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INntroduction

Welcome to your new course! This book is designed to act as a comprehensive
course book, covering both the core material and all the options you might take
while studying for the IB Diploma in Biology. It will also help you to prepare for
your examinations in a thorough and methodical way.

Content

As you will see when you look at the table of contents, there is a chapter for each
of the core topics, another for each of the HL topics and another for each of

the options you might choose to take. Within each chapter, at the end of each
numbered section, there are numbered exercises for you to practise and apply
the knowledge which you have gained. They will also help you to assess your
progress. Sometimes, there are worked examples which show you how to tackle a
particularly tricky or awkward question. Here is an example.

Worked example __ I o
Compare two groups of barnacles living on a rocky shore. Measure the width of
their shells to see if a significant size difference is found depending on how close
they live to the water. One group lives between 0 and 10 metres from the water
level. The second group lives between 10 and 20 metres above the water level.

Measurement was taken of the width of the shells in millimetres. 15 shells were
measured from each group. The mean of the group closer to the water indicates
that living closer to the water causes the barnacles to have a larger shell. If the
value of tis 2.25, is that a significant difference?

Solution
The degree of freedom is 28 (15 + 15— 2 = 28).
2.25 is just above 2.05.

Referring to the bottom of this column in the table, p = 0.05 so the probability
that chance alone could produce that result is only 5%.

The confidence level is 95%. We are 95% confident that the difference between the
barnacles is significant. Barnacles living nearer the water have a significantly larger
shell than those living 10 metres or more away from the water.

At the end of each chapter, there are practice questions taken from past exam
papers. These also include a markscheme. Towards the end of the book, just before
the index, you will find pages with suggested answers to all the exercises and
practice questions that have been included. The answers are grouped into Exercises
and Practice questions for each chapter.

After the options chapters, you will find a Theory of Knowledge chapter, which
should stimulate wider research and the consideration of moral and ethical issues
in the field of biology.

Finally, there are three short chapters offering advice on internal assessment, on
writing extended essays, and on developing examination strategies.



Information boxes

Throughout the book you will see a number of coloured boxes interspersed
through each chapter. Each of these boxes provides different information and
stimulus as follows.

Assessment statements

2.1.1  Outline the cell theory.

2.1.2 Discuss the evidence for the cell theory.

2.1.3 State that unicellular organisms carry out all the functions of life.

You will find a box like this at the start of each section in each chapter. They are
the numbered objectives for the section you are about to read and they set out
what content and aspects of learning are covered in that section.

In addition to the Theory of
Knowledge chapter, there are TOK

=
been passed down generation after 6
generation, serious questions arise. | boxes throughout the book. These

In families where genetic disease has

e If someone is a carrier, should they boxes are there to stimulate thought
have children knowing that they might and consideration of any TOK issues
transmit the ? . .

S S ! as they arise and in context. Often

¢ How would it feel knowing — or not L . .

they will just contain a question to

knowing - if you had the gene?
e How might parents feel when they find stimulate your own thoughts and

out they have passed the gene on to
their offspring?

e s it difficult for people who have
genetic diseases to find someone to
marry? A job? Life insurance?

discussion.

These boxes contain interesting

Fish have a 2-chambered heart and . . . .
information which will add to your

amphibians have a 3-chambered heart.
Reptiles, birds and mammals all have a wider knowledge but which does not
4-chambered heart (the ventricles of a fit within the main body of the text.
reptile heart are only partially divided).

These are key facts which are drawn
Once pyruvate is obtained, the next O out of the main text and highlighted.
ey s e ioedy 81 piesice This makes them easily identifiable

of oxygen. If oxygen is present, pyruvate .
enters the mitochondria and aerobic for quick reference. The boxes also

respiration occurs. If oxygen is not enable you to identify the core
present, anaerobic respiration occurs learning points within a section.
in the cytoplasm. In this case, pyruvate

is converted to lactate in animals, and

ethanol and carbon dioxide in plants.
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=
To what degree do you think the following

are factors in malnutrition?

e poverty and wealth;

e cultural differences concerning dietary
preference;

e climatic conditions (i.e. annual rainfall);

e poor distribution of food (i.e.
insufficient roads, bridges, railways);

e anomadic lifestyle;

® wars;

e corrupt politicians misusing agriculture
or aid money;

o lack of healthcare leading to a cycle of
disease and poverty.

e Examiner’s hint: When showing

crosses and offspring, don't forget to

include such important details as:

e genotypes of the parents;

o akey of what the letters mean
(although many questions state this);

e ohenotypes of the offspring;

e alleles found in the gametes.

L]

For an idea of the vastness and diversity of
life on Earth as well as the daunting nature
of trying to classify it, visit
heinemann.co.uk/hotlinks, enter the
express code 4242P and click on Weblink
155,

A global perspective is important

to the International Baccalaureate.
These boxes indicate examples of
internationalism within the area of
study. The information given offers
you the chance to think about how
biology fits into the global landscape.
The boxes also cover environmental
and political issues raised by biology.

Examiner’s hints can be found
alongside questions, exercises and
worked examples. They provide
insight into how to answer a question
in order to achieve the highest marks
in an examination. They also identify
common pitfalls when answering
such questions and suggest
approaches that examiners like to see.

These boxes direct you to the
Heinemann website, which in

turn will take you to the relevant
website(s). On the web pages you
will find background information
to support the topic, perhaps video
simulations and the like.

Now you are ready to start. Good luck with your studies!
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. Introduction

This mixed oak forest is a mature stage in the
development of plant communities surrounding
bodies of water. Studying the growth rate of

the trees such as maple, beech, cak and hickory
gives us evidence of the health of these plant
communities.

A
This is an Africanized honey bee (AHB).
AHBs have spread to the USA from Brazil.
They are now in competition with the
local bee population, which are European
honey bees (EHBs). EHBs were brought
to America by European colonists in the
1600s. AHBs are now out-competing
EHBs in areas the former invade.

This is the common bean plant used by
many students in their classrooms. Bean
plants grow in about 30 days under banks
of artificial lights. Seeds are easy to obtain.
Germinated seeds can be placed in paper
cups with sterilized soil. Many factors can
In this chapter, you will learn how scientists analyse the evidence they collect be tested to determine whether or not they

when they perform experiments. You will be designing your own experiments, so  affect the growth of the bean plants.
this information will be very useful to you. You will be learning about:

® means; e standard deviation;
® error bars; o significant difference;
e t-test; ® causation and correlation.

Have your calculator by you to practise calculations for standard deviation and
t-test so that you can use these methods of analysing data when you do your own
experiments.

o Statistics

Assessment statements

1.1.1 State that error bars are a graphical representation of the variability of data.

1.1.2 Calculate the mean and standard deviation of a set of values.

1.1.3 State that the term standard deviation is used to summarize the spread of
values around the mean, and that 68% of values fall within one standard
deviation of the mean.

1.1.4 Explain how the standard deviation is useful for comparing the means
and spread of data between two or more samples.

1.1.5 Deduce the significance of the difference between two sets of data using
calculated values for t and the appropriate tables.

1.1.6 Explain that the existence of a correlation does not establish that there is
a causal relationship between two variables.




Statistical analysis

Statistics can be used to describe
conditions which exist in countries
around the wor/d. The data

can heighten our awareness

of global issues. To learn about
United Nations poverty facts

and consumption statistics, visit
heinemann.co.uk/hotlinks, insert
the express code 4242P and click
on Weblinks 1.1aand 1.1b.

The World Health Crganization
(WHO) website has statistical
information on infectious diseases.
Over the next year, the system aims
to provide a single point of access
to data, reports and docurnents on:
e major diseases of poverty
including malaria, HIV/AIDS,
tuberculosis;

e diseases on their way towards
eradication and elimination
such as guinea worm, leprosy,
lymphatic filariasis;

e epidemic-prone and emerging
infections such as meninagitis,
cholera, yellow fever and anti-
infective drug resistance.

For more information and access to
the WHQ website, visit heinernann.
co.uk/hotlinks, insert the express
code 4242P and click on Weblink
Tt

For more statistics on the AIDS
epidemic, visit heinemann.co.uk/
hotlinks, insert the express code
4242P and click on Weblink 1.3.

-
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Reasons for using statistics

Biology examines the world in which we live. Plants and animals, bacteria and

viruses all interact with one another and the environment. In order to examine the
relationships of living things to their environments and each other, biologists use the
scientific method when designing experiments. The first step in the scientific method
is to make observations. In science, observations result in the collection of measurable
data. For example: What is the height of bean plants growing in sunlight compared to
the height of bean plants growing in the shade? Do their heights differ? Do different
species of bean plants have varying responses to sunlight and shade? After we have
observed, we then decide which of these questions to answer. Assume we want to
answer the question, ‘Will the bean plant, Phaseolus vulgaris, grow taller in sunlight or
the shade?” We must design an experiment which can try to answer this question.

How many bean plants should we use in order to answer our question? Obviously,
we cannot measure every bean plant that exists. We cannot even realistically set

up thousands and thousands of bean plants and take the time to measure their
height. Time, money, and people available to do the science are all factors which
determine how many bean plants will be in the experiment. We must use samples
of bean plants which represent the population of all bean plants. If we are growing
the bean plants, we must plant enough seeds to get a representative sample.

Statistics is a branch of mathematics which allows us to sample small portions
from habitats, communities, or biological populations, and draw conclusions
about the larger population. Statistics mathematically measures the differences and
relationships between sets of data. Using statistics, we can take a small population
of bean plants grown in sunlight and compare it to a small population of bean
plants grown in the shade. We can then mathematically determine the differences
between the heights of these bean plants. Depending on the sample size that we
choose, we can draw conclusions with a certain level of confidence. Based on a
statistical test, we may be able to be 95% certain that bean plants grown in sunlight
will be taller than bean plants grown in the shade. We may even be able to say that
we are 99% certain, but nothing is 100% certain in science.

Mean, range, standard deviation and error bars

Statistics analyses data using the following terms:

e mean; ® range;
o standard deviation; e error bars.
Mean

The mean is an average of data points. For example, suppose the height of bean
plants grown in sunlight is measured in centimetres at 10 days after planting.
The heights are 10, 11, 12, 9, 8 and 7 centimetres. The sum of the heights is

57 centimetres. Divide 57 by 6 to find the mean (average). The mean is 9.5
centimetres. The mean is the central tendency of the data.

Range

The range is the measure of the spread of data. It is the difference between the largest
and the smallest observed values. In our example, the range is 12 — 7 = 5. The range for
this data set is 5 centimetres. If one data point were unusually large or unusually small,
this very large or small data point would have a great effect on the range. Such very
large or very small data points are called outliers. In our sample there is no outlier.



Standard deviation

The standard deviation (SD) is a measure of how the individual observations of

a data set are dispersed or spread out around the mean. Standard deviation is
determined by a mathematical formula which is programmed into your calculator.
You can calculate the standard deviation of a data set by using the SD function of a
graphic display or scientific calculator.

Error bars

Error bars are a graphical representation of the variability of data. Error bars can
be used to show either the range of data or the standard deviation on a graph. Notice
the error bars representing standard deviation on the histogram in Figure 1.1

and the line graph in Figure 1.2. The value of the standard deviation above the
mean is shown extending above the top of each bar of the histogram and the same
standard deviation below the mean is shown extending below the top of each bar
of the histogram. Since each bar represents the mean of the data, the standard
deviation for each type of tree will be different, but the value extending above and
below one bar will be the same. The same is true for the line graph. Since each
point on the graph represents the mean data for each day, the bars extending above
and below the data point are the standard deviations above and below the mean.

B Figure 1.1 Rate of tree growth on the
16 Oak-Hickory Dune 2004-05. Values are
represented as mean 15D from 25
S trees per species.
I oo
Q 12 7
T
1S
£ .
£ 87
2 =l
2
=, 1
4 ~ -
0 beech ' maple hickory ' oak
" Figure 1.2 Mean population density
(x15D) of two species of Paramecium
P aurelia grown in solution.
v
% ®©
= £
s
£ > P. caudatum
>
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Statistical analysis

Figure 1.3 This graph shows a bell
curve.

>

Standard deviation

We use standard deviation to summarize the spread of values around the mean
and to compare the means and spread of data between two or more samples.

Summarizing the spread of values around the mean

In a normal distribution, about 68% of all values lie within = 1 standard deviation of
the mean. This rises to about 95% for * 2 standard deviations from the mean.

To help understand this difficult concept, let’s look back to the bean plants
growing in sunlight and shade. First, the bean plants in the sunlight: suppose our
sample is 100 bean plants. Of that 100 plants, you might guess that a few will be
very short (maybe the soil they are in is slightly sandier). A few may be much

taller than the rest (possibly the soil they are in holds more water). However, all
we can measure is the height of all the bean plants growing in the sunlight. If we
then plot a graph of the heights, the graph is likely to be similar to a bell curve (see
Figure 1.3). In this graph, the number of bean plants is plotted on the y axis and
the heights ranging from short to medium to tall are plotted on the x axis.

Many data sets do not have a distribution which is this perfect. Sometimes, the
bell-shape is very flat. This indicates that the data is spread out widely from the
mean. In some cases, the bell-shape is very tall and narrow. This shows the data is
very close to the mean and not spread out.

yT

The standard deviation tells us how tightly the data points are clustered around
the mean. When the data points are clustered together, the standard deviation is
small; when they are spread apart, the standard deviation is large. Calculating the
standard deviation of a data set is easily done on your calculator.

Look at Figure 1.4. This graph of normal distribution may help you understand
what standard deviation really means. The dotted area represents one standard
deviation in either direction from the mean. About 68% of the data in this graph
is located in the dotted area. Thus, we say that for normally distributed data,
68% of all values lie within =1 standard deviation from the mean. Two standard
deviations from the mean (the dotted and the cross-hatched areas) contain about
95% of the data. If this bell curve were flatter, the standard deviation would have
to be larger to account for the 68% or 95% of the data set. Now you can see why
standard deviation tells you how widespread your data points are from the mean
of the data set.

