
key kNOWledGe

This chapter is designed to enable students to:
■ gain knowledge of the evidence of the earliest forms of life on Earth
■ investigate the various tools for viewing cells
■ identify cell organelles in eukaryotic cells and recognise their various functions
■ gain understanding of diseases resulting from defects in several cell organelles
■ identify the evidence for the endosymbiotic origin of some cell organelles.

fiGURe 2.1 This prize-winning 
image shows eukaryotic 
cells stained with fl uorescent 
probes. The actin fi laments 
(purple) and the microtubules 
(yellow) are part of the 
cytoskeleton of these cells. 
The nucleus is stained green. 
Note that the cell on the left 
appears to be in the process 
of dividing. In this chapter, we 
will explore the infrastructure 
of eukaryotic cells, both 
plant and animal, relate the 
structure of cell organelles to 
their various life-sustaining 
functions, and examine 
aspects of the emergence of 
more complex multicellular 
organisms. (Image courtesy of 
Torsten Wittmann)
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first life on earth
What were the earliest cells like? 
No one is sure exactly what these first cells, or proto-cells, were like. How-
ever, it is reasonable to conclude that the first life forms on planet Earth were 
simple single-celled (unicellular) microbe-like organisms. Like all living 
organisms today, these unicellular organisms would have been enclosed by 
a boundary that separated their internal contents from the external environ-
ment. Organic molecules can exist without a plasma membrane, but they 
cannot become organised into a structure that will show the characteristics 
of life unless they are separated from their external environment. As out-
lined in chapter 1, it is the semipermeable plasma membrane that creates 
this essential separation of the cell’s internal environment from its external 
environment. 

As well as a plasma membrane to create a separate compartment, the other 
necessary conditions for life to have existed include:
•	 an energy source that can be used by the proto-cells 
•	 chemical building blocks that proto-cells could build into organic 

macromolecules
•	 liquid water to dissolve chemicals and provide a medium for chemical 

reactions
•	 formation of self-replicating nucleic acids to enable continuity.

Where did life first appear? 
Charles Darwin (1809–82) speculated that a ‘warm little pond’ might be a poss-
ible location for the emergence of life. In a letter dated 1 February 1871, sent to 
a scientific colleague, Darwin wrote:

But if (and oh what a big if ) we could conceive in some warm little pond 
with all sorts of ammonia and phosphoric salts,—light, heat, electricity, etc. 
present, that a protein compound was chemically formed, ready to undergo 
still more complex changes  .  .  .

(extract from Life and Letters of Charles Darwin vol. 3, John Murray,  
London, 1887, p. 18)

More recent suggestions are that life may have first appeared at hydrothermal 
vents deep in the ocean or in hot acidic waters of volcanic pools. However, 
to date, experimental evidence for either of these suggestions has not been 
found. 

When did life emerge? 
In 2013, scientists from the University of Western Australia found signs of 
microbial life preserved in sedimentary rocks — dated to 3.5 billion years 
ago — from the Pilbara region in Western Australia (see figure 2.2). Signs of life 
are indirect indicators of the activity of cells, past or present, but they are not 
the physical cells themselves. (Cells, living or fossilised, are direct evidence 
of life.) Signs of life result from past or present interactions of organisms with 
the environments in which they lived or live. You can see signs of present life 
around you, such as footprints on a sandy beach, a bird’s nest, animal scats. 
Can you suggest others?

Read about Dr Dave Wacey in the Biologist at work box on page 51, whose 
discoveries in the Pilbara region of Western Australia include signs of life 
(biosignatures) from 3.6 billion years ago and fossilised cells from 3.4 billion 
years ago that are the earliest direct evidence of life. 

Unit 1 Cells: structural 
unit of life
Concept summary 
and practice 
questions

AOS 1

Topic 1
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fiGURe 2.2 Map showing the location of the Pilbara region in Western Australia. It is a vast, largely unpopulated region with 
an ancient bedrock.

Th e signs of life discovered in the Pilbara are distinctive marks created by 
microbial mats that once fl ourished on sandy sediments, perhaps a tidal fl at. 
Microbial mats can still be seen today (see fi gure 2.3). Microbial mats can form 
on moist or submerged surfaces including lakebeds, on sediments such as 
mud or sand, on tidal fl ats, in hypersaline (very salty) pools, in fi ssures, around 
hot springs and even around deep ocean vents. 

fiGURe 2.3 Microbial mats, composed of multilayers of a community of microbial species, are found in many locations. 
Different colours indicate the presence of different dominant microbial species. (a) A microbial mat in Yellowstone 
National Park, United States, showing a range of colours (b) Microbial mats on the bottom of a hypersaline pond in 
Kiritimati, an island in the Pacifi c Ocean. The large pink block at the surface of the pond is solid salt. (c) Close-up of a 
section through a microbial mat located below a pink layer of salt crystals

(a) (b) (c)
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From their studies of living microbial mats, scientists have identified 
many characteristic marks and patterns that microbial mats produce on 
the substrates where they form. These marks can remain on sedimentary 
rocks that are formed later from these mats. When this happens, the marks 
are fossilised signs of life. Thus, long after the cells of a microbial mat have 
disappeared, their distinctive marks and patterns can be preserved on sedi-
mentary rocks, signalling the past existence of the microbes that made them. 
This is what happened when sandy sediments with their microbial mats were 
compressed and became part of the rocks of the Pilbara region. The cells of 
the microbial mats disappeared but the various marks and distinctive pat-
terns that the mats made on sediments have been preserved. These signs of 
life indicate that unicellular microbial life appeared on this planet 3.6 billion 
years ago, or even earlier. 

In summary, it is reasonable to identify the early forms of life on Earth as 
unicellular microbe-like organisms, that is, very simple prokaryotes. Based on 
indirect signs of life, the first cells appeared 3.6 billion years ago or earlier. The 
earliest direct evidence of life on Earth are fossilised cells (microfossils) found 
in 2011 in Western Australia in rocks known as the Strelley Pool Formation in a 
remote area of the Pilbara. These rocks have been dated at 3.4 billion years old; 
this also gives the age of the fossils that they contain. 

Since the appearance of the first simple proto-cells on Earth, the microbial 
world continued to evolve. 

The first proto-cells may have gained both the energy and the matter for 
their structure and functioning from organic molecules in their environ-
ment. Because the early Earth had an oxygen-free atmosphere, these first 
prokaryotes produced energy for living by relatively inefficient fermentation 
processes, just as occurs today in microbes that live in oxygen-free (anoxic) 
environments.

From these first prokaryotes, many other kinds of microbes emerged, 
including microbes that could capture sunlight energy and make their own 
organic molecules from carbon dioxide; these microbes also produced oxygen 
as a waste product, which entered the atmosphere. The appearance of oxygen 
in the atmosphere then set the stage for the emergence of other microbes that 
could use oxygen in efficient energy-generating processes.

Prokaryotes now occupy an extraordinary range of habitats from ocean 
depths to the high atmosphere (see Odd fact), and they are very versatile in 
terms of the energy sources they can exploit. Prokaryotes are the most suc-
cessful living organisms on this planet. Their absolute numbers and their diver-
sity (number of different species) far exceed those of all eukaryotic species 
combined. One indication of the diversity of microbial life is the fact that the 
sediments from subglacial Lake Whillans were found to be home to more than 
3900 different microbial species (refer to chapter 1).

Eukaryotic cells with membrane-enclosed nuclei did not appear until much 
later in Earth’s history, perhaps around 2.1 billion years ago, or earlier. (As we 
will see later in this chapter (see p. 76), all eukaryotic cells carry a reminder of 
the early evolution of the prokaryotes.) Last of all were the first multicellular 
organisms that emerged about 600 million years ago. 

In the following sections we will explore the ultrastructure of plant and 
animal cells as examples of eukaryotic cells. First, however, we will look at 
tools for viewing cells.

Unit 1 Prokaryotes
Concept summary 
and practice 
questions

AOS 1

Topic 1

Concept 3

Odd fACT

Researchers collected 
large numbers of airborne 
microbes in samples of air 
collected about 10 kilometres 
above the Pacific Ocean. On 
average, these air samples 
contained more than  
5000 microbial cells per 
cubic metre of air.
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biOlOGiST AT WORk

dr dave Wacey — palaeontologist and 
astrobiologist
Dave Wacey is a research scientist at the Univer-
sity of Western Australia in Perth. He is a palaeon-
tologist, investigating when and how life fi rst evolved 
on Earth. He also applies his research fi ndings to the 
emerging fi eld of astrobiology, helping in the search 
for life on other planets.

Identifying signs of life on other planets has been 
a major scientifi c goal for a number of years and is 
becoming increasingly signifi cant with each suc-
cessive Mars mission. Th e correct decoding of 
possible biological signals on Earth is critical to 
our interpretation of extraterrestrial material ana-
lysed by or even brought back to Earth from future 
Mars missions. Th is is where Dave’s work comes in, 
looking at Earth’s oldest rocks, identifying robust 
signs of life (biosignatures) from within them and 
formulating biogenicity criteria that can be applied 
in the future to extraterrestrial rocks.

Dave’s research has taken him around the world. 
He grew up in England where he obtained both his 
degree in Geology and a PhD from Oxford Univer-
sity. During this time fi eldwork took him to Australia, 
North America and various parts of Europe. After 
10 years at Oxford, Dave moved to Th e University of 
Western Australia. Th is move brought him signifi -
cantly closer to probably the world’s best natural 

laboratory for the study of early life — the approxi-
mately 3.5 billion-year-old rocks of the Pilbara 
region, near Marble Bar.

Since moving to Australia, Dave has made a number 
of exciting discoveries including fi nding evidence of 
communities of bacteria that constructed microbial 
mats and stromatolites almost 3.5 billion years ago. He 
also found Earth’s oldest fossil cells. Th ese are cellular 
microfossils from 3.43 billion-year-old rocks at Strelley 
Pool, a remote region of the Pilbara about 60 kilo-
metres west of Marble Bar. Th ey are closely associated 
with the iron sulfi de mineral, pyrite, which suggests 
that at least some forms of primitive life ‘breathed’ 
sulfur compounds instead of oxygen. 

