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Energy transformations
CHAPTER

By the end of this chapter you will understand the division of organisms into those 
that can produce their own organic materials and those that must consume the 
organic materials produced by others. You will also examine the way cells obtain 
energy from glucose to carry out cellular activities, and the way some organisms 
use solar energy in photosynthesis to produce organic material. 

Key knowledge
• the distinction between photosynthetic autotrophs, chemosynthetic autotrophs 

and heterotrophs

• photosynthesis as a chemical process in which solar energy is captured and 
transformed to chemical energy by fixing carbon to produce a carbohydrate 
and releasing oxygen as a by-product

• aerobic and anaerobic cellular respiration as a chemical process that 
commonly uses glucose to produce energy for the cell in both autotrophs and 
heterotrophs.

VCE Biology Study Design extracts © VCAA (2015); reproduced by permission.
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3.1 Autotrophs and heterotrophs
Although there is an enormous diversity of living organisms in the world, they have 
many processes and requirements in common. Whether organisms are unicellular 
or multicellular, and whether they live at the bottom of the ocean or in a rainforest, 
they all need to take in nutrients and water, exchange gases, obtain energy and 
remove waste products. And ultimately, most biological systems and organisms rely 
primarily on one source of energy for their survival: sunlight (Figure 3.1.1).

In this section you will learn how organisms are divided into groups according 
to how they obtain organic compounds and how they obtain energy. You will also 
learn that all life on Earth needs a carbon source to grow and build mass, and also 
an energy source.

AUTOTROPHS AND HETEROTROPHS:  
PRODUCERS AND CONSUMERS
Organisms can be divided into two groups depending on the strategies they use to 
obtain organic compounds (see Figure 3.1.2): 
• Autotrophs obtain organic compounds by converting inorganic matter. Because 

they produce all the organic compounds in ecosystems, they are also called 
producers.

• Heterotrophs obtain organic compounds from autotrophs or other heterotrophs. 
Because they consume organic compounds, they are also called consumers.

AUTOTROPHS
Autotrophs (‘self-feeders’) are able to make their own organic compounds. They 
use energy and inorganic molecules such as carbon dioxide and water, which come 
from their physical environment, to synthesise (make) organic compounds. This 
process is called carbon fixation because the autotroph ‘fixes’ the inorganic carbon 
into organic molecules (see Figure 3.1.3). Figure 3.1.4 shows the flow of energy 
from autotrophs to heterotrophs in an ecosystem. 

Autotrophs can be further divided into two groups according to how they obtain 
the energy required for carbon fixation. These two groups are:
• photosynthetic autotrophs 
• chemosynthetic autotrophs.

FIGURE 3.1.1 Sunlight is the primary source of 
energy for biological systems and the organisms 
within them.

 Ecosystems are systems formed 
by organisms interacting with 
one another and their physical 
environment.
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FIGURE 3.1.2 Autotrophic organisms make the 
organic compounds they require by combining 
inorganic compounds from their environment. 
Heterotrophic organisms obtain the organic 
compounds they require by eating other 
organisms or products of other organisms.

FIGURE 3.1.3 The cycling of matter through 
the environment, illustrating how autotrophs 
use energy and inorganic molecules to create 
organic molecules by carbon fixation. These 
organic molecules can then be consumed by 
heterotrophs to meet their energy requirements.
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Photosynthetic autotrophs
Photosynthetic autotrophs (photoautotrophs) are organisms that obtain the energy 
required for carbon fixation from light or solar energy (sunlight). They combine 
carbon dioxide and water using solar energy to produce organic compounds, in 
a process known as photosynthesis. In plants the organic compound produced by 
photosynthesis is glucose.

Most autotrophs are photosynthetic. The typical photosynthetic organisms you 
might think of are green plants, but there are also photosynthetic protists such as 
algae, Euglena and cyanobacteria (see Figure 3.1.5).

Chemosynthetic autotrophs
Chemosynthetic autotrophs obtain the energy they need for carbon fixation from 
inorganic chemical reactions—a process known as chemosynthesis. All known 
chemosynthetic organisms are prokaryotes.

Some chemosynthetic autotrophs obtain energy by the oxidation of inorganic 
molecules. Some of these conversions include:
• ammonium ions (NH4

+) to nitrite ions (NO2
–)

• nitrite ions (NO2
–) to nitrate (NO3

–)
• sulfide ions (S2–) to sulfate ions (SO4

2–).
Chemoautotrophs are able to live in the more extreme environments where these 

ions can be found. Methanogens are chemoautotrophs that live in environments 
where hydrogen is more readily available. They obtain energy from a carbon-fixing 
reaction in which carbon dioxide and hydrogen react to form a simple organic 
compound: methane (CH4). Methanogens are poisoned by oxygen and live in 
places depleted of oxygen, such as wetlands (Figure 3.1.7) and the digestive tract 
of animals. 
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FIGURE 3.1.4 Although chemical nutrients can 
be recycled in an ecosystem, energy cannot 
be renewed. Instead, inorganic matter such as 
sunlight is constantly converted into organic 
matter by autotrophs (producers) which then 
feeds the heterotrophs (consumers). Without 
autotrophs there would be no organic chemical 
energy in the ecosystem.

FIGURE 3.1.5 Photoautotrophs use light energy 
to synthesise organic molecules from carbon 
dioxide and water. (a) On land, plants are the 
main photoautotrophs. In aquatic environments 
the main photoautotrophs are (b) algae 
such as this kelp and (c) prokaryotes called 
cyanobacteria.

a

b

c

FIGURE 3.1.7 Wetlands such as these are commonly home to many chemoautotrophic 
methanogens.

BIOFILE

Carnivorous plants are 
autotrophs 
Carnivorous plants such as the 
Venus flytrap trap and consume 
other organisms to obtain some 
nutrients, such as nitrogen, potassium 
and phosphorous. However, they 
are still considered photosynthetic 
autotrophs because they obtain most 
of their organic compounds through 
photosynthesis.

FIGURE 3.1.6 The Venus flytrap (Dionaea 
muscipula) is a carnivorous plant native to 
the United States. When hairs are triggered 
on the leaves, they snap shut to capture the 
prey.
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HETEROTROPHS
Heterotrophs (‘other feeders’) are also called 
consumers because they are unable to make their 
own food. Unlike autotrophs, heterotrophs cannot 
use simple inorganic substances to make organic 
compounds. Instead they must obtain the organic 
compounds they need by consuming other organisms 
or their products (see Figure 3.1.3, page 110). 

All heterotrophs depend directly or indirectly on 
autotrophs for nutrients and energy. For example, a 
swamphen eating a soft rush stem is using an autotroph 
directly as a food source. That swamphen might also 
eat an insect that feeds on the rush, so the swamphen 
also depends indirectly on the plant for its food. 