How is this useful? For one thing, it tells you how many extremes are in the data.
If there are many extremes, the standard deviation will be large; with few extremes
the standard deviation will be small.



mean 4 Figure 1.4 This graph shows a normal
distribution.
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o For directions on how to calculate
standard deviation with a TI-86
calculator, visit: heinemann.co.uk/
hotlinks, insert the express code
4242P and click on Weblink 1.4a.

+ 2 standard
deviations from
the mean

If you have a TI-83 calculator, visit:

0 — . e ;x heinemann.co.uk/hotlinks, insert
68% the express code 4242P and click on
- Weblink 1.4b.
95%

Comparing the means and spread of data between two or
more samples

Remember that in statistics we make inferences about a whole population based
on just a sample of the population. Let’s continue using our example of bean
plants growing in the sunlight and shade to determine how standard deviation is
useful for comparing the means and the spread of data between these two samples.
Here are the raw data sets for bean plants grown in sunlight and in shade.

Height of bean plants in the Height of bean plants in the
| sunlight in centimetres 0.1 cm | shade in centimetres 0.1 cm
i 124 ' 131
B 120 ) 60
| 153 ] 160
| 98 212 =
| 123 | 17
[ 142 65 g
' 156 ' 155
128 160
139 145 i
117 ) _ 95
Total 1300 Total 1300

First, we determine the mean for each sample. Since each sample contains 10
plants, we can divide the total by 10 in each case. The resulting mean is 130.0
centimetres for each condition.

Of course, that is not the end of the analysis. Can you see there are large
differences between the two sets of data? The height of the bean plants in the shade
is much more variable than that of the bean plants in the sunlight. The means of
each data set are the same, but the variation is not the same. This suggests that
other factors may be influencing growth in addition to sunlight and shade.

How can we mathematically quantify the variation that we have observed?
Fortunately, your calculator has a function that will do this for you. All you have to
do is input the raw data. For practice, find the standard deviation of each raw data
set above before you read on.

The standard deviation of the bean plants growing in sunlight is 17.68 centimetres
while the standard deviation of the bean plants growing in the shade is 47.02
centimetres. Looking at the means alone, it appears that there is no difference
between the two sets of bean plants. However, the high standard deviation of the
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— bean plants grown in the shade indicates a very wide spread of data around the
To use an online calculator to . _ . . . .
i , mean. The wide variation in this data set makes us question the experimental
do the t-test go to: heinemann. ] i . . o
couk/hotlinks, insert the express design. s it possible that the plants in the shade are also growing in several
code 4242P and click on Weblink different types of soil? What is causing this wide variation in data? This is why it is
1.5a0r 1.5b. important to calculate the standard deviation in addition to the mean of a data set.

If we looked at only the means, we would not recognize the variability of data seen
in the shade-grown bean plants.

Significant difference between two data sets
using the t-test

In order to determine whether or not the difference between two sets of data is a
significant (real) difference, the t-test is commonly used. The t-test compares two
sets of data, for example heights of bean plants grown in the sunlight and heights
of bean plants grown in the shade. Look at the bottom of the table of fvalues
{(opposite), and you will see the probability (p) that chance alone could make

a difference. If p = 0.50, we see the difference is due to chance 50% of the time.
This is not a significant difference in statistics. However, if you reach p = 0.05, the
probability that the difference is due to chance is only 5%. That means that there is
a 95% chance that the difference is due (in our bean example) to one set of the bean
plants being in the sunlight. A 95% chance is a significant difference in statistics.
Statisticians are never completely certain but they like to be at least 95% certain of
their findings before drawing conclusions.

When comparing two groups of data, we use the mean, standard deviation and
sample size to calculate the value of . When given a calculated value of ¢, you
can use a table of ¢ values. First, look in the left-hand column headed ‘Degrees of
freedom), then across to the given ¢ value. The degrees of freedom are the sum of
sample sizes of each of the two groups minus 2.

If the degree of freedom is 9, and if the given value of #is 2.60, the table indicates

that the fvalue is just greater than 2.26. Looking down at the bottom of the table,
you will see that the probability that chance alone could produce the result is only
5% (0.05). This means that there is a 95% chance that the difference is significant.

Worked example 1.1 —— e —

Compare two groups of barnacles living on a rocky shore. Measure the width of
their shells to see if a significant size difference is found depending on how close
they live to the water. One group lives between 0 and 10 metres from the water
level. The second group lives between 10 and 20 metres above the water level.
Measurement was taken of the width of the shells in millimetres. 15 shells were
measured from each group. The mean of the group closer to the water indicates
that living closer to the water causes the barnacles to have a larger shell. If the
value of tis 2.25, is that a significant difference?

Solution
The degree of freedom is 28 (15 + 15— 2 = 28). 2.25 is just above 2.05.

Referring to the bottom of this column in the table, p = 0.05 so the probability
that chance alone could produce that result is only 5%.

The confidence level is 95%. We are 95% confident that the difference between the

barnacles is significant. Barnacles living nearer the water have a significantly larger
shell than those living 10 metres or more away from the water.




Table of t values

EDegr_ees. of freedom t values
| 1 1.00 | 3.08 6.31 1271 | 6366 636.62
2 gez " " ing T | VgD 4.30 9.93 31.60
i 3 0.77 1.64 235 3.18 5.84 1202 |
4 0.74 1.53 213 278 | 460 | sél
5 0.73 1.48 2.02 2.57 4.03 6.87
i 6 0.72 1.44 1.94 245 3.71 5.96
7 0.71 1.42 1.90 2.37 350 | 541
3 0.71 1.40 1.86 231 3.367 5.04
9 0.70 138 1.83 P2 | 375 478
10 0.70 1.37 1.81 2.23 3.17 4.590
N 11 070 1.36 1.80 2.20 3.11 a4a |
12 0.70 1.36 1.78 2.18 3.06 4.32
13 0.69 1.35 1.77 2.16 3.01 422
14 0.69 135 | 176 2.15 2.98 4.14
15 0.69 1.34 1.75 2.13 2.95 407 |
- 16 0.69 1.34 1.75 2.12 292 | 402
17 0.69 1.33 1.74 2.1 2.90 3.97
18 0.69 1.33 1.73 2.10 2.88 3.92
19 0.69 1.33 1.73 2.09 2.86 3.88
20 0.69 1.33 1.73 2.09 2.85 3.85
21 0.69 1.32 N7 208 | 283 3.82
22 0.69 3. | g 2.07 2.82 3.79 _
24 0.69 1.32 1.71 2.06 2.80 3.75
26 0.68 1.32 1.71 2.06 278 3.71
— 28 0.68 1.31 1.70 2.05 2.76 3.67
30 0.68 1.31 1.70 2.04 275 | 365 -
35 0.68 1.31 1.69 2.03 272 | 3.59
40 0.68 1.30 1.68 2.02 2.70 ke |
45 0.68 1.30 1.68 201 | 270 3.52
50 0.68 1.30 1.68 201 | 268 3.50
60 068 | 130 | 167 2.00 2.66 3.46
70 0.68 1.29 1.67 1.99 2.65 3.44
80 | 068 1.29 1.66 1.99 2.64 342
90 0.68 1.29 166 | 1.99 2.63 3.40
100 0.68 1.29 1.66 1.99 2.63 3.39
fﬁiﬁiﬂiﬁnfgm 050 | 020 0.10 0.05 0.01 0001 |
prelics therdiocanss: | (50%) (20%) (10%) (5%) (1%) (0.1%) |
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Figure 1.5 AHBs have not moved
beyond the areas shaded yellow in
the last 10 years. So, states in the
south east (Louisiana, Florida, Alabama
and Mississippi) seem unlikely to be
bothered by AHBs if the 137.5 cm (55
inches) of rain correlation holds true.
This is an example of a mathematical
correlation and is not evidence of

a cause. In order to find out if this

is a cause, scientists must design
experiments to explain mechanisms
which may be the cause of the
observed correlation.

4

Correlation does not mean causation

We make observations all the time about the living world around us. We might
notice, for example, that our bean plants wilt when the soil is dry. This is a simple
observation. We might do an experiment to see if watering the bean plants
prevents wilting. Observing that wilting occurs when the soil is dry is a simple
correlation, but the experiment gives us evidence that the lack of water is the
cause of the wilting. Experiments provide a test which shows cause. Observations
without an experiment can only show a correlation.

Africanized honey bees

The story of Africanized honey bees (AHBs) invading the USA includes an
interesting correlation. In 1990, a honey bee swarm was found outside a small
town in southern Texas. They were identified as AHBs. These bees were brought
from Africa to Brazil in the 1950s, in the hope of breeding a bee adapted to the

South American tropical climate. But by 1990, they had spread to the southern US.

Scientists predicted that AHBs would invade all the southern states of the US, but
this hasn’t happened. Look at Figure 1.5: the bees have remained in the southwest
states (area shaded in yellow) and have not travelled to the south-eastern states.
The edge of the areas shaded in yellow coincides with the point at which there is
an annual rainfall of 137.5 cm (55 inches) spread evenly throughout the year. This
level of year-round wetness seems to be a barrier to the movement of the bees and
they do not move into such areas.

Cormorants

When using a mathematical correlation test, the value of r signifies the correlation.

The value of r can vary from +1 (completely positive correlation) to 0 (no
correlation) to —1 (completely negative correlation). For an example, we can
measure in millimetres the size of breeding cormorant birds to see if there is a
correlation between the sizes of males and females which breed together.

o I




Pair numbers Size of female éormorants_ | Size of male_c_ormorant_s w
' 17.1 16.5
2 18.5 _ 17.4 |
3 19.7 Al 17.3
4 16.2 = 16.8
5 213 19.5
6 B 19.6 18.3
| r-oss | | -

The rvalue of 0.88 shows a positive correlation between the sizes of the two sexes:
large females mate with large males. However, correlation is not cause. To find the
cause of this observed correlation requires experimental evidence. There may be
a high correlation but only carefully designed experiments can separate causation
from correlation.

Just because event X is regularly followed by event Y, it does not necessarily follow that X Use of tobacco by adolescents is

[ =)

ﬁ causes Y. Biologists are often faced with the difficult challenge of determining whether or not . a major public health problem in
events that appear related are causally associated. For example, there may be an association all six WHO regions. Worldwide,
between large numbers of telephone poles in a particular geographic area and the number of more countries need to develop,
people in that area who have cancer, but that does not mean that the telephone poles cause implement, and evaluate tobacco-
cancer. Carefully designed experiments are needed to separate causation from correlation. control programmes to address
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the use of all types of tobacco
products, especially among girls.

The tobacco companies used to say that there was a statistical correlation between smoking
and lung cancer, but they insisted that there was no causal connection. In other words, they
said X did not follow Y in this case. In fact, they said that people who thought that smoking

caused cancer were committing a fallacy of post ergo proper hoc (one thing follows another).

However, we now have lots of other evidence that smoking does cause lung cancer. You can find many interesting

statistics if you visit heinemann.
co.uk/hotlinks, insert the express
code 4242P and click on Weblink 1.6.

So, try assessing the following statements as to whether you think they represent a correlation
or if there is a causal connection between the two things in each case.

Cars with low mileage per gallon/litre of fuel cause global warming.
Drinking red wine protects against heart disease.

Tanning beds can cause skin cancer.

UV rays increase the risk of cataracts.

Vitamin C cures the common cold.

Vi b WN =

It can be difficult to imagine what it was like when people did not have some of the knowledge
that we take for granted today. In the mid-19th century, people had a different paradigm of what
caused disease; they thought there were many causes of disease but they did not know about
germs (microorganisms). The modern concept that germs can cause disease, was introduced by
Louis Pasteur. Further evidence of the germ theory was demonstrated by Robert Koch.

To find information on Pasteur and Koch, and discover answers to the questions below, visit
heinemann.co.uk/hotlinks, insert the express code 4242P and click on Weblink 1.7.

1 What was the paradigm of disease for people in the mid-19th century? What did they think
caused disease? Were they looking at causation or correlation?

2 How did Louis Pasteur’s work change this paradigm?

3 Explain how Robert Koch's work gave evidence which was required to show that a
bacterium plays a causal role in a certain disease.

1 Define an error bar.

2 Define standard deviation.

3 Explain the use of standard deviation when comparing the means of two sets of data.
4 If you are given a calculated value for t, what can be deduced from a t-table?

5 Give a specific example of a correlation.

6 Explain the relationship between cause and correlation.
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Practice questions

As this chapter covers new syllabus material, there are no past examination
papers available. Hence, there is no markscheme for these questions.

1 What is standard deviation used for?
A To determine that 68% of the values are accurate.
B To deduce the significant difference between two sets of data.
C To show the existence of cause.
D To summarize the spread of values around the means.

2 What is an error bar?
A A graphical representation of the variability of data.
B A graphical representation of the correlation of data.
C A calculated mean.
D A histogram.

3 What is the t-test used for?
A Comparing the spread of data between two samples.
B Deducing the significant difference between two sets of data.
C Explaining the existence of cause and correlation.
D Calculating the mean and the standard deviation of a set of values.

4 What is the relationship between cause and correlation?
A A correlation does not establish a causal relationship.
B A correlation requires a scientific experiment, while cause does not.
C A correlation requires collection of data, cause does not.
D A causal relationship does not establish correlation.

5 An experiment using 0.5 grams of fresh garlic and crushed garlic root, leaf and bulb
from garlic cloves sprouted for 2 days was performed. This garlic was used in a bioassay
on lettuce seedlings to see if growth of the lettuce seedlings was inhibited compared to
a control. Data recorded was seedling length in millimetres.