Dave investigates early life at a range of scales 
from kilometres to nanometres. Th is sees him spend 
long periods of time in the fi eld (see fi gure 2.4a), 
mapping the geological relationships of rocks that 
look like they may once have been habitable for life, 
and collecting hand-sized pieces of rock for further 
study. Th ese pieces are thinly sliced then studied in 
the laboratory using a number of light, electron and 
X-ray microscopes to take images of potential micro-
fossils and deduce their chemistry (see fi gure 2.4b). 
His fi eld and laboratory experience led Dave to pub-
lish a textbook in 2009 called Early Life on Earth: A 
Practical Guide. He is currently working on the 2nd 
edition of his book.

fiGURe 2.4 (a) Dave Wacey, palaeontologist, on fi eldwork in the Pilbara region of Western Australia 
(b) 3.43 billion-year old tubular microfossils discovered in the Pilbara by Dr Wacey. These are the oldest evidence 
for cellular life on Earth. Each fossil is approximately 1/100th of a millimetre in diameter. 
(c) A candidate for Earth’s oldest stromatolite, from approximately 3.4 billion-year-old rocks in Australia. 
Stromatolites are layered and domed structures built by communities of primitive microbes and can be seen 
today in localities such as Shark Bay, Western Australia.

(a)

(b)

(c)
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key ideAS

 ■ The earliest life on planet Earth was that of unicellular microbe-like 
organisms.

 ■ Signs of life are indirect indicators of the activity of life, past or present.

 ■ Evidence of the earliest form of life on Earth comes from indirect signs of 
life assumed to have been made by microbial mats. 

 ■ Modern microbial mats are found in many environments on Earth.

 ■ From their studies of living microbial mats, scientists have identified 
characteristic marks and patterns left by modern microbial mats and can 
identify similar marks and patterns left on ancient rocks. 

 ■ Signs of life from fossilised patterns left by microbial mats indicate that the 
first cells appeared on this planet at least 3.6 billion years ago. 

 ■ Life organised as eukaryotic cells appeared on Earth about 2.1 billion years 
ago or earlier, but much later than the first prokaryotic life forms.

 ■ Multicellular organisms did not emerge on Earth until about  
600 million years ago.

 ■ Direct evidence of the earliest forms of life comes from fossilised cells.

QUiCk CheCk

1 Identify whether each of the following statements is true or false.
a Fossilised indirect signs of life could be cells. 
b A modern sign of life could be a footprint.
c The first cells to appear on planet Earth were eukaryotic cells.
d The Pilbara region of Western Australia is a source of direct and indirect 

evidence of early life on Earth.
e Microbial mats occur in a variety of environments. 

2 What is the essential difference between a direct and an indirect sign of life?

tools for viewing cells
Cells are typically too small to be seen with an unaided eye. Over many years, 
tools have been developed that have enabled scientists to examine features of 
cells in more and more detail. The first of these tools were simple microscopes, 
such as the one used by Robert Hooke who published the first drawings of cells 
in 1665 (refer to chapter 1, p. 8). 

Different kinds of microscope
Today, a range of sophisticated instruments are used to show the ultrastruc-
ture of cells in remarkable detail (refer to figure 2.1). These instruments can 
be broadly classified into two groups: optical (light) microscopes and electron 
microscopes. 
1. In optical microscopy, specimens are illuminated by visible or ultraviolet 

light, or laser light that is focused on the specimen through the use of 
lenses. Examples of optical microscopes include the light microscope, the 
phase contrast microscope, the laser scanning confocal microscope and 
the fluorescence microscope.

2. In electron microscopy, specimens are ‘illuminated’ by an electron beam 
that is focused by electromagnets on the specimen. Two types of elec-
tron microscope are the scanning electron microscope (SEM) and the 
transmission electron microscope (TEM).
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53CHaPter 2 Ultrastructure of cells

Figure 2.5 shows the diff erent scales over which these two groups of micro-
scopes have traditionally operated. Th e resolving power, or resolution, of a 
microscope refers to the minimum distance apart that two points must be in 
order for them to be seen as two discrete points. For example, the resolution 
of optical microscopes is 0.2 micrometres (µm), or 200 nanometres (nm). 
Th is means that an optical microscope cannot display two discrete points 
unless they are separated by more than 200 nm; closer than this and they 
appear as one larger and blurred point. However, the lower boundary of 
resolution of 200 nm for optical microscopes has been now pushed to a 
few nanometres by Nobel-Prize-winning technologies used in research 
laboratories (see p. 56). 

Animal
cells

Plant
cells Bacteria Proteins Atoms

Viruses
Ribosomes

Small
molecules

Optical microscopy

Electron microscopy

100 μm 10 μm 1 μm1 cm 100 nm 10 nm 1 nm 0.1 nm1 mm

fiGURe 2.5 Scale bar showing approximate sizes of cells, cell organelles, molecules and atoms. The conventional 
range of operation of light microscopes and electron microscopes is also shown. The lower ends of the ranges, namely 
about 200 nm for light microscopes, and about 0.1 nm for electron microscopes, identifi es the resolving power of the 
type of microscopy.

Some diff erences between optical and electron microscopes include:
1. Optical microscopes generally operate at lower levels of resolution and 

magnifi cation than electron microscopes. 
2. Images viewed with optical microscopes are typically coloured, while images 

viewed with electron microscopes are black and white. Th e occasional 
coloured image from an electron microscope is a so-called ‘false coloured’ 
image because the colour has been added later.

3. Optical microscopes can be used to view living cells. Living cells cannot be 
viewed using electron microscopes because electron microscope specimens 
are dry, coated with an ultra-thin layer of metal, such as gold or osmium 
and, for imaging, are placed in a vacuum — these are not life-supporting 
conditions. 

Th e following section provides examples of the many kinds of microscope 
and of the diff erent types of images of cell(s) that they produce. 

Odd fACT

The fi rst electron microscope, 
with a magnifi cation of 400X 
was developed in 1931 by 
Ernst Ruska (1906–88), a 
German physicist, and Max 
Knoll (1897–1969), a German 
electrical engineer. Ruska 
received the Nobel Prize 
in Physics in 1986 for the 
design of the fi rst electron 
microscope. 
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light microscope

Light microscopes typically use visible light to 
examine cells, including living cells. Cells are usually 
stained to increase the contrast between various 
cell components. Resolution of light microscopes is 
about 0.2 µm (200 nm). Magnifi cation of an image is 
the product of the magnifi cation of the eyepiece lens 
by that of the objective lens. For example, if the mag-
nifi cation of the eyepiece lens is 10X and that of the 
objective lens is 40X, then the image being viewed is 
magnifi ed 400 times (400X).

fiGURe 2.6 Light microscope image showing many 
cells in a section through a human kidney. Note the 
many purple-stained nuclei.

laser scanning confocal microscope

Laser scanning confocal microscopy uses high- 
intensity laser light and special optics to reveal 
details of a series of successively deeper layers of 
both living and fi xed (dead) cells and tissues. Th is is 
done without having to cut the specimen into thin 
sections. Th rough the use of computers, the many 
separate images are combined to create 3D images.

fiGURe 2.7 Technique for laser scanning confocal 
microscopy. The left-hand side shows some of the 
47 laser scans made at different depths through a 
Drosophila embryo. The right-hand side shows the 
computer-generated fi nal image in which all 47 scans 
are combined to make a fi nal 3D image of the embryo.

Phase contrast microscope

Phase contrast microscopes are modifi ed light microscopes. Th ey enable transparent or unstained specimens, 
including living organisms, to be seen in more detail than can be obtained with light microscopes.

fiGURe 2.8 Image of a living Paramecium, a unicellular eukaryotic organism as seen with (a) a light microscope 
and (b) a phase contrast microscope. Note the increased detail that is visible with the phase contrast microscope, 
compared with the standard light microscope.

(a) (b)
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55CHaPter 2 Ultrastructure of cells

fluorescence microscope

In fl uorescence microscopy, cells are labelled with 
fluorescent probes. Different fluorescent probes 
bind to specifi c cell organelles, and even to specifi c 
proteins. When irradiated with light of a particular 

wavelength, the probes are excited and fl uoresce. Dif-
ferent probes, when excited, produce fl uorescence 
of different colours. Fluorescence microscopy is a 
very sensitive technique that can be used to identify 
aspects of the structure and function of living cells.

fiGURe 2.9 (a) Fluorescence microscopy image of a human bone cancer (osteosarcoma) cell stained with specifi c 
fl uorescent probes. Note the mitochondria (orange), the numerous actin fi laments of the cytoskeleton (green) and the genetic 
material, DNA (blue). (b) A fl uorescence confocal image of a hippocampal neuron (nerve cell) showing excitatory contacts. 
This was a prize-winning image in an international photomicrography competition. (Image courtesy Dr Kieran Boyle)

(a) (b)

Scanning electron microscope (SeM)

In scanning electron microscopy, an electron beam 
interacts with the surface of a bulk specimen. An 
SEM can resolve details down to about 2 nm. It 
reveals texture and surface details, and makes a 
3D shape. Depending on the model, an SEM can 
magnify from 10X to more than 500  000X. SEMs are 
very good for examining the 3D surface of cells and 
tissues.

fiGURe 2.10 Image of pollen grains obtained using 
an SEM. Note the intricate surface details and the 
3D shapes.

transmission electron microscope (teM)

Transmission electron microscopy uses a focused 
electron beam that passes through an ultra-thin slice 
of a cell, revealing very fi ne detail. Depending on the 
model, a TEM can magnify to more than 1  000  000X, 
has a higher resolution than an SEM and can resolve 
detail down to a separation of less than 0.1 nm, 
making atoms visible. TEMs are the premier tool for 
studying cell infrastructure.

fiGURe 2.11 Section of a plant cell showing detail of 
infrastructure as revealed by a TEM
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from microscopy to nanoscopy
In 2014, Professor Stefan Hell, from the Max Planck Institute for 
Biophysical Chemistry in Germany, shared the Nobel Prize in Chemistry 
for ‘super-resolved fl uorescence microscopy’. Professor Hell developed a 
technique known as STED (stimulated emission depletion). Using STED, 
the resolution of fl uorescence microscopy has been increased to just a 
few nanometres. (Compare this with the 200 nm level of resolution of 
traditional optical microscopy.) Th is means that objects separated by a dis-
tance of just a few nanometres can be resolved as distinct objects, not as a 
blurred image. 

