected the blue light?) 
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Chlorophyll a

Chlorophyll b

Carotenoids

Phycoerythrin Phycocyanin

Violet Blue Green RedViolet Blue Green Yellow Red

Gamma rays X-rays Ultraviolet Microwaves Radio waves

Visible light in
electromagnetic spectrum

Infra-red

fiGuRe 3.22 Absorption of 
light of various wavelengths 
for different plant pigments. 
Note that each of the 
chlorophyll pigments has 
two regions of maximum 
absorption of sunlight energy. 
Which pigment has its 
maximum absorption in the 
yellow region of the spectrum? 

Chloroplasts in leaf cells contain both chlorophylls and carotenoids. Usually 
the carotenoids are present in lower amounts and are hidden by the green chloro-
phylls. During most of the year, chlorophyll production occurs to replace 

Odd fact

Carotenoids are present not 
only in leaves but also in other 
plant organs, such as ripening 
fruits and fl ower petals. One 
carotenoid (beta-carotene) 
gives carrots and sweet 
potatoes their orange colour, 
while another carotenoid 
(lycopene) gives tomatoes 
their red colour. These 
carotenoids are present, 
not in chloroplasts, but in 
plant cell organelles called 
chromoplasts (chroma =
colour; plast = living).
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chlorophyll molecules that are damaged or 
break down. In early autumn, however, 
before deciduous trees lose their leaves, 
their leaf cells stop producing chlorophyll. 
Before long, the chlorophyll has disap-
peared and the colours of carotenoids’ pig-
ments that are normally hidden are 
revealed, as well as any red anthocyanin 
pigments that may be present (see
figure 3.23). Anthocyanins are water-
soluble pigments found in the vacuoles of 
plant cells, and they are not involved in 
photosynthesis. Anthocyanin pigments are 
most apparent in the fl owers and fruits of 
many fl owering plants: the purples of pan-
sies, eggplants and cherries; the blues of 
delphinium and blueberries; the reds of 
raspberries and red cabbages; and the 
range of colours (pink, red, orange, blue 
and purple) seen in petunias. What role 
might they play? (See Odd fact.)

key ideas

 ■ Nearly half of the radiant energy of sunlight reaching Earth is in the visible 
light region of the spectrum (violet to red). 

 ■ The ability of plants and algae to capture sunlight energy depends on the 
presence of light-capturing pigments present in their chloroplasts.

 ■ The most important light-capturing pigments are the chlorophylls that are 
found in all plants and algae.

 ■ Accessory pigments capture sunlight energy at wavelengths that differ 
from those captured by chlorophylls. 

Quick check

17 Refer to table 3.2 and identify a possible capturer of sunlight energy 
for each of the following descriptions.
a Has chlorophylls a and c in its chloroplasts
b Has chlorophylls a and d in its chloroplasts
c Has chlorophylls a and b in its chloroplasts

18 Refer to fi gure 3.22 and identify the following sunlight-capturing pigments:
a Pigment A has absorption maxima in the blue and in the red region of 

the spectrum.
b Pigment B has its major absorption in the green region of the spectrum. 
c Pigment C absorbs mainly in the yellow region of the spectrum.

19 Where are the chlorophylls located within a cell?
20 Student M asked ‘Why bother with accessory pigments? Why not just 

have more chlorophyll molecules to capture sunlight energy?’ Student N 
gave a reason why. What might student N have said?

Photosynthesis: from sunlight 
to sugar
Plants and algae transform the energy of sunlight into the chemical energy 
of organic molecules, such as glucose, through the process of photosyn-
thesis (photo = light; synthesis = putting together). Photosynthesis enables 

fiGuRe 3.23 Deciduous 
trees in early autumn show 
the presence of carotenoid 
pigments (yellows and orange) 
after chlorophyll replacement 
production slows and stops. 
Red colouration is from 
anthocyanin pigments that are 
also present in the leaves of 
some plant species. 

Odd fact

Because they absorb 
damaging UV radiation, it is 
postulated that anthocyanins 
may act as a sunscreen, 
protecting young leaves 
from damage. In fl owers, 
anthocyanins play a role in 
attracting pollinators, and in 
fruits, the colour may attract 
fruit-eating animals that may 
disperse their seeds.

unit 1 Photosynthesis
Concept summary 
and practice 
questions

aOs 1

topic 3

concept 2
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103CHAPTER 3 Energy transformations

autotrophs, such as plants and algae, to build simple inorganic molecules into 
the complex energy-rich organic molecules that they need for living. 

Photosynthesis is the process by which autotrophs transform sunlight energy 
into the chemical energy of sugars, such as glucose. In a typical autotrophic 
organism, such as a terrestrial fl owering plant, the complex series of reactions 
in photosynthesis can be summarised as follows:

Carbon dioxide  +  Water
chlorophyll

Carbon dioxide  +  Water Glucose  +  Oxygen  +  Water
chlorophyll

E
Light

Glucose  +  Oxygen  +  Water

Th e complete balanced equation for photosynthesis is:

 chlorophyll
 6CO2 + 12H2O  C6H12O6 + 6O2 + 6H2O
 light

Note that water is both a reactant and a product in photosynthesis. 
Th e photosynthesis equation is sometimes simplifi ed to:

 chlorophyll
 6CO2 + 6H2O  C6H12O6 + 6O2
 light

showing the net consumption of water only.
Th e chlorophylls that capture the sunlight energy are located on the grana 

membranes of chloroplasts (see fi gure 3.24). Typically, a photosynthetic cell 
has from 40 to 200 chloroplasts.

(a) Air spaces (b)

Stroma

Granum

Chloroplasts in cell

Stoma (pore) Lower epidermis

Upper epidermis

fiGuRe 3.24 (a) Diagram 
showing features of a leaf. Note 
that chloroplasts are present 
only in cells inside the leaf and 
not in the cells of the upper 
and lower surfaces, except for 
guard cells that encircle the 
stomata. (b) Internal structure 
of chloroplast showing the 
membrane that is folded 
into stacks of fl attened discs 
(grana) with chlorophylls (and 
accessory pigments) located on 
their surface
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What happens to the atoms of the carbon dioxide and water molecules that 
are the inputs to photosynthesis? Check out the following image:

6CO2 + 12H2O  C6H12O6 + 6O2 + 6H2O

Carbon 
dioxide

Water Glucose Oxygen Water

Water molecules are split by sunlight energy into hydrogen and oxygen 
atoms. What happens to the oxygen atoms from this splitting? Where do the 
carbon atoms go? Because oxygen is one of the products of photosynthesis, 
the type of photosynthesis carried out by plants and algae is referred to as 
oxygenic (oxygen-producing) photosynthesis. 

Figure 3.25 shows the energy fl ow in photosynthesis. Th is starts with 
the capture of sunlight energy by chlorophyll in the chloroplasts that splits 
water molecules. Sunlight energy is transformed to chemical energy in 
energy-carrier molecules, including ATP. Th e energy from ATP is then used to 
build energy-rich glucose molecules. 

Captured
sunlight
energy

Chemical
energy
carriers

Sugar
production

Glucose

H2O O2 CO2 + H2Oe.g. ATP

fiGuRe 3.25 The energy fl ow in photosynthesis starts with the radiant energy 
of sunlight and ends with the chemical energy of glucose molecules. Where do 
these events occur? 

Photosynthesis involves a series of chemical reactions. Th e details of the 
chemical reactions that occur during photosynthesis are far more com-
plex than the equations shown here. In this book, we are not concerned 
with the details of photosynthesis, just its inputs, outputs and signifi cance. 
Figure 3.26a is a simplifi ed representation of photosynthesis showing the 
inputs and outputs of photosynthesis in a terrestrial plant. Examine this 
fi gure and note that:
•	 light energy is captured by the chlorophyll present in green leaves
•	 water comes from the soil
•	 carbon dioxide comes from the air
•	 glucose is built from carbon dioxide and water
•	 oxygen, derived from the water, is released into the air. 

Figure 3.26b summarises the reactions occurring in chloroplasts.
Th e photosynthesis equation ends with the transformation of sunlight 

energy into the chemical energy of glucose. However, that is not the end of the 
story. Glucose provides the starting point for the production of other organic 
molecules needed by plants for maintenance and repair of their structure, for 
growth and for making enzymes and other organic molecules needed for them 
to function. 

Th e oxygen from the splitting of 
water that is released into the 
atmosphere is far from a waste 
product. Th is oxygen sustains all 
oxygen-dependent life forms on 
Earth and is an essential input 
to the process of aerobic cellular 
respiration (see p. 113). 

Odd fact

When exposed to light, the 
fi rst glucose molecules appear 
in leaf cells after about 
30 seconds. Can you suggest 
what might be happening 
during that 30-second period? 
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fiGuRe 3.26 (a) Photosynthesis requires sunlight energy and the inputs of inorganic carbon dioxide and water to produce 
glucose. (b) Simplifi ed diagram showing a summary of reactions occurring in the chloroplast during photosynthesis. Note 
that glucose is the starting point for the production of other organic molecules needed by plant cells.