FIGURE 3.1.8 The abandoned Chernobyl nuclear power plant and 
surrounding town are now also home to a forest.

FIGURE 3.1.9 High 
levels of radiation 
around the Chernobyl 
disaster site provide 
the ideal environment 
for Cladosporium 
sphaerospermum to 
flourish.

In 1991 scientists discovered a black mould growing on the 
walls inside the abandoned Chernobyl nuclear power plant 
in Ukraine. This was the site of the Chernobyl disaster that 
occurred in 1986 which is regarded as the worst nuclear 
power plant accident in history. The area surrounding the 
power plant is highly contaminated with radiation and has 
mostly been abandoned by humans. In the absence of 
people, the area has been recolonised by wildlife, and a 
forest has become established there (Figure 3.1.8).

BIOLOGY IN ACTION

Radiotrophic fungi

BIOFILE

Euglena—autotroph and heterotroph
Some organisms are both autotrophic and 
heterotrophic. In sunlight Euglena protists are 
photoautotrophs. But when there is no sunlight they 
can absorb food from their environment, so they are 
also heterotrophic.

FIGURE 3.1.10 Euglena species are single-celled flagellate 
protists that can obtain energy from both sunlight and other 
organisms.

FIGURE 3.1.11 The purple swamphen (Porphyrio porphyrio) eats 
the seeds and soft stems of rushes, and also eats snails that feed 
on rushes.

The mould turned out to be Cladosporium sphaerospermum, 
a radiotrophic fungus. Radiotrophic fungi are autotrophs 
that can use radiation that is lethal to other organisms as a 
source of energy (Figure 3.1.9). They are usually dark in colour 
because they contain a dark pigment called melanin, which 
they can use to convert the radiation into chemical energy. 
This energy is then used to make organic compounds.

Researchers have found that these fungi can grow much 
faster when exposed to high levels of radiation. It is not 
yet clear whether these fungi use a process similar to 
photosynthesis or chemosynthesis. But because light is a kind 
of radiation, it seems likely that they use a process similar to 
photosynthesis.

Although radiotrophic fungi are common in environments 
where radiation levels are normal, they thrive in places where 
higher levels of radiation occur naturally, such as Antarctica 
and high-altitude regions. 
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 Heterotrophs obtain organic 
compounds by consuming other 
organisms. 

All animals and fungi are heterotrophs. Some bacteria and many protists 
(protozoa) are also heterotrophs. Because most heterotrophs feed on particular 
organisms, they can be further subdivided into groups based on their diet. One 
important group of heterotrophs are the parasites.

Omnivorous heterotrophs
A group of heterotrophs known as omnivores are organisms with a broad diet 
that are able to eat a mixture of both plants and animals. This distinguishes them 
from carnivores, which eat only animals, and herbivores, which eat only plants. 
Omnivores don’t tend to specialise in a food source, but instead are opportunistic 
eaters, eating foods that are easily available to them. Humans, bears, and lizards 
such as the blue-tongued skink (Figure 3.1.12) are all omnivorous.  

BIOFILE

Head lice: ectoparasitic 
heterotrophs
Head lice (Pediculus humanus capitis) 
are found only on human scalps. 
Because they live on the outside of 
the body, they are ectoparasites. They 
bite through the skin to feed on blood. 
Blood is a rich and concentrated source 
of nutrients and energy, sustaining 
these insects for their entire life cycle.

FIGURE 3.1.14 A head louse crawling on 
human hairs.

EXTENSION

Chemoheterotrophs and 
photoheterotrophs
Heterotrophs feed on organic matter, because they are unable to use 
inorganic sources of carbon to produce their own organic matter.

Chemoheterotrophs 
Most heterotrophs are chemoheterotrophs. They obtain energy from organic 
compounds by cellular respiration. Animals, protists, fungi and most 
heterotrophic bacteria are chemoheterotrophs.

Photoheterotrophs
Photoheterotrophs use solar energy 
rather than organic compounds 
as a source of energy. Unlike 
photoautotrophs, photoheterotrophs 
cannot fix carbon from CO2 into 
organic compounds such as glucose. 
They use organic compounds 
obtained from other organisms as 
their carbon source for growth and 
renewal, not as an energy source. 
Photoheterotrophic organisms 
include green non-sulfur bacteria, 
purple non-sulfur bacteria and 
heliobacteria (Figure 3.1.13).

Heterotrophs and autotrophs can 
be further divided according to how 
they acquire energy and carbon (Table 3.1.1).

Type of organism Energy source Carbon source

photoautotroph solar energy (sunlight) carbon dioxide

chemoautotroph inorganic molecules carbon dioxide

photoheterotroph solar energy (sunlight) organic matter

chemoheterotroph organic compounds organic matter

TABLE 3.1.1 Nutritional modes.

FIGURE 3.1.13 Heliobacteria are terrestrial 
organisms that are able to convert solar 
energy into chemical energy, but they 
still require organic sources of carbon to 
function.

FIGURE 3.1.12 The eastern blue-tongued skink 
(Tiliqua scincoides scincoides). This lizard is 
a subspecies of blue-tongued skink (Tiliqua 
scincoides) that is common throughout eastern 
Australia. Blue-tongued skinks are omnivorous, 
consuming a range of plants and animals 
including snails and beetles.
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  3.1 Review

SUMMARY

KEY QUESTIONS

1 Why are autotrophs also called producers?

2 Phytoplankton are autotrophs.
a Are they photoautotrophs or chemoautotrophs?
b How do they obtain energy?
c What kind of environment do they live in?

3 Which one of the following is an example of 
chemosynthesis? 
A glucose production by plants
B methane production by methanogens
C carbon dioxide production by organisms
D conversion of nitrites into nitrates by prokaryotes

• Autotrophs use energy and inorganic molecules from 
the physical environment to produce the organic 
compounds they need.

• Most autotrophs, including plants and algae, are 
photosynthetic. That is, they use solar energy for 
producing energy-rich organic compounds.

• Some autotrophs, including some bacteria and 
archaea, are chemosynthetic, meaning they obtain 
energy by carrying out energy-releasing reactions 
between inorganic molecules.

• Heterotrophs, including animals, fungi and some 
bacteria and protists, obtain organic compounds by 
eating other organisms or their products.

• Parasitic heterotrophs obtain their energy and 
nutrients by feeding on the cell contents, tissues or 
body fluids of their hosts.

4 Euglena is both a heterotroph and an autotroph. 
Explain why.

5 Give an example of how heterotrophs rely both directly 
and indirectly on autotrophs.

6 What kind of heterotroph are humans? Explain your 
answer.

7 Contrast the way carnivores and saprotrophs obtain 
their organic compounds, giving an example of each 
type of organism.