Figure 2.12 shows an image of the nuclear pores in an intact nucleus 
obtained using STED technology. Note the clarity of the STED nanoscopy 
image that shows the detail of the pores in the nuclear envelope. Th is is poss-
ible because of the increased resolving power of STED, down to a few nano-
metres. Each pore is surrounded by an outer ring composed of eight protein 
subunits (red fl uorescence). Examine the enlargement at the lower right-
hand corner and see if you can identify an outer ring composed of eight 
protein subunits. Contrast the clarity of the STED nanoscopy image with the 
fuzzy image obtained using conventional confocal fl uorescence micro scopy. 
With a resolving power of only about 200 nm, the confocal technique cannot 
even resolve the separate nuclear pores, let alone resolve the detail of an 
individual pore. 

FIGURE 2.12 STED 
nanoscopy image of the 
nuclear pore complex in 
an intact nucleus. Note the 
clarity of the STED image in 
contrast to the ‘fuzzy’ and 
indistinct image obtained 
using conventional confocal 
� uorescence microscopy. 
Reproduced courtesy of 
Abberior Instruments GmbH/
Stefan W Hell (2014).

ODD FACT

The term ‘nanoscopy’ 
has been introduced as a 
replacement for ‘microscopy’ 
when referring to images 
obtained using super-
resolved techniques, such 
as STED. The pre� x nano- 
means ‘extremely small or 
minute’, while micro-means 
‘very small’.
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key ideAS

 ■ Cells are typically too small to be seen with an unaided eye.
 ■ Instruments for viewing cells are various kinds of optical and electron 
microscopes.

 ■ The maximum resolution of a microscope indicates the distance that  
two points must be separated in order to be distinguished.

 ■ Fluorescence microscopy uses fluorescent probes that bind to cell 
structures and to proteins to reveal detail of the structure and function of 
cells. 

 ■ Scanning electron microscopes (SEM) reveal surface detail and texture.
 ■ Transmission electron microscopes (TEM) reveal fine detail of cell 
ultrastructure. 

 ■ Recent developments include super-resolved fluorescence microscopy 
techniques that produce nanoscopic images.

QUiCk CheCk

3 Given a choice of any kind of microscope, which kind might you choose to 
examine the following:
a a living amoeba
b the detailed ultrastructure of an animal cell
c the surface of a layer of cells
d the distribution of a specific protein in cells?

4 Identify whether each of the following statements is true or false.
a A scanning electron microscope can be used to examine living cells.
b The resolving power of a transmission electron microscope is much 

better that that of a light microscope.
c All kinds of optical microscopes use visible light to illuminate the 

specimens to be viewed.
d A microscope with a magnifying capability of several hundred thousand is 

likely to be a phase contrast microscope.

ultrastructure of eukaryotic cells
The plasma membrane, the boundary of all living cells, was discussed in 
chapter 1. In this section we will explore the internal structure of plant and 
animal cells as examples of eukaryotic cells. We will explore the function of the 
various membrane-enclosed compartments present in both plant and animal 
cells, as well as the smaller number of cell organelles that are not enclosed by 
membranes. In addition, those cell organelles that are present in either plant 
or animal cells will be identified. 

Plant and animal cells, like all eukaryotic cells, are characterised by the pres-
ence of a number of cell organelles enclosed in membranes (see figure 2.13). 
Remember that the presence of these membrane-enclosed organelles, in 
particular the nucleus, is the distinguishing feature of eukaryotic cells. The 
membrane-bound cell organelles found in plant and animal cells include the 
nucleus, mitochondria, the endoplasmic reticulum, the Golgi complex and 
 lysosomes. These cell organelles are held in place by a 3D network of fine 
protein filaments and microtubules within the cell, collectively known as the 
cytoskeleton (see p. 74). Other cell organelles present in eukaryotic cells are 
not enclosed within membranes, for example, ribosomes and microtubules 
(see figure 2.13).

Unit 1 eukaryotes
Concept summary 
and practice 
questions

AOS 1

Topic 1

Concept 3
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(a) Animal cell
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(b) Plant cell

fiGURe 2.13 Diagram showing 
eukaryotic cells: (a) an animal 
cell and (b) a plant cell. What 
are the advantages of having 
separate compartments for 
different functions carried out 
by cells?
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Th e cell organelles in plant and animal cells are located within a fl uid region 
of the cell called the cytosol (shown in pink in fi gure 2.13). Th e cell organelles, 
excluding the nucleus, together with the cytosol form the cytoplasm of a cell.

Some cell organelles are present in plant cells, but not in animals cells:
1. In some plant cells membrane-bound organelles called chloroplasts may 

be seen. 
2. In a mature plant cell a large central vacuole bound by a membrane is 

visible. A plant vacuole can take up to 80 to 90 per cent of the cell volume and 
it pushes the rest of the cell contents up against the plasma membrane (see 
fi gure 2.14a). Plant vacuoles are fl uid-fi lled and are separated from the rest 
of the cytosol by the vacuole membrane, or tonoplast, that controls the entry 
and exit of dissolved substances into the vacuole As a result, the compo-
sition of the vacuole fl uid is diff erent from that of the cytosol. Plant vacuoles 
serve a number of functions, including storage of nutrients and mineral salts, 
and are involved in waste disposal (see discussion of lysosomes, pp. 68–70). 
Vacuoles may contain plant pigments, such as the anthocyanins that pro-
duce the purple and red colours of some fl owers and fruits (see fi gure 2.14b). 

Cell walls
Let’s move outside the plasma membrane to a structure that is present in some 
prokaryotic cells and in the all the cells of plants, algae and fungi, but not in 
animal cells. Th is is the cell wall.

Th e cell wall is located outside and surrounds the plasma membrane. Th e cell 
wall provides strength and support to cells and acts to prevent the over-expansion 
of the cell contents if there is a net movement of water into cells by osmosis. Cell 
walls are present in prokaryotic cells, in some protists and in all plant, algal and 
fungal cells. Th e presence of a cell wall is not a diagnostic feature that allows you 
to decide if a cell is prokaryotic or eukaryotic. Th is decision can only be made 
based on knowledge of the major component(s) in the cell wall. 

Table 2.1 summarises the situation in prokaryotes and eukaryotes. Note 
that animal cells do not have cell walls and this absence serves to distinguish 
animal cells from all other eukaryotic cells.

fiGURe 2.14 (a) TEM image of a mature plant cell showing its 
large vacuole. What separates the fl uid contents of the vacuole 
from the rest of the cell contents? (b) The vacuole is the site of 
the anthocyanin pigments that give the red and purple colours to 
some fruits and fl owers.

(b)(a)

Vacuole
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TAble 2.1 Composition of cell walls in various cell types

type of organism Major compound(s) in cell walls

prokaryote: most bacteria peptidoglycan, a polymer composed of long 
strands of polysaccharides, cross linked by 
short chains of amino acids

prokaryote: most archaea various compounds, including proteins 
or glycoproteins or polysaccharides; 
peptidoglycan not present

eukaryote: all fungi chitin, a complex polysaccharide 

eukaryote: all plants cellulose in the primary cell wall; lignin in the 
secondary cell wall 

Note: Bacteria of the genus Mycoplasma do not have cell walls. Th ese parasitic bacteria are the 
smallest living organisms (just 0.1 µm, or 100 nm). Most are surface parasites growing on cells 
but some species, such as M. penetrans, are intracellular pathogens growing inside the cells of 
their hosts.

All plant cells have a primary cell wall made of fi brils of cellulose com-
bined with other substances (see fi gure 2.15). Th e primary cell wall provides 
some mechanical strength for plant cells and allows them to resist the pressure 
of water taken up by osmosis (refer to fi gure 1.27, p. 30, which shows the dif-
ference in the behaviour of plant and animal cells in hypotonic environments). 
Cells with just a primary cell wall are able to divide and can also expand as the 
cells grow.

Plasma
membrane

Plasma
membrane

Cytoplasm

Plasmodesma

Multi-layered
secondary wall

Middle
lamella

Middle
lamella

Primary
wall

Primary wall

Cellulose �brils
of secondary
wall

fiGURe 2.15 The primary 
cell wall of plant cells is made 
mainly of cellulose fi brils. 
Secondary cell walls that form 
in some cells of woody shrubs 
and trees are thicker and rigid 
because of strengthening by 
lignin. The middle lamella is 
a layer that forms between 
adjacent plant cells and 
this also contains lignin. 
Cytoplasmic connections exist 
between adjacent plant cells 
through pits in the cell wall. 
These connections are known 
as plasmodesmata.

Secondary cell walls develop in woody plants, such as shrubs and trees, 
and in some perennial grasses. Like primary cell walls, secondary cell walls 
are composed of cellulose. However, secondary cell walls are further strength-
ened and made rigid and hard by the presence of lignin, a complex insoluble 
cross-linked polymer. Secondary cell walls are laid down inside the primary 
cell walls, in particular in the various cells of the xylem tissue. As their secon-
dary cell walls continue to thicken the cells die.

Odd fACT

Antibiotics, such as penicillin, 
stop some bacterial 
infections by disrupting the 
synthesis of bacterial cell 
walls. Because animal cells 
lack cell walls, antibiotics 
can be given to people to 
attack bacterial infections 
while leaving human cells 
unaffected. Would you expect 
penicillin to be useful against 
a Mycoplasma infection? 
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Secondary cell walls of dead xylem tissue create the ‘woodiness’ of shrubs 
and trees that gives increased mechanical strength to these plants, enabling 
them to grow high. Secondary cell walls give wood its shape and strength. 
Figure 2.16 is an SEM image of wood showing the various dead cells of xylem 
tissue that form the substance of wood.

fiGURe 2.16 SEM image of a sample of hardwood. The wood is dead xylem 
tissue that consists mainly of the secondary cell walls including: (i) tracheids, small 
elongated cells that make up most of the wood; and (ii) vessels, larger cells but much 
fewer in number. Soft woods from conifer trees can be distinguished from hard woods 
because their wood lacks vessels. 

Nucleus: the control centre
Cells have a complex internal organisation and are able to carry out many 
functions. Th e centre that controls these functions in the cells of animals, 
plants and fungi is the nucleus (see fi gure 2.17).

Th e nucleus is the defi ning feature of eukaryotic cells and it is a dis-
tinct spherical structure that is enclosed within a double membrane, 
known as the nuclear envelope. Th e nuclear envelope is perforated by 

protein-lined channels called 
nuclear pore complexes (NPCs)
(see fi gure 2.18; also refer to 
fi gure 2.12). In a typical ver-
tebrate animal cell, there can 
be as many as about 2000 NPCs 
that control the exchange of 
materials between the nucleus 
and the cytoplasm. Large mol-
ecules are transported into 
and out of the nucleus via the 
nuclear pore complexes. Mol-
ecules that move from nucleus 
to cytoplasm include RNA and 
ribosomal proteins, while large 
molecules that move into the 
nucleus from the cytoplasm 
include proteins.