Crushed Crushed Crushed Control
sprouted root sprouted leaf sprouted bulb | (no treatment)

4 3 3 20
19
17
20
21
22
19
17
16
20

Fresh garlic
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(@) Find the mean and standard deviation of each of these data sets.
(b) Discuss the variability of the garlic data.
(c) Compare the means of each group of data.
(d) (i) Ifthe calculated tfor fresh garlic compared to the control is t=13.9, is the
difference between the two groups a significant difference?
(ii) What is the probability that the difference between the groups is due to
chance?



(e) (i) Ifthe calculated tfor the sprouted bulb compared to the fresh garlic is
t=0.33, is the difference significant?
(i) What is the probability that the difference between the two groups is due to
chance?

An experiment using fertilizer an bean plants was performed. Germinated seeds were
planted in sterile soil to which different amounts of a commercial fertilizer were added.
Height of the plants was measured in centimetres 25 days after planting. Data recorded
was bean plant height in centimetres (0.5 cm).

10 8 i 12
7 8 10 13
8 7 8 15
7 10 10 10
8 10 8 10
10 7 o 15
9 8 g 10
8 8 8 10
7 9 6 14
8 9 /i 10

(a) Find the mean and standard deviation of each set of data.
{b) Discuss the variability of the bean plant data.
(¢) Compare the means of each group of data.
(d) (i) |If the calculated tfor Group B compared to the the control is t = 0.60, is the
difference between the two groups a significant difference?
(ii) What is the probability that the difference between the two groups is due to
chance?
(e) (i) Ifthe calculated tfor Group D compared to the the control is t = 2.90, is the
difference between the two groups significant?
(i) What is the probability that the difference is due to chance?




Whether organisms are extremely small or extremely large, it is imperative

to understand their smallest functional units. These units are known as cells.
Organisms range in size from a single cell to thousands of cells. To better
understand plants and all the organisms around us, we must study their cells.

Look at the picture. Human nerve cells (neurones) are essential to our lives.
Because of these cells, we are able to acknowledge and respond to our
surroundings. Neurones are usually very efficient but sometimes things go wrong.
Will a greater understanding and better treatment of conditions such as depression
result from an improved comprehension of how these cells function?

This is an artist's impression of human ’
nerve cells.

Assessment statements

2.1.1  Qutline the cell theory.

2.1.2 Discuss the evidence for the cell theory.

2.1.3 State that unicellular organisms carry out all the functions of life.

2.1.4 Compare the relative sizes of molecules, cell membrane thickness,
viruses, bacteria, organelles and cells, using the appropriate Sl unit.

215 Calculate the linear magnification of drawings and the actual size of
specimens in images of known magnification.

2.1.6  Explain the importance of the surface area to volume ratio as a factor
limiting cell size.

2.1.7 State that multicellular organisms show emergent properties.

2.1.8 Explain that ceils in multicellular organisms differentiate to carry out
specialized functions by expressing some of their genes but not others.

2.1.9 State that stem cells retain the capacity to divide and have the ability to
differentiate along different pathways.

2.1.10 OQutline one therapeutic use of stem cells.



Cell theory

==l
6 Theories are developed after
[t has taken several hundred years of research to formulate modern cell theory. the accumulation of much data.
Sometimes, theories are completely
I abandoned because of conflicting

evidence.

Many scientists have contributed to developing the three main principles of this
theory. These are:

e all organisms are composed of one or more cells;

o cells are the smallest units of life;

e all cells come from pre-existing cells.

This theory has amassed tremendous credibility, largely through use of the \ o T
microscope —an important tool. Robert Hooke first described cells in 1665 while O ":'rllqhqes a:;’:;w(:’;:{:e?f;’ E’i
observing cork with a microscope he built himself. A few years later, Antonie van il A
Leeuwenhoek observed the first living cells and referred to them as ‘animalcules), However, they do utilize cells to
meaning little animals. In 1838, botanist Mathias Schleiden stated that plants are perpetuate themselves.

made of ‘independent, separate beings’ called cells. One year later, the zoologist
Theodor Schwann made a similar statement about animals.

The second principle continues to gain support today, as we have not been able to
find any living entity that is not made of at least one cell.

Some very famous scientists, such as Louis Pasteur in the 1860s, have performed
experiments to support the last principle. After sterilizing chicken broth by
boiling, Pasteur showed that living organisms would not ‘spontaneously’ reappear.
Only after exposure to pre-existing cells was life able to re-establish itself in the
sterilized chicken broth.

Functions of life

All organisms exist in either a unicellular or a multicellular form. And all

organisms carry out all the functions of life. These functions include: Tiis AincHaRs of R e AEtE

in different ways in the various

s metabolism; types of organism, but all fife

® growth; forrs maintain the same general
e reproduction; functions.
& response; You may see different terms for

¢ homeostasis; these functions in other sources.

e nutrition.

All these functions are tied together to produce a functioning living unit.

o Metabolism includes all the chemical reactions that occur within an organism.

¢ Growth may be limited but is always evident in one way or another.

» Reproduction involves hereditary molecules that can be passed to offspring.

® Response to the environment is imperative to the survival of the organism.

¢ Homeostasis refers to maintaining a constant internal environment. Examples
of constant internal environments may involve temperature and acid-base
levels.

s Nutrition is all about providing a source of compounds with many chemical
bonds which can be broken to provide the organism with the energy and the
nutrients necessary to maintain life.

Cells and sizes

Cells are made up of a number of different subunits. These subunits are often of a
particular size, but all are microscopically small. In most cases, microscopes with
high magnification and resolution are needed to observe cells and especially their
subunits. Resolution refers to the clarity of a viewed object.




Cells

Most cells are up to
100 micrometres; organelles
are up to 10 micrometres.

Bacteria are up to 1 micrometre.

Viruses are up to 100 nanometres.

Membranes are 10 nanometres
thick, and molecules are near
1 nanometre.

All of these objects are three-
dimensional.

Drawings or photograpns are
often enlarged. To calculate the
magnification, you need this
forrmula:

o magnification = size of image

divided by size of specimen.

Sphere formulas:

surface area = (four)(pi)(radius
squared) = 4ar*

volume = (four-thirds)(pi)(radius
cubed) = 277’

O

O

O

Light microscopes use light, which passes through the living or dead specimen,
to form an image. Stains may be used to improve viewing of parts. Electron
microscopes provide us with the greatest magnification (over 100 000x) and
resolution. These use electrons passing through a specimen to form an image. It
is hard to understand or visualize very small sizes, so it is important to appreciate
relative size. Cells are relatively large, and then in decreasing size order are:

e organelles;

e bacteria;

e viruses;

e membranes;

e molecules.

If you want to calculate the actual size of a specimen seen with a microscope,

you need to know the diameter of the microscope’s field of vision. This may be
calculated with a special micrometer or with a simple ruler on a light microscope.
The size of the specimen can then be calculated in the field.

Scale bars are often used with a micrograph or drawing so that actual size can be
determined.

Limiting cell size

So, the cell is a small object. You may wonder why cells do not grow to larger sizes,
especially since growth is one of the functions of life. There is a factor called the
surface area to volume ratio that effectively limits the size of cells. In the cell, the
rate of heat and waste production and rate of resource consumption are functions
of (depend on) its volume. Most of the chemical reactions occur in the interior of
the cell and its size affects the rate of these reactions. The surface of the cell, the
membrane, controls what materials move in and out of the cell. Cells with more
surface area per unit volume are able to move more materials in and out of the
cell, for each unit volume of the cell.

As the width of an object such as a cell increases, the surface area also increases
but at a much slower rate than the volume. This is shown by the following table
in which you can see that the volume increases by a factor calculated by cubing
the radius; at the same time, the surface area increases by a factor calculated by
squaring the radius.

Cell ra.dius (n i- 0.25 units 0.5 units 1.25 unit_s ‘
Surface area 0.79 units | 3.14 units | 7.07 units |
Volume 0.06 units - 0.52 units | 1.77 units

Surface area:volume 13.17: Fﬁ&: 1 | 3.99:1 ‘

This means that a large cell has relatively less surface area to bring in needed
materials and to rid the cell of waste, than a small cell. Because of this, cells are
limited as to the size they can attain and still be able to carry out the functions of
life. Thus, large animals do not have larger cells, they have more cells.

Cells that are larger in size have modifications that allow them to function
efficiently. This is accomplished by shape changes such as from spherical to long
and thin. Also, some larger cells have infoldings or outfoldings to increase their
surface relative to their volume.



Cell reproduction and differentiation

One of the functions that many cells retain is the ability
to reproduce themselves. In multicellular organisms, this
allows the possibility of growth. It also allows for the
replacement of damaged or dead cells.

Multicellular organisms like ourselves usually start out
as a single cell after some type of sexual reproduction.
This single cell has the ability to reproduce at a very
rapid rate, and the resulting cells then go through a
differentiation process to produce all the required

cell types that are necessary for the well-being of the
organism. The number of different cell types from

the one original cell may indeed be staggering. This
differentiation process is the result of the expression of
certain specific genes but not others. Genes, segments of
DNA on a chromosome, allow for the production of all
the different cells in the organism. Therefore, each cell contains all the genetic

A
This is a computer artwork of an egg cell fertilized during in vitro
fertilization and now undergoing the first cell division.

information for the production of the complete organism. However, each cell
becomes a specific type of cell dependent on which DNA segment becomes active.

Some cells have a greatly, or even completely, diminished ability to reproduce once
they become specialized. Nerve and muscle cells are prime examples of this type
of cell. Other cells, such as epithelial cells like skin, retain the ability to rapidly
reproduce throughout their life. The offspring of these rapidly reproducing cells
then differentiate into the same cell type as the parent.

Stem cells

There are populations of cells within organisms that retain their ability to divide
and differentiate into various cell types. These cells are called stem cells.

Plants contain such cells in regions of meristematic tissue. Meristematic areas
occur near root and stem tips and are composed of rapidly reproducing cells that
produce new cells capable of becoming various types of tissue within the root or
stem. Gardeners take advantage of these cells when they take cuttings from stems
or roots and use them to produce new plants.

In the early 1980s, scientists found pluripotent or embryonic stem cells in mice.
These stem cells retain the ability to form any type of cell in an organism and can
even form a complete organism.

When stem cells divide to form a specific type of tissue, they also produce some
cells that remain as stem cells. This allows for the continual production of a
particular type of tissue. Medical experts immediately noted the possibilities of
such cells in treating certain human diseases. But a problem discovered early in the
research was that stem cells cannot be distinguished by their appearance. They can
only be isolated from other cells on the basis of their behaviour.

Stem cell research and treatments

Some of the most promising research recently has been directed towards growing
large numbers of embryonic stem cells in culture so that they could be used to




Cells

Internationally, there has been
much sharing of data involving
stem cel research. Many nations
have banned or limited research in
this area due to local, cultural and
religious traditions.

Where do you stand in the debate
aoout the nature of stem cell
research? How do you feel about
the source of pluripotent stem
cells?

replace differentiated cells lost due to injury and disease. This involves therapeutic
cloning. Parkinson’s disease and Alzheimer’s disease are caused by loss of brain
cells, and it is hoped that implanted stem cells could replace many of these lost
brain cells thus relieving the disease symptoms. Certain forms of diabetes deplete
the pancreas of essential cells and it is hoped that a stem cell implant in this organ
could have positive effects. As most of the research at present is occurring in mice,
it is likely to be quite a time before this treatment approach becomes possible in
humans.

However, there is a type of stem cell treatment that has been proceeding
successfully in humans for many years. Besides embryonic or pluripotent stem
cells, there are tissue-specific stem cells. These stem cells reside in certain tissue
types and can only produce new cells of that particular tissue. For example, blood
stem cells have been routinely introduced into humans to replace the damaged
bone marrow of some leukaemia patients.

There are important ethical issues involved in stem cell research. Especially
controversial is the use of embryonic or pluripotent stem cells. This is because
these cells come from embryos often obtained from laboratories carrying out
in-vitro fertilization (IVF). To gather these cells involves death of the embryo
and opponents argue that this represents the taking of a human life. On the other
hand, it is argued that this research could result in the significant reduction of
human suffering and is, therefore, totally acceptable.

]

6 How the scientific community conveys information concerning its research to wider society
is very important. This information must be accurate, complete and understandable so that
society can rmake informed decisions as to the appropriateriess of the research. For example,
in 2005, stem cells successfully helped to restore the lost insulation of nerve cells in rats thus
resulting in greater mobility of the animals.

But there is a need to balance the very great opportunities of this type of research with

the potential risks. For example, there is recent evidence that some types of cancer may be
caused by stem cells undergoing a rmalignant transforrmation. This shows possible risk in the
implantation of stem cells.

Exercises

1 How would the excretion of metabolic wastes from cells be related to the concept of surface
area to volume ratio?

2 Name two disadvantages of using an electron microscope.

How does specialization in muscle and nerve cells affect their ability to reproduce?

4 ‘What would prevent stem cells from other species being successful in humans?

w

Prokaryotic cells

Assessment statements

2.2.1 Draw and label a diagram of the ultrastructure of Escherichia coli
(E. coli) as an example of a prokaryote.

2.2.2 Annotate the diagram with the functions of each named structure.

2.2.3 Identify structures from 2.2.1 in electron micrographs of £. coli.

2.2.4  State that prokaryotic cells divide by binary fission.




What is a prokaryotic cell?

After exhaustive studies of cells, it is apparent that all cells use common molecular
mechanisms. There are huge differences between the forms of life but cells are the _ e

. . . THARHRLS 5. Greek pro, which means before,
basic unit of life and have many characteristics in common. Cells are often divided B darion, which eamis kel
into certain groups based on major characteristics. One such grouping divides cells referring to the nucleus.
into two groups: prokaryotic and eukaryotic. Prokaryotic cells are much smaller
and simpler than eukaryotic cells. In fact, most prokaryotic cells are less than 1
micrometre in diameter. Because of this and many other reasons to be discussed
fater, the prokaryotic cells are thought to have appeared on Earth first. As bacteria
are prokaryotic cells, you can see that such cells play a large role in the world today.