Saprotrophic heterotrophs
Another group of heterotrophs are the saprotrophs, which include most fungi and 
some bacteria. Saprotrophs eat by digesting organic material by extracellular means. 
This means they secrete enzymes onto dead and decaying organic material such as 
carcasses, leaf litter or fruit (Figure 3.1.15). Once the enzymes have broken down 
the large molecules, the saprophytic organisms absorb the simple organic nutrients 
through endocytosis. This process of decomposing and recycling organic matter 
is essential for ecosystems to function, as the process returns nutrients back into the 
environment to continue driving the cycle of energy.

Parasites
Parasitic heterotrophs, or parasites, derive their energy and nutrients directly from 
other living organisms. They feed on the cell contents, tissues or body fluids of 
their host. The host is usually harmed and sometimes even killed in the process. 
Parasites are highly diverse and can be found in all five kingdoms. Parasites that live 
inside the host are called endoparasites. Tapeworms and liver flukes are examples 
endoparasites. Parasites that live outside the host are called ectoparasites. Ticks and 
lice are examples of ectoparasites. 

FIGURE 3.1.15 This saprophytic mould (white 
‘fluff’) is breaking down the strawberry to obtain 
nutrients.
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3.2 Cellular respiration
Cells need energy to do work. The energy used by organisms and their cells is stored 
in organic compounds. In the last section you learned about the different ways that 
organisms acquire energy in this form. Autotrophs are able to use solar energy and 
inorganic molecules from the physical environment to produce organic compounds. 
Heterotrophs obtain organic compounds by consuming other organisms. Organic 
compounds are used by all organisms for growth and repair, as well as to perform 
everyday functions.

In this section you will study cellular respiration, the process by which chemical 
energy stored in organic compounds is transformed into more usable forms of 
chemical energy (Figures 3.2.1 and 3.2.2). You will also look at how this process 
varies according to the availability of free oxygen.

CELLS NEED ENERGY TO DO WORK
All living cells require energy to carry out their functions. Energy can be defined as 
the ability to cause change. For example, you are using energy right now to move 
your eyes to read these words, just as the cells inside your body are currently using 
energy to transport substances across their membranes. You, like all organisms, are 
constantly expending energy.

Energy exists in many forms. The energy in sunlight is solar energy, the heat 
generated by your body is thermal energy, and when you turn a page this movement 
involves kinetic energy. Chemical energy is the potential energy that can be released 
by a chemical reaction. Chemical energy is stored in the bonds or connections 
that join atoms together; for example, between atoms of carbon and hydrogen in 
organic compounds such as glucose, fats and proteins. The cells of all organisms 
use the energy stored in these organic compounds.

When energy is required by a cell, the bonds of organic compounds are broken 
and energy is released and stored in adenosine triphosphate molecules (ATP). ATP 
molecules store readily usable energy. 

FIGURE 3.2.1 A coloured TEM of a 
mitochondrion, the organelle in which aerobic 
respiration occurs in eukaryotes. The outer 
membrane and the folds of the inner membrane 
(cristae) are coloured pink.

BIOFILE

Exercise and energy use
When cells convert energy from one form to 
another, some energy is always lost to the 
surroundings, usually as heat. For example, 
during exercise you use the chemical ATP 
to make your muscles contract. The more 
work you do, the more energy you use. When 
energy use increases, so does the loss of 
energy as heat, which warms your muscles. 
It is this continual generation of heat energy 
that allows mammals and birds to maintain 
a stable body temperature when their 
surroundings are colder.

FIGURE 3.2.3 This woman is using energy to lift 
the weights. Her muscle cells are using ATP to do 
this work, which in turn is warming her muscles 
because some energy is lost as heat.

glucose

oxygen

water

energy

carbon 
dioxide

FIGURE 3.2.2 The structure of a mitochondrion 
is closely related to its function. The inner folds 
greatly increase the surface area, resulting in as 
much aerobic respiration as possible.

The matrix contains enzymes
for respiration and genetic
material so the mitochondrion
can reproduce itself

The outer membrane allows
small molecules such as
glucose into the mitochondrion
but keeps larger molecules out

Folds in the inner 
membrane (cristae) give 
an increased surface 
area for the reactions 
of respiration
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ATP
ATP is the universal carrier of energy in living organisms. Molecules of ATP are the 
cell’s store of immediately usable chemical energy that is required for cell processes. 

The ATP molecule contains two high-energy bonds between the inorganic 
phosphate groups (Figure 3.2.4). These bonds can be easily broken to release 
a small ‘packet’ of energy. These packets of energy are used to carry out all the 
energy-dependent processes of cells. How many are used at once depends on how 
much energy is required.
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FIGURE 3.2.4 The structure of the adenosine triphosphate (ATP) molecule. It contains the sugar 
ribose, the nitrogenous base adenine (together creating adenosine) and a chain of three phosphate 
groups  (triphosphate) bonded to it.
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FIGURE 3.2.5 All living cells rely on one source 
of energy to do everything from building 
molecules to flexing muscles. This source 
of energy is adenosine triphosphate (ATP). 
Breaking down ATP releases energy, and cells 
constantly replace their ATP by adding a spare 
phosphate onto ADP (adenosine diphosphate). 
The energy for that comes from the nutrients 
obtained by the organism. Enzymes control the 
synthesis and breakdown of ATP.

When an ATP molecule gives up its energy it splits into a molecule of ADP 
(adenosine diphosphate) and a molecule of phosphate. This process is reversible, 
because the ADP can combine with a phosphate molecule to form an ATP 
molecule again, using energy derived from the breakdown of glucose during cellular 
respiration (Figure 3.2.5). This recycling process requires much less energy than it 
would take to make an entirely new ATP molecule.

BIOFILE

Other energy molecules
Glucose is the molecule most commonly used 
as the source of energy in cells. However, cells 
can also release chemical energy from other 
organic compounds such as fats and proteins 
to make ATP.

In animals, if most of the available glucose 
stores are gone (such as during times of food 
shortage), fat stores are used to provide the 
ATP needed for cells to continue functioning. 
In extreme cases, such as during long periods 
of starvation, even the proteins in muscles 
and other body tissues will be broken down to 
provide the energy necessary to survive. Fats 
provide more energy per gram (39 kJ) than 
carbohydrates or proteins (17 kJ). FIGURE 3.2.6 The cells of this horse 

have converted stores of fat into ATP to 
help the horse survive.

 Although ‘cellular respiration’ is 
sometimes used to refer to both 
aerobic and anaerobic processes, 
here it refers only to the aerobic 
pathways of energy release 
that occur in mitochondria in 
eukaryotic cells.
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FIGURE 3.2.7 The structure of a glucose 
molecule (C6H12O6).

CELLULAR RESPIRATION
The process by which organisms transform chemical energy from organic 
compounds into ATP is called cellular respiration. 