Odd fACT

Wood essentially consists 
of dead xylem cells, such as 
tracheids, vessels and fi bres. 
The principal components of 
dry wood are cellulose 
(40%–44% of dry weight) and 
lignin (25%–35% of dry weight).

Nucleus

fiGURe 2.17 Fluorescence 
microscope image of 
eukaryotic cells. The nucleus 
in each cell appears as a 
fl uorescent red body. What 
defi nes the shape of the 
nucleus? Based on this image, 
can you suggest whether this a 
cell from an animal or a plant?
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A light microscope view reveals 
that the nucleus of a eukaryotic 
cell contains stained material 
called chromatin that is made of 
the genetic material deoxyribo -
nucleic acid (DNA). Th e DNA is 
usually dispersed within the 
nucleus. During the process of cell 
reproduction, however, the DNA 
becomes organised into a number 
of rod-shaped chromosomes. Th e 
nucleus also contains one or more 
large inclusions known as nucleoli 
(singular: nucleolus) that are 
composed of ribonucleic acid 
(RNA). The nucleolus is not 
enclosed within a membrane. Th e 
function of the nucleolus is to pro-
duce the ribosomal RNA (rRNA) 
that forms part of the ribosomes 
(see below). 

Th e nucleus houses the genetic material and the functions of the nucleus 
include: 
•	 control of DNA replication during cell division
•	 repair of the genetic material
•	 initiation of gene expression 
•	 control of the metabolic activities of a cell by regulating which genes are 

expressed.
All cells have the same complement of DNA (except for reproductive cells), 

but the set of genes expressed in one type of cell diff erentiates these cells from 
cells of another type. For example, smooth muscle cells express the genes for 
contractile proteins, actin and myosin. Th ese genes are silent in salivary gland 
cells that express the gene for the digestive enzyme, amylase. Both cells, how-
ever, express the genes concerned with essential life processes, such as those 
involved with cellular respiration. 

Textbook diagrams typically show a cell as having a single nucleus. Th is is the 
usual situation, but it is not always the case. Some liver cells have two nuclei. 
Your bloodstream contains very large numbers of mature red blood cells, each 
with no nucleus. However, at an earlier stage, as immature cells located in your 
bone marrow, these cells did have a nucleus. Given the function of red blood 
cells, can you think of any advantage that the absence of a nucleus might give 
to them? Skeletal muscle is the voluntary muscle in your body that enables you 
to stand up or pick up a pen or kick a soccer ball. Skeletal muscle consists of 
long fi bres that are formed by the fusion of many cells. Such structures contain 
many nuclei and are said to be multinucleate. 

Mitochondria: the energy-suppliers
Living cells are using energy all the time. Th e readily useable form of 
energy for cells is the chemical energy present in the compound known as 
adenosine triphosphate (ATP) (see fi gure 2.19). Th e supplies of ATP in living 
cells are continually being used and so must continually be replaced. 

In eukaryotic cells, ATP production occurs mainly in the cell organ-
elles known as mitochondria (singular: mitochondrion from the Greek, 
mitos = thread; chondrion = small grain). Mitochondria are not present in 
prokaryotic cells — their size alone would make this impossible (refer to 
fi gure 1.11, p. 11).

fiGURe 2.18 False coloured 
freeze–fracture TEM image of 
part of the nuclear envelope 
of a liver cell. The inner 
membrane (top blue) and the 
outer membrane (brown) are 
both visible. The rounded pores 
on the membrane allow large 
molecules to exit the nucleus 
and move into the cytosol. What 
large molecules might move 
from the nucleus to the cytosol?

Mitochondrion

Odd fACT

The term ‘chromosome’ 
means ‘coloured body’. The 
fact that the cell of each 
species contains a defi nite 
number of chromosomes was 
fi rst recognised in 1883.
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fiGURe 2.19 Chemical structure of 
ATP, adenosine triphosphate. Note 
the three phosphate groups in this 
molecule, hence tri(= 3)phosphate.
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Plant and animal cells produce ATP in the process of cellular respiration, 
a series of biochemical reactions that, in the presence of oxygen, transfer the 
chemical energy of sugars to the energy in chemical bonds in ATP. ATP is the 
readily useable form of energy for cells. (Th is topic is covered in chapter 3.) 
Part of the process of cellular respiration occurs in the cytosol but this series 
of reactions (glycolysis) produces only a small amount of ATP. It is the stages 
of cellular respiration that occur in the mitochondria and make use of oxygen 
that produce the greatest amounts of ATP — more than 95 per cent — this is 
why mitochondria are often referred to as the ‘powerhouses’ of the cell. 

Mitochondria cannot be resolved using a light microscope, but can easily 
be seen with an electron microscope. Each mitochondrion has a smooth outer 
membrane and a highly folded inner membrane (see fi gure 2.20). Note that 
this structure creates two compartments within a mitochondrion.  Carriers 
embedded in the folds or cristae (singular: crista) of the inner membrane are 
important in cellular respiration (see chapter 3).

(a)

Intermembrane
space

Inner membrane Matrix
Outer 
membrane

fiGURe 2.20 (a) Diagram of a mitochondrion 
showing its two membranes. Which is more 
highly folded: the outer or the inner membrane? 
(b) False coloured scanning electron micrograph 
of a section through a mitochondrion (pink) 
(c) TEM of a mitochondrion (78  000X); 
m = mitochondrion, cm = cell membranes 
(plasma membrane) of two adjacent cells

(b)

(c)

Odd fACT

Mitochondria were fi rst 
recognised as cell organelles 
in 1890 by Richard Altmann, 
a German cytologist. He 
called them ‘bioblasts’, 
but they were re-named 
‘mitochondria’ in 1898.

Unit 1 Cellular 
respiration
Concept summary 
and practice 
questions

AOS 1

Topic 3

Concept 3
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Th e number of mitochondria in diff erent cell 
types varies greatly. In general, the more active 
the cell, the greater the number of mitochondria 
in that cell. For example, liver cells have one to 
two thousand mitochondria per cell. (Refer to 
table 1.2, p. 19 and check the relative volume of 
a liver cell that is occupied by its mitochondria.) 
In contrast, mature red blood cells have no mito-
chondria. Th e diff erence between these two cell 
types is that the liver is a vital organ and its cells 
carry out various functions related to digestion, 
immunity, and the storage and release of nutri-
ents, all of which require an input of energy. Red 
blood cells, however, are eff ectively just bags of 
haemoglobin that are carried passively around 
the bloodstream. Relative to other cells, red 
blood cells have very low energy needs that can 
be met by fermentation, a less effi  cient process 
of ATP production. 

Figure 2.21 shows cells labelled with 
fl uorescent probes that are specifi c for dif-
ferent cell organelles; note the large number 
of mitochondria (stained red). What does this 
suggest about the metabolic activity of these 
cells?

key ideAS

 ■ Eukaryotic cells are partitioned into several compartments, each bound by 
a membrane, with each compartment having specifi c functions.

 ■ In eukaryotic cells, the nucleic acid DNA is enclosed within the nucleus, a 
double–membrane bound organelle.

 ■ The nucleolus is the site of production of RNA.

 ■ Living cells use energy all the time, principally in the form of chemical 
energy present in ATP.

 ■ Mitochondria are the major sites of ATP production in eukaryotic cells.

 ■ The density of mitochondria in a cell refl ects its energy needs.

QUiCk CheCk

5 Identify whether each of the following is true or false, giving a brief 
explanation where needed.
a A nucleus from a plant cell would be expected to have a nuclear envelope.
b Prokaryotic cells do not have DNA.
c  A mature red blood cell has high energy needs and, in consequence, 

has large numbers of mitochondria.
6  What is the difference between the cytosol and the cytoplasm of a cell?
7 A cell has a cell wall. What conclusion can be drawn about the kind of 

organisms from which it came?

ribosomes: protein factories
Cells make a range of proteins for many purposes. For example, development 
of human red blood cells in the bone marrow manufacture of haemoglobin, 
an oxygen-transporting protein; manufacture of the contractile proteins, actin 

Odd fACT

It is estimated that about 
40 per cent of the cytoplasmic 
space in heart muscle is 
occupied by mitochondria. 

Ribosomes

fiGURe 2.21 Living cells labelled with fl uorescent probes that 
detect and bind to specifi c cell organelles. Mitochondria show 
red fl uorescence, the Golgi complex shows green fl uorescence 
and the DNA — the genetic material — fl uoresces blue. Where 
are the mitochondria located in a cell? Where is the DNA located?
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and myosin by the muscle cells; and manufacture of the hormone insulin and 
digestive enzymes including lipases by diff erent cells of the pancreas.

Ribosomes are the site in the cell where proteins are made. It is on the ribosomes 
that amino acids are assembled and joined into polypeptide chains or proteins. Th e 
diameter of a ribosome is only about 0.03 µm. Because of their very small size, ribo-
somes can be seen only through an electron microscope (see fi gure 2.22a). How-
ever, ribosomes are present in very large numbers in a cell. Ribosomes in animal 
and plant cells are composed of about two-thirds RNA and one-third protein. 

Within a cell, many ribosomes are attached to membranous channels 
known as the endoplasmic reticulum (see next section). Other ribosomes are 
found free in the cytosol. Proteins produced by ribosomes on the endoplasmic 
reticulum (see fi gure 2.22b) are generally exported from the cell. Proteins 
made by ‘free’ ribosomes are for local use within the cell.

fiGURe 2.22 (a) TEM image of a section of cell showing the rough endoplasmic reticulum (er) with ribosomes (ri). Note also the 
nucleus (n) inside its nuclear membrane or envelope (ne). Ribosomes are only about 0.03 µm in diameter so they appear as tiny 
dots in this image. Are ribosomes enclosed in a membrane? (b) 3D representation of the endoplasmic reticulum with ribosomes

ri

(a)

Ribosomes

Transport channel

(b)

endoplasmic reticulum: active 
channels 
The endoplasmic reticulum (ER) is an inter-
connected system of membrane-enclosed 
flattened channels. Figure 2.23 shows 
part of the channels of the endoplasmic 
reticulum in a eukaryotic cell. Refer also to 
fi gure 2.22a. Where the ER has ribosomes attached 
to the outer surface of its channels, it is known 
as rough endoplasmic reticulum. Without 

Odd fACT

Ribosomes can join amino 
acids into a protein chain 
at the rate of about 200 per 
minute.

fiGURe 2.23 False coloured scanning electron micrograph 
of part of a eukaryotic cell showing the channels of rough ER 
(pink). Note the many tiny bead-like structures attached to 
the outside of the ER channels. What are these structures? 