) The word ‘prokaryotic’is from the

Features of prokaryotic cells

Study Figure 2.1 and be sure you can identify:
e the cell wall; ® Examiner’s hint: Practise drawing
a typical prokaryotic cell. Label clearly

» the plasma membrane;
all the parts stated in the text. Once

s flagella;

. & you have completed the drawing and
¢ ribosomes; labelling, annotate the diagram with the
s the nucleoid (a region containing free DNA). functions of each named structure.

‘ Figure 2.1 This is a false-colour
scanning electron micrograph (SEM) of
the bacterium Escherichia coli. Below is a
drawing of a prokaryotic cell.

capsule
cytoplasm

ribosomes
cell wall

plasma membrane
nucleoid of DNA

plasmid

pili

flagella
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Cell wall and plasma membrane

The prokaryotic cell wall protects and maintains the shape of the cell. In most
prokaryotic cells, this wall is composed of a carbohydrate—protein complex called
peptidoglycan. Some bacteria have an additional layer of a type of polysaccharide
outside the cell wall. This layer makes it possible for some bacteria to adhere to
structures such as teeth, skin and food.

The plasma membrane is just inside the cell wall and has a composition similar
to the membranes of eukaryotic cells. It controls the movement of materials

in and out of the cell to a large extent, and it plays a role in binary fission of
the prokaryotic cell. The cytoplasm occupies the complete interior of the cell.
The most visible structure with a microscope capable of high magnification is
the chromosome or molecule of DNA. There is no compartmentalization in
the cytoplasm. Therefore, all cellular processes in prokaryotic cells occur in the
cytoplasm.

Pili and flagella

Some bacterial cells contain hair-like growths on the outside of the cell wall.
These structures are called pili and are used for attachment. However, their main
function is in joining bacterial cells in preparation for the transfer of DNA from
one cell to another (sexual reproduction).

If a bacterium has flagella (plural) or a flagellum (singular), they are longer than
pili. The flagella allow cell motility.

Ribosomes

Ribosomes occur in all prokaryotic cells and they function as sites of protein
synthesis. These small structures occur in very large numbers in cells with high
protein production, and when numerous, impart a granular appearance to an
electron micrograph of the prokaryotic cell.

The nucleoid region

The nucleoid region of the bacterial cell is non-compartmentalized and contains a
single, long, continuous, circular thread of DNA. Therefore, this region is involved
with cell control and reproduction. In addition to the bacterial chromosome,
bacteria may also contain plasmids. These small, circular, DNA molecules

are not connected to the main bacterial chromosome. The plasmids replicate
independently of the chromosomal DNA. Plasmid DNA is not required by the cell
under normal conditions but it may help the cell adapt to unusual circumstances.

Binary fission

Prokaryotic cells divide by a very simple process called binary fission. During this
process, the DNA is copied, the two daughter chromosomes become attached

to different regions on the plasma membrane, and the cell divides into two
genetically identical daughter cells. This divisional process includes an elongation
of the cell and a partitioning of the newly produced DNA by microtubule-like
fibres made of protein called FtsZ.



‘ This is a false-colour transmission
electron micrograph (TEM) showing
E. coli dividing by binary fission.

Summary =
For more information on bacterial
Here is a list of the major distinguishing characteristics of prokaryotic cells. callstructare. vist helneman,
1 Their DNA is not enclosed within a membrane and is one cjrcular co.uk/hotlinks, insert the express
chromosome. code 4242P and click on Weblink

2 Their DNA is free; it is not attached to proteins. e

3 They lack membrane-bound organelles. Ribosomes are complex structures
within the plasma membrane, but they have no exterior membrane.

4 Their cell wall is made up of a unique compound called peptidoglycan.

5 They usually divide by binary fission, a simple form of cell division.

6 They are characteristically small in size, usually 1-10 micrometres.

5 Whatis a disadvantage of the prokaryotic cells having their DNA free in the cytoplasm without a
nuclear membrane?

6 What structures are involved in sexual reproduction in prokaryotic cells?

@ Eukaryotic cells

Assessment statements

2.3.1 Draw and label a diagram of the ultrastructure of a liver cell as an
example of an animal cell.

2.3.2 Annotate the diagram with the functions of each named structure,

2.3.3 Identify structures from 2.3.1 in electron micrographs of liver cells.

2.3.4 Compare prokaryotic and eukaryotic cells.

2.3.5 State three differences between plant and animal cells.

2.3.6 Qutline two roles of extracellular components.
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What is a eukaryotic cell?

Figure 2.2 Look at this drawing of a Whereas prokaryotic cells occur in the bacteria, eukaryotic cells occur in
typical animal cell and compare it with organisms such as algae, protozoa, fungi, plants and animals (see Figures 2.2,
Figure 2.3. 2.3 and 2.4).
v

Plasma membrane Cytoplasm Mitochondria are organelles that

carry out respiration.

Golgi apparatus stores,
modifies, and packages proteins.

Nuclear pore allows
communication between the
nucleus and the rest of the cell.

Centrioles are associated with
nuclear division. They are
composed of microtubules, The
area in which centrioles are
found is called the centrosome.
Itis present in all eukaryotic
cells, but centrioles are absent
from higher plant cells.

Nucleolus is a dense,
solid structure involved in
ribosome synthesis.

. Nuclear membrane
Ribosomes are small

structures, free in the
cytoplasm or associated
with the endoplasmic
reticulum (ER).

Lysosomes are sacs bounded
by a single membrane. They
contain and transport enzymes.
Lysosomes show little internal
structure. Lysosomes are usually

Rough endoplasmic reticulum absent from plant cells.

is a site of protein synthesis.

Smooth endoplasmic reticulum Vacuoles are smaller than those
is ER without ribosomes. found in plant cells.

Eukaryotic cells range in diameter from 5 to 100 micrometres. Also, usually

noticeable is the ‘kernel’ or nucleus in the cytoplasm. Other organelles may be visible

in the cell if you have a microscope with high enough magnification and resolution.
O Organelles are non-cellular structures that carry out specific functions (a bit like

The term ‘eukaryote’ comes from ; ; : . .
ey organs in multicellular organisms). Different types of cell often have different

the Greek words meaning ‘true . N ;
kernel or nucleus. organelles. These structures bring about compartmentalization in eukaryotic cells.

This is not a characteristic of prokaryotic cells. Compartmentalization allows
chemical reactions to be separated. This is especially important when the adjacent
chemical reactions are incompatible. It also allows chemicals for specific reactions to
be isolated. This isolation results in increased efficiency.

Organelles of eukaryotic cells

Common organelles include the following (see Figures 2.2 and 2.3):

e endoplasmic reticulum;

s ribosomes;

¢ lysosomes (not usually in plant cells);

» Golgi apparatus;

» mitochondria;

o nucleus;

o chloroplasts (only in plant and algal cells);

» centrosomes (in all eukaryotic cells but centrioles are not found in higher plant cells);
e vacuoles.



Endoplasmic reticulum (ER) is a network of tubes
and flattened sacs. ER connects with the plasma
membrane and the nuclear membrane and may

Central vacuole has be smooth or have attached ribosomes (rough ER).

storage and hydrolytic
functions

Cytoplasm contains dissolved
substances, enzymes, and the cell
organelles.

Nucleus contain most of the
cell’s DNA,

Nuclear pore

Chloroplasts are specialized
plastids containing the green
pigment chlorophyll. They
consist of grana within the
colourless stroma. They are

the sites for photosynthesis.

Nucleolus

Nuclear membrane is a double-
layered structure.

Ribosomes are small (20 nm)
structures which manufacture proteins.
They may be free in the cytoplasm or
associated with the surface of the
endoplasmic reticulum.

Cell wall is a semi-rigid
structure composed
mainly of cellulose.

Plasma membrane

Golgi apparatus
is inside the cell wall. gtapp

Starch granules are
composed of carbohydrate
stored in amyloplasts.

Mitochondria are bounded by
a double membrane. They are
energy transformers.

A

Figure 2.3 What is different and what is similar
between this typical plant cell and Figure 2.27

L Figure 2.4 Carefully examine this
false-colour TEM of part of a liver cell.
Can you tell itis an animal cell? Locate
as many of the structures of an animal
cell as you can. How do the structures
of this cell reflect the overall functions
of the liver?
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Figure 2.5 Smooth ER and rough ER. ’

The letter S in measurement

of ribosome subunits refers to
Svedberg units, which indicate
the relative rate of sedimentation
during high-speed centrifugation.

Cytoplasm

All eukaryotic cells have a region called the cytoplasm that occurs inside the
plasma membrane or the outer boundary of the cell. It is in this region that the
organelles occur. The fluid portion of the cytoplasm between the organelles is
referred to as the cytosol.

Endoplasmic reticulum

The endoplasmic reticulum (ER) is an extensive network of tubules or channels
that extends almost everywhere in the cell from the nucleus to the plasma
membrane. Its structure enables its function which is the transportation of
materials throughout the internal region of the cell. The endoplasmic reticulum
is of two general types: smooth and rough (see Figure 2.5). Smooth ER does not
have any of the organelles called ribosomes on its exterior surface. Rough ER has
ribosomes on its exterior.

nuclear membrane

rough ER
ribosomes

smooth ER

The smooth ER has many unique enzymes embedded on its surface. Its functions are:
» production of membrane phospholipids and cellular lipids;

» production of sex hormones such as testosterone and oestrogen;

o detoxification of drugs in the liver;

e storage of calcium ions needed for contraction in muscle cells;

e transportation of lipid-based compounds;

e to aid the liver in releasing glucose into the bloodstream when needed.

Rough ER has ribosomes on the exterior of the channels. These ribosomes are
involved in protein synthesis. Therefore, this type of ER is involved in protein
development and transport. These proteins may become parts of membranes,
enzymes, or even messengers between cells. Most cells contain both types of ER
with the rough ER being closer to the nuclear membrane.

Ribosomes

Ribosomes are unigue structures that do not have an exterior membrane. They
carry out protein synthesis in the cell. These structures may be found free in the
cytoplasm or they may be attached to the surface of endoplasmic reticulum. They
are always composed of a type of RNA and protein. You will recall that prokaryotic
cells also contain ribosomes. However, the ribosomes of eukaryotic cells are larger
and denser than those of prokaryotic cells. Eukaryotic ribosomes are composed

of two subunits. These subunits together equal 80S. The ribosomes in prokaryotic
cells are also of two subunits, but they only equal 70S.



Lysosomes

Lysosomes are intracellular digestive centres that arise from the Golgi apparatus.
The lysosome lacks any internal structures. They are sacs bounded by a single
membrane that contain as many as 40 different enzymes. The enzymes are all
hydrolytic and catalyse the breakdown of proteins, nucleic acids, lipids and
carbohydrates. Lysosomes fuse with old or damaged organelles from within the
cell to break them down so that recycling of the components may occur. Also,
lysosomes are involved with the breakdown of materials that may be brought
into the cell by phagocytosis (see Section 2.4 Membranes). The interior of a
functioning lysosome is acidic. This acidic condition is necessary for the enzymes
to hydrolyse large molecules.

Golgi apparatus

The Golgi apparatus consists of what appears to be flattened sacs called cisternae,
which are stacked on top of one another (see Figure 2.6). This organelle
functions in the collection, packaging, modification, and distribution of materials
synthesized in the cell. One side of the apparatus is near the rough ER, called the
cis side. It receives products from the ER. These products move into the cisternae
of the Golgi apparatus. Movement then continues to the discharging or opposite
side, the trans side. Small sacs called vesicles can be seen coming off the trans
side. These vesicles carry modified materials to wherever they are needed inside
or outside the cell. This organelle is especially prevalent in glandular cells such as
those in the pancreas, which manufacture and secrete substances.

. O_ vesicles with
: / modified materials

cisternae

vesicle from
rough ER

Mitochondria

Mitochondria (singular, mitochondrion) are rod-shaped organelles that appear
throughout the cytoplasm (see Figure 2.7 overleaf). Their size is close to that of a
bacterial cell. Mitochondria have their own DNA, a circular chromosome similar
to that in bacterial cells, allowing them some autonomy within the cell. They have
a double membrane. The outer membrane is smooth, but the inner membrane

is folded into cristae (singular, crista). Inside the inner membrane is a semi-fluid
substance called matrix. An area called the inner membrane space lies between the
two membranes. The cristae provide a huge internal surface area for the chemical
reactions characteristic of the mitochondria to occur. Most mitochondrial
reactions involve the production of usable cellular energy called ATP. Because of
this, the mitochondrion is often called the ‘cell powerhouse’ This organelle also
produces and contains its own ribosomes. These ribosomes are of the 70S type.
Cells that have high energy requirements, such as muscle cells, have large numbers
of mitochondria.

! Figure 2.6 |n this drawing of the
Golgi apparatus, the moverment of the
vesicles is shown by arrows. Can you
identify which side is the cis side and

which is the trans side?
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Figure 2.7 Compare this drawing of 4
a mitochondrion with the false-colour
TEM of a mitochondrion.

Figure 2.8 The nucleus has a double ’
membrane with pores and contains a
nucleolus.

matrix outer
membrane

crista inner
membrane

Nucleus

The nucleus in eukaryotic cells is an isolated region where the DNA resides. It

is bordered by a double membrane referred to as the nuclear envelope. This
membrane allows compartmentalization of the eukaryotic DNA, thus providing
an area where DNA can carry out its functions and not be affected by processes
occurring in other parts of the cell. The nuclear membrane does not provide
complete isolation as it has numerous pores that allow communication with the
cell’s cytoplasm (see Figure 2.8).

nuclear membrane

nucleolus

nucleus

False-colour TEM showing
nucleus and nucleolus.