Cells obtain most of their energy for making ATP by breaking apart glucose, 
lipids and proteins. Glucose is a sugar and is one of the energy-rich products of 
photosynthesis (Figure 3.2.7). The chemical energy from the glucose molecule 
is released in a series of steps that involve many enzymes, so that the energy is 
released in many small ‘packets’. Each energy ‘packet’ can be used to produce an 
ATP molecule from ADP.

The breakdown of a glucose molecules results in three products: 
• carbon dioxide
• water
• energy.

Of the chemical energy released in the breakdown of glucose, almost 40% 
is converted to energy stored in the bonds of ATP molecules during aerobic 
respiration. The rest is lost as heat.

The first stage of cellular respiration is glycolysis. The second stage is either 
aerobic respiration or anaerobic respiration (also called fermentation). The types 
of chemical reactions that occur in the second stage, and the amount of energy that 
can be harvested, depend on whether oxygen is present or not.

Cellular respiration can be divided into these two main stages: 
• glycolysis
• aerobic respiration (if oxygen is present) or anaerobic respiration (if oxygen 

is absent). It is important to note that in a living cell if insufficient oxygen is 
available there will be anaerobic respiration occurring but aerobic will also be 
happening at the same time using all available O2. 

Glycolysis
Glycolysis is the first process that takes place in cellular respiration. It involves the 
splitting (lysis) of glucose into two pyruvate molecules. This occurs in the cytosol 
of the cell and is anaerobic; that is, it does not require oxygen. Glycolysis uses two 
ATP molecules in breaking down one glucose molecule, but it produces four more 
so there is a net production of two ATP molecules.

The process of glycolysis is common to aerobic and anaerobic respiration. The 
pathway followed after glycolysis depends on whether or not there is an adequate 
supply of molecular oxygen (see Figure 3.2.8). If there is enough oxygen, aerobic 
respiration takes place. If there is not enough oxygen, anaerobic respiration takes 
place (see Figure 3.2.9).

 Energy is sometimes measured 
in calories (cal) rather than 
joules (J). 1 cal = 4.184 J
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FIGURE 3.2.9 (A) During glycolysis, glucose is 
split into two pyruvate molecules. (B) In the 
presence of oxygen, aerobic respiration occurs 
and pyruvate is broken down into carbon 
dioxide and water. (C) If insufficient oxygen 
is present, anaerobic respiration occurs and 
pyruvate is converted into (D) lactic acid or  
(E) alcohol and carbon dioxide depending on  
the type of organism.

FIGURE 3.2.8 Simplified visual diagram showing the pathway of the process of cellular respiration  
n the presence and absence of oxygen.
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 The substance added to ADP to 
form ATP is phosphate (PO4 ). This 
can be abbreviated to Pi which 
stands for inorganic phosphate.
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Aerobic respiration
When molecular oxygen is available, the next stage of cellular respiration after 
glycolysis is aerobic respiration. Aerobic respiration in cells occurs in mitochondria 
and uses ADP. During aerobic respiration, pyruvate molecules are broken down to 
produce carbon dioxide, water and ATP (Figure 3.2.11).

INPUTS OUTPUTS

glucose + oxygen → carbon dioxide + water + available energy

+ → +C6H12O6 6CO2 6H2O6O2 

         36–38 ADP   +   36–38Pi 36–38 ATP  

FIGURE 3.2.11 Cellular respiration with aerobic respiration involves the transformation of glucose, 
oxygen, ADP and phosphate into carbon dioxide, water and ATP.

BIOFILE

Anaerobic Earth
The surface of the Earth was an 
anaerobic environment before 
photosynthesis developed. This was 
a world without plants, animals or 
insects, but many organisms still 
managed to survive in this environment 
without free oxygen. At this time 
glycolysis was probably the most 
common method of storing energy 
in living cells. When photosynthetic 
organisms evolved and multiplied, 
they produced so much oxygen that 
the Earth’s atmosphere was changed. 
This new aerobic environment allowed 
the evolution of organisms that rely on 
oxygen to survive—including humans.

FIGURE 3.2.10 Life on Earth has changed 
drastically from an anaerobic environment (a) 
to an aerobic environment (b) which supports 
the variety of life we see today.

a

b

BIOFILE

Transporting oxygen  
to the cells
Organisms that use aerobic respiration need to transport oxygen to their cells. In 
mammals oxygen is made available to cells via the lungs, where oxygen diffuses 
from the alveoli into the blood. The oxygen combines with haemoglobin to form 
oxyhaemoglobin, which is transported to cells by the circulatory system. Oxygen is then 
released from the oxyhaemoglobin and diffuses into the cells. The cells use the oxygen 
for aerobic respiration, which supplies them with the energy they need to function.

Cross section 
of a bronchus

capillary

CO2

CO2CO2
O2

O2

O2

Gas exchange 
within alveoli

Bronchiole and 
alveoli

FIGURE 3.2.12 In mammals, lungs take in the oxygen needed for aerobic respiration in cells.

Mitochondria
Mitochondria are often called the power plants of cells because they produce most 
of the ATP used in a cell. Mitochondria are large, double-membrane organelles in 
which the inner membrane forms many folded layers called cristae (Figure 3.2.13). 
The cristae provide a large surface area on which the chemical reactions of aerobic 
respiration take place.

Some important points about glycolysis and aerobic respiration in mitochondria 
are summarised in Figure 3.2.14. 
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Anaerobic respiration
If there is not enough oxygen available, aerobic respiration does not occur and the 
pyruvate passes into an anaerobic pathway. This anaerobic pathway is known as 
anaerobic respiration or fermentation. Anaerobic respiration occurs in the cytosol. 
During anaerobic respiration there is no further formation of ATP.  The purpose 
of anaerobic respiration is to prevent the accumulation, or build-up, of pyruvate, 
which in turn allows glycolysis to continue. If the pyruvate accumulated, the 
process of glycolysis would be slowed and no energy would be available to the cell. 
Accumulation of a product can slow a chemical reaction. 

In anaerobic respiration the pyruvate produced during glycolysis is converted 
into either lactic acid (in most animals) or carbon dioxide and alcohol (in most 
plants and in microorganisms such as yeasts and bacteria). These two pathways are 
shown in Figure 3.2.8.

Aerobic vs anaerobic respiration
Aerobic respiration and anaerobic respiration both enable organisms to maintain 
their energy stores, but they have different functions (Table 3.2.1). For each 
molecule of glucose, aerobic respiration produces almost 20 times the number 
of ATP molecules produced by glycolysis alone. So it is not surprising that most 
eukaryotic cells normally carry out aerobic respiration. Most eukaryotic cells only 
rely on anaerobic respiration to continue the generation of ATP by glycolysis for 
very short periods (seconds), or when there is not enough oxygen available for 
aerobic respiration.