Endoplasmic
reticulum
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ribosomes, the term smooth endoplasmic reticulum is used. Th e rough ER and 
the smooth ER are separate networks of channels and they are not physically 
connected. 

Both the rough ER and the smooth ER are involved in transporting diff erent 
materials within cells, but they are not passive channels like pipes. As well as 
their roles in internal transport within a cell, the rough ER and the smooth 
ER have other important functions, as outlined below. 

rough er
Th rough its network of channels, the rough ER is involved in transporting 
some of the proteins to various sites within a cell. Proteins delivered from 
the ribosome into the channels of the rough ER are also processed before 
they are transported. Th e processing of proteins within the rough ER 
includes: 
•	 attaching sugar groups to some proteins to form glycoproteins
•	 folding proteins into their correct functional shape or conformation
•	 assembling complex proteins by linking together several polypeptide 

chains, such as the four polypeptide chains that comprise the haemo-
globin protein. 

Smooth er
Th e smooth ER of diff erent cells is involved in the manufacture of substances, 
detoxifying harmful products, and the storage and release of substances. 

For example:
•	 Th e outer membrane surface of the smooth ER is a site of synthesis of lipids; 

these lipids are then enclosed in a small section of the smooth ER mem-
brane that breaks off  and transports the lipids to sites within the cell where 
they are either used or exported from the cell. 

•	 In cells of the adrenal gland cortex and in 
hormone-producing glands, such as ovaries 
and testes, the smooth ER is involved in the 
synthesis of steroid hormones, for example, 
testosterone. 

•	  In liver cells, the smooth ER detoxifi es harmful 
hydrophobic products of metabolism and 
barbiturate drugs by converting them to 
water-soluble forms that can be excreted via 
the kidneys. 

•	  In liver cells, the smooth ER stores glycogen as 
granules on its outer surface (see fi gure 2.24) 
and breaks it down into glucose for export from 
the liver.
Th e importance of both rough and smooth ER 

in their various cellular functions is highlighted 
by the fact that, in an animal cell, about half of the 
total membrane surface is part of the endoplasmic 
reticulum. 

Odd fACT

An estimated 13 million 
ribosomes are attached to 
the rough ER in a typical 
human liver cell. 

fiGURe 2.24 TEM image of an area of liver cell with 
an abundant supply of smooth ER (parallel membrane-
lined channels). Dark clusters of glycogen particles 
(black dots) are visible around the smooth ER. Also 
visible are sections of mitochondria (large circular 
shapes).

Odd fACT

Smooth ER in liver cells 
can double its surface area 
when it is in ‘detox’ mode in 
response to the toxic effects 
of an overdose of barbiturate 
drugs or an alcoholic binge. 
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golgi complex: the exporter
Some cells produce proteins that are intended for use outside the cells where 
they are formed. Examples include the following proteins that are produced by 
one kind of cell and then exported (secreted) by those cells for use elsewhere 
in the body:
•	 the digestive enzyme pepsin, produced by cells lining the stomach and 

secreted into the stomach cavity
•	 the protein hormone insulin, produced by cells in the pancreas and secreted 

into the bloodstream
•	 protein antibodies, produced in special lymphocytes and secreted at an area 

of infection.
How do these substances get exported from cells? Th e cell organelle respon-

sible for the export of substances out of cells is the Golgi complex, also known 
as the Golgi apparatus. Th e Golgi complex has a multi-layered structure com-
posed of stacks of membrane-lined channels (see fi gure 2.25).

fiGURe 2.25 (a) False coloured 
TEM image of the Golgi complex 
(orange). Note the stacks of 
fl attened membrane-lined 
channels with their wider ends 
that can break free as separate 
vesicles. (b) 3D representation 
of the Golgi complex. Note 
the vesicles breaking off from 
the ends of the Golgi complex 
membranes. What is their role?

(b)(a)

Proteins from the rough ER that are intended for export must be transferred 
to the Golgi complex. Figure 2.26 outlines the pathway followed. Because there 
is no direct connection between the membranes of the ER and the Golgi com-
plex, the proteins are shuttled to the Golgi complex in membrane-bound 

Golgi
complex

Odd fACT

The Golgi complex is named 
after Camillo Golgi who, in 
1898, fi rst identifi ed this cell 
organelle.

Rough
endoplasmic
reticulum

Ribosomes

Secretory
vesicle

Golgi
complex

Membrane
fusion 
occurring

Transition
vesicle

Cytoplasm
of cell

Discharge by
exocytosis; 
for example,
a hormone

fiGURe 2.26 The secretory 
export pathway for proteins. 
Packages of protein are 
transferred from the rough ER in 
transition vesicles to the Golgi 
complex where they are taken 
in. From the Golgi complex, 
the secretory vesicles with 
their protein cargo move to the 
plasma membrane of the cell, 
merge with it and discharge 
their contents.
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transition vesicles. The vesicles are taken into the Golgi complex where the 
proteins are concentrated and packaged into secretory vesicles that break free 
from the Golgi complex. The secretory vesicles move to the plasma membrane 
of the cell where they merge with it, discharging their protein contents. (Is this 
an example of exocytosis or endocytosis? Refer to chapter 1, pp. 38–9.) Lipids 
synthesised on the smooth ER and intended for export follow a similar pathway.

key ideAS

 ■ Ribosomes are cell organelles where proteins are manufactured.
 ■ The endoplasmic reticulum (ER) is made of a series of membrane-bound 
channels.

 ■ Rough ER is so named because of the presence of ribosomes on the 
external surface of its membranes. 

 ■ Rough ER is involved in processing of proteins and in their transport. 
 ■ Smooth ER lacks ribosomes and has several functions, including the 
synthesis of lipids and detoxifying harmful substances. 

 ■ The Golgi complex packages substances into vesicles for export from  
a cell.

QUiCk CheCk

8 Identify whether each of the following is true or false.
a The RNA of the ribosomes is made in the nucleolus.
b Rough ER and smooth ER serve the same functions in a eukaryote cell. 
c The folding of a protein into its functional 3D shape takes place on the 

ribosomes.
d Ribosomes are membrane-bound organelles that form part of the cell 

cytoplasm.
e The channels of the Golgi complex are connected to those of the ER.

9 A scientist wished to examine ribosomes in a liver cell.
a Where should the scientist look: in the nucleus or the cytoplasm?
b What kind of microscope is likely to be used by the scientist: a light 

microscope or a transmission electron microscope? Explain. 
10 List one similarity between rough ER and smooth ER.
11 Identify two differences between rough ER and smooth ER, one structural 

and one functional.
12 The liver is an important organ in detoxification of harmful substances. 

What organelle in liver cells is active in this process?

lysosomes: the digestors
The cytoplasm of animal cells contains fluid-filled sacs enclosed within a 
single membrane, typically spherical in shape with diameters in the range 
of 0.2 to 0.8 µm. The fluid in these cell organelles contains a large number 
(about 50) of digestive enzymes that can break down carbohydrates, proteins, 
lipids, polysaccharides and nucleic acids. These lysosomal enzymes are only 
active in an acidic environment (pH about 4.8). These cell organelles are 
known as lysosomes (lysis = destruction; soma = body) (see figure 2.27) and 
they were first identified as cell organelles in 1955 by Christian du Dve, a 
Belgian cytologist. 

A similar function is carried out in plant cells by vacuoles containing a 
similar range of enzymes to those in the lysosomes of animal cells. Some 
experts call these lysosome-like vacuoles, while others simply call them plant 
lysosomes. Lysosomes
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Functions of lysosomes include:
•	 digestion of some of the excess macromolecules 

within a cell. Th e excess material is delivered to the 
lysosome where it is broken down into small subunits 
by specifi c enzymes, such as proteins to their amino 
acid subunits and polysaccharides to their sugar sub-
units. Th e subunits are released from the lysosome 
into the cytoplasm where they can be re-used — an 
example of recycling at the cellular level.

•	 breakdown of non-functioning cell organelles 
that are old and/or damaged and in need of turn-
over — a process known as autophagy (from the 
Greek: auto = self; phagy = eating)

•	 breakdown of substances, such as bacteria, 
brought into the cell by phagocytosis (refer to 
chapter 1, p. 39). 
Defects of the lysosome enzymes can occur. If an 

enzyme is defective, it can no longer digest the excess 
or unwanted substance that is the specifi c target of 
that enzyme. Instead, the substance accumulates in 
the lysosomes, causing a disruption of normal cell 
function. Disorders arising from defective lysosomal 

enzymes are called lysosome storage diseases. About 50 of these disorders 
have now been identifi ed. 

Th e fi rst clue to the existence of lysosome storage diseases came from 
investigations by a Dutch pathologist, JC Pompe, into the unexpected death of 
a 7-month-old baby in 1932 from a disorder that is now known as 
Pompe disease. Th e postmortem showed that the baby had an enlarged heart 
and that the heart muscle and other tissues contained abnormal deposits of 
glycogen, a carbohydrate macromolecule. Th e next clue came in 1954, when 
this disorder was recognised as being a defect in the cellular metabolism of 
glycogen. Th en came the discovery of lysosomes as a cell organelle in 1955. 
Finally, in the 1960s, scientists deduced that the abnormal deposits of glycogen 
in the tissues of persons with Pompe disease were the result of an absent or a 
defective enzyme in lysosomes that breaks down glycogen (see fi gure 2.28). 
Th us, Pompe disease became the fi rst disorder to be classifi ed as a lysosome 
storage disease. Th e defective enzyme in Pompe disease is acid maltase and its 
production is controlled by a gene on the number-17 human chromosome.

fiGURe 2.28 Light microscope images of samples of muscle tissue affected by 
Pompe disease. The left and middle images have been treated with different stains, 
while the image on the right has been treated to detect the presence of a particular 
lysosomal enzyme. All three images show the key feature of Pompe disease, namely 
the presence of many vacuoles containing glycogen (stained purple) that crowd 
the muscle fi bres. The image on the right shows the presence of an enzyme that is 
present in lysosomes, indicating that these vacuoles are lysosomes.