Carbon
dioxide

made in
leaf cells

absorbed
by roots

enters via
stomata

Glucose

Water

Sunlight

Oxygen

to atmosphere

captured by
chlorophyll

(a)

CO2

H2O O2

Other organic
molecules

Energy transferred to
ATP

Glucose

Sunlight energy captured
Water split

(b)

Organic molecules made by plants are not used just by the plants that pro-
duce them. Organic compounds produced by plants and algae are the direct or 
indirect sources of food for virtually all heterotrophs (see fi gure 3.27). Organic 
molecules made by plants are used:
•	 directly as food by herbivores, such as a caterpillar that feeds on leaves, and 

by plant parasites, such as the powdery mildew fungus (Uncinula necator) 
that draws its nutrients from the tissues of grapevines 

•	 indirectly by carnivores and by parasites that have animal hosts.

fiGuRe 3.27 In photosynthesis, 
sunlight energy captured by 
plants is transformed to the 
chemical energy of organic 
molecules. This energy can fl ow 
directly to herbivores, such as 
leaf-eating caterpillars, and then 
indirectly to animals that feed on 
herbivores.
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Plant structures to support photosynthesis
In this section, we will explore how the structure of terrestrial plants enables them to 
carry out photosynthesis and distribute the glucose produced by photosynthesis to all 
their cells. What structures and characteristics of leaves and other plant parts ensure 
a ready supply of the materials required for photosynthesis? Only the chlorophyll-
containing cells of a plant produce energy-rich glucose for use by cells. So, how are 
photosynthetic products transported from leaves to all non-photosynthetic cells 
throughout a plant? Consider fi gure 3.28. Th e three regions of a plant we must con-
sider are leaves, stems (or trunks, in the case of trees) and roots.

Phloem
Vascular
bundle

Vascular
tissue

Root hair

Xylem

Mature root

Growing
root tip

Phloem
Xylem

Phloem Vascular
bundleXylem

Stoma Air space

Chloroplasts

Cuticle
Leaf

Stem

Root

Upper
epidermis

Surface view showing stoma

Root hairs on radish

fiGuRe 3.28 Leaves, stems and roots have structures that ensure the capture of light energy and the supply of water, mineral 
ions and carbon dioxide to photosynthetic cells of a plant. Note the cross-sectional view of each part of the plant.

leaves
•	 Th e fl at shape of leaves provides a large surface area exposed to sunlight.
•	 Each photosynthetic cell contains many chloroplasts with chlorophyll that 

traps the energy of sunlight.
•	 Pores, called stomata (singular: stoma) on the lower leaf surface provide the 

only access into the leaf for carbon dioxide from the air. Th e rest of the leaf is 
covered with a waxy impermeable cuticle that prevents water loss. 
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•	 The presence of internal air spaces in leaves enables the ready diffusion of 
carbon dioxide to photosynthetic cells in the leaf tissue.

•	 The vascular tissue contains xylem vessels to transport water to photosyn-
thetic cells and phloem tissue to transport the products of photosynthesis 
from these cells to all other cells throughout a plant.

Stems
•	 Thick-walled xylem vessels give rigidity to a stem. How might this assist 

photosynthesis?
•	 Branching of stems allows layers of leaves to be positioned at different levels of 

a plant, hence increasing the total area available for capture of sunlight energy.
•	 Xylem vessels transport water and minerals from roots to all aerial parts of 

a plant.
•	 Phloem transports products of photosynthesis from photosynthetic cells to 

non-photosynthetic tissue throughout a plant. (Sugars are moved through 
the phloem as sucrose (cane sugar), not as glucose.) 

Roots
•	 An extensive root system taps a significant volume of soil for water and 

mineral salts. 
•	 In a region just behind the tip of each root, many of the external cells form 

outgrowths or long thin extensions called root hairs. These root hairs create 
a very large surface area for the absorption of water and dissolved minerals. 
(Root hairs are like an underground sponge that absorbs water.) By what 
process might water cross from the soil into the root hair cells?
These features of leaves, stems and roots enable a terrestrial plant to cap-

ture sunlight energy and access carbon dioxide from the air, water and soil that 
it requires to produce energy-rich glucose molecules through photosynthesis.

key ideas

 ■ Photosynthesis is the process in plants (and algae) by which they build 
glucose, an organic molecule, from inorganic starting materials, carbon 
dioxide and water.

 ■ Sunlight energy is essential for photosynthesis and is captured by the 
chlorophyll in chloroplasts. 

 ■ Photosynthesis involves the transformation of sunlight energy to the 
chemical energy in glucose molecules. 

 ■ Sunlight energy splits water into hydrogen and oxygen.

Quick check

21 Where in a cell is sunlight energy transformed to the chemical energy of 
organic molecules?

22 In photosynthesis, what is sunlight energy transformed to?
23 What are:

a the inputs to photosynthesis
b the outputs of photosynthesis?

24 What parts of a plant carry out the following functions?
a Capture of sunlight energy
b Transport of organic molecules made by photosynthesis to other parts 

of a plant
c Absorption of water
d Intake of carbon dioxide

25 Water is split into hydrogen and oxygen in photosynthesis. What happens 
to the oxygen atoms?

UNCORRECTED P
AGE P

ROOFS



NATuRE of biology 1108

living in darkness
For a living community to survive, it must include autotrophic (producer) 
organisms. Autotrophs capture an external source of energy from their environ-
ment and build energy-rich organic molecules, not only for their own use, but 
also for the heterotrophic (consumer) organisms in a community. 

In the dark water column and on the fl oor of most oceans, there are no auto-
trophic organisms. Not surprisingly, fi sh and other consumers (heterotrophs) 
are rare and temporary visitors to these dark regions. Dead organisms and 
detritus occasionally drift down to the ocean fl oor from more shallow sunlit 
waters. Th is organic material provides nutrients for a temporary community 
of consumer organisms. (A real, but very occasional bonus is the carcass of a 
dead whale that can provide nutrients for heterotrophic organisms for years.) 

However, while most of the ocean fl oor is lifeless, this is not always the case. 
Some regions of the ocean fl oor in perpetual darkness have thriving communities. 
Likewise, deep in caves and in subglacial lakes away from the reach of sunlight, 
living communities exist. Yet, no community can exist without producer organ-
isms. Th e producers in these dark communities cannot be green plants, algae or 
phytoplankton that cannot survive without sunlight. What external energy sources 
might be available for autotrophs to trap and transform to chemical energy in 
these dark communities? (Clue: Oxidation reactions release energy.)

Let’s look at some communities that exist in total darkness.

Subglacial lake Whillans
Subglacial Lake Whillans in Antarctica (refer to chapter 1, pp. 3–6) is buried 
under more than 800 m of ice and is in total darkness. No sunlight energy to 
capture here! Yet, a thriving community of diverse microbes lives in its water 
and sediments. Microbes found in Lake Whillans include some bacterial 
species that capture energy released from the oxidation of reduced mineral 
compounds present in their environment. For example, Th iobacillus bacteria 
capture the energy released from the oxidation of sulfi des to sulfates and use 
this energy to build glucose from inorganic carbon dioxide. 

Th e process of using energy released from the oxidation of inorganic 
chemicals to build organic molecules from carbon dioxide is termed 
chemosynthesis (see fi gure 3.29). Both chemosynthetic and photosynthetic 
organisms are autotrophs that build complex organic molecules, such as glu-
cose, from simple inorganic molecules such as carbon dioxide. Th eir diff er-
ence is that they rely on diff erent external sources of energy:
•	 Photosynthetic autotrophs (plants and algae) rely on sunlight energy. 
•	 Chemosynthetic autotrophs (some bacteria and archaea) rely on chemical 

energy from the oxidation of reduced inorganic chemicals present in their 
environment.
Other microbes in the Lake Whillans community are heterotrophs that feed on 

organic molecules made by the chemosynthetic microbes. 

fiGuRe 3.29 Chemosynthetic 
autotrophic microbes capture 
chemical energy from 
the oxidation of inorganic 
chemicals and use this energy 
to build complex organic 
molecules, such as glucose, 
from carbon dioxide. (a) Some 
chemosynthetic bacteria capture 
energy from the oxidation of 
sulfi des. (b) Oxidation reactions 
used by chemosynthetic 
microbes include: (i) oxidation of 
sulfi de to sulfate and 
(ii) oxidation of ammonia to 
nitrite.

(a)
Sulfate
H2SO4

Sul�de
H2S

CO2 Glucose

Nitrite
NO2

Ammonia
NH3

CO2 Glucose

E

E

(b)

Odd fact

Chemosynthetic bacteria 
and archaea that use the 
chemical energy from the 
oxidation of reduced minerals 
to build glucose are also 
called lithotrophs (lithos = 
stone, rock; trophe = food) or 
‘rock-eaters’.
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The Movile Cave in Romania
� e Movile Cave, discovered in Romania in 1986, is completely isolated from 
the surface and in total darkness. � e cave was discovered accidentally when 
exploratory drilling revealed its existence. It is unusual because the water 
and gases inside the cave come from water and gases that rise into the cave 
from its � oor, rather than seeping down from the surface; the cave receives 
little if any water percolating down from the surface. � e cave was closed by 
Romanian authorities and only a few scientists have been given permission to 
go into the cave. Entry to the cave is by rope down narrow hand-cut shafts (see 
� gure 3.30). 

FIGURE 3.30 (a) Dr A lexandra Hillebrand-Voiculescu from the Institute of 
Speleology in Bucharest, Romania about to enter the hand-cut shaft that 
provides access to the Movile Cave. She is in a wetsuit because she will dive 
into the airbells in the cave that harbour the microbial mats. There is a lot of toxic 
hydrogen sul� de in the airbells and so she needs scuba gear. The light is so she 
can � nd her way around as it is completely dark in there. The orange ball is a 
football bladder that is used to sample the air in the airbells to � nd out how much 
methane is present. This provides a new interpretation of ‘going to work in the 
laboratory’. (b) Professor Colin Murrell from the University of East Anglia at work 
in the cave. He is adding samples of isotopically labelled methane and methanol 
to samples of microbial mat and cave water in order to identify which microbes 
obtain their energy for living by consuming these substrates. (c) Diagram of 
Movile Cave (Images (a) and (b) courtesy of Colin Murrell)

(a)

(b)

Air bell 2
Air bell 1

Upper dry level

Depth from
surface m

Lower submerged level

Lake 0 m

Sea level

20

23Lake

Movile Cave
Cross-section

(c)

� e atmosphere in the Movile Cave is very di� erent from the atmosphere 
that we breathe. � e air in the cave has a lower concentration of oxygen, a 
higher concentration of carbon dioxide, and toxic gases including hydrogen 
sul� de, ammonia and methane are present in the air and water. A maximum 
of three people can enter the cave at any one time and can work there for 
one hour only. 

Deep in the total darkness, the limestone walls of Movile Cave are coated 
with slimy � lms of bacteria, and deep pools of water on the cave � oor are 
covered with � oating mats of bacteria, termed microbial mats. � ese bacteria 
are chemosynthetic and obtain energy by oxidising inorganic molecules. Some 
oxidise hydrogen sul� de (H2S) and others oxidise ammonia (NH3). Other kinds 
of bacteria can oxidise methane (CH4). � ey use energy from oxidation 
reactions to build inorganic carbon dioxide into complex organic compounds, 
such as glucose. � is organic matter provides nutrients for the microbes them-
selves and also provides food for a variety of consumers that form part of the 

ODD FACT

The various animals that live 
in the Movile Cave have no 
functional eyes, often lack 
pigments, but typically are 
richly equipped with tactile 
sensors, such as bristles, 
hairs and antennae. Can you 
suggest why?UNCORRECTED P
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living community in the cave. Th e consumer organisms in Movile Cave are 
unique invertebrate species adapted to life in complete darkness, and include 
species of earthworm, snail, centipede, spider and woodlouse. 

Deep-ocean hydrothermal vents
Th e ocean fl oor of the Atlantic and the Pacifi c oceans is a region 
of total darkness, crushing pressure and frigid temperatures. 
Th e fl oor of both oceans is crossed by mid-ocean ridges, where 
the ocean fl oor is shaped into valleys, cliff s and seamounts (see 
fi gure 3.31). 

In the valley areas, new ocean crust is being formed as 
the plates of the Earth’s crust spread apart. Here, cold sea 
water seeps into fi ssures in the Earth’s crust and is heated 
by the underlying molten rock to temperatures up to 400 °C. 
Th e water reacts with the hot rock and dissolves minerals 
such as iron sulfi de. Because the superheated mineral-rich 
water expands, it is forced upwards and emerges from out-
lets in the ocean fl oor known as hydrothermal vents. As the 
hot water (∼350 °C) comes into contact with the surrounding 
frigid ocean waters (4  °C), minerals precipitate out of the 
solution and form ‘chimneys’ around the vent openings. One 
kind of hydrothermal vent, known as a ‘black smoker’, emits 
streams of dark acidic water from a chimney made mainly 
of iron sulfi de (see fi gure 3.32). Could life exist in such an 
environment?

fiGuRe 3.32 (a) ‘Black smoker’ at a 
hydrothermal vent. Note the ‘chimney’ made 
of precipitated sulfi de that surrounds the 
escaping water. (b) Sea water seeps down 
through rock and becomes heated when it 
comes near molten rock. This superheated 
water, rich in minerals, is forced up and 
escapes through ‘black smokers’.

(b)(a)

In 1977, scientists discovered a fantastic abundance and high density of 
organisms around a hydrothermal vent about 2.5 km below the surface of the 
Pacifi c Ocean near the Galapagos Islands. Th e vent organisms included white 
clams, mussels, blind white crabs, shrimp and various kinds of worm. 

Th e producers in deep-ocean hydrothermal vents are chemosynthetic bac-
teria that capture energy from the oxidation of chemicals, such as sulfi des 
and hydrogen, and use that energy to make complex organic molecules from 
simple inorganic compounds. When a vent fi rst forms, the ocean fl oor around 
the vent becomes covered with a thick mat of chemosynthetic bacteria that 
attracts various consumer organisms that feed on the bacteria (see fi gure 3.33). 

fiGuRe 3.31 A false coloured image, 
obtained by sonar, of the ocean fl oor 
showing an extensive mid-ocean ridge

Odd fact

The great water pressure 
at a depth of 2.5 km means 
that water will not boil until 
it reaches a temperature of 
about 450 °C.
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fiGuRe 3.33 A microbial mat coated in white sulfate material at a hydrothermal 
vent. The sulfate is produced by chemosynthetic autotrophic bacteria that 
form this mat. They capture energy from the oxidation of sulfi des to sulfates. 
Chemosynthetic bacteria like these include Sulfurimonas autotrophica. What does 
the name of this bacterial species suggest?

key ideas

 ■ Every living community must include autotrophic (producer) organisms that 
import energy and produce organic molecules from that energy.

 ■ Oxidation of reduced chemicals is an energy-releasing reaction. 
 ■ Chemosynthesis involves the capture of energy from the oxidation of 
inorganic molecules and the use of this energy to build organic molecules, 
such as glucose, from inorganic carbon dioxide.

 ■ Chemosynthetic autotrophs, such as bacteria and archaea, can capture the 
energy from the oxidation of inorganic chemicals in their environment. 

 ■ Chemosynthetic microbes are the autotrophic producers in communities 
living in extreme environments, including communities in complete darkness.

Quick check

26 Identify whether each of the following statements is true or false. 
a  Chemosynthetic autotrophs rely on capturing chemical energy from their 

environment.
b  The oxidation of sulfi des to sulfates is an example of an energy-

releasing reaction.
c  Chemosynthetic microbes are examples of autotrophic organisms.
d  It is reasonable to predict that algae might be found in the water pools 

in the Movile Cave. 
e  It is reasonable to predict that some photosynthetic bacteria might live 

in the waters of subglacial Lake Whillans.
27 List one difference between photosynthesis and chemosynthesis. 
28 List one similarity of photosynthesis and chemosynthesis.
29 What is the essential difference between a photosynthetic autotroph and a 

chemosynthetic autotroph?
30 If the chemosynthetic autotrophs were removed from a deep ocean 

hydrothermal vent, predict, giving a reason, what might happen to the 
diverse community living around that vent.
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Cellular respiration: energy transfer 
from glucose to ATP
All organisms require chemical energy for use all the time to drive 
energy-requiring life processes, such as making new organic molecules for 
growth, repair, movement, maintenance of internal conditions of cells within 
a narrow range and reproduction. For plants and algae, this chemical energy 
comes from glucose molecules made by photosynthesis. For animals and 
fungi, this chemical energy comes from the organic molecules, such as glu-
cose, in their digested food. 

However, the chemical energy in glucose must be transferred to the use-
able form of energy for cells: the chemical energy of ATP. ATP can release its 
chemical energy to drive the energy-requiring life processes of all organisms. 
Figure 3.34 shows some of the functions in the human body that use energy 
supplied by ATP. 

Muscle
contraction

Nervous
tissue

Digestive
system

Excretory
system

New tissue and
structure production

Manufacturing
chemicals

Heart
muscle

Skeletal
muscle

Muscle
in gut Migration of

vesicles
Conduction
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Transmitter
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Blood
proteins

Secretion
of enzymes

Active
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of water
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membranes

Nails
Hair

Blood

Skin

Antibodies

Enzymes
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Diaphragm

Peristalsis

Wound tissue

ATP

fiGuRe 3.34 ATP is the source of energy for cells to carry out the many processes of living. This fi gure shows 
examples of cellular activities in the human body that are driven by energy released when ATP molecules release their 
energy upon being broken down to ADP.

Cells obtain the ATP they need through the process of cellular respiration. 
In cellular respiration, glucose molecules are progressively oxidised, under 
enzyme control, to carbon dioxide and water. Th is energy-releasing oxidation 
process is coupled (linked) to the energy-requiring process of ATP pro-
duction. Refer to the box on pages 118–19 for more information about the 
coupling  of energy-releasing  and energy-requiring reactions. Because of 
the continuous need for energy, cellular respiration occurs all the time in 
all living cells. 

unit 1 cellular
respiration
Concept summary 
and practice 
questions

aOs 1

topic 3

concept 3
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Why not use glucose as the direct energy source for cells, rather than 
transfer its chemical energy to ATP? ATP is the ideal energy source for cellular 
processes because its chemical energy is released for use in a single-step 
instantaneous reaction. In contrast, the release of energy from glucose involves 
many steps and takes much longer. In addition, the amount of energy released 
by ATP is a small useful quantity (about 30 kJ/mole) compared to the rela-
tively large amount of chemical energy contained in glucose (just under 
3000 kJ/mole). 

Cellular respiration: with or without oxygen 
In most eukaryotic organisms, and in the cells of most tissues, cellular res-
piration can occur only if oxygen is available; this type of cellular respiration 
is termed aerobic respiration. For example, human heart muscle depends on 
aerobic respiration to provide the energy to sustain its muscular contractions 
that enable it to pump blood around the body. Under conditions of severe 
oxygen shortage, the heart’s pumping action stops.

However, some organisms that live in oxygen-free (anoxic) environments, 
including some microbes and yeasts, must carry out cellular respiration in the 
absence of oxygen; this is termed anaerobic respiration (an = not, without; 
aer = air; bios = life) or fermentation. In addition, some organisms that rely on 
aerobic respiration may have particular tissues that can also carry out anaer-
obic respiration when oxygen supplies are inadequate, for example, your 
skeletal muscle tissue (see pp. 120–1). However, anaerobic respiration is not 
sufficient to maintain the function of heart muscle.

Aerobic respiration: making ATP in the presence of oxygen
In aerobic respiration, glucose molecules (C6H12O6) are oxidised to pro-
duce carbon dioxide (CO2) and water (H2O). This is an energy-releasing, 
or exergonic, process and the energy released is used to produce ATP. The 
following equation is a highly simplified summary of aerobic respiration:

C6H12O6

Glucose Oxygen Carbon dioxide Water

ADP + Pi

6O2+ +6CO2 6H2O

in the form
of ATP

E

Oxidation reactions release energy, such as when wood burns in a fire. When 
it burns, the organic material in wood combines with oxygen from the air, pro-
ducing carbon dioxide, water and, importantly, energy, mainly in the form of 
heat energy. Glucose can also be burned or oxidised in air (see figure 3.35a), 
forming carbon dioxide and water. However, burning glucose in a frying pan 
is an uncontrolled single-step oxidation reaction that releases the chemical 
energy of glucose in one burst, mostly as heat energy. The complete oxidation 
of one mole of glucose releases about 2800 kJ of energy. 

In aerobic respiration in cells, glucose is also oxidised to carbon dioxide, but 
this does not occur as a single-step reaction, as shown in the equation above. 
Instead, aerobic respiration consists of a series of enzyme-controlled reactions 
that release the chemical energy of glucose in small quantities. Much of the 
energy released in these reactions is transferred to ATP, instead of being trans-
formed to heat energy and lost (see figure 3.35b). 
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fiGuRe 3.35 (a) The single-step uncontrolled oxidation of glucose releases a 
large amount of energy, mainly as heat energy. (b) In cells, the controlled release 
of energy in many small steps allows energy to be released in smaller amounts 
that can be used to drive ATP production.

(a) (c)

E E E E E

Glucose

E E E E E E
Breakdown
products Glucose

Breakdown
products

(b)

Th e effi  ciency of aerobic respiration is about 40 per cent; this means that 
normally about 40 per cent of the chemical energy of glucose is transferred to 
ATP and about 60 per cent is lost as heat energy. In mammals and birds some 
of this heat is trapped by insulating layers of fat, fur or feathers that assist in 
maintaining their core body temperatures. 

Aerobic respiration: what happens where
Aerobic respiration is a complex multistep process that involves more than 
20 enzyme-controlled reactions. You do not need to know the detail, just the 
big picture: 
•	 Glucose (with 6 C atoms) is oxidised to carbon dioxide and water.
•	 One intermediate product in this pathway is pyruvate (with 3 C atoms).
•	 A total of about 34 molecules of ATP are produced for each starting molecule 

of glucose.
Th e reactions in aerobic respiration occur in order in three diff erent locations 

within a cell, so they may be grouped into three sets as shown in fi gure 3.36.
1.  Th e fi rst set of reactions of aerobic respiration occurs in the cell cytosol. In 

this set of reactions, known as glycolysis (glyco = glucose; lysis = unfastening, 
releasing), glucose (C6H12O6) molecules are broken down into two molecules 
of pyruvate (C3H4O3). Th e energy released is transferred to produce two mol-
ecules of ATP. In the presence of oxygen, pyruvate molecules are actively 
transported from the cytosol into the inner compartment (matrix) of the mito-
chondria where aerobic respiration is completed (sets 2 and 3). (If oxygen is 
not present, the pyruvate stays in the cytosol and undergoes fermentation.)

2. Th e second set of reactions occurs in the fl uid matrix of mitochondria 
where the enzymes involved are located. (Th is set of reactions is termed the 
Kreb’s cycle, named after Hans Krebs (1900–81), the scientist who identi-
fi ed the many complex reactions involved in this cycle.)

3. Th e fi nal set of reactions of aerobic respiration is termed the 
electron transport chain. Th ese reactions take place on the inner mem-
brane of the mitochondria where electron acceptors are located. Th e fi nal 
electron acceptor in this chain is oxygen. You may recall the cyanide gas 
produced in the Kiss nightclub fi re blocked this process (refer to p. 84).

Odd fact

For the mathematically 
minded only! How much 
ATP might be formed from 
the complete oxidation of 
glucose? Energy from glucose 
is 2800 kJ/mole, but at 40 per 
cent effi ciency this is reduced 
to about 1120 kJ. Each mole of 
ATP requires 30 kJ. So, energy 
from one mole of glucose 
might drive the production 
of about 37 mole of ATP. (In 
fact, 34 ATP is the generally 
accepted value.)

When oxygen is not present, 
glucose undergoes a process 
termed anaerobic respiration.
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Cytosol

Mitochondrion

3. Electron transport

on inner membrane
of mitochondria

2. Kreb’s cycle

in matrix of
mitochondria

1. Glycolysis

in cytosol

fiGuRe 3.36 The many reactions of aerobic cellular respiration take place in 
different locations within a eukaryotic cell. The fi rst set (glycolysis) occurs in the 
cytosol, the second set in the mitochondrial matrix and the fi nal set on the inner 
membrane of mitochondria. (Cell diagram, not to scale)

Th e two sets of reactions that occur in the mitochondria (2 and 3) pro-
duce about 32 ATP molecules and are the major source of ATP production 

in cells. Once formed, the 
ATP leaves the mitochon-
dria via the ATP channel 
for immediate use within 
the cell. Figure 3.37 shows a 
summary of these three sets 
of reactions in aerobic res-
piration. Th e pathway of a 
molecule of glucose through 
aerobic respiration is 
shown by the black arrows. 
Remember that in this pro-
cess, the chemical energy 
of glucose is transferred to 
34 molecules of ATP. 

Measuring rates of aerobic respiration
Various human tissues have diff erent energy requirements. For example, heart 
muscle uses energy at a much higher rate than skin cells. Th e same tissue may 
diff er in its energy requirements at diff erent times — more energy is needed 
for skeletal muscle during vigorous exercise than when resting. Rates of res-
piration can be measured in various ways. One method of comparing rates of 
aerobic respiration is to measure the rate of oxygen use (see table 3.3).

Th e rate of aerobic respiration under various conditions can be identifi ed 
by measuring oxygen consumption. Figure 3.38 shows an athlete having her 

Glucose

2 ATP

32 ATP

H2O

+

CO2

O2

Cellular respiration

Pyruvate

Cytosol Mitochondrion

fiGuRe 3.37 Summary of 
aerobic respiration. The black 
arrows show the aerobic 
respiration pathway of a 
glucose molecule to pyruvate 
and then to carbon dioxide.
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oxygen consumption measured under various conditions of exercise. By grad-
ually increasing the intensity of exercise, the athlete’s maximum rate of oxygen 
consumption can be measured. 

fiGuRe 3.38 Measuring 
oxygen consumption of an 
athlete at various levels of 
exercise. What would be 
expected to happen to her 
oxygen consumption as her 
activity level increases?

Table 3.3 shows the rates of oxygen consumption in various organs of an 
adult male.

taBLe 3.3 Oxygen consumption rates in various tissues of a human adult (male)

Tissue
oxygen consumption

(ml/100 g tissue/minute)

skeletal muscle (resting) 1

skeletal muscle (contracting) 50

skin 0.2

liver 2

brain 3

kidney 5

heart muscle (resting rate) 8

heart muscle (during heavy exercise) 70

rest of body 0.2

Source: Adapted from RE Klabunde, Cardiovascular Physiology Concepts 2nd ed., 
Lippincott Williams & Wilkins, 2011.

Th e average value of oxygen consumption for the resting body as a whole 
is 0.4 mL per 100 grams of body tissue per minute. Th is value corresponds to 
300 mL/minute for a 75-kilogram person at rest. During exercise, this fi gure 
may rise more than ten-fold to 4000 mL/minute. Th is increased oxygen use is 
required for increased ATP production through aerobic respiration, especially 
in muscle tissues. Changes to meet this increased need for oxygen include:
•	 increased heart rate (beats per minute)
•	 increased volume of blood pumped at each heart contraction
•	 increased breathing rate
•	 increased blood fl ow to lungs.
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Not surprisingly, the muscle of the heart that is responsible for most of these 
changes has a very rich blood supply itself to ensure plenty of oxygen is avail-
able to it; heart muscle also has very large numbers of mitochondria to pro-
duce ATP through the process of aerobic respiration. 

It is also possible to measure the rate of aerobic respiration in the cells of 
various tissues and organs by looking at glucose consumption. Th is is one 
means of assessing the extent of damage to a person’s heart muscle after a 
heart attack (a coronary occlusion or myocardial infarction). 

Th e heart has a high oxygen demand for ATP production by aerobic res-
piration (refer to table 3.3). As it contracts, heart muscle transforms chemical 
energy of ATP to kinetic energy. 

When one or more of the coronary arteries becomes blocked by a clot, the 
oxygen supply to a region of the heart is interrupted, heart function is aff ected 
and damage to heart tissue occurs. Treatment required depends on the extent 
and the permanence of the damage. 

If the region of heart muscle aff ected by the blockage is still alive, the 
damage may be reversed. In such cases, bypass surgery may be done to restore 
the blood supply to the region. (In bypass surgery, the blocked area of the cor-
onary artery is bypassed.) If the aff ected region of heart muscle has died, this 
damage is permanent. In such cases surgery to restore the blood supply to the 
aff ected area is of no use and exposes the patient to unnecessary risk.

It is important to be able to distinguish whether the damaged area consists of 
living or dead heart tissue. Can this be done? A non-invasive technique known 
as positron emission tomography (PET) can make this distinction. PET can 
obtain an image of glucose uptake and use by the heart. When damaged areas 
of the heart are still alive, they can take up and use glucose. Figure 3.39 shows 
the PET image of glucose use for two patients. Uptake and use of glucose is 
shown by the various colours. Red indicates the regions of heart muscle with 
the highest uptake of glucose. Th en, in order of decreasing glucose uptake, are 
regions of yellow, then green, then blue. Dead areas of heart tissue neither take 
up nor use glucose and appear black. In which patient would surgery to restore 
the blood supply to the damaged tissue be of greater value?

fiGuRe 3.39 PET images showing uptake and use of a form of glucose 
(18 fl uoro-deoxyglucose, or 18 FDG) by the heart tissue of two persons following 
heart attacks. Regions of living tissue are indicated by colours. The image on the 
left shows a complete coloured outline, which indicates that the heart tissue of 
that person is alive. The image on the right shows that in the second person a 
signifi cant portion of the heart tissue has died.

Tomography from Greek: 
tomos = cutting; graphos = writing
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In living organisms, energy-releasing reactions do 
not occur as isolated reactions. Energy is not simply 
released into cells; rather each energy-releasing 
reaction is coupled or paired with an energy-
requiring reaction. Figure 3.40a shows an example 
of a physical coupling. To move the carriage uphill 
an input of energy is needed. Th e train engine can 
release energy. Only when the carriage is coupled to 
the train engine can it be moved uphill. Left uncou-
pled, the carriage goes nowhere. 

Likewise, energy-requiring reactions in cells 
can occur only because they are coupled to 
energy-releasing reactions. For example, in aerobic 
respiration energy released from the oxidation of 
glucose is coupled to the production of ATP (see 
fi gure 3.40b). In turn, the release of energy from ATP 
is coupled to the many energy-requiring reactions in 
cells, including active transport across plasma mem-
branes, synthesis of proteins and muscle contraction 
for movement. 

Th e coupling of reactions is normally tightly con-
trolled. Th e rate of cellular respiration is determined 
by the availability of ADP to capture the energy 
released from the oxidation of glucose.

Some chemicals can uncouple the energy-
releasing reactions of aerobic respiration from the pro-
duction of ATP. When uncoupling occurs, the uptake 
of oxygen by cells and energy production occurs in an 
uncontrolled manner and none of the energy is cap-
tured as chemical energy of ATP. Instead, the energy 
is released as heat energy, resulting in an increase in 
body temperature. For example, the venom of some 
snakes and the toxins of some pathogenic bacteria act 
as uncoupling agents. When people have certain bac-
terial infections, the fever they experience is due to the 
uncoupling eff ect of the toxin released by the bacteria. 

uncoupling agents can kill

Other chemicals that act as uncoupling agents 
include dinitrophenol (DNP), used in the manufac-
ture of pesticides. In the 1930s in the United States, 
DNP was marketed as a weight-reducing agent. 
(Can you suggest why?) Th e numerous deaths 
that occurred in people taking DNP led to its 
being banned as ‘extremely dangerous and not 
fi t for human consumption’. However, in spite 
of being banned for human consumption, DNP 
remains available on the internet, often labelled

eNeRGy tRaNsfeRs iNVOLVe cOuPLiNG Of ReactiONs 

fiGuRe 3.40 (a) An example of a 
physical coupling that links the energy 
released from a train engine with 
the energy-requiring movement of a 
carriage (b) An example of biological 
coupling that links the energy 
release from glucose oxidation to the 
production of ATP

Glucose

(b)

Carbon dioxide

Pi + ADP ATP

[high energy]

[high energy]
E

GOING
NOWHERE

'NOW WE'RE
MOVING'

(a)
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119CHAPTER 3 Energy transformations

as ‘fat burning pills’. In Britain in the period from 
September 2012 to June 2013, four young people 
died from DNP obtained via the internet that 
they self-administered for the purpose of losing 
weight. 

200 mg
100 capsules in the bottle

M
Man dies after taking ‘gym’ drug

DNP: the return of a deadly

weight-loss drug 

Death of medical student after taking

banned slimming drug dinitrophenol

fiGuRe 3.41 Headlines tell the story of the dangers 
of DNP.

DNP acts by inhibiting the ATP synthase enzyme 
that is located on the inner wall of the mito-
chondria. When DNP is present in cells, aerobic 
respiration of glucose proceeds, but DNP uncou-
ples the energy-releasing reactions from the 
energy-requiring reactions that produce ATP. Th is 
uncoupling means that more energy from glu-
cose is released as heat energy. Th is in turn leads 
to an increase in the rate of aerobic respiration 
in order to meet the need for ATP by cells, and 
results in weight loss. Depending on the amount 
taken, the uncoupling action of DNP can pro-
duce an increase in body temperature (hyper-
thermia). Th e early signs of hyperthermia include 
excessive sweating, an increase in breathing rate 
and an accelerated heart rate. If the hyperthermia 
becomes uncontrolled, it can lead to multi-organ 
failure and death. 

uncoupling for survival 

Uncoupling of energy-releasing and energy-requiring 
reactions does have a survival value in very young 
human babies and those of other mammals, and 
also in hibernating mammals. Uncoupling is an 

important means of preventing the dangerous fall 
in body temperature (hypothermia) that is a major 
cause of death of very young babies. Shivering is 
one mechanism to produce body heat. Very young 
mammals and hibernating mammals cannot shiver 
to produce body heat. Th is is where their brown fat 
tissue plays an important role.

About 5 per cent of the weight of newborn human 
babies consists of brown fat tissue, located mainly 
in their upper backs and necks (see fi gure 3.42). 
Brown fat diff ers from the more common yellow fat 
of adipose tissue (refer to fi gure 3.14, p. 94). More 
importantly, the mitochondria in cells of brown 
fat tissue contain an uncoupling protein, known as 
thermogenin (thermo = heat; genesis = beginning). 

fiGuRe 3.42 Distribution of major reserves of brown 
fat in a very young baby

Th e thermogenin protein is usually inactive. If a 
baby’s temperature falls, thermogenin is activated 
by fatty acids released from the brown fat in res-
ponse to a hormone signal. Th ermogenin starts 
the oxidation of these fatty acids and, because this 
reaction is uncoupled, most of the energy produced 
is released as heat energy. Th is heat production 
raises the baby’s body temperature back to within 
the normal range.
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key ideas

 ■ Aerobic respiration can occur only in the presence of oxygen.
 ■ In aerobic respiration, glucose is oxidised to carbon dioxide and water.
 ■ Aerobic respiration begins in the cytosol where glucose is broken down to 
pyruvate in a process termed glycolysis that does not require oxygen. 

 ■ The energy released from glycolysis is 2 ATP molecules for each starting 
molecule of glucose.

 ■ If oxygen is present, pyruvate is transported into the mitochondria where 
aerobic respiration is completed.

 ■ The energy released from reactions in the mitochondria is transferred to the 
production of 32 molecules of ATP.

 ■ Cells of different human tissues vary in their rates of aerobic respiration.
 ■ Rates of aerobic respiration by cells may be measured using either their 
consumption of oxygen or their uptake of glucose.

Quick check

31 What are the inputs to aerobic respiration?
32 What are the end products of aerobic respiration? 
33 Where in a cell do the following reactions take place?

a The initial breakdown of glucose to pyruvate glycolysis
b The major production of ATP

34 Which human tissue has the greater rate of aerobic respiration: kidney  
or skin?

35 What change occurs in the rate of aerobic respiration by heart muscle 
when a person changes from resting to strenuously exercising?

Anaerobic respiration: making ATP 
without oxygen
Anoxic environments are environments where oxygen is absent; these include 
marshes, deep ocean waters, so-called ‘dead zones’ of water and sediments of 
coastal seas, lower regions of the gut (away from the gut wall) and rock crevices 
deep in the Earth’s crust. Some microbes live only in anoxic conditions and 
oxygen is toxic to them. These microbes are termed obligate anaerobes. Parts 
of multicellular organisms may survive in anoxic environments, such as plant 
roots in waterlogged soils. 

In conditions where oxygen is not available, organisms carry out a pro-
cess of anaerobic respiration to obtain the energy that they need to stay 
alive. Anaerobic respiration is the breakdown of glucose in the absence 
of oxygen, and the energy released is used to produce ATP. The yield 
of ATP from the anaerobic respiration is far less than that from aerobic 
respiration but, because fewer reactions are involved, the ATP is produced 
more rapidly. 

Some organisms live in environmental conditions where oxygen shortages 
may occur from time to time, such as a tidal flat. These organisms are termed 
facultative anaerobes and include various molluscs that can switch between 
aerobic and anaerobic respiration as oxygen concentrations fluctuate. 

Anaerobic respiration in skeletal muscle 
Specific tissues of some organisms have the capacity to carry out anaerobic 
respiration under conditions when the supply of oxygen to that tissue is inad-
equate. This ability enables cells of these tissues to continue functioning for 
short periods by producing ATP under conditions of oxygen shortage. 

Odd fact

The bacterium Clostridium 
tetani, the causative agent 
of tetanus, is an obligate 
anaerobe. Its inactive spores 
are present in soil but if they 
get into the human body 
via a deep puncture wound 
where oxygen is absent, the 
bacteria multiply in the anoxic 
conditions and produce their 
damaging toxin.

For a comparison of aerobic and 
anaerobic respiration, see table 3.4 
on page 122.
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In anaerobic respiration in skeletal muscle, each glucose molecule is broken 
down to two molecules of pyruvate — just as in aerobic respiration. In the 
absence of oxygen, an enzyme in human skeletal muscle converts pyruvate to 
lactic acid. Th is type of anaerobic respiration is called lactic acid fermentation. 
Th e chemical energy released in lactic acid fermentation can drive the pro-
duction of two molecules of ATP (see simplifi ed equation on the left). 

On the Serengeti grasslands of Africa, a cheetah (Acinonyx jubatus) stalks a 
young Th omson’s gazelle (Eudorcas thomsonii). Once it nears its intended prey, 
the cheetah breaks from the grass in an explosive burst of speed. Th e startled 
gazelle likewise starts running, not in a straight path, but frequently zigzagging. 
Th e top speed of a cheetah (more than 100 km/hour) is faster than that of a gazelle 
(about 80 km/hour). However, if she cannot catch the gazelle within a distance of 
about 100 metres, the cheetah must give up the chase, stop and rest. Why? 

Initially as she stalks her prey, the cheetah’s muscles use ATP from aerobic 
respiration. Th e sudden highly intense activity of the chase means that the 
cheetah cannot breathe fast enough and her heart cannot pump hard enough 
to supply the oxygen needed for aerobic respiration. Th e cheetah now depends 
on ATP from anaerobic respiration. Soon, the build up of lactic acid changes 
the pH in her muscles, inhibits enzymes and produces muscle fatigue. She 
cannot run further. She stops and pants rapidly — her breathing rate can reach 
150 breaths a minute (see fi gure 3.43). Any gazelle that escapes a cheetah’s 
pursuit owes its life to the fact that anaerobic respiration can operate for a 
short period only before muscle fatigue sets in. At the highest intensity mus-
cular activity, such as sprinting, anaerobic respiration has a duration of less 
than 1 minute before muscle fatigue hits. 

fiGuRe 3.43 After the chase, 
the cheetah is hot and her 
breathing rate is high: up to 
150 breaths per minute. She is 
panting to rebuild the oxygen 
supplies to her muscles.

For a person at rest or during moderate activity (60–80% of the maximum heart 
rate), aerobic respiration can supply the ATP needed by skeletal muscle. Activities 
such as power walking, jogging, distance cycling and marathon running can be 
sustained for long periods by the ATP supplied through aerobic respiration. 

In contrast, during periods of intense muscular activity involving short bursts 
of power or speed, the oxygen supply to muscles is not suffi  cient to maintain 
aerobic respiration. Under these circumstances, muscles can be powered by 
the ATP produced by anaerobic respiration. (Th e 100-metre sprinters can run 
their races without breathing.) 

However, the lactic acid produced through anaerobic respiration in muscle 
tissue aff ects the pH of the muscles and causes muscle fatigue, so that the mus-
cles cannot continue contracting and the athlete is forced to stop. An athlete 
may even collapse (see fi gure 3.44). When strenuous exercise stops, athletes 

Glucose

2 pyruvate

2 lactic acid

2 ADP

2 ATP

Odd fact

Some bacteria carry out 
lactic acid fermentation to 
obtain their energy for living. 
Yoghurt making depends on 
one type of these bacteria, 
Streptococcus thermophiles. 
The lactic acid produced 
by these bacteria curdles 
the casein protein of milk 
converting it from liquid to 
semi-solid. 

UNCORRECTED P
AGE P

ROOFS



NATuRE of biology 1122

breathe very heavily to restore their oxygen supply and their circulatory system 
removes the lactic acid from their muscle tissue. When the oxygen supply to 
their muscles returns to normal, anaerobic respiration stops and the muscle 
requirements for ATP are met again through aerobic respiration. 

fiGuRe 3.44 This athlete is 
exhausted. Her muscles are 
fatigued and have stopped 
contracting.

Skeletal muscle also has a store of phosphocreatine (PCr) as another energy 
source. Phosphocreatine can produce some ATP by transferring its phosphate 
group to ADP as follows: 

ADP + PCr → ATP + Cr

Th is reaction provides ATP for only about 15 seconds of muscle activity. 
Athletes in diff erent sports rely on aerobic and anaerobic sources of energy 

to diff ering degrees. Th e 100-metre sprinters can run their races without 
breathing as they can use anaerobic respiration. In contrast, marathon runners 
use aerobic respiration. Table 3.4 shows the approximate relative contributions 
of the various sources of ATP for athletes in various sporting events. Immediate 
ATP availability and anaerobic respiration are important sources of energy for 
short-duration events. For distances over 200 metres, the longer an event is, 
the greater the dependence on aerobic respiration. Physiological character-
istics of an athlete are also important; for example, the rate at which an athlete 
can take in, transport and use oxygen is a factor in success.

taBLe 3.4 The relative contributions of different energy systems for a 
range of sports

Approximate relative contributions of the different energy systems 
to the needs of an athlete

Sport Phosphocreatine Anaerobic/lactic Aerobic

100-metre swim + + + + + + + +
1500-metre swim + + + + + + + +
100-metre sprint + + + + + + + + 0

400-metre sprint + + + + + + + +
weightlifter + + + + + + + + 0

cross country 0 + + + + + + + +
marathon 0 + + + + + + + +
hockey + + + + + + + +

Odd fact

After intense exercise ends, 
the lactic acid built up in 
muscle tissue is carried away 
in the bloodstream to the 
liver where it is converted to 
glucose; this is the reverse of 
the lactic acid fermentation 
pathway.

UNCORRECTED P
AGE P

ROOFS



123CHAPTER 3 Energy transformations

Anaerobic respiration: making bread and wine
In human skeletal muscle tissue, the end product of anaerobic respiration is 
lactic acid. Other kinds of organism produce diff erent end products because 
they possess diff erent enzymes in their cytosol. For example, anaerobic res-
piration in yeast (Saccharomyces cerevisiae) produces ethanol, an alcohol. 

Anaerobic respiration in yeasts is called alcoholic fermentation. During this 
fermentation, glucose is broken down to pyruvate, which is then broken down 
to carbon dioxide and ethanol. Th e amounts of ethanol and carbon dioxide 
produced vary with diff erent strains of yeasts and diff erent environmental con-
ditions. Th e energy yield from one molecule of glucose that undergoes fermen-
tation is two molecules of ATP (see simplifi ed equation on the left).

Baker’s yeast is used in bread making. Th e conditions in the dough are 
anaerobic. Kept in the warmth, yeast cells multiply and produce carbon 
dioxide gas, causing bread dough to rise and giving bread its ‘holey’ texture 
(see fi gure 3.45). Th e alcohol produced by baker’s yeast is driven off  during the 
baking of the bread. 

Yeasts are also used to produce the alcohol contained in beers, distilled spirits 
and wines. In wine-making, grapes are crushed to release the juice that con-
tains sugars. Yeasts are added to this fl uid and fermentation occurs, producing 
alcohol. When the alcohol concentration reaches about 12 per cent (v/v), this 
kills the yeast cells and fermentation stops (see fi gure 3.46).

fiGuRe 3.46 The alcohol in these wines results from anaerobic respiration by 
yeast cells of the sugars present in crushed grapes. What other name is given to 
this process? Does it require the presence of oxygen or not? White wines result 
when the juice of crushed grapes is used; red wines result when the juice, skins 
and stems of the grapes are used. 

Beer is made in a process known as brewing. To brew beer, barley grains 
that are sprouting are mashed with water, the resulting mixture is boiled with 
hops to give colour, taste and aroma. Fermentation starts after brewer’s yeast 
is added. 

Spirits are produced by fermenting various products, such as fruit juice 
(brandy), molasses (rum) and barley grains (whisky). Spirits are distilled to 
increase the alcohol content in the fi nal product to about 40 per cent (v/v).

Glucose

2 pyruvate

2 ethanol + 2CO2

2 ADP

2 ATP

fiGuRe 3.45 What process 
caused this bread to rise and 
gave it a ‘holey’ texture?

Distillation is a process that 
reduces the water content of a 
fl uid.

Odd fact

When fermentation of grape 
juice occurs in a sealed bottle, 
sparkling wines, such as 
champagne, result. The carbon 
dioxide that forms during 
fermentation dissolves under 
pressure and is released when 
the bottle is opened.
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Comparing anaerobic and aerobic respiration
Figure 3.47 shows a simpli� ed representation of cellular respiration in people. 
� e starting point for both aerobic and anaerobic respiration is glucose that 
is broken down to pyruvate in the cytosol. When oxygen is not available 
(anaerobic respiration), pyruvate is fermented to lactic acid. When oxygen 
is available (aerobic respiration), pyruvate moves to the mitochondria and is 
broken down to carbon dioxide and water. 

Apart from the presence 
or absence of oxygen, other 
di� erences between aerobic 
and anaerobic respiration 
are shown in table 3.5. � e 
end products of anaer-
obic respiration di� er for 
various kinds of organisms 
and are due to the presence 
of di� erent enzymes in the 
various organisms.

TABLE 3.5 Comparison of two types of cellular respiration

Anaerobic respiration (fermentation) Aerobic respiration

oxygen not required oxygen essential

very rapid ATP production slow rate of ATP production

can be sustained over a short time only in people: the 
higher the intensity of exercise, the shorter the duration

can be sustained inde� nitely provided oxygen and glucose 
available 

less e�  cient energy transfer more e�  cient energy transfer 

2 ATP produced per molecule of glucose input 34 ATP produced per molecule of glucose input 

various end products:
• lactate and water (human skeletal muscle)
• ethanol and carbon dioxide (yeasts)
• butyl alcohol (some bacteria, e.g. Clostridium 

acetobutylicum)
• vinegar (acetic acid bacteria, e.g. Acetobacter acetii)

end products: carbon dioxide and water

Rate of energy release
� e rate of energy release from glucose in anaerobic respiration occurs about 
100 times faster than in aerobic respiration. Aerobic respiration involves more 
reactions and oxygen must be transported from the lungs via the bloodstream 
to the tissues. Fewer reactions are involved in anaerobic respiration and no 
oxygen transport from lungs to tissues is required. 

Ef� ciency of ATP production
Aerobic respiration is more e�  cient than anaerobic respiration. In aerobic 
respiration, glucose is fully oxidised to carbon dioxide — no more chemical 
energy can be extracted — and the yield is 34 ATP molecules from each glu-
cose molecule. In anaerobic respiration, just 2 ATP molecules are generated 
for each glucose molecule that is partially oxidised. (� e lactic acid still has a 
store of chemical energy). 

Glucose

2 ATP

32 ATP

H2O

+

CO2

O2

Cellular respiration

Pyruvate

Lactic acid

Cytosol Mitochondrion

Anaerobic Aerobic
FIGURE 3.47 A highly simpli� ed 
version of cellular respiration, 
both aerobic and anaerobic. 
Note that both aerobic and 
anaerobic respiration start 
with the same set of reactions 
(glycolysis) in the cytosol that 
produce pyruvate from glucose. 
This does not require oxygen. 
Oxygen is needed in the � nal 
reactions in the mitochondria. 
The red arrow shows what 
happens if oxygen if not present.

ODD FACT

Parrots get drunk when they 
eat rotting or fermenting fruit. 
Parrots have been reported 
as ‘� ying upside down and 
doing barrel rolls’.
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Duration of energy release in humans
Aerobic respiration can continue as long as the body has access to glucose and 
oxygen. Anaerobic respiration can only continue for a short period until the 
change in pH of cells inhibits enzymes and muscle fatigue sets in. 

The photosynthesis and respiration cycle
Photosynthesis and cellular respiration are interrelated. Th e process of photo-
synthesis creates chemical energy stores by building energy-rich glucose from 
carbon dioxide and water. Th e process of cellular respiration releases energy 
by oxidising glucose to carbon dioxide and water. Th e energy released in this 
oxidation is transferred to ATP. 

Figure 3.48 shows the relationship between photosynthesis and aerobic 
respiration. Th e carbon dioxide and water that are the products of aerobic 
respiration are used in photosynthesis. Likewise, the glucose and oxygen that 
are the products of photosynthesis are used in aerobic respiration. 

Oxygen

Glucose

Carbon dioxide

Water

ATP

MitochondrionChloroplast

fiGuRe 3.48 Relationship between photosynthesis and aerobic respiration. 
The outputs of photosynthesis in chloroplasts are inputs to aerobic respiration. 
The outputs of respiration from mitochondria are inputs to photosynthesis.

key ideas

 ■ Anaerobic respiration occurs in the absence of oxygen.
 ■ Anaerobic respiration begins with the breakdown of glucose to pyruvate.
 ■ The fi nal product(s) in anaerobic respiration depend on the different 
enzymes present in various organisms.

 ■ In human skeletal muscle tissue, pyruvate is converted to lactate during 
anaerobic respiration.

 ■ In yeasts, pyruvate is converted to an alcohol (ethanol) and carbon dioxide.
 ■ The energy yield from anaerobic respiration is two molecules of ATP per 
molecule of glucose.

Quick check

36 What are the inputs to anaerobic respiration?
37 What are the end products of anaerobic respiration in human skeletal 

muscle? 
38 Why do human muscle cells produce lactate during anaerobic respiration 

while yeast cells produce an alcohol and carbon dioxide?
39 What produces the ‘holes’ in a slice of bread?
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Energy can exist in various forms and these can be classifi ed as either kinetic energy (the energy of motion) 
or potential energy (stored energy). Figure 3.49 shows the various forms of energy.

ENERGY

Electrical energy is the 
energy produced by 
electrons moving through
a substance.

Chemical energy is potential 
energy stored in substances. This 
energy becomes available when 
certain types of chemical 
reactions occur; for example, 
when glucose reacts with oxygen 
to form carbon 
dioxide and water.

Heat energy is the energy 
produced by the 
moving molecules 
in a substance. 
For example, warm 
water has heat 
energy but steam 
has more heat 
energy.

Radiant energy is energy that 
travels in waves; one kind of wave 
energy is radiant energy, which 
includes sunlight, X-rays and 
ultraviolet (UV) rays.

Nuclear energy comes from the 
nuclei of atoms when they are 
either split (�ssion) or joined 
(fusion).

Mechanical/kinetic energy is the 
energy present in any moving 
object, whether moving forward 
or rotating; for example, a moving 
car, wind or a waterfall.

MILK

fiGuRe 3.49 Some of the main forms of energy. Animal cells can make use of chemical energy only for staying alive, 
while plant cells can utilise radiant energy. 

Energy can be transformed from one form to 
another (see fi gure 3.50), but energy cannot be cre-
ated or destroyed. Transformation of energy from 
one form to another is typically not 100 per cent 
effi  cient. Effi  ciency is a measure of how much of the 

input energy is converted into the desired energy 
output. For example, wind turbines convert about 
45 per cent of the motion energy of the wind into 
electrical energy with the rest (about 55 per cent) 
appearing as heat. 

eNeRGy iN VaRiOus fORMs 
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127CHAPTER 3 Energy transformations

fiGuRe 3.50 Energy transformations (a) Photovoltaic 
solar panels transform energy of sunlight to electrical 
energy. (b) Turbines at Australia’s fi rst wind farm at 
Crookwell, NSW, transform the motion energy of wind to 
electrical energy. (c) Leaves transform the radiant energy 
of sunlight to the chemical energy of sugars.

(c)

(a) (b)

Examples of energy transformations in living organ-
isms include:
•	 transformation of the chemical energy of ATP to the 

mechanical energy of movement. Th is movement 
may be either at the cellular level, for example, 
the beating of cilia on cells that line your windpipe 
(trachea), the whip-like motion of the fl agellum 
of unicellular Paramecium or the contraction of 
smooth muscle cells in your gut lining as food is 
moved along your small intestine. Or this move-
ment may be that of a whole organism, such as 
the pursuit of a cheetah chasing its prey, a person 
cycling along a street or a butterfl y fl itting from 
fl ower to fl ower.

•	 transformation of chemical energy to the thermal 
energy of heat. Th is conversion occurs in the 

mitochondria of brown fat tissue that is present 
in human babies and in hibernating mammals. 
Generation of heat is an important source of 
body heat for babies and hibernating mammals 
because they cannot generate body heat by 
shivering.

•	 transformation of radiant energy of sunlight to 
the chemical energy in sugars, such as glucose. 
Th e most important transformation of all, this 
occurs during the process of photosynthesis in 
plants, algae and some microbes including cyano-
bacteria, and provides both the energy and the 
organic molecules required for the survival of 
almost all life on Earth. Under optimal conditions, 
this transformation occurs at effi  ciencies up to 
34 per cent.
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BIOCHALLENGE

Photosynthesis is a complex process that supports almost 
all life on Earth. Knowledge of this process did not occur 
as a result of a single experiment. Rather, the fi ndings 
of many scientists over centuries contributed to our 
understanding of photosynthesis. In this Biochallenge you 
can explore some of these fi ndings. 

Where will
its increased

mass
come from?

Where will
its increased

mass
come from?

fiGuRe 3.51 Jan van Helmont wonders about the source 
of the increase in mass of a plant as it grows.

In the 1600s, Jan van Helmont (1580–1664), a Dutch 
doctor, planted a small willow cutting weighing 2.27 kg in 
a large pot fi lled with 90.7 kg of dry soil. He placed the 
pot in the ground and covered it with a perforated plate so 
that he could water the cutting and air could circulate, but 
that soil could neither be lost from nor added to the pot.

Over a 5-year period, van Helmont regularly watered his 
plant and watched it grow into a sizeable tree. At the end 
of that time, van Helmont removed the entire plant from 

the pot and re-weighed it. He removed all the soil from the 
pot, dried it and re-weighed it. His fi ndings are shown in 
table 3.6.

taBLe 3.6 Van Helmont’s experimental results

Start of 
experiment

End of 
experiment

mass of plant 2.27 kg 74.39 kg

mass of dry soil 90.7 kg just under 90.32 kg

1 a What change occurred in the mass of the plant?
b What approximate change occurred in the mass of the 

soil?

2  From his experiment, van Helmont concluded that the 
increase in plant mass over the 5-year period: 
   i did not come from the soil, but 
ii must have come from the water that he supplied to 

the plant.

Discuss with your classmates whether each of 
van Helmont’s conclusions (i) and (ii) above is:

a a reasonable conclusion
b a correct conclusion. 

3  The increase in the mass of a plant during growth results 
from photosynthesis. What occurs during photosynthesis 
that could produce an increase in plant mass?

4  One factor that van Helmont did not take into 
consideration as a possible source of the increase in 
mass of a growing plant was the air. Little was known 
about the composition of air in the 1600s. However, in 
the 1770s, a Dutch biologist, Jan Ingenhousz (1730–79) 
carried out some simple experiments showing that:
• when plants were illuminated, they released oxygen
• the release of oxygen was from only the green tissues 

of the plant 
• when plants were put in the dark, the release of 

oxygen stopped
• when plants produced oxygen, they used up carbon 

dioxide.

Ingenhousz’s various fi ndings added to the knowledge 
about photosynthesis. Take each of Ingenhousz’s fi ndings 
in turn and, using your knowledge of photosynthesis, 
re-state each fi nding in a more up-to-date form. 
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Questions
 1 Making connections ➜ Use at least eight of the 

chapter key words to draw a concept map. You may 
use other words in drawing your map. 

 2 Developing explanations and communicating 
ideas ➜ Arterial blood is normally bright red 
because of the oxygen present in the red blood 
cells. Blood in the veins is purple because this 
blood has given up its oxygen to cells. In a person 
aff ected by cyanide poisoning, the venous blood 
is bright red, rather than its usual purple colour. 
Suggest a possible explanation for this observation. 

 3 Applying knowledge in a new context ➜ A person 
in hospital after major surgery who cannot eat may 
be put on an intravenous drip of a saline solution 
that contains the sugar glucose.
a What is a possible reason for the inclusion of 

glucose? 
b Could a polysaccharide made of many subunits 

of glucose be used in this drip instead of glucose? 
Briefl y explain your decision.

 4 Demonstrating understanding and communicating 
ideas ➜ Considering the statement ‘Organic 
compounds produced by plants, directly or indirectly, 
are the source of “food” for all heterotrophs’, a student 
observed ‘When I eat a lamb chop, I’m not eating 
plants, so that statement is false’. Do you agree with 
this student. Briefl y explain. 

 5  Demonstrating knowledge and understanding ➜ 
Figure 3.52 shows the IVANPAH solar thermal plant in 
the Mojave Desert in California, USA. Th e total solar 
collection area for this plant consists of more than 
300 000 garage–door sized mirrors over an area of 
more than 14 km2. Th ese computer-controlled mirrors 
concentrate heat from the sun, focus it on a central 
boiler at the top of a 140-metre-high tower, where the 
heat boils water creating high-pressure steam that is 

piped to turbines where electricity is generated. Th is 
technology is diff erent from the photovoltaic solar 
panels on house roofs that capture the radiant energy 
of sunlight and convert it directly to electricity.

fiGuRe 3.52  The IVANPAH solar thermal plant showing 
the computer-controlled mirrors arranged around the 
central tower that houses a boiler

a Identify some of the energy conversions that 
occur at the IVANPAH solar thermal plant.

b Th e mirrors at this solar thermal plant are 
computer-controlled. Can you suggest why this is 
required? 

c In terms of the number of energy conversions, 
which of these two technologies — solar 
thermal and photovoltaic — is more similar to 
photosynthesis?

d Give two examples of energy conversions in living 
organisms. 
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 6 Demonstrating skills of analysis and synthesis ➜
Cornelius van Niel (1897–1985), a Dutch 
microbiologist, carried out experiments on 
particular bacteria, known as purple sulfur bacteria. 
He found that, like green plants, these bacteria 
could capture sunlight energy to produce glucose 
and to do this they required a source of carbon 
dioxide (CO2), just like plants. Th ese bacteria carried 
out a process of photosynthesis. Th e remarkable 
fi nding made by van Niel was that these bacteria did 
not require water (H2O) to produce glucose from 
carbon dioxide, but instead made use of hydrogen 
sulfi de (H2S). 

  Th e process of photosynthesis in plants is shown 
in the following equation:

carbon dioxide + water  glucose + oxygen + water
 6CO2 12H2O C6H12O2 6O2 6H2O

a Consider the above information and 
write the equation that shows the process 
of photosynthesis in purple sulfur 
bacteria.

b Are purple sulfur bacteria an example of a 
chemosynthetic organism? Explain.

 7 Interpreting information and communicating  
ideas ➜ After following a careful program of 
exercise and diet a person lost 2 kg.
a Suggest from which energy compartment this 

2 kg of material probably came. 
b Suggest what might have happened to the 

molecules concerned.
 8 Applying understanding ➜ Figure 3.53 represents 

a group of photosynthesising cells in a leaf. Th e 
arrows represent compounds entering and leaving 
the leaves. Explain which compounds the input 
arrows and the output arrows could represent when 
the cells are in:
a bright sunlight
b darkness.

fiGuRe 3.53

 9 Demonstrating knowledge ➜ Identify the 
following.
a Th e gas that is taken up from the atmosphere in 

photosynthesis
b Th e gas that is released from cells in aerobic 

respiration

c Th e gas that is essential for aerobic respiration
d Th e gas that is the product of photosynthesis 

in green plants
e Th e gas that gives bread its ‘holey’ texture

 10 Interpreting and analysing information ➜ Th e 
complete balanced equation for photosynthesis in 
green plants and algae is:

6CO2 + 12H2O → C6H12O2 + 6O2 + 6H2O

a Oxygen is a product of photosynthesis (on 
the right-hand side of the equation). Look 
at the reactants on the left-hand side of this 
equation and identify the possible sources of 
this oxygen.

  Before the 1930s, the accepted view was 
that the oxygen came from the carbon dioxide. 
However, during the 1930s, the hypothesis was 
fi rst proposed that the oxygen came from the 
water input. (Your answer to part (a) should 
have identifi ed these two possible sources of the 
oxygen.)

  Th e challenge was to test these alternative 
hypotheses. In the 1940s, two scientists, 
Samuel Rubin (1913–43) and Martin 
Kamen (1913–2002) used a heavy isotope of 
oxygen(18O) for this purpose. (Isotopes are 
diff erent forms of the same element; almost all 
atmospheric oxygen is the lighter 16O isotope.) 
Th ey set up two experiments:

  Experiment 1. A plant provided with heavy 
isotope labelled carbon dioxide (C18O2) and 
unlabelled water (H2O).

  Experiment 2. A plant provided with heavy 
isotope labelled water (H2

18O) and unlabelled 
carbon dioxide (CO2).

  Th e results of these experiments are shown in 
fi gure 3.54.

b What conclusions may be drawn from the 
results of these two experiments?

c In experiment 1, what happened to the heavy 
isotope of oxygen? 

11 Applying understanding and communicating 
ideas ➜ Cellular respiration in two diff erent 
species of bacteria, P and Q, was examined. 
It was found that, during cellular respiration 
species P always produced carbon dioxide 
(CO2) and water (H2O), while species Q always 
produced ethanol (C2H2OH) and carbon 
dioxide (CO2). 
 From these observations, what conclusions may 
reasonably be drawn about:
a the mode of cellular respiration in these 

two bacterial species
b the possible environmental conditions in which 

these two species live? 
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EXPERIMENT 1

C18O2 H2O

EXPERIMENT 2

CO2

InputsInputs

 OutputOutput

Light

H2
18O

18O2O2

fiGuRe 3.54

 12 Comparing and contrasting concepts ➜ Identify 
two key diff erences between the processes of:
a photosynthesis and cellular respiration 
b aerobic and anaerobic respiration
c photosynthesis and chemosynthesis.

 13  Demonstrating knowledge and understanding ➜
Identify whether each of the following statements 
is true or false. Where you identify a statement 
as false, re-write it in the biologically correct 
form. 
a Photosynthesis produces oxygen while cellular 

respiration uses oxygen.
b Photosynthesis produces glucose while cellular 

respiration uses glucose.
c Photosynthesis uses carbon dioxide while 

cellular respiration produces carbon dioxide.
d  Photosynthesis occurs only in plants while 

cellular respiration occurs only in animals.
e Photosynthesis occurs only in sunlight and 

respiration occurs only in the dark.
 14 Analysing information, demonstrating 

understanding and communication ➜ Suggest 
possible explanations in biological terms for each 
of the following observations.
a Th e maximum alcohol content of wines 

cannot exceed about 12 per cent. 
b All that is needed for making alcohol is sugar, 

water and yeast.

c Riding a bike at a leisurely pace on a fl at surface 
can be sustained all day, but riding at speed 
uphill can be sustained for only a short period 
before you need to rest.

d A weightlifter is using heavy weights in short 
bursts for a competition. As he continues in the 
competition, his muscles begin to fatigue.

e In autumn, the leaves of many trees turn red 
or yellow. 

f Dead or dying tissue can be distinguished from 
living tissue by comparing their uptake of glucose.

g Th e oxygen consumption of skeletal muscle 
tissue in a resting condition increases greatly 
during vigorous activity. 

 15 Demonstrating knowledge and understanding ➜ 
Th e oldest grapevine (Vitis vinifera) in the United 
Kingdom was planted at Hampton Court Palace in 
1769 (see fi gure 3.55a overleaf). Th e sign next to 
the vine is shown in fi gure 3.55b.
a What role do the vine leaves serve in 

photosynthesis? 
b What role do the roots of the vine serve in 

photosynthesis? 
c How do substances move around the vine from 

the sites where they are either produced or taken 
in to other sites where they are needed? 

d Suggest why the area under the vine is kept clear 
of other plants.
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fiGuRe 3.55 (a) The Hampton Court grapevine (b) The 
sign at the base of the vine

(a)

(b)

 16 Using and applying knowledge ➜ Figure 3.56 
shows a native marsupial mammal, the fat-tailed 
dunnart (Sminthopsis crassicaudata). Note the tail 
that gives this animal its common name. 

fiGuRe 3.56 Fat-tailed dunnart

a Suggest a possible role for this fat in the tail.
b What would happen to the tail if the fat were to be 

replaced by glycogen that stored the same amount 
of energy? 
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