Aerobic respiration Anaerobic respiration

Where it takes place mitochondrion cytosol

Oxygen required yes no

Waste products • carbon dioxide and water • plants, fungi, some bacteria: 
carbon dioxide and alcohol

• animals: lactic acid

ATP produced 2 in glycolysis
34 in aerobic respiration

2 in glycolysis
0 in anaerobic respiration

Net ATP produced 36 2

TABLE 3.2.1 Comparison of aerobic and anaerobic respiration in eukaryotic cells.

FIGURE 3.2.13 An SEM of a single 
mitochondrion (coloured pink) in the cytoplasm 
of an intestinal epithelial cell. The mitochondrion 
has two membranes: an outer surrounding 
membrane, and an inner membrane that forms 
folds called cristae where chemical reactions 
occur.

mitochondrion
cristae

glucose

A

B

glycolysis cellular respiration
• in cytosol
• anaerobic
• 2 molecules of ATP
 per glucose molecule

• in mitochondrion
• aerobic
• about 36 molecules of
 ATP per glucose molecule

FIGURE 3.2.14 (A) Glycolysis occurs in the cytosol and produces 2 molecules of ATP per glucose 
molecule. (B) Aerobic respiration occurs in mitochondria and generates another 34–36 molecules  
of ATP.

BIOFILE

Sites of aerobic respiration
The number of mitochondria in a 
cell is related to the cell’s energy 
requirements. Very active cells such as 
muscle cells may have thousands of 
mitochondria.

FIGURE 3.2.15 A TEM of a skeletal muscle 
cell. The numerous mitochondria are 
coloured yellow. 
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CELLULAR RESPIRATION IN PROKARYOTIC CELLS
In prokaryotic cells, which lack mitochondria, cellular respiration takes place 
entirely in the cytosol, and the final steps are associated with the plasma membrane.

Cellular respiration in some prokaryotes does not have an aerobic pathway; 
this is known as true anaerobic respiration. These organisms use nitrate, sulfates, 
hydrogen or other substances instead of molecular oxygen. For example, the 
bacterium Escherichia coli uses nitrates or fumarates (Figure 3.2.16).

FIGURE 3.2.16 The bacterium Escherichia 
coli is a prokaryote that uses only anaerobic 
respiration.

EXTENSION

Lactic acid and fatigue
During normal activities your body delivers enough oxygen 
to muscle cells for the aerobic breakdown of glucose 
to supply energy in the form of ATP. But high-intensity 
exercise is demanding. If your body cannot supply oxygen 
fast enough, your muscle switches to anaerobic respiration, 
so only the two ATP molecules formed in glycolysis are 
produced, with lactic acid as a by-product. Generally, the 
greater the effort, the more lactic acid is produced.

Lactic acid was identified as a possible cause of muscle 
fatigue 80 years ago. In a famous experiment performed 
in 1929, a frog’s leg was stimulated electrically and the 
power of its contractions were measured. More lactic acid 
built up with each twitch. As the acid increased, the leg 
twitch became less powerful. As a result it was assumed 
that the build-up of lactic acid was the cause of muscle 
fatigue.

But the work of scientists at La Trobe University in 2004 
disproved this hypothesis. Professors Graham Lamb and 
George Stephenson isolated single muscle fibres from rat 
muscle—a single cell half the thickness of a human hair—
and then peeled off the surface membrane to give access 
to the intracellular environment. These ‘skinned’ fibres 
respond normally to electrical stimulation when bathed in 
a solution mimicking the normal intracellular environment 
(Figure 3.2.17).

If the lactic acid hypothesis was correct, the fibre 
should have quickly tired when lactic acid was added 
to the solution. But it did not. In fact, when the fibre did 
eventually tire, adding lactic acid caused it to regain 

strength because the intracellular acidity prevented the 
electrical signals within the fibre (action potentials), from 
fading out. So rather than causing muscle fatigue, lactic 
acid seems to help prevent it.

Instead, the main causes of muscle fatigue are the 
near-exhaustion of ATP and related changes, such as an 
increase in inorganic phosphate. The muscle fibres sense 
when the ATP drops to a critically low level, and reduce 
their energy expenditure in response; that is, they fatigue, 
thus preventing the last of the ATP from being used up.

FIGURE 3.2.17 A coloured SEM of a skeletal muscle fibre, which 
consists of a bundle of smaller fibres called myofibrils that can 
contract.Sam
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  3.2 Review

SUMMARY

KEY QUESTIONS

1 What is chemical energy?

2 In what form is energy available to use in cells?

3 The figure below is a summary of the major processes 
that occur during cellular respiration. Provide the most 
appropriate labels for A, B, C, D, E and F.

• Cells use chemical energy in the form of ATP to carry 
out cell functions.

• When cells convert energy from one form into 
another, some is lost to the surroundings, usually in 
the form of heat energy.

• Cells produce ATP by the process of cellular 
respiration. 

• Cellular respiration takes place in two stages. The 
first stage is glycolysis, and the second stage is 
either aerobic respiration (if oxygen is available) or 
anaerobic respiration (if oxygen is not available).

• Glycolysis takes place in the cytosol and generates 
two ATP molecules and two molecules of pyruvate per 
molecule of glucose. It does not require oxygen.

• In aerobic respiration, pyruvate produced in the 
cytosol by glycolysis passes into a mitochondrion, 
where it is broken down to carbon dioxide and water 
along a complex aerobic pathway. For every two 
molecules of pyruvate, a further 34 molecules of ATP 
are generated.

• In anaerobic respiration, pyruvate is converted in the 
cytosol to lactic acid (in most animals) or alcohol and 
carbon dioxide (in plants, bacteria and yeasts), and 
no more ATP is produced.

4 Define glycolysis and state where it occurs in a 
eukaryotic cell.

5 What is the difference between aerobic and anaerobic 
respiration? 

6 What is the major benefit to cells in using aerobic 
respiration rather than anaerobic respiration?

7 Which one of the following describes anaerobic 
respiration?
A the conversion of pyruvate into ethanol and carbon 

dioxide in the absence of oxygen
B the conversion of pyruvate into lactic acid in the 

presence of oxygen
C the production of ethanol and carbon dioxide in the 

presence of oxygen
D the reaction of yeast and oxygen resulting in lactic 

acid in the absence of oxygen

8 Some bacteria respire aerobically. Compare the cellular 
location of bacterial aerobic respiration to that in 
eukaryotic cells.F: E: + carbon dioxide

carbon dioxide + water
+ large amount of energy

D: C: 

+ 2 ATPB: 

A: 

glucose
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3.3 Photosynthesis
Energy cannot be created or destroyed, but it can be changed from one form 
into another. To carry out their activities, cells must first obtain energy in a form 
they can change into chemical energy stored in the bonds of ATP. You have learnt  
how this is done using glucose. All living things depend on organic compounds 
such as glucose for cellular function (Figure 3.3.1). Animals obtain their glucose by 
eating other organisms and breaking down the organic molecules. Plants make their 
own glucose from raw materials.