Plant vacuoles were once regarded 
as having a storage function only. 
Later studies (e.g. ‘Barley aleurone 
cells contain two types of vacuoles: 
Characterization of lytic organelles 
by use of fl uorescent probes’, 1998) 
reported the existence of a second 
kind of plant vacuole containing 
hydrolytic (digestive) enzymes.

Weblink 
Pompe disease 

fiGURe 2.27 High-resolution false coloured scanning 
electron microscope image of a lysosome (green) from a 
pancreatic cell. The material inside the membrane wall of the 
lysosome is material undergoing digestion. What causes this 
digestion? Note the surfaces of the nearby membranes of the 
endoplasmic reticulum (pink) that are covered with ribosomes. 
Is the ER in this image rough ER or smooth ER?

UNCORRECTED P
AGE P

ROOFS



Nature of biology 170

Other lysosome storage diseases are Tay-Sachs disease (fi rst described 
in 1881), in which an abnormal accumulation of lipids occurs, and 
Hurler syndrome (fi rst described in 1919), in which an abnormal accumu-
lation of complex carbohydrates occurs. However, while these disorders were 
described and named as clinical entities at the times indicated above, their 
underlying causes were not identifi ed until much later. For example, it was not 
until 1969 that Tay-Sachs disease was shown to be the result of a defect in one 
specifi c lysosomal enzyme, hexosaminidase. 

Peroxisomes: breakdown sites
Another small cell organelle found in the cytoplasm of both plant and animal 
cells is the peroxisome. Peroxisomes were discovered in 1954 from electron 
microscopy studies of cell structure. Th ey range in diameter from about 0.1 to 
1.0 µm. Can you suggest why these cell organelles were discovered so much 
later than other cell organelles, such as mitochondria? 

Peroxisomes have a single membrane boundary and contain a large number 
of enzymes; about 50 peroxisomal enzymes have been identifi ed to date, 
including catalase and peroxidase. 

Peroxisomes can be investigated in live cells using fl uorescent fusion pro-
teins targeted to this organelle (see fi gure 2.29).

fiGURe 2.29 Peroxisomes 
made visible in a living 
cell with a fl uorescent 
protein (green) that targets 
the peroxisomes. This 
image was made using 
CellLight® Peroxisome-GFP, 
BacMam 2.0. What does this 
image suggest about the 
importance of peroxisomes in 
living cells?

Peroxisomes carry out several functions in cellular metabolism, including 
the oxidation of fatty acids, an important energy-releasing reaction in some 
cells. Another role of peroxisomes is the breakdown of substances that are 
either toxic or surplus to requirements. For example, hydrogen peroxide 
(H2O2) is produced during normal cell metabolism. If it is not rapidly broken 
down, H2O2 poisons the cell. Th e peroxisome enzyme catalase breaks down 
hydrogen peroxide to water and oxygen, preventing its accumulation and toxic 
eff ects. 

catalase
2H2O2  2H2O + O2

Odd fACT

In 1932, the pathologist 
JC Pompe gave the name 
‘cardiomegalia glycogenica 
diffusa’ to the disorder that 
he was the fi rst to identify. 
This disorder is now known 
as Pompe disease or acid 
maltase defi ciency or 
glycogen storage disease II.
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Peroxisomes also break down long chain fatty acids. Normally, a specifi c trans-
port protein on the peroxisome membrane brings long chain fatty acids across 
the membrane into the peroxisomes for breakdown. A defect in this transport 
protein causes the very rare disorder known as ALD (adreno-leuko-dystrophy). 
When this transport protein is defective, long chain fatty acids progressively 
accumulate in body cells, most particularly in brain cells. Th is accumulation 
results in the loss of the myelin sheaths that protect neurons and in the degen-
eration of the white matter of the brain. Childhood-onset ALD that occurs in 
boys is the most devastating form. You may have seen or heard of the 1992 
fi lm Lorenzo’s Oil that told the story of Lorenzo Odone, a 6-year-old boy diag-
nosed with ALD, and his parents who developed an oil in an attempt to assist 
their son (see fi gure 2.30). Th is oil does not cure ALD but there is evidence that 
it may slow the appearance of ALD if administered before the onset of symp-
toms. Lorenzo died in May 2008, aged 30 years. 

fiGURe 2.30 Actor Nick Nolte 
in the role of Augusto Odone, 
father of Lorenzo, in the 1992 
fi lm Lorenzo’s Oil 

Chloroplasts: energy converters
Solar-powered cars have travelled right across Australia. Th e power for these 
cars is not the chemical energy present in petrol but the radiant energy of sun-
light trapped and converted to electrical energy by solar cells. Use of solar cells 
is common in Australian households and can be seen in the solar cells on the 
roofs of houses. 

Solar cells are a relatively new technology. However, thousands of millions 
of years ago, some bacteria developed the ability to capture the radiant energy 
of sunlight and to transform it to chemical energy present in organic molecules 
such as sugars. Th is ability exists in algae and plants. Th e remarkable orga-
nelles present in the cells of plants and algae that can capture the energy of 
sunlight function are the chloroplasts (see fi gure 2.31a). Th e complex process 
of converting sunlight energy to chemical energy is known as photosynthesis. 
Photosynthesis is discussed further in chapter 3. 

Chloroplasts are relatively large cell organelles and, when present in a plant 
cell, can be easily seen using a light microscope. Th e green colour of a chloro-
plast is due to the presence of light-trapping pigments known as chlorophylls. 
Each chloroplast is enclosed in two membranes, termed an outer and an 
inner membrane. In addition, a third membrane is present internally and 
this is folded to create an intricate internal structure consisting of many fl at-
tened membrane layers called grana. Th e surfaces of the grana provide a large 

ALD has an incidence of about 1 in 
17  000 newborns. 

Odd fACT

Lorenzo’s Oil is a combination 
of a 4:1 mix of oleic acid and 
erucic acid, extracted from 
rapeseed oil and olive oil.

Unit 1 Photosynthesis
Concept summary 
and practice 
questions

AOS 1

Topic 3

Concept 2
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area where chlorophyll pigments are located. Th e region of fl uid-fi lled spaces 
between the grana is known as the stroma (see fi gure 2.31b). (Chloroplasts 
also have other pigments and these will be examined in chapter 3, p. 100.)

fiGURe 2.31 (a) Internal structure of a chloroplast showing the many layers of its internal membrane (b) 3D representation of 
a chloroplast (c) SEM (78  000X) image of a fractured chloroplast from the cell of a red alga (scale bar = 1 µm)

(a) Grana Inner
membrane

Stroma

Outer
membrane

(b)

(c)

Chloroplasts are not present in all plant cells; they are found only in the 
parts of a plant that are exposed to sunlight, such as the cells in some parts of 
leaves (see fi gure 2.32) and in stems.

flagella and cilia: moving around
For some unicellular eukaryotes, their ability to move 
depends on the presence of special cell structures. Look at 
fi gure 2.33. In the case of Paramecium, a eukaryotic uni-
cellular protist, these structures are cilia (singular: cilium, 
from the Latin meaning ‘eyelash’). In the case of Euglena, 
the structures are fl agella (singular: fl agellum, from the 
Latin meaning ‘whip’). As well as their presence in these 
protists, cilia and fl agella are also found in animals (but are 
very rare in plants).

fiGURe 2.32 False coloured SEM image of a section of a leaf. 
Sandwiched between the upper and lower leaf surfaces are the 
cells that contain chloroplasts. Chloroplasts are not present in 
the cells of the upper and lower surface of a leaf. 
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Direction of motion

Direction of motion

(a) Flagellum

(b) Cilia

fiGURe 2.33 
(a) Flagellum on Euglena 
(b) Cilia on Paramecium

Cilia are shorter than fl agella and multiple cilia can occur on a cell; for 
example, Paramecium is covered with several thousand cilia. Flagella are much 
longer than cilia and typically only one or sometimes two are present per cell. 
However, eukaryotic cilia and fl agella share the same basic structure. Each 
cilium and fl agellum is enclosed in a thin extension of the plasma membrane. 
Inside this membrane are microtubules arranged in a particular ‘9 + 2’ pattern 
(see fi gure 2.34). Each microtubule is composed of 13 protein fi laments 
forming a circular hollow tube.

Cross-section of �agellum or cilium

Microtubules in
cross-section

Plasma
membrane

fiGURe 2.34 Cross-section 
through a eukaryotic cilium. 
Both cilia and fl agella have 
the same arrangement of 
microtubules in their structure, 
with 9 paired microtubules 
in an outer ring and 2 central 
microtubules. A microtubule 
consists of 13 protein fi laments 
that form a hollow tube. 

Some eukaryotic animals are sessile (fi xed to one spot) and live in aquatic 
habitats, for example, sponges and oysters. How do they feed? Th ese organ-
isms use their cilia to create water currents that bring oxygen and other sub-

stances, such as food particles, past them. Specialised cells 
then trap the food particles. 

In the human body, the cells lining the trachea, or air pas-
sage, have cilia that project into the cavity of the trachea. 
Mucus in the trachea traps dust and other particles and even 
potentially harmful bacteria. Th e synchronised movement of 
the cilia moves the mucus up the trachea to an opening at the 
back of the throat. Cells lining the fallopian tubes also have 
large numbers of cilia (see fi gure 2.35). Th e beating of these 
cilia moves an egg from the ovary towards the uterus.

fiGURe 2.35 Cilia on the outer surface of cells lining the fallopian 
tubes. Are these cilia outside or inside the plasma membrane? 
Clue: Looks can be deceiving.
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Human sperm are examples of human cells that have a fl agellum 
that enables their movement. Sperm cells are the only human cells with 
fl agella.

Cytoskeleton: the scaffold
Cell organelles are not fl oating freely like peas in soup. Th ey are supported by 
the cytoskeleton of the cell. Th e cytoskeleton forms the 3D structural frame-
work of eukaryotic cells. Th e cytoskeleton and its components are important to 
cell functioning because they:
•	 supply support and strength for the cell
•	 determine the cell shape
•	 enable some cell mobility
•	 facilitate movement of cell organelles within a cell 
•	 move chromosomes during cell division. 

Figure 2.36 shows the extent of the cytoskeleton within a cell. Diff erent 
colours denote diff erent components of the cytoskeleton. 