False-colour TEM showing
pores in the nuclear
membrane.




The DNA of eukaryotic cells often occurs in the form of chromosomes;
chromosomes vary in number depending on the species. Chromosomes carry all
the information necessary for the cell to exist. This allows for the survival of the
organism, whether unicellular or multicellular. DNA is the genetic material of the
cell. It enables certain traits to be passed to the next generation. When the cell is
not in the dividing process, the chromosomes are not present as visible structures.
During this phase, the cell’s DNA is in the form of chromatin. Chromatin is
formed of strands of DNA and proteins called histones. This DNA and histone
combination often results in structures called nucleosome. A nucleosome consists
of eight histones with a strand of DNA wrapped around them and secured with

a ninth histone (see also Chapter 7, page 195). This produces a structure that
resembles a string of beads. A chromosome is a highly coiled structure of many
nucleosomes (see Figure 2.9).

| Figure 2.9 This drawing shows how
DNA is packaged into chromosomes.

chromosome

DNA wrapped around histone
core and held in place with another
histone (not shown)

central cores of nucleosomes,
(made up of eight histones)

The nucleus is often located centrally in the cell’s cytoplasm, although in some cell
types it is pushed to one side. The side position is characteristic of plant cells since
these cells often have a large central vacuole. Most eukaryotic cells possess a single
nucleus, but some do not have a nucleus, and some have multiple nuclei. Without
a nucleus, a cell cannot reproduce. Loss of reproductive ability is often paired
with increased specialization to carry out a certain function. For example, human
red blood cells do not have nuclei; they are specialized to transport respiratory
gases. Most nuclei also include one or more dark areas called nucleoli (singular,
nucleolus). Molecules of the cell ribosomes are manufactured in the nucleolus.
The molecules pass through the nuclear envelope before assembly as ribosomes.

Chloroplasts

Chloroplasts occur only in algae and plant cells. The chloroplast contains a double
membrane and is about the same size as a bacterial cell. Like the mitochondrion,
it contains its own DNA and 70S ribosomes. The DNA of the chloroplast is in the
form of a ring.

You should note all the characteristics that chloroplasts and mitochondria have in
common with prokaryotic cells.

Besides DNA and ribosomes, the interior of the chloroplast includes the grana
(singular, granum), the thylakoids, and the stroma (see Figure 2.10). A granum is
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made up of numerous thylakoids stacked like a pile of coins. The thylakoids are
flattened membrane sacs with components necessary for the absorption of light.
Absorption of light is the first step in the process of photosynthesis. The fluid
stroma is similar to the cytosol of the cell. It occurs outside the grana but within
the double membrane. Stroma contains many enzymes and chemicals necessary
to complete the process of photosynthesis. Like mitochondria, chloroplasts are
capable of reproducing independently of the cell.

outer membrane —

inner membrane ==

granum (pile
of thykaloids)

stroma one thylakoid

A
Figure 2.10 Compare :his drawing
of a chloroplast with the TEM of a

chloroplast.
N SRR N R T A g R
U R 0N e TPl S A SR Centrosome
g X s PR < N Y The centrosome occurs in all eukaryotic cells.
Ty Ar . ¥ . . . . .
: * Generally, it consists of a pair of centrioles at right
= angles to one another. These centrioles are involved in

assembling microtubules, which are important to the
cell in providing structure and allowing movement.
Microtubules are also important to cell division.
Higher plant cells produce microtubules even though
they do not have centrioles. The centrosome is located
at one end of the cell close to the nucleus.

‘ This TEM shows the two centrioles of a
¥ centrosome.



Vacuoles

Vacuoles are storage organelles that usually form from the Golgi apparatus. They
are membrane-bound and have many possible functions. They occupy a very
large space inside the cells of most plants. They may store a number of different
substances including potential food (to provide nutrition), metabolic wastes

and toxins (1o be expelled from the cell), and water. Vacuoles enable cells to have
higher surface area to volume ratios even at larger sizes. In plants, they allow an
uptake of water that provides rigidity for the organism.

Comparison of prokaryotic and eukaryotic cells

A table may best be used to summarize the differences between prokaryotic and @ Examiner’s hint: When comparing,
© be certain to state the charac

eukaryotic cells.

Frokaryotic cells | Eukaryotic cells

DNA in a ring form without protein DNA with proteins as chromosomes/ SIS
, chromatin

DNA free in the cytoplasm (nucleoid DNA enclosed within a nuclear envelope |

region) ( (nucleus)

no mitochondria mltochondna present

70S ribosomes I 805 nbosomes [

Fno internal compartmentalization to , internal compartmentalization present ‘

form organelles to form many types of organelle

size less than 10 micrometres _]iize more than 10 micrometres _’

If you are asked to state the similarities between the two types of cell, you should

be certain to include the following:

e both types of cell have some sort of outside boundary that always involves a
plasma membrane;

» both types of cell carry out all the functions of life;

e DNA is present in both cell types.

Comparison of plant and animal cells and their
extracellular components

Let’s look at how to compare two general types of eukaryotic cell, plant and
animal. A table like the one below can be used to emphasize the differences.
However, don’t forget to also recognize the similarities between these two cell
types later.

,‘lant cells Animal cells
Exterior of cel[ includes an outer cell wall with a Exterior of cell includes only a plasma

) plasma membrane just inside. { membrane. There is no cell wall, _‘

] Chloroplasts are present in the cytoplasm There are no chloroplasts. ;
Possess large centrally located vacuoles. | Vacuoles are usually not present or are l

small, |

Store carbohydrates as starch. Store carbohydrates as glycogen. |
Do not contain centrioles within a centrosome [ Contain centrioles within a centrosome l
area. area.

——————— sible and. |

Because a rigid cell wall is present, this cell type } Without a cell wall thls cell is flexible and
| has a%d,o_ftena_ngulaisheg = . more likely to be a rounded shape.




Most cellular organelles are present in both plant and animal cells. When an
organelle is present in both types of cell, it usually has the same structure and

| function. For example, both cell types contain mitochondria that possess cristae,
matrix, and the double membrane. Also, in both cell types, the mitochondria
function in the production of ATP for use by the cell.

The outermost region of various cell types is often unique, as shown by the
following table.

@ll Outermost part
| bacteria cell wall of peptidoglycan
| fungi | cell wall of chitin

!_@_s AFeH wall of glucan and mannan
| plants.
F\imals

cell wall of cellulose
cell wall of cellulose (see Figure 2.11)

no cell wall; plasma membrane secretes a mixture
of sugar and proteins called glycoproteins that

L o | forms the extracellular matrix

Figure 2.11 This drawing of a section | 4
through plant cells shows the primary

| walls, middle lamella and secondary
walls.

cell

middle lamella

secondary wall

primary wall

Whenever the cell wall is present, it is involved in maintaining cell shape. It also
helps regulate water uptake. Because of its rigidity, it will only allow a certain
amount of water to enter the cell. In plants, when an adequate amount of water
is inside the cell, there is pressure against the cell wall. That pressure serves to
support the plant’s upright position.

6 The extracellular matrix (ECM) of many animal cells is composed of collagen

TR TR/ oneel fibres plus a combination of sugars and proteins called glycoproteins (see Figure

anatomy, visit heinermann.co.uk/

hotlinks, insert the express code 2.12). These form fibre-like structures that anchor the matrix to the plasma

4242P and click on Weblinks 2.2a membrane. This strengthens the plasma membrane and allows attachment

and 2.2b. between adjacent cells. The ECM allows for cell-to-cell interaction, possibl
) p Y

altering gene expression and bringing about coordination of cell action within

the tissue. Many researchers think the ECM is involved in directing stem cells to
differentiate. Cell migration and movement also appear to be, at least partially, the
result of interactions in this area.

»



Extracellular fluid

/collagen fibre

extracellular
matrix

glycoprotein

v integral protein in
) plasma membrane

=

IR,.A'.I.A,A[A, -

microfilaments

Cytoplasm
A

Figure 2.12 This is a drawing of the
extracellular matrix of an animal cell.

7 Why do muscle cells have a large number of mitochondria?
8 Name two organelles that are similar to prokaryotic cells.

9 If plant cells have chloroplasts for photosynthesis, why do they also need mitochondria?

@ Membranes

Assessment statements

2.4.1 Draw and label a diagram to show the structure of a membrane.

2.4.2 Explain how the hydrophobic and hydrophilic properties of
phospholipids help to maintain the structure of cell membranes.

2.4.3 List the functions of membrane proteins.

2.4.4 Define diffusion and osmosis.

2.45 Explain passive transport across membranes by simple diffusion and
facilitated diffusion.

2.4.6 Explain the role of protein pumps and ATP in active transport across
membranes.

2.4.7 Explain how vesicles are used to transport materials within a cell
between the rough endoplasmic reticulum, Golgi apparatus and
plasma membrane.

2.4.8 Describe how the fluidity of the membrane allows it to change shape,
break and re-form during endocytosis and exocytosis.




Models are a way scientists explain
complex structures such as cellular
membranes. Models are based on
the knowledge available at the
time. Even thouagh early models

of cell membranes were wrong
(because of incomplete data), they
helped in the development of the
presently accepted model of cell
mermbranes.

%

Figure 2,13 In the fluid mosaic model
of the cell membrane there is a double
layer of lipids (fats) arranged with

their tails facing inwards. Proteins are
thought to float'in the lipid bilayer.

v

Glycoproteins are composed of carbohydrate
chains attached to peripheral proteins. They play
a role in recognition of like cells and are involved

in immune responses.

Cholesterol helps to
regulate membrane
fluidity and is important
for membrane stability.

Some polar substances, particularly ions
and carbohydrates, are transported across
the membrane via the channel proteins.

Membrane structure

As early as 1915, scientists were aware that the structure of cell membranes
included proteins and lipids. Further research established that the lipids were
phospholipids. Early theories mostly centred on the phospholipids forming a
bilayer with the proteins forming thin layers on the exterior and interior of the
bilayer. Then, in 1972, S.]. Singer and G. Nicolson proposed that the proteins

are inserted into the phospholipid layer rather than forming a layer on its
surfaces. They believed the proteins formed a mosaic floating in a fluid layer of
phospholipids. Since 1972, further evidence has been gathered about membranes
and only slight changes to the Singer and Nicolson model have been made.

The present agreed modet of the cellular membrane is the fluid mosaic model.
It is shown in Figure 2.13. You should note that all cellular membranes, whether
plasma membranes or organelle membranes, have the same general structure.

Phospholipids

In Figure 2.13, note that the ‘backbone’ of the membrane is a bilayer produced
from huge numbers of molecules called phospholipids. Each phospholipid is
composed of a 3-carbon compound called glycerol. Two of the glycerol carbons
have fatty acids attached. The third carbon is attached to a highly polar organic
alcohol that includes a bond to a phosphate group. Fatty acids are not water
soluble because they are non-polar. On the other hand, because the organic

Integral proteins completely penetrate
the lipid bilayer. They control the

entry and removal of specific

molecules from the cell.

phospholipid
bilayer

Some non-polar substances,
including water, are transported
directly through the lipid bilayer.



alcohol with phosphate is highly polar, it is water soluble. This structure means
that membranes have two distinct areas when it comes to polarity and water
solubility (see Figure 2.14). One area is water soluble and polar, and is referred to
as hydrophilic (water loving). This is the phosphorylated alcohol side. The other
area 1s not water soluble and is non-polar. It is referred to as hydrophobic (water

fearing).
polar
(hydrophitic) region
non-polar (hydrophobic) regior
A

Figure 2.14 This is a model of a phospholipid.

The hydrophobic and hydrophilic regions cause phospholipids to always align

as a bilayer if there is water present and there is a large number of phospholipid

molecules (see Figure 2.15). Because the fatty acid ‘tails’ do not strongly attract Figure 2.15 This model of a

one another, the membrane tends to be fluid or flexible. This allows animal cells phospholipid bilayer shows how

to have a variable shape and also allows the process of endocytosis (which is Rhigspholipid molecutes hebave

. jus i . in two layers. Both layers have the

discussed below). What maintains the overall structure of the membrane is the
phosphorylated alcohol end of the

tendency water has to form hydrogen bonds. molecules towards the outside and the
fatty acid tails oriented toward each
other in the middle.

v

hydrophilic
hosphorylated . -
i e ¢ ¢ ¢ ¢ ¢ ¢ 6 6 6 68 8

heads

hydrophobic
region of
fatty acids

hydrophilic

hosphorylated
1AL T T T

heads
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@ Examiner’s hint: Be certain you
can draw and label all the parts of a
mernbrane as described in this section
on the fluid mosaic model.

Cholesterol

Membranes must be fluid to function properly. They are a bit like olive oil in their
consistency. At various locations in the hydrophobic region (fatty acid tails) in
animal cells are cholesterol molecules. These molecules have a role in determining
membrane fluidity, which changes with temperature. The cholesterol molecules
allow effective membrane function at a wider range of temperatures than if they
were not present. Plant cells do not have cholesterol molecules; they depend on
saturated or unsaturated fatty acids to maintain proper membrane fluidity.

Proteins

The last major components of cellular membranes are the proteins. It is the
proteins that create extreme diversity in membrane function. Proteins of various
types are embedded in the fluid matrix of the phospholipid bilayer. This creates
the mosaic effect referred to in the fluid mosaic model. There are usually two
major types of protein. One is referred to as integral protein and the other type
is referred to as peripheral protein. Integral proteins have both hydrophobic and
hydrophilic regions in the same protein. The hydrophobic region, with non-
polar amino acids, is in the mid-section of the phospholipid membrane, holding
the protein in place. Their hydrophilic region is exposed to the water solutions
on either side of the membrane. Peripheral proteins, on the other hand, do not
protrude into the middle hydrophobic region, but remain bound to the surface
of the membrane. Often these peripheral proteins are anchored to an integral
protein. You can see the location of these proteins if you look back to Figure 2.13.

Membrane protein functions

As you will recall, it is the membrane proteins that impart different functions to
different membranes. There are many different proteins but they tend to have six
general functions:

e hormone binding sites;

e enzymatic action;

e cell adhesion;

e cell-to-cell communication;

e channels for passive transport;

e pumps for active transport.

Proteins that serve as hormone binding sites have specific shapes exposed to the
exterior that fit the shape of specific hormones. The attachment between the
protein and the hormone causes a change in shape in the protein and results in a
message being relayed to the interior of the cell.

Cells have enzymes attached to membranes that catalyse many chemical reactions.
The enzymes may be on the interior or the exterior of the cell. Often they are
grouped so that a sequence of metabolic reactions, called a metabolic pathway,
may occur.

Cell adhesion is provided by proteins when they hook together in various ways to
provide permanent or temporary connections. These connections, referred to as
junctions, may include gap junctions or tight junctions.

Many of the cell-to-cell communication proteins include attached molecules of
carbohydrate. They provide an identification label representing cells of different
types or species.



Some proteins contain channels that span the membrane providing passageways
for substances to pass through. When this transport is passive, a material moves
through the channel from an area of high concentration to an area of lower
concentration.

In active transport, proteins shuttle a substance from one side of the membrane to
another by changing shape. This process requires the expenditure of energy in the
form of ATP. It does not require a difference in concentration to occur.

Passive and active transport

There are two general means of cellular transport:
e passive transport;
e active transport.

Passive transport does not require energy (in the form of ATP), but active
transport does. Passive transport occurs in situations where there are areas of
different concentration of a particular substance. Movement of the substance
occurs from an area of high concentration to an area of lower concentration.
Movement is said to occur along a concentration gradient.

When active transport occurs, the substance is moved against a concentration
gradient, so energy expenditure must occur.

Passive transport: diffusion and osmosis

Examine Figure 2.16; it shows chemical diffusion.

Diffusion

Diftusion is one type of passive transport. Particles of a certain type move from a
region of high concentration to a region of low concentration. However, in a living
system, diffusion often involves a membrane. For example, oxygen gas moves from
outside a cell to inside. Oxygen is used by the cell when its mitochondria carry out
respiration, thus creating a relatively lower oxygen concentration inside the cell
than outside. Oxygen diffuses into the cell as a result. Carbon dioxide diffuses in
the opposite direction to the oxygen because carbon dioxide is produced as a result
of mitochondrial respiration.

lump
of sugar

sugar
molecule
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< Figure 2.16 Note how the sugar
molecules disperse from the area of
higher concentration to the area of
lower concentration.
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An example of a disease involving
a failure of facilitated diffusion

is cystinuria, It occurs when the
protein that carries the amino acid
cysteine is absent from kidney cells.
The result is a build-up of amino
acids in the kidney resulting in very
painful stones.

Partially permeable membranes are O

also called selectively permeable
membranes

Figure 2.17 The partially permeable
membrane between two solutions of
different osmotic concentrations allows
water molecules to pass from the hypo-
osmotic solution to the hyperosmotic
solution.

hyperosmotic A

solution

>

Facilitated diffusion

Facilitated diffusion is a particular type of diffusion involving a membrane with
specific carrier proteins that are capable of combining with the substance to aid its
movement. The carrier changes shape to accomplish this task but does not require
energy. It is evident from this explanation that facilitated diffusion is very specific
and depends on the carrier protein. You should note that the rate of facilitated
diffusion will level off when total saturation of available carriers accurs.

Osmosis

Osmosis is another type of passive transport, so movement occurs along a
concentration gradient. However, osmasis involves only the passive movement of
water molecules across a partially permeable membrane. A partially permeable
membrane is one which only allows certain substances to pass through (a
permeable membrane would allow everything through). The concentration
gradient of water that allows the movement to occur is the result of a difference
between solute concentrations on either side of a partially permeable membrane.
A hyperosmotic solution has a higher concentration of total solutes than a hypo-
osmotic solution. Water therefore moves from a hypo-osmotic solution to a
hyperosmotic solution across a partially permeable membrane (see Figure 2.17). If
iso-osmotic solutions occur on either side of a partially permeable membrane, no
net movement of water is evident.

Passive transport continues until there is an equal concentration of the substance
in both areas involved. This is called equilibrium.

This table summarizes diffusion and osmosis across cellular membranes.

~ Simple diffusion Substances other than water move between phospholipid |
molecules or through proteins which possess channels.

Facilitated Non-channel protein carriers change shape to allow
diffusion movement of substances other than water.

which are proteins with specialized channels for water
movement. l

\ Osmosis Only water moves through the membrane using aquaporins l

urea partially permeable water

molecule membrane molecules

hypo-osmotic
solution




Size and charge

f The size and polarity of molecules determine the ease with which various substances can
cross membranes. These characteristics and the ability of molecules to cross membranes are
arranged along a continuum like this:

small and non-polar molecules 5 large and polar molecules cross
cross membranes easily membranes with difficulty

Substances that can move across a membrane passively are influenced by two
major factors: size and charge. Substances that are small in size and non-polar
move across membranes with ease. Substances that are polar, large in size, or both,
do not. Examples of small, non-polar substances are gases such as oxygen,

carbon dioxide, and nitrogen. Ions such as chloride ions, potassium ions, and
sodium ions would have a great deal of difficulty crossing membranes passively,

as would large molecules such as glucose and sucrose. Molecules such as water
and glycerol are small, uncharged polar molecules that can fairly easily cross
membranes.

Active transport and the cell

As you will recall, active transport requires work to be performed. This means
energy must be used, so ATP is required. Active transport involves the movement
of substances against a concentration gradient. This process allows the cell to
maintain interior concentrations of molecules that are different from exterior
concentrations. Animal cells have a much higher concentration of potassium ions
than their exterior environment, whereas sodium ions are more concentrated in
the extracellular environment than in the cells. The cell allows the maintenance of
this condition by pumping potassium ions into the cell and by pumping sodium
ions out of it. Along with energy, a membrane protein must be involved for this
active transport to occur. We can now explain how the sodium—potassium pump
works.

The sodium-potassium pump

This mechanism for actively moving sodium and potassium ions has five stages.
1 A specific protein binds to three intracellular sodium ions (see Figure 2.18).

Extracellular

Intracellular

There are many other examples of
active transport in cells besides the
sodium-potassium pump. Liver
cells use the process to accumulate
glucose molecules from blood
plasma even though the liver cell
has a higher glucose concentration.

Cystic fibrosis is a human genetic
disease in which the membrane
protein that transports chloride
ions is missing. This causes high
concentrations of water inside the
cells that line the lungs and leads
to the production of very thickened
mucus. This results in a serious
condition,

4 Figure 2.18 Stage 1: A protein in
a phospholipid bilayer opens to the
intracellular side and attaches three
sodium ions.




2 Binding of sodium ions causes phosphorylation by ATP (see Figure 2.19).

Figure 2.19 Stage 2: ATP attaches to > Extracellular
the protein.

Intracellular

3 The phosphorylation causes the protein to change its shape, thus expelling
sodium ions to the exterior (see Figure 2.20).

Figure 2,20 Stage 3: The carrier ) Extracellular
opens to the exterior of the cell and
the sodium ions are released. ADP is
released, leaving a phosphate group
attached to the protein.

Intracellular

4 Two extracellular potassium ions bind to different regions of the protein and
this causes the release of the phosphate group (see Figures 2.21 and 2.22).

Figure 2.21 Stage 4: Extracellular | 4 Extracellular ‘K*
potassium ions attach to the protein. ’

Intracellular

Cells —,



5 Loss of the phosphate group restores the protein’s original shape thus causing
the release of the potassium ions into the intracellular space (see Figure 2.22).

Extracellular Extracellular  Figure 2.22 Stage 5 The protein
opens towards the cell interior again

and releases the potassium ions into
the interior.

Q
59

Intracellular Intracellular

The sodium—potassium pump shows how important and active specific proteins
are in the active transport of particular substances. It is also clear how ATP plays a
crucial role in active transport.

Endocytosis and exocytosis

Endocytosis and exocytosis are processes that allow larger molecules to move
across the plasma membrane. Endocytosis allows macromolecules to enter the cell,
while exocytosis allows molecules to leave. Both processes depend on the fluidity
of the plasma membrane. It is important to recall why the cell membranes are
fluid in consistency: the phospholipid molecules are not closely packed together
largely due to the rather ‘loose’ connections between the fatty acid tails. It is also
important to remember why the membrane is rather stable: the hydrophilic and
hydrophobic properties of the different regions of the phospholipid molecules
cause them to form a stable bilayer in an aqueous environment.

Endocytosis occurs when a portion of the plasma membrane is pinched off to enclose
macromolecules or partxcu}ates. This pinching off involves a change in the shape of ™\ Examnples of endoeytosis inclide:
the membrane. The result is the formation of a vesicle that then enters the cytoplasm " o phagocytosis — the intake of
of the cell. The ends of the membrane reattach because of the hydrophobic and large particulate matter;
hydrophilic properties of the phospholipids and the presence of water. This could not > (Ginanoslss nkinike bf

oy ; extracellular fluids.
occur if it weren’t for the fluid nature of the plasma membrane.

Exocytosis is essentially the reverse of endocytosis, so the fluidity of the plasma

membrane and the hydrophobic and hydrophilic properties of its molecules are

just as important as in endocytosis. Exocytosis usually begins in the ribosomes

of the rough ER and progresses through a series of four steps until the produced

substance is secreted to the environment outside the cell.

1 Protein produced by the ribosomes of the rough ER enters the lumen of the ER.

2 Protein exits the ER and enters the cis side or face of the Golgi apparatus; a
vesicle is involved (see Figure 2.23).

3 As the protein moves through the Golgi apparatus, it is modified and exits on
the frans face inside a vesicle (see Figure 2.23).

4 The vesicle with the modified protein inside moves to and fuses with the
plasma membrane — this results in the secretion of the contents from the cell.
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Figure 2.23 How the Golgi apparatus P ¢js face © Vesicle entering dis

functions.

Examples of exocytosis occur

when:

e pancreas cells produce
insulin and secrete it into the
bloodstream (to help regulate
blood glucose levels);

e neurotransmitters are released
at the synapse in the nervous
system.

(receiving side of @ Vesicle coming fromER.  side of Golgi apparatus.

Golgi apparatus)

@ Cisternae
move in a cis-
to-trans
direction.

@ Vesicle leaves the
trans side of Golgi
apparatus with modified
contents.

trans face
(shipping side of
Golgi apparatus)

The fluidity of the plasma membrane is essential to allow fusion and subsequent
secretion of the vesicle contents. At this point the vesicle membrane is actually a
part of the plasma membrane.

10 Why is the term ‘equilibrium’used with passive but not active transport?
11 What type of amino acids are present where integral proteins attach to cell membranes?

12 Why are exccytosis and endocytosis known as examples of active transport?

@ Cell division

Assessment statements

2.5.1  Outline the stages in the cell cycle, including interphase (G,, S, G;),
mitosis and cytokinesis.

2.5.2 State that tumours (cancers) are the result of uncontrolled cell division
and that these can occur in any organ or tissue.

2.5.3 State that interphase is an active period in the life of a cell when many
metabolic reactions occur, including protein synthesis, DNA replication
and an increase in the number of mitochondria and/or chloroplasts.

2.5.4 Describe the events that occur in the four phases of mitosis (prophase,
metaphase, anaphase, and telophase).

2.5.5 Explain how mitosis produces two genetically identical nuclei.

2.5.6 State that growth, embryonic development, tissue repair and asexual
reproduction involve mitosis.



The cell cycle

The cell cycle describes the behaviour s : ;
cytokinesis 4 Figure 2.24 The cell cycle in

of cells as they grow and divide. In most euKaryates.

cases, the cell produces two cells that
are genetically identical to the original.
These are called daughter cells. The cell
cycle integrates a growth phase with

a divisional phase. Sometimes, cells
multiply so rapidly that they form a
solid mass of cells called a tumour. We
refer to this disease state as cancer. It
appears that any cell can lose its usual
orderly pattern of division because we
have found cancer in almost all tissues
and organs.

cell division,

gt

You may wonder what causes a cell to go out of control. To answer this question,
we must first understand the ordinary cell cycle. Usually, the life of a cell involves
two major phases. In one phase, growth is a major process. The other phase
involves division. The cell cycle begins and ends as one cell so it can be represented
by a circle divided into various named sections (see Figure 2.24).

Interphase

The largest part of the cell cycle in most cells is interphase. It is the longest and
most variable of the cell cycle phases. Interphase includes three phases: G, S, and

. . . L. - Interphase is a very active time in
G,. During G, the major event is growth of the cell. At the beginning of G, the cell e A

a cell’s life. It involves metabolic

is the smallest it will ever be. After G, comes the S phase in which the main activity reactions, DNA replication, and
is replication of the DNA of the cell, the chromosomes. This phase is sometimes an increase in the number of
referred to as the synthesis phase. Once the chromosomes have replicated, the cell organelles.

enters its second growth phase, G,. During this phase, the cell grows and makes Because interphase involves

growth, it is essential that protein

: _ ’ synthesis occurs at a rapid rate
in number, DNA begins to condense from chromatin to chromosomes, and during this phase.

preparations for mitosis or the M phase. During G,, organelles may increase

microtubules may begin to form.