Plants produce glucose by photosynthesis. Photosynthesis is the process in 
which plants and other photoautotrophic organisms obtain energy from sunlight 
to make their own organic compounds (Figure 3.3.2). This section will focus on 
photosynthesis in plants.

 

OO H H
O

O OC

CH2OH

O H

H
OHOH

OH

H OH

OH

glucose and oxygen carbon dioxide and water

adenosine 
triphosphate (ATP)

PHOTOSYNTHESIS

plant cell
chloroplast

animal cell
mitochondria

CELLULAR RESPIRATION

sunlight

ATP is an energy-bearing molecule
found in all living cells and can be
used in the cell as a power source 
or released as heat.

FIGURE 3.3.2 Photosynthesis in (a) plants, (b) 
algae and (c) cyanobacteria provide the matter 
and energy for most life on Earth.

FIGURE 3.3.1 The cycle of how plants obtain their energy using photosynthesis and animals obtain 
their energy via cellular respiration.

a

b

c
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PHOTOSYNTHESIS
Simple experiments show that when plants have light, water and carbon dioxide 
they make glucose in their green parts, such as leaves. They trap the energy of 
sunlight and convert it into chemical energy, which they store in the bonds of glucose 
molecules. This enzyme-controlled process is photosynthesis (photo meaning ‘light’, 
synthesis meaning ‘putting together’). All photosynthetic organisms, from single-
celled algae to the largest trees, produce glucose in the same way (Figure 3.3.3).

Chloroplasts
Chloroplasts occur in mesophyll cells, which make up the central part of leaves in 
vascular plants (Figure 3.3.4). In non-vascular plants such as mosses, chloroplasts 
occur throughout the leaves and often in other plant parts such as stems.

 Photosynthesis is sometimes 
called ‘carbon fixation’ because 
carbon atoms from the air are 
incorporated (‘fixed’) into organic 
molecules.

FIGURE 3.3.3 Leaves, and some stems, are 
green because the mesophyll cells contain 
many chloroplasts, the organelles in which 
photosynthesis takes place. Fruits (such as these 
blueberries) and seeds contain no chlorophyll 
and do not take part in photosynthesis.

chloroplast
containing
chlorophyll

grana

mesophyll cell photosynthesis

FIGURE 3.3.4 The location of chloroplasts in mesophyll cells of a leaf in a vascular plant.

FIGURE 3.3.5 A TEM of two chloroplasts in a 
cell in the leaf of a pea, Pisum sativum. The 
chloroplasts are seen here in side view, and the 
grana are coloured yellow for clarity. 

outer membraneinner membrane

stroma

thylakoid granum

FIG 3.3.6 Three-dimensional model of the 
structure of a chloroplast.

The leaves and sometimes stems of plants are green because they contain large 
amounts of the green pigment chlorophyll. In plants and algae, chlorophyll is 
contained in large double-membrane organelles called chloroplasts (Figure 3.3.5). 
Each chloroplast contains stacks of flattened membranes called grana (singular 
granum). 

Photosynthesis takes place in these chloroplasts. The grana contain the 
chlorophyll pigments where light reactions occur during photosynthesis.

Chloroplasts in plants are generally shaped like a biconvex lens about 5–8 
micrometres in diameter. The outer membrane is highly permeable but the inner 
membrane is impermeable and surrounds the area filled with a liquid called stroma. 
Stroma contains a number of enzymes, spherical DNA and ribosomes. The grana 
consist of stacks of small disc-shaped structures called thylakoids where chlorophyll 
is made (Figure 3.3.6).

Stages of photosynthesis
Photosynthesis is a complex process in which solar energy is converted into 
chemical energy stored in the form of glucose, which can be used by all organisms. 
Photosynthesis occurs in two stages: the light-dependent reactions and the light-
independent reactions.

Stage 1: Light-dependent reactions
In the light-dependent reactions, chlorophyll captures solar energy and uses 
it to produce ATP. During this process, photolysis occurs where water is split 
into hydrogen ions and oxygen gas. The light-dependent reactions occur on the 
thylakoid membranes of the chloroplast, where chlorophyll molecules are located.
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 The light-dependent reactions split water in the presence of solar energy (light) 
and chlorophyll, into hydrogen ions and molecular oxygen, and also  
produce ATP.
           light energy
water          →          hydrogen ions + oxygen + ATP
            chlorophyll

Stage 2: Light-independent reactions
The light-independent reactions (also called dark reactions) produce glucose, 
water and ADP. They are called ‘light-independent’ because they do not require 
solar energy. ATP made during the light-dependent stage provides the energy for 
this reaction. This energy is needed to combine carbon dioxide with hydrogen ions 
(also from the light-dependent stage) to form glucose, an energy-rich molecule, and 
water. The light-independent reactions take place in the stroma of the chloroplast.

 The light-independent (or dark) reactions use the products of the light-
dependent reactions to produce glucose, water and ADP.

hydrogen ions + ATP + carbon dioxide     →     glucose + water + ADP

The reactions that occur in photosynthesis can be summarised as follows:

Word equation: water + carbon dioxide  →    glucose     +   oxygen

Chemical equation:  6H2O + 6CO2                        →    C6H12O6  +  6O2

Photosynthesis is critically important for life on Earth because the production of 
plant matter is essential in providing energy and biomass in terrestrial ecosystems. 
Plants can produce all the organic compounds they need from the glucose they 
produce through photosynthesis, as long as they have the necessary minerals 
(Figure 3.3.7). 

 Biomass is the total amount of plant and animal tissues in a defined area.

amino
acids

proteins
(cell structures,

enzymes)

nitrates,
sulfates

sucrose
(respiration;

in fruits) starch
(storage in

tubers, stems,
seeds)

cellulose
(cell walls)

glucose

lipids
(cell membrane,
storage in seeds)

carbon dioxide
and water

sunlight

FIGURE 3.3.7 Plants can make all the organic 
compounds they need from the glucose they 
produce through photosynthesis.

Scientists from Harvard University have created a system that uses 
bacteria and solar energy to manufacture a liquid fuel from water and 
carbon dioxide. The researchers set out to develop a renewable energy 
production system that would mimic the process of photosynthesis but 
also be more efficient. They achieved this by creating a structure known as 
the Bionic Leaf and pairing it with bacteria that use hydrogen and carbon 
dioxide as their energy sources.

The Bionic Leaf uses electricity generated by a solar panel to split 
water into its component elements (hydrogen and oxygen), just as 
photosynthesis does. The electrodes of the Bionic Leaf are submerged in 
a vial containing water and the soil bacterium Ralstonia eutropha (Figure 
3.3.10). The water-splitting reaction occurs when an electric voltage from 
the solar panels is applied to the electrodes of the artificial leaf. The 
bacteria feed on the hydrogen generated from the reaction, along with 
carbon dioxide bubbles that are added to the system. The bacteria use 
this food source and produce isopropanol as a byproduct. 