Th e cytoskeleton has three components as shown in 
fi gure 2.37:
1. Microtubules. Hollow tubes, about 25 nm in 

diameter with an average length of 25 µm (but may 
be much longer); the walls of the tube are com-
posed of chains of a spherical protein, tubulin (see 
fi gure 2.37a). Microtubules move material within 
cells and give cilia and fl agella their structure and 
motion. 

2. Intermediate fi laments. Tough threads, about 
10 nm in diameter, woven in a rope-like arrange-
ment; composed of one or more kinds of pro-
tein, depending on cell type. For example, in skin 
cells, intermediate fi laments are made of the pro-
tein keratin that is also found in skin and nails 
(see fi gure 2.37b). Intermediate fi laments give 
mechanical support to cells. 

3. Microfi laments. Th innest of threads ranging from 
3 nm to 6 nm in diameter; composed mainly of the 
spherical protein, actin (see fi gure 2.37c). Actin fi l-
aments are responsible for the movement of cells.

25 nm

Tubulin subunits

(a) Microtubules

10 nm

Tetramer subunits

(b) Intermediate filaments

7 nm

Actin subunit

(c) Microfilaments

fiGURe 2.37 Components of the cytoskeleton in eukaryotic cells (a) Microtubule 
(side view above, top view below). Microtubules are built of the spherical protein, 
tubulin. (b) Side view of intermediate fi lament. Note the rope-like arrangement. 
(c) Side view of microfi lament. The building blocks of microfi laments are the 
protein, actin.

fiGURe 2.36 The cytoskeleton 
of the cell is a dynamic 3D 
scaffold in the cell cytoplasm. 
This fl uorescent microscope 
image shows the extensive 
distribution of different 
coloured fl uorescent probes, 
each targeted to a different 
component of the cytoskeleton.
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key ideAS

 ■ Lysosomes are membrane-bound cell organelles whose functions include 
the breakdown/digestion of extracellular and intracellular material.

 ■ The fluid within lysosomes contains large numbers of digestive enzymes. 
 ■ Peroxisomes are membrane-bound cell organelles that have several 
functions including the removal of toxic products of metabolism and the 
energy-releasing oxidation of long chain fatty acids. 

 ■ Chloroplasts are cell organelles, bound by a double membrane and 
containing chlorophyll on layers of an internal folded membrane.

 ■ Chloroplasts can use the energy of sunlight to build organic molecules 
from carbon dioxide.

 ■ Flagella and cilia have a similar structure and are concerned with 
movement, either of an organism or of fluids and other substances.

 ■ The cytoskeleton of a cell is the 3D structural framework of eukaryotic 
cells that provides support for the cell organelles.

QUiCk CheCk

13 Identify whether each of the following statements is true or false, giving  
a brief explanation where needed.
a Chloroplasts are enclosed within a single membrane.
b Peroxisomes carry out the oxidation of long chain fatty acids.
c The enzyme catalase is one of the many enzymes present in 

peroxisomes.
d Chloroplasts are present in all plant cells.
e Fatty acids enter peroxisomes by simple diffusion.
f The fluid within lysosomes contains about 50 digestive enzymes.
g Cell organelles operate independently of each other. 

14 Where in a plant cell would you find chloroplast-containing cells?
15 Identify one difference between cilia and flagella.
16 Identify one similarity between cilia and flagella:

a in terms of structure
b in terms of function.

17 What is the cause of Pompe disease?
18 In what cell organelle would you expect to find the following structures?

a Stroma 
b Grana 
c Microtubules

Putting it together
Organelles within a eukaryotic cell do not act in isolation but have a high 
degree of interdependence. 

Cell organelles interact in cell functioning
The cell is both a unit of structure and a unit of function. The normal func-
tioning of each kind of cell depends on the combined and coordinated actions 
of its various organelles, including the plasma membrane, nucleus, mitochon-
dria, ribosomes, endoplasmic reticulum, Golgi complex and peroxisomes. 
These cell organelles have a high degree of interdependence.

How many cell organelles are involved in the production of a specific pro-
tein for use outside the cell? Table 2.2 identifies the various cell organelles 
involved in this process.

Unit 1 Cell organelles
Concept summary 
and practice 
questions

AOS 1

Topic 1

Concept 5

UNCORRECTED P
AGE P

ROOFS



Nature of biology 176

TAble 2.2 Cell organelles involved in producing a specifi c protein for use
outside that cell

Structure function

plasma membrane structural boundary that controls the entry of raw 
materials into the cell, such as amino acids, the building 
blocks of proteins

nucleus organelle that contains the DNA which has the coded 
instructions for making the protein

ribosome organelle where amino acid subunits are linked, according 
to DNA instructions, to build the protein

mitochondrion organelle where ATP is formed; provides an energy source 
for the protein-manufacturing activity

endoplasmic 
reticulum

organelle that receives the protein from the ribosome and 
where the protein is folded into the correct shape and 
then transported to the next station

Golgi complex organelle that packages the protein into vesicles for 
transport across the plasma membrane and out of the cell

peroxisome organelle that detoxifi es H2O2 produced in many 
metabolic reactions

the endosymbiosis theory
In her early academic career Lynn Margulis (1938–2011) wrote a paper relating 
to the origin of eukaryotic cells and submitted it for publication to scientifi c 
journals. Th is paper was rejected about 15 times before it was fi nally pub-
lished in 1967, but even then its contents were largely ignored for more than 
a decade. Why? In her paper Margulis put forward the proposal that some of 
the cell organelles in eukaryotic cells, in particular mitochondria and chloro-
plasts, were once free-living prokaryotic microbes. She proposed that eons 
ago some primitive microbes were taken into another cell  —  perhaps by 
endocytosis — conferring an advantage on both the host cell and its ingested 
microbe. Fanciful? Keep an open mind for the moment. A host cell taking in 
a sunlight-trapping microbe would have a new source of energy; a host cell 
taking in an oxygen-using microbe would have a more effi  cient process of 
producing energy. 

Th e term ‘symbiosis’ (syn = together; bios = life) refers 
to an interaction between two diff erent kinds of organism 
living in close proximity in a situation where often each 
organism gains a benefi t as in, for example, the close 
association of a fungus and an alga that form a partner-
ship called a lichen (see fi gure 2.38). 

Endosymbiosis is a special case of symbiosis where one 
of the organisms lives inside the other. Margulis’s proposal 
is now termed the Endosymbiosis Th eory.

A few facts about mitochondria and chloroplasts for 
consideration:
•	  Both contain their own genetic material, arranged as a 

single circular molecule of DNA, as occurs in bacteria.
•	  Both contain ribosomes of the bacterial type that are 

slightly smaller than those of eukaryotes.
•	  Both reproduce by a process of binary fi ssion as occurs 

in bacteria.
•	  Both have sizes that fall within the size range of bac-

terial cells.

Odd fACT

In 1908, the Russian scientist 
Mereschkowsky suggested 
that chloroplasts were once 
free-living bacteria that 
later ‘took up residence’ in 
eukaryotic cells.

fiGURe 2.38 Lichens are a 
symbiotic association between 
an alga and a fungus. Here 
you can see different kinds of 
lichens. 
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In addition, genomic comparisons indicate that chloroplasts are most closely 
related to modern cyanobacteria; these are photosynthetic microbes that pos-
sess chlorophyll, enabling them to capture sunlight energy and use that energy 
to make sugars from simple inorganic material. Genomic comparisons indi-
cate that mitochondria are most closely related to modern Rickettsia bacteria. 

Th is evidence and ongoing biochemical and genetic comparisons sup-
port the view that mitochondria and chloroplasts share an evolutionary past 
with prokaryotes. Th e theory of endosymbiosis is now generally accepted as 
explaining in part the origin of eukaryotic cells, in particular the origin of their 
chloroplasts and mitochondria. 

Endosymbiosis is not just a theoretical concept, we can see examples of 
endosymbiosis including:
•	 nitrogen-fi xing bacteria that live in the cells of nodules on the roots of 

legumes, such as clovers
•	 single-celled algae that live inside the cells of corals.

As more and more evidence was identifi ed in support the endosymbi-
osis theory, Margulis became recognised as an important contributor to the 
biological sciences and received several awards.

Organic molecules are the building blocks of the 
structure of all known forms of life on planet Earth 
and they are the molecules that enable organisms 
to carry out the functions involved in ‘being alive’. 
In December 2014, NASA’s Curiosity rover made 
the fi rst defi nitive detection of organic molecules 
on Mars. However, organic molecules can also be 
made by chemical reactions that don’t involve life 
and there is not enough evidence to tell if the matter 
found by the Curiosity team came from ancient Mar-
tian life or from a non-biological process.

Th e major groups of organic molecules found 
in living organisms are proteins, carbohydrates,
lipids and nucleic acids. 
Th e principal atom present 
in organic molecules is 
carbon (C), which forms 
the backbone of organic 
molecules. Carbon is 
linked most commonly to 
hydrogen (H) and oxygen 
(O). In addition, all pro-
teins contain nitrogen (N), 
with some containing sulfur 
(S). Nucleic acids (DNA and 
RNA) always contain phos-
phorus (P). Th e molecular 
formulas for organic com-
pounds simply show the 
numbers of each kind of 
atoms, with the order being 
C fi rst, then H, and then any 

others in alphabetical order, for example, chloro-
phyll a (C55H72MgN4O5).

Some of organic molecules are large macromol-
ecules made of smaller subunits joined together 
in a specifi c way. For example, the carbohydrates 
include large molecules, known as polysaccha-
rides (poly = many; saccharum = sugar) that are built 
of many units of glucose or other simple sugars. 
Proteins are macromolecules built of one or more 
chains of amino acids. Figure 2.39 shows the four 
main groups of large organic molecules present in 
cells, and the subunits that form them.

ORGANiC MOleCUleS: eSSeNTiAl bUildiNG blOCkS Of life

(continued)

Larger units of the cell

Polysaccharides
(e.g. glycogen, starch)

Proteins

Nucleic acids

Fats, oils and waxes

Building blocks of the cell

Monosaccharides
(glucose, a simple sugar)

Amino acids

Nucleotides

Triglycerides (three fatty
acids and a glycerol molecule)

fiGURe 2.39 The building blocks of cells are small organic molecules such 
as sugars, amino acids, triglycerides and nucleotides. These small molecules 
can be assembled into large molecules that form the structure and play many 
roles in the functions of cells. Which subunits join to form proteins? What is the 
subunit of cellulose, a structural polysaccharide found in cell walls? 
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Table 2.3 gives some examples of organic molecules. Do not worry about the details in column 3, just note 
the carbon chains or rings that form part of the backbone of these molecules. 