Mitosis

Once all preparations are made and the DNA has replicated, the cell moves into

mitosis or the M phase. During mitosis the replicated chromosomes separate and ® Examiner’s hint: To remember

move to opposite poles of the cell thus providing the same genetic material to the correct order of phases in the cell

each of these locations. When the chromosomes are at the poles of the cell, the f{f’e AR Reaigieember the word
(2 X shipmate!

cytoplasm divides tc? form tv.vo distinct cells from the larger parent. These two cells IFyou take away/ the word she’you get

have the same genetic material and are referred to as daughter cells. ipmat (interphase, prophase, metaphase,

P ; anaphase, and telophase).
Mitosis involves four phases. They are, in proper sequence:

e prophase;
¢ metaphase;
e anaphase;
e telophase.

Before considering a detailed description of these phases, it is essential to
understand the chromosome. As you will recall, during the second growth phase,
G,, the chromatin (elongated DNA and histones) begins to condense. This
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Figure 2.25 This diagram shows you
how DNA is packaged by supercoiling
from a single double helix to

nucleosomes, to solenoids, to looped

domains and finally to a chromosorme.

condensation is accomplished via a process called supercoiling. First, the DNA
wraps around histones to produce nucleosomes (see also Chapter 7, page 195).
The nucleosomes are further wrapped into a solenoid. Solenoids group together in
looped domains, and then a final coiling occurs to produce the chromosome

(see Figure 2.25).

Eukaryotic cells contain chromosomes which, before replication in the S phase

of the cell cycle, are composed of one molecule of DNA (see Figure 2.26). After
replication, the chromosome includes two molecules of DNA. These two identical
molecules are held together by the centromere, and each molecule is referred to
as a chromatid. Together, they are called sister chromatids (see Figure 2.26). The
chromatids will eventually separate during the process of mitosis. When they do,
each is then called a chromosome and each has its own centromere.

Now that we are familiar with the structure of a chromosome, we can explain the
four phases of mitosis. Remember, when we enter mitosis, replication of DNA has,
so the chromosomes are each composed of two sister chromatids.

.

chromosome

scaffold protein

supercoll h .
L chromatin
ithin chrom -

within chromsome coiling

within
supercoil
looped
domain

e

chromatin fibre

solenoid - coil
of nucleosomes
(shown in simplified form)



sister
chromatids
centromere
i
anaphase metaphase
chromosome chromosome

Prophase

Examine Figure 2.27.

1 The chromatin fibres become more tightly coiled to form chromosomes.

2 The nuclear envelope disintegrates and nucleoli disappear.

3 The mitotic spindle begins to form and is complete at the end of prophase.

4 The centromere of each chromosome has a region called the kinetochore that
attaches to the spindle.

5 The centrosomes move toward opposite poles of the cell due to lengthening
microtubules.

chromosomes

Metaphase

Examine Figure 2.28.

1 The chromosomes are moved to the middle or equator of the cell. This is
referred to as the metaphase plate.

2 The chromosome’s centromeres lie on the plate.

3 The movement of chromosomes is due to the action of the spindle which is
made of microtubules.

4 The centrosomes are now at the opposite poles.

spindle
microtubules

chromosomes
have moved to
the equator

B Figure 2.26 An anaphase
chromosome is a single molecule
of DNA and has a centromere. A
metaphase chromosome has sister
chromatids attached at the centromere.

4 Figure 2.27 This animal cell is in
prophase. For clarity, only a small
number of chromosomes are shown.

< Figure 2.28 The cell is now in
metaphase. Again, only a small number
of chromosomes are shown.




Anaphase

Examine Figure 2.29.

1 This is usually the shortest phase of mitosis. It begins when the two sister
chromatids of each chromosome are split.

2 These chromatids, now chromosomes, move toward the opposite poles of the cell.

The chromatid movement is due to shortening of the microtubules of the spindle.

4 Because the centromeres are attached to the microtubules, they move towards
the poles first.

5 At the end of this phase, each pole of the cell has a complete, identical set of

w

chromosomes.
Figure 2,29 The cell is now in | 4
anaphase. Again, only a small number Eentrzm%ez
of chromosomes are shown. ave divide
and the
chromatids spindle
have become microtubules
chromosomes pull
chromosomes
to opposite
poles
Telophase

Examine Figure 2.30.

1 The chromosomes are at each pole.

2 A nuclear membrane (envelope) begins to re-form around each set of
chromosomes.

The chromosomes start to elongate to form chromatin.

Nucleoli reappear.

The spindle apparatus disappears.

The cell is elongated and ready for cytokinesis.

Figure 2.30 Finally, the cells enters | 2 chromosomes reach the poles ﬂ indl
! spindle

telophase. and nuclear membranes

form around them microtubules
break down

N U W

cleavage
furrow

Cytokinesis

As you can see, the phases of mitosis involve nuclear division. It appears that the
process of mitosis occurs in discrete stages. But this is not at all true — they occur
in a continuum. We only use the separate stages to help understand the overall
process. Once nuclear division has occurred, the cell undergoes cytokinesis.

You should note that cytokinesis in animal cells involves an inward pinching of
the fluid plasma membrane to form cleavage furrows. However, plant cells have
a relatively firm cell wall and they form a cell plate. The cell plate occurs midway
between the two poles of the cell and moves outward toward the sides of the cell
from a central region. Both processes result in two separate daughter cells that
have genetically identical nuclei.

Growth of organisms, development of embryos, tissue repair, and asexual
reproduction all involve mitosis. Mitosis does not happen by itself. It is a part of
the cell cycle.



Exercises

13 A chemical called colchicine disrupts the formation of microtubules. What effect would this
drug have on a cell going through mitosis?

14 ([fa parent cell has 24 chromosomes, how many chromatids would be present during
metaphase of mitosis?

15 Explain where cytokinesis occurs in the cell cycle.

Practice questions

1 What is/are the advantage(s) of using an electron microscope?
| Very high resolution
I Very high magnification
I The possibility of examining living material

A lonly

B land fl only

C Wand I only

D |, Il and (If {7 mark)

2 Which phases of mitosis are shown in diagrams | and II?

metaphase and prophase

metaphase and telophase

anaphase and prophase

anaphase and metaphase (1 mark)

o N W

3 The key below can be used to identify some of the structures in the cytoplasm of liver

cells. Which structures are ribosomes?

1 Enclosed in a membrane goto 2
Not enclosed in a membrane goto3

2 Diameter less than 100 nm
Diameter greater than 100 nm

3 Composed of one globular structure C
Composed of two subunits

@ >

<

{1 mark)

4 Which of the following is required for osmosis to occur?
A Anenzyme
B A fully permeable membrane
C ATP
D A solute concentration gradient (1 mark)
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5 In the diagram below macromolecules are being transported to the exterior of a cell.

plasma
membrane
What is the name of this process?
A Exocytosis
B Pinocytosis
C Endocytosis
D Phagocytosis (1 mark)

6 A study was carried out to determine the relationship between the diameter of a molecule
and its movement through a membrane. The graph below shows the results of the study.

high -

relative ability to move
through a membrane

low T T T T
0 0.4 0.8 1.2 1.6

molecular diameter/nm
Source: Knox et al. {1994), Biology,s McGraw Hill, Sydney, page 65

(a) From the information in the graph alone, describe the relationship between the
diameter of a molecule and its movement through a membrane. (2

A second study was carried out to investigate the effect of passive protein channels on
the movement of glucose into cells. The graph below shows the rate of uptake of glucose
into erythrocytes by simple diffusion and facilitated diffusion.
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(b) Identify the rate of glucose uptake at an external glucose cancentration of
4 mmol dm= by:
(i) simple diffusion (i) facilitated diffusion (2
(c) (i) Compare the effect of increasing the external glucose concentration on
glucose uptake by facilitated diffusion and by simple diffusion. (3)
(i) Predict, with a reason, the effect on glucose uptake by facilitated diffusion
of increasing the external concentration of glucose to 30 mmol dm=. (2)
(Total 9 marks)

7 (a) Anorganelle is a discrete structure with a specific function within a cell. In the
table below, identify the missing organelles and outline the missing functions.

Name of | Structure of organelle Function of organelle
organelle
| Nucleus Region of the cell containing Storage and protection of

chromasomes, surrounded by a double | chromosomes.
membrane, in which there are pores.

Ribosome | Small spherical structures consisting of
two subunits.

Spherical organelles, surrounded by Digestion of structures that are not
a single membrane and containing needed within cells.
hydrolytic enzymes.

I Organelles surrounded by two
membranes, the inner of which is
| folded inwards.

(4)
(b) The table above shows some of the organelles found in a particular cell. Discuss

what type of cell this could be. (2)
(Total 4 marks)
8 (a) Distinguish between diffusion and osmosis. (n

(b) Explain how the properties of phospholipids help to maintain the structure of the
cell surface membrane. (2
{c) State the composition and the function of the plant cell wall. (2

(Total 5 marks)




The chemistry of lite
. Introduction

Organic chemistry is the chemistry of carbon compounds. Biochemistry is the

branch of organic chemistry which attempts to explain the chemistry in living
organisms. Fortunately, biochemistry is rather similar from one organism to
another. The majority of organic molecules found in living organisms can be
classified into one of four types:

e carbohydrates;

o lipids;

® proteins;

e nucleic acids.

In this chapter, you will be introduced to each of these types of molecule and
begin to understand their importance in living things. In addition, you will begin
your study of some of the more important biochemical pathways in organisms.

@ Chemical elements and water

Assessment statements

3.1.1 State that the most frequently occurring chemical elements in living
things are carbon, hydrogen, oxygen and nitrogen.

3.1.2 State that a variety of other elements are needed by living organisms,
including sulfur, calcium, phosphorus, iron and sodium.

3.1.3 State one role for each of the elements mentioned in 3.1.2.

3.1.4 Draw and label water molecules to show their polarity and hydrogen
bond formation.

3.1.5 OQutline the thermal, cohesive and solvent properties of water.

3.1.6 Explain the relationship between the properties of water and its uses
in living organisms as a coolant, medium for metabolic reactions and
transport medium.

Elements found in living organisms

It could be argued from a purely scientific viewpoint that any living organism is

_ merely a collection of elements in the form of atoms, ions and molecules. The four
about a month without food. They T .
R leTsLirvhve oy & Wit of fess most common elements found in living things are carbon, hydrogen, oxygen and
without water. nitrogen. These elements are used in the molecular structures of all carbohydrates,
proteins, lipids and nucleic acids.

A typical person could survive for O

In addition, living organisms contain a variety of other elements which are
extremely important, but are less common. Here is a table showing some of the
less common elements and an example role that each plays in living organisms.



——

FE|ement Example role in plants Example role in animals Example role in prokaryotes
sulfur in some amino acids in some amino acids in some amino acids
calcium co-factor in some enzymes co-factor in some enzymes and | co-factor in some enzymes
component of bones
bhosphorous phosphate groups in ATP phosphate groups in ATP phosphate groups in ATP
iron in cytochromes in cytochromes and in in cytochromes
haemoglobin
sodium in membrane function in membrane function and in membrane function
sending nerve impulses

Structure of water

Water is the solvent of life. Virtually all cells have water within (cytoplasm) and
water in the surrounding environment (intercellular fluid, pond water, etc.).
Water is an incredibly abundant substance on Earth and has some very interesting
properties. Many of these properties depend on the structure of water molecules

(see Figure 3.1).
direction of
movement

i Q- @H\OG

H T H / T
@ H direction of
movement

The hydrogen and oxygen atoms in a single water molecule are held together by

a type of bond called a polar covalent bond. Polar covalent bonding results from
an unequal sharing of electrons. In water, the single oxygen atom is bonded to
two different hydrogen atoms. Each oxygen—hydrogen bond is a polar covalent
bond and results in a slight negative charge at the oxygen end of the molecule and
a slight positive charge at the end with the two hydrogens. Because the two ends
of each water molecule have opposite charges, water molecules interact with each
other in very interesting ways.

Properties of water and living organisms

Water has a number of unique properties important to living organisms.

Thermal properties

Water has thermal properties that are important to living things. One of those
thermal properties is high specific heat. In simple terms, this means that water can
absorb or give off a great deal of heat without changing temperature greatly. Think
of a body of water on a very cold night; even though the air may be very cold, the
body of water is relatively stable in temperature. All living things are composed of a
great deal of water and thus you can think of your water content as a temperature
stabilizer. Water also has a high heat of vaporization. This means that water absorbs
a great deal of heat when it evaporates. Many organisms, including ourselves, use this
as a cooling mechanism. Internal body heat results in perspiration, the perspiration
then evaporates from your skin. Much of the heat that turned the water molecules
from the liquid phase to the vapour phase came from your body and thus sweating
not only makes you feel cooler, it really does lower your temperature.

| Figure 3.1 In liquid water, molecules
form a‘split-second’hydrogen bond
(dotted line) even though each may be
moving in a different direction.

You can float a paper clip on water
because of water’s surface tension.

O Basilisk lizards may be as long as
0.8 metres, but they can run across
the top of bodies of water. The
relatively large surface area of their
toes does not break through the
surface tension of the water as long
as they keep running.

0 To access a good primer on
the properties of water, visit
heinemann.co.uk/hotlinks, insert
the express code 4242P and click
on Weblink 3.1.




The chemistry of life

Water evaporates from leaves through ’
small cpenings called stomata. As

shown here, each stoma is surrounded

by two guard cells which, when swollen
with water, hold the stoma open. One
benefit to the plant is the cooling effect
that evaporation provides.

Cohesive properties

Water molecules are highly cohesive. Cohesion is when molecules of the same type
are attracted to each other. This attraction is due to the polar covalent bonding
mentioned earlier. Water molecules have a positive end and a negative end.
Whenever two water molecules are near each other the positive end of one attracts
the negative end of another. When water cools below the freezing point, molecular
motion has slowed to the point where these polar attractions become locked into
place and an ice crystal forms. Liquid water has molecules with a much faster
molecular motion and the water molecules are able to influence each other, but
not to the point where molecules stop their motion. This cohesion between liquid
water molecules explains a variety of events, including:
o why water forms into droplets when spilled;
e why water has a surface tension that allows some organisms to ‘walk on water’
(for some this is ‘run on water’);
e how water is able to move as a column in the vascular tissues of plants;

e why water has a high heat capacity and high heat of vaporization as discussed
earlier.

Solvent properties

Water is an excellent solvent of other polar molecules. You may remember from
earlier science classes that ‘like dissolves like” The vast majority of molecules
typically found inside and outside of most cells are also polar molecules. This
includes carbohydrates, proteins, and nucleic acids (DNA and RNA). Most types
of lipids are relatively non-polar and thus most organisms have special strategies
to deal with the transport and biochemistry of lipids.

Because water is an excellent solvent for biochemically important molecules,

it is also the medium in which most of the biochemistry of a cell occurs. A cell
contains a wide variety of fluids, all of which are primarily water. We refer to such
solutions as aqueous solutions. Here is a table of some common aqueous solutions
in which specific biochemical reactions take place.



Aqueous solution | Location Common reactions
cytoplasm fluid inside cell but outside glyco.ly5|s / protein synthesis
) organelles reactions |
fluid inside nuclear DNA replication /
nucleoplasm e
membrane transcription
fluid inside chloroplast light-independent reactions
| stroma ,
membrane of photosynthesis
fluid in arteries, veins and loading and unloading of
blood plasma el : .
capillaries | respiratory gases / clotting

Examples of water as a solvent in plants and animals

The properties of water make it an excellent medium for transport. Vascular tissue
in plants carries water and a variety of dissolved substances. More specifically,
Xylem carries water and dissolved minerals up from the root system to the leaves
of a plant. Phloem then transports dissolved sugars from the leaves to the stems,
roots and flowers of a plant.

Blood is the most common transport medium in animals and is largely made

up of water. Blood is a transport medium for red blood cells, white blood cells,
platelets and a wide variety of dissolved molecules. The liquid portion of blood is
called blood plasma. Some of the more common solutes in blood plasma are:

e glucose (blood sugar);

e amino acids;

o fibrinogen (protein involved in blood clotting);

e hydrogencarbonate ions (as a means of transporting CO,).

Exercises

1 Choose any specific aquatic or terrestrial animal and make a list of all of the ways that water is
important to this animal.

2 How are the properties of water discussed above involved in any item on your list?

@ Carbohydrates, lipids and proteins

Assessment statements

3.2.1 Distinguish between organic and inorganic compounds.

3.2.2 Identify amino acids, glucose, ribose and fatty acids from diagrams
showing their structure.

3.2.3 List three examples each of monosaccharides, disaccharides and
polysaccharides.

3.2.4 State one function of glucose, lactose and glycogen in animals, and of
fructose, sucrose and cellulose in plants.

3.2.5 Outline the role of condensation and hydrolysis in the relationships
between monosaccharides, disaccharides and polysaccharides;
between fatty acids, glycerol and triglycerides; and between amino
acids and polypeptides.

3.2.6 State three functions of lipids.

3.2.7 Compare the use of carbohydrates and lipids in energy storage.




Introduction to carbohydrates, lipids, proteins
and nucleic acids

Living things are composed of an amazing array of molecules. We can start to
make sense of all of these molecules by classifying them into a molecule type.
Molecules of the same type have certain qualities in common and become fairly
easy to recognize with a little practice. The following table shows some of the
more common biochemically important molecules and their subcomponents (or

building blocks).
Molecule Subcomponents
carbohydrates monosaccharides
lipids glycerol and fatty acids
proteins (polypeptides) amino acids
nucleic acids | nucleotides

Many of the carbons found in

O Common biochemicals and their structure

foods that you eat (such as various Molecules can be classified as being either inorganic or organic. All organic
carbohydrates) will be eliminated
from your body in the molecules
of carbon dioxide that you breathe
out, that contains carbon that is not organic. In your study of biochemistry, you will
encounter many types of organic molecule that are important to living things. The

table which follows summarizes some of the most important categories and some

molecules contain the element carbon, although not all carbon-containing
molecules are organic. Carbon dioxide is a common example of a molecule

=
You will notice that virtually all 0 examples.
images you see of atoms and
MCIECUIES AR U ANETEn O Category Subcategory Example molecules
models. Why are models used?
What do the real atoms and carbohydrates monosaccharides glucose, galactose, fructose
lecules look like? . ; i
RN disaccharides maltose, lactose, sucrose
polysaccharides starch, glycogen, cellulose
proteins enzymes, antibodies
i =% { TRl £ ; . y
To access many visual images of o lipids trlgcherldes,_pho:<,ohol|p|ds =
biochemical molecular models, nudleic acids DNA, RNA
visit heinemann.co.uk/hotlinks,
insert the express code 4242P and .
dick onWeblink3.2! You should learn to recognize the structures of some of the most common
molecules in biochemistry. Study Figures 3.2-3.6 (the notes are given to help you
in the recognition and appreciation of the molecule).
Figure 3.2 Ring structure of glucose, a | 4 H
6-carbon monosaccharide. ‘
Note: Glucose is a common 6-carbon H— C—OH
monosaccharide. Plants store glucose ‘
as the polysaccharide starch; animals C— O

| H ] H
store glucose as the polysaccharide \C/H y \C/

glycogen.
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Functions of carbohydrates in animals and

plants

Carbohydrates are among the most commonly found biochemical molecules

found in both animals and plants. You have seen earlier that carbohydrates exist in
different ‘sizes’ — monosaccharides, disaccharides, and polysaccharides. All of these
carbohydrates serve many functions in living organisms; example functions of a

variety of carbohydrates are shown in the following tables.

This table shows the importance of carbohydrates in animals.

E\lame Type One function

f glucose monosaccharide chemical fuel for cell respiration
_’_Iactose disaccharide makes up some of the solutes in milk ]
\ glycogen | polysaccharide stores glucose in liver and muscles |

< Figure 3.3 Ring structure of ribose, a
5-carbon monosaccharide.

Note: Ribose and a molecule called
deoxyribose are the sugars found in
RNA and DNA respectively.

kS Figure 3.4 Generalized structure of an
amino acid.

Note: The amino acid structure shown
is described as ‘generalized because

it shows the structure of any of the 20
amino acids. Each of the 20 contains a
different, specific molecular structure in
place of the R group. For example, the
amino acid alanine has a CH; group in
place of the generalized R.

o This is a colour-coded molecular model
of the amino acid, alanine
(green = carbon, pink = oxygen,
blue = nitrogen, white = hydrogen).

4 Figures 3.5 and 3.6 Structure of a
typical fatty acid.

Note: Two different structures are
shown representing the same fatty
acid. Specific fatty acids differ from each
other by the total number of carbons
and by the presence and location of
any double bonds between carbons.
Notice that the twao structures shown
have the same total number of carbons
and neither contains a double bond
between carbons. Therefore, they are
the same fatty acid.




,' This model of glycogen shows how the | 4
monosaccharide building blocks are

l[ dwarfed by the overall molecular size of

| the polysaccharide.
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Glucose molecules link together
to form a glycogen molecule

This table shows the importance of carbohydrates in plants.

Name Type One function
fructose monosaccharide found in many fruits (makes them sweet)
sucrose disaccharide ' often transported from leaves of plants to

other locations in plants by vascular tissue

1 F
| ‘ cellulose

polysaccharide

Role of lipids

Lipids are biochemically important molecules that serve many functions.
We refer to triglyceride lipids in solid form as fats. In liquid form,

one of the primary components of plant cell

walls i

triglycerides are called oils. Everyone is aware of the role that fat plays in
energy storage. If you eat more food than you burn, your body will store
much of the excess as fat in adipose cells. Each adipose cell gets smaller
or larger depending on how much lipid is being stored. People either gain
or lose weight depending on how much lipid is being stored at any given
time in a fairly fixed number of adipose cells. Lipids are very efficient
molecules for storing energy. As seen earlier, carbohydrates are also used
for storing energy in living organisms. Glycogen is a carbohydrate used by
animals to store energy and starch is used by plants. Laboratory studies
have shown that in an equal mass of carbohydrate and lipid, the lipid
stores approximately twice as much chemical energy as the carbohydrate.

 his drawing shows a fat cell (adipocyte)
becoming larger as lipids are stored in it.



Lipids are also important for thermal insulation. A good reminder of this is to
study the amount of blubber (fat) that cold-climate animals form in order to stay
warm; 30% or more of the body mass of some seals may be due to the blubber
layer beneath their skin.

A special category of lipid called phospholipid makes up the double layer of all cell
membranes. These phospholipid molecules have a polar end turned towards water
and a non-polar end which turns away from water.

Condensation and hydrolysis reactions

Many organisms, including all animals, rely on the foods they eat to gain the
building block molecules which make up their own larger molecules. When
animals eat foods, the food is digested (or hydrolysed) into the building blocks.
After these building blocks are transported to body cells, they are bonded together
to form larger molecules once again.

‘ This computer graphic image shows
pepsin, an enzyme which helps to
digest proteins. Thus, pepsin is an
example of a hydrolysing enzyme.

Let’s explore what happens to ingested foods. Foods are chemically digested in
your alimentary canal. The digestive enzymes that accomplish this are hydrolysing
enzymes. Each reaction is called a hydrolysis and requires a molecule of water as

a reactant. This is a good way to recognize hydrolysis reactions — water is always
‘split’ as part of the reaction. Examples of hydrolysis include:

o hydrolysis of a disaccharide to two monosaccharides (see Figure 3.7);
lactose + water — glucose + galactose

e hydrolysis of a polysaccharide to many monosaccharides;
starch + (many) water — (many) glucose

e hydrolysis of a triglyceride lipid to glycerol and fatty acids (see Figure 3.8);
triglyceride + 3 water — glycerol + 3 fatty acids

e hydrolysis of a polypeptide (protein) to amino acids.
protein + (many) water — (many) amino acids
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Figure 3.7 Hydrolysis reaction of the | 4
disaccharide lactose to form galactose
and glucose.

Note: The difference between galactose
and glucose is shown in the blue areas,

\/\ M
/\\ |/\
OH

CH,OH | ]
H OH

C.__
H lact
\/H \/OH\HH\/ o galactose

H ¢ c + N\ ¥
C|/ \O/ \C\ é/ \OH H H glucose

CH,OH

OH OH 2‘

Figure 3.8 Hydrolysis of a triglyceride ’
lipid into glycerol and three fatty acid
molecules.

lactose + water
C—O

<\

. NHRVAN
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H
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O,H O,H O,H
" H— C| Cl_cl_H glycerol
H H H
H—C—-O——Cﬁ—(CH) CH
|3 I
H— C—0—C — (CH,),,CH, + 3H,0 HO—C— (CH,),,CH,
0
i 0
H— C—0—C — (CH,),,CH, Il three
HO—C— (CH,),,CH, fatty
id
H l([) acids
triglyceride lipid HO—~C— (CH,),,CH,

Condensation reactions are in many ways the reverse of hydrolysis reactions. In
cells, condensation reactions occur to re-form the larger biochemically important
molecules. In the four examples on page 53, simply reverse the reaction arrow and
each example shows a condensation reaction. For example:

e condensation of amino acids to form a polypeptide.
(many) amino acids — protein + (many) water

Notice in condensation reactions that water molecule(s) are products rather than
reactants. Condensation reactions require a different type of enzyme, one that is
capable of catalysing reactions in which covalent bonds are created rather than
broken.

3 (a) Write a word equation showing the formation of any specific disaccharide.
(b) Classify this reaction as a hydrolysis or condensation.

4 (a) Write a word equation showing the formation of a triglyceride.
(b) What type of enzyme would catalyse this reaction?
() Iswater areactant or a product of this reaction?
(d) How many water molecules are involved in this reaction?



@ DNA structure

Assessment statements
3.3.1 Outline DNA nucleotide structure in terms of sugar (deoxyribose), base
and phosphate.

3.3.2 State the names of the four bases in DNA.

3.3.3  Outline how DNA nucleotides are linked together by covalent bonds
into a single strand.

3.3.4 Explain how a DNA double helix is formed using complementary base
pairing and hydrogen bonds.

3.3.5 Draw and label a simple diagram of the molecular structure of DNA.

Nucleotides are the building blocks of DNA

DNA (deoxyribonucleic acid) is not just a long molecule — it is an incredibly
long molecule. In order to make sense of the structure of DNA, you must learn
to recognize and work with the subcomponents of DNA called nucleotides (see
Figure 3.9). Each nucleotide of DNA is composed of a phosphate group, a sugar
called deoxyribose and a molecule that is called a nitrogenous base.

phosphate iy
group HO_P\ deoxyribose sugar
"\
f 4
c, 10
) 1
) C, — nitrogenous base
N/
GG

There are four possible nitrogenous bases in the nucleotides of DNA. The four

bases are adenine, thymine, cytosine and guanine. It is very common to see these
bases shortened to their abbreviations (A, T, C and G). Notice in Figure 3.10 that
all nucleotides are exactly the same except for the nitrogenous base. Abbreviated

forms of all the components have been used.
%; adenine % guanine

Q ®

= thymine cytosine

=

@ For many years most scientists
everywhere believed it was
protein, not DNA, that contained
our genetic information. Research
conducted in the first few decades
of the 20th century proved
that DNA contains our genetic
blueprint.

“ Figure 3.9 Structure of a single DNA
nucleotide.

<4 Figure 3.10 The four nucleotides
found in DNA molecules.
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When is science not a science?
Visit heinemann.co.uk/hotlinks,
insert the express code 4242P and
click on Weblink 3.3. Think about
whether this is science, art, or
something else.

O

Each strand of DNA is composed of nucleotides
covalently linked

DNA molecules are often described as having the shape of a double helix. This
means