BIOLOGY IN ACTION

Bionic leaf and bacteria make liquid fuelSam
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Light intensity

Photosynthesis
limited by carbon
dioxide

Photosynthesis
limited by 
temperature

Photosynthesis 
limited by some 
other factor

Higher concentration of CO2 
higher temperature

Higher concentration of CO2 
low temperature

Low concentration of CO2 
low temperature
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Plant poisons
Poisons are used in agriculture because 
weeds and other pests reduce crop 
yields. Many lethal poisons are effective 
because they interfere with the energy 
transformations of organisms. Some 
interfere with photosynthesis and 
are therefore selective for plants. For 
example, herbicides such as amitrole 
and glyphosate inhibit the production 
of chlorophyll, and paraquat and diquat 
block the light-dependent reactions in 
the first part of photosynthesis.

FIGURE 3.3.9 Grasses sprayed with 
glyphosate die within two weeks as a result 
of the inhibition of chlorophyll synthesis. 

FIGURE 3.3.10 The Bionic Leaf system mimics the natural process of 
photosynthesis. Using electricity harnessed from sunlight, the Bionic 
Leaf splits water into hydrogen and oxygen, providing a food source 
for bacteria that produce the alcohol isopropanol, which can be used 
as a fuel.

This system can now convert water and carbon 
dioxide to fuel at an efficiency of 3.2%, which is 
triple the efficiency of photosynthesis. This efficiency 
is thanks to the solar panels, which have a greater 
capacity to harvest sunlight than most plants do. 

The researchers’ findings were published in 2015 
and have great potential for use in many powerful 
applications. Efficient renewable energy production 
and storage is one of the important areas where this 
technology could be applied. Genetic engineering 
of bacteria also creates many possibilities for the 
synthesis and metabolism of a wide variety of 
chemicals. This might create countless applications for 
the technology in both the production of compounds 
and the removal of chemical pollutants from the 
environment.

H2O

O2H2

a b

CONTROLLING THE RATE OF PHOTOSYNTHESIS
Three main factors control the rate of photosynthesis:
• light intensity
• carbon dioxide concentration
• temperature.

The availability or concentrations of these factors may limit the rate of the 
reactions. For each factor there is an optimum amount at which photosynthetic 
reactions proceed at the fastest rate. Below the optimum level, reactions are slower. 
At levels above the optimum, reactions do not proceed any faster, and sometimes 
occur more slowly.

The factor that is present in the smallest amount is the limiting factor. Therefore, 
only one factor will be limiting at a particular time. For example, if a plant is in the 
process of photosynthesis and there is a large amount of carbon dioxide available 
but not enough light, then light is a limiting factor. And if there is enough light and 
not enough carbon dioxide, then the concentration of carbon dioxide is the limiting 
factor (Figure 3.3.8). 

FIGURE 3.3.8 Light intensity, 
temperature and carbon dioxide are 
limiting factors for photosynthesis. 
Other factors might also be limiting 
in some circumstances.
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Light intensity
Light intensity can affect the rate of photosynthesis. When the light intensity is low, 
the light-dependent reactions (the production of ATP and the splitting of water 
molecules) cannot occur. So at night, light intensity is the limiting factor because 
photosynthesis cannot occur. As the light intensity increases from this point, the 
rate of photosynthesis will increase. However, at a certain light intensity the rate of 
photosynthesis will not be affected by further increases in light intensity. This effect 
can be seen in Figure 3.3.12.

Carbon dioxide levels
Carbon dioxide availability affects the rate of photosynthesis because photosynthesis 
uses the carbon dioxide to make glucose. When there is no carbon dioxide available, 
photosynthesis cannot occur, so carbon dioxide is a limiting factor. As carbon dioxide 
becomes available, photosynthesis begins. As with light, the rate of photosynthesis 
will increase as carbon dioxide levels increase until the carbon dioxide levels reach 
a certain point (Figure 3.3.13).

Temperature
Temperature also affects the rate of photosynthesis. All light-dependent and light-
independent reactions are catalysed by enzymes. Enzyme activity increases as 
temperature increases, but they become denatured above optimum temperatures. 
For this reason the rate of photosynthesis will approximately double for every  
increase in temperature until the optimum temperature is reached. However, above 
the optimum temperature, the rate of photosynthesis will decline steeply (as the 
enzymes become denatured and the chemical processes involved in the light-
independent reactions cannot be catalysed) (see Figure 3.3.14). Different plants 
are evolved to different environments, hence there is no fixed optimum temperature 
for plants. A cactus will have a higher optimum temperature compared to an aquatic 
plant that is found in a cool environment.

Light intensity
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FIGURE 3.3.12 The effect of light intensity on 
the rate of photosynthesis.

Carbon dioxide concentration
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FIGURE 3.3.13 The effect of carbon dioxide 
levels on the rate of photosynthesis.

BIOFILE

Photosynthesis in non-green plants,  
protists and cyanobacteria
All plants (as well as many protists and cyanobacteria) contain 
chlorophyll, but not all are green. Some plants have yellow, red 
or purple leaves, and protists and cyanobacteria can be red, 
blue or other colours. These organisms contain chlorophyll 
but also other pigments, including phycobiliproteins and 
carotenoids that mask the green chlorophyll. Phycobiliproteins 
and carotenoids assist in photosynthesis by absorbing different 
wavelengths of light. Phycobiliproteins are especially useful 
in deep water, where only green wavelengths can penetrate. 
Pigments other than chlorophyll also protect plants from over-
exposure to sunlight and attract pollinators. FIGURE 3.3.11 The purple oxalis (Oxalis triangularis) has purple leaves, 

but these still contain chloroplasts and chlorophyll and carry out 
photosynthesis.
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FIGURE 3.3.14 The effect of 
temperature on the rate of 
photosynthesis.
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FIGURE 3.3.15 At low levels of light intensity the rate of cellular respiration is greater than the 
rate of photosynthesis, so there is a net uptake of oxygen by plants. At high light levels the 
rate of photosynthesis is greater than the rate of cellular respiration, so there is a net output of 
oxygen by plants. The compensation point is the level of light at which the rates of respiration and 
photosynthesis are equal and therefore there is no net exchange of oxygen.

BALANCING PHOTOSYNTHESIS AND CELLULAR 
RESPIRATION
In Section 3.2 you learnt that cells release chemical energy by breaking apart 
glucose molecules. This process is called cellular respiration. As well as producing 
energy, in the form of ATP, cellular respiration produces carbon dioxide and water.

Cellular respiration occurs continuously, whereas photosynthesis occurs only 
during daylight. So plants and algae are producing carbon dioxide and using oxygen 
continuously through cellular respiration, but during the day this is masked because 
photosynthesis is also occurring, using carbon dioxide and producing oxygen.