TAble 2.3 Carbon-based organic molecules in living organisms. Carbon atoms are shown in red: note their 
arrangement into chains or rings. In organic molecules, the carbon atoms are linked to other atoms, most 
commonly hydrogen and oxygen. Which types of organic molecule contain nitrogen bonded to carbon atoms?

organic 
compound examples Sample formula (part or whole molecule)

Carbohydrates

C

HO
C

H

OH

OHC O

H

CH2OH

C

OH

H

H

C

H

glucose

•	 structural cellulose in plant cell walls
chitin in cell walls of fungi

•	 functional glycogen (for energy  
 storage in animal cells)
starch (for energy storage  
 in plant cells)
glucose (for energy  
 production) 

Proteins
•	 structural tubulin of microtubules  

 in cytoskeleton
actin in human muscles
dynein in cilia and flagella

O

R1

H3N CH NHC

O O O O

R2

CH NHC

R3

CH NHC

R4

CH NHC

R5
OH

CH C

amino acid chain (polypeptide)•	 functional amylase enzyme in saliva
cytochrome oxidase enzyme  
 in mitochondria
carrier proteins in the  
 plasma membrane
catalase enzyme in  
 peroxisomes

Lipids

C

H

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C H

H

HO

O
C

a fatty acid

•	 structural phospholipids in plasma  
 membrane

•	 functional fats in adipose tissue  
 (for energy storage)
oils in plant seeds  
 (for energy storage)

Nucleic acids
O

C

N

C NH

C OHC

H3C

H
thymine (T) one of the bases in DNA

•	 both structural  
and functional

DNA of chromosomes
rRNA of ribosomes

In the polypeptide, the R groups are side chains that differ in the 20 amino acids. For example, the R groups include —H and —CH3 
and —CH2-SH.UNCORRECTED P
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key ideAS

 ■ The Endosymbiosis Theory proposes that some cell organelles in 
eukaryotic cells, in particular mitochondria and chloroplasts, were once 
free-living microbes. 

 ■ Many lines of evidence exist in support of the Endosymbiosis Theory.
 ■ Endosymbiosis is a special case of symbiosis where one organism lives 
inside the host organism.

QUiCk CheCk

19 Identify whether each of the following statements is true or false.
a The genomes of chloroplasts of eukaryotic cells are closely related to 

those of modern cyanobacteria.
b Endosymbiosis occurred only in organisms on the ancient Earth.
c Mitochondria are accepted as having once been free-living microbes.
d Bacterial cells contain mitochondria.

20 What is the difference between symbiosis and endosymbiosis?
21 Identify two lines of evidence in support of the Endosymbiosis Theory.
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BIOCHALLENGE

exploring lysosomes

Where a question is marked with an asterisk (∗), it will be 
helpful to refer to chapter 1.

lysosomes
1 Lysosomes are little bags of digestive enzymes. 

a Approximately how many different enzymes are 
present in a lysosome?

b What compounds can be digested by these lysosomal 
enzymes?

2 Lysosomes must maintain an acidic condition (about 
pH5) in their internal environment. In contrast, the pH in 
the cytosol is neutral (about pH7). 
a Why is this acidic environment within lysosomes 

necessary?
b  Suggest how this difference in pH between lysosomes 

and the cytosol might protect the cell from damage 
in the event of lysosomes rupturing and spilling their 
enzymes into the cytosol. 

3∗ pH is a measure of the hydrogen ion (H+) concentration 
in a fl uid. In an acidic environment, the concentration 
of H+ ions is far higher than the concentration in a 
neutral fl uid. In fact, the concentration of H+ ions in the 
lysosomes is about 100 times greater than that in the 
cytosol. 

To maintain the acidic environment in the lysosome, 
there must be a constant replacement of the H+ ions 
that steadily leak across the lysosome membrane 
down the concentration gradient into the cytoplasm 
(see fi gure 2.40). 

pH5

pH7 Cytosol

Channel
protein

Lysosome
membrane

ADP

ATP

H+

H+

H+

H+

H+

H+

H+

H+

H+

H+

H+

fiGURe 2.40 The acidic environment in a lysosome is 
maintained by the constant transport of H+ ions into the 
lysosome from the cytosol. 

a In what direction is the gradient for H+ ions: from 
cytosol to lysosome, or from lysosome to cytosol?

b Identify the means by which H+ ions are moved into 
lysosomes from the cytosol. 

4 a    What name is given to the process shown on the 
left-hand side of fi gure 2.41?

b What purpose does this process serve?
c What name is given to the process shown on the 

right-hand side of fi gure 2.41?

Cytosol

Plasma
membrane

Bacterium

Mitochondrion

Endoplasmic
reticulum

Lysosomes
Lysosomes

fiGURe 2.41 Lysosomes in 
phagocytosis and autophagy
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Unit 1 Crossing the plasma  
membrane

Sit topic test

AOS 1

Topic 2

Chapter review

Key words
adenosine triphosphate 

(ATP) 
autophagy 
carbohydrates 
cell wall 
cellular respiration 
cellulose 
chlorophyll
chloroplast
chromatin
cilia 
cytoplasm 
cytoskeleton 
cytosol
deoxyribonucleic acid 

(DNA)
endoplasmic reticulum 

(ER)
endosymbiosis 

Endosymbiotic Theory
flagella 
fluorescence microscope
fossil 
Golgi complex 
grana 
Hurler syndrome
laser scanning confocal 

microscope 
light microscope 
lignin 
lipids 
lysosome 
lysosome storage 

diseases
microbial mat
microtubule 
mitochondria 
nuclear envelope 

nuclear pore complex
nucleic acid 
nucleolus
nucleus
peroxisome 
phase contrast 

microscope
photosynthesis 
Pompe disease
primary cell wall
proteins 
proto-cell
resolution 
resolving power
ribonucleic acid (RNA)
ribosomal RNA
ribosomes 
rough endoplasmic 

reticulum 

scanning electron 
microscope (SEM)

secondary cell wall
secretory vesicles 
sessile 
signs of life 
smooth endoplasmic 

reticulum
STED nanoscopy 
stroma
Tay-Sachs disease
tonoplast
tracheid
transition vesicles 
transmission electron 

microscope (TEM)
vacuole
vessel

Questions
 1 Making connections ➜ Use at least eight of the 

chapter key words to draw a concept map relating to 
the organelles observed in the cytosol of a plant cell. 
You may use other words in drawing your map.

 2 Applying your understanding ➜
a Identify five locations in a typical cell where 

membranes are found. 
b Describe how membranes in these various 

locations assist in the function of cells.
 3 Communicating understanding ➜ Where are the 

following in a eukaryotic cell?
a Control centre of a cell
b Site of control of entry or exit of substances to or 

from a cell
c Site of production of useable energy for a cell
d Site of protein synthesis
e Site of packaging for export of substances from a 

cell
f Site of digestion of worn-out cell organelles
g Site of breakdown of excess long chain fatty acids
h Site of conversion of the energy of sunlight to the 

chemical energy of sugars
 4 Applying your understanding ➜

a List the following in order of decreasing size from 
largest to smallest. 
   i Cell      ii Tissue     iii Mitochondrion  
  iv Oorgan    v Ribosome     vi Nucleolus 
vii Nucleus

b List the following in order from outside to inside a 
leaf cell. 
  i Nuclear envelope         ii Cell wall   
iii Plasma membrane     iv Cytosol 
   v Nucleolus

 5 Analysing information and drawing conclusions ➜ 
Decide whether a particular cell is from a bacterium, 
a plant or an animal. Three observations are made as 
follows.

     I Each cell contains ribosomes.
  II  Each cell tests positive for the presence of 

DNA.
   III Each cell has a plasma membrane.

a Consider each of the above observations in turn 
and indicate what conclusion is possible. Briefly 
explain.

b A further observation is made:
 IV Each cell has mitochondria.

 Does this alter your conclusion from part (a)? 
Explain.

c A final observation is made:
V Only one cell has lysosomes.

 Does this alter your conclusion from part (b)? 
Explain. 

 6 Communicating understanding ➜
a Identify two key features that would allow you  

to distinguish: 
     i a plant cell from a bacterial cell
 ii an animal cell from a plant cell.
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b Which evidence would be more robust in 
distinguishing a plant cell from an animal cell: 
     i the presence of chloroplasts 
   ii the presence of a cell wall? Explain.

 7 Analysing information and drawing conclusions ➜ 
Suggest explanations for the following observations.
a Cardiac heart muscle cells have very high 

numbers of mitochondria.
b Cells of the skin oil glands that produce and 

export lipid-rich secretions have large amounts of 
smooth endoplasmic reticulum.

c Mature red blood cells cannot synthesise 
proteins.

d One cell type has a very prominent Golgi 
complex, while another cell type appears to lack 
this organelle.

 8 Analysing information and drawing conclusions ➜
A scientist carried out an experiment to determine 
the time it took for a cell to manufacture proteins 
from amino acids. Th e scientist provided the cell with 
radioactively labelled amino acids and then tracked 
them through the cell to establish the time at

(a) (b) (c)

fiGURe 2.42 (a) Which cell corresponds to each of the particular times of viewing? List the correct order according to 
time of viewing. (b) On what grounds did you make your decision?

  which protein synthesis commenced. He monitored 
the cell 5 minutes, 20 minutes and 40 minutes after 
production started in order to track the proteins 
from the site of synthesis to a point in the cell from 
which they were discharged from the cell.

   Th e scientist made an image of the cell at each 
of these times but forgot to mark each image with 
its correct time. Th e images are given in fi gure 2.42. 
Location of the radioactivity is shown by the green 
spots.

 9 Discussion question ➜ Th e following quotation 
from the Biology Project website (www.biology.
arizona.edu) is addressed to bacteria and expresses 
sympathy that: 
 ‘Eukaryotes have enslaved some of your 
“brethren”  .  .  .’

a To what might this enslaving refer?
b Who are the ‘brethren’?
c What use might the enslaved ‘brethren’ have 

served for the eukaryotes?
d Suggest possible benefi ts that the ‘brethren’ 

might have received in return.
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