The light compensation point is the level of light at which the rates of 
photosynthesis and cellular respiration of a photosynthetic organism are equal 
and there is no net exchange of oxygen, as shown in Figure 3.3.15. At this point 
the amount of oxygen used in cellular respiration and the amount produced by 
photosynthesis are equal.

BIOFILE

Plants in shade
Some plants are better adapted to 
live in shade because they have low 
respiration rates. They have fewer 
cells per leaf and lower concentrations 
of proteins compared to species that 
grow in sunnier places. In terms of 
energy requirements, they can be 
thought of as very cheap to run. Shade-
tolerant plants also absorb light very 
effectively. Some plants that grow in 
dark environments have a lens-like 
arrangement in the upper epidermal 
cells that focuses light onto their 
photosynthetic cells below.

FIGURE 3.3.16 Most ferns, such as this 
maidenhair fern (Adiantum pedatum), are 
adapted to thrive in shady environments.Sam
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  3.3 Review

SUMMARY

KEY QUESTIONS

1 What molecule is broken down using solar energy 
during photosynthesis?

2 The figure below is a summary of the major processes 
that occur during cellular respiration. State the correct 
term for each of letters A, B, C, D, E and F.

• Plants produce their own organic compounds from 
inorganic molecules.

• During photosynthesis, plants trap solar energy, and 
then use this energy to split water molecules. Carbon 
dioxide is then combined with hydrogen to produce 
glucose. Oxygen is released to the environment as a 
waste product. 

• Through photosynthesis, solar energy is transformed 
to chemical energy, which is stored in the bonds of 
glucose molecules.

• Photosynthesis occurs in organelles called 
chloroplasts that contain chlorophyll.

• Light intensity, carbon dioxide availability and 
temperature may limit the rate of photosynthesis.

• The reactions that occur during photosynthesis can 
be summarised by an overall equation: 
word equation: 
    water + carbon dioxide     →     glucose + oxygen 
chemical equation: 
    6H2O + 6CO2    →     C6H12O6 + 6O2

• Photosynthesis generally occurs only during daylight, 
but cellular respiration occurs continuously. 

• The light compensation point is the level of light 
at which the rates of photosynthesis and cellular 
respiration of a photosynthetic organism are equal. 
At this point the amount of oxygen produced and the 
amount used is equal, so there is no net exchange of 
oxygen.

5 The figure below shows a transmission electron 
micrograph of a chloroplast. Identify structures P, Q,  
R, S and T.

Re
la

tiv
e 

ra
te

 o
f p

ho
to

sy
nt

he
si

s

Light intensity

bean

oxalis

A B

b What is the limiting factor at point B for each plant?

7 What is the light compensation point, and what 
happens at this point?

glucose

combined with
nitrates,
sulfates to
form

A.

combined
with
fructose
to form

combined
with many
units of
glucose to
form

F. for formation of
cell membranes
and storage in
seeds

converted into

C. for storage in
fruits/cellular
respiration

D. for storage
in tubers,
stems and
seeds

E. for cell
walls

B. for synthesis
of cell strucures
and enzymes

undergo
condensation
reactions to
form

3 State whether each of the following statements is true 
or false.
a Chlorophyll is a pigment that causes green colouring 

of leaves. 
b Chloroplasts are pigments that absorb light. 
c Chlorophyll is located in the thylakoid membranes. 
d Chlorophyll absorbs light energy, which is then 

transformed into chemical energy. 

4 How many glucose molecules would be produced if 24 
carbon dioxide and 24 water molecules were used in 
photosynthesis? 

6 The following graph shows the rate of photosynthesis 
in a bean plant, adapted to high light intensity, and 
an oxalis plant, adapted to low light intensity.
a What is the limiting factor at point A for each 

plant?

P

Q

R
S

T

Sam
ple

 pa
ge

s



129CHAPTER 3   |   ENERGY TRANSFORMATIONS

KEY TERMS

Chapter review

1 Distinguish between autotrophs and heterotrophs.

2 Contrast photosynthetic autotrophs with 
chemosynthetic autotrophs.

3 Chemoautotrophs acquire energy from inorganic 
chemical reactions.
a Name one chemical conversion used by a 

chemoautotroph.
b Name one chemoautotroph and the organic 

compound it produces.

4 List the five types of heterotrophs, and then spend  
30 seconds writing down as many examples as you 
can think of for each type.

5 Cellulose is a complex carbohydrate that is made up of 
many individual units of glucose. The molecule shown 
below, composed of carbon, hydrogen and oxygen, was 
found in the gut of an animal.

a Describe how an autotroph would have obtained 
this molecule.

b Which one of the following animals would not have 
this molecule in its gut?
A human
B cow
C lion
D pig

6 Briefly describe what happens to pyruvate in the two 
processes that can occur after glycolysis when:
a oxygen is present
b oxygen is absent.

7 What is the approximate efficiency of anaerobic 
respiration compared to aerobic respiration in the 
release of energy from one glucose molecule?

8 The following expressions can be used to write a word 
equation for photosynthesis and cellular respiration.
P carbon dioxide and water 
Q carbon dioxide, water and energy
R solar energy and chlorophyll
S glucose and oxygen
Complete the word equation for photosynthesis and 
cellular aerobic respiration using the statements 
provided.
Word equation for photosynthesis:

Word equation for cellular respiration:

9 Explain why photosynthesis is not the opposite of 
aerobic respiration.

10 There are two stages in photosynthesis. Outline what 
occurs in each stage.

ADP
aerobic
anaerobic
ATP
autotroph
biomass
carbon fixation
carnivore
cellular respiration
chemical energy
chemoheterotroph

light compensation 
point

methanogen
mitochondrion
omnivore
parasite
photoheterotroph
photosynthesis
saprotroph
thylakoid

chemosynthesis
chlorophyll
chloroplast
ecosystem
endocytosis
fermentation
glycolysis
granum (plural 

grana)
herbivore
heterotroph

KEY QUESTIONS
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11 Pyridazinone herbicides are used in agriculture to 
reduce the number of pest plant species. Pyridazinone 
herbicides inhibit enzymes found in the light-
dependent stage of photosynthesis. Explain how 
pyridazinone herbicides might act on a pest plant.

12 The following graphs represent the changes in rate of 
photosynthesis when temperature, light intensity or 
distance from light source are increased. Label each 
graph with its correct factor.
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13 The following graph shows the relationship between 
net oxygen uptake or output and light intensity for a 
green plant. 
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Explain what is happening when the light intensity is:
a 2 units
b 16 units.

14 Draw up tables comparing:
a photosynthetic autotrophs, chemosynthetic 

autotrophs and heterotrophs
b photosynthesis and cellular respiration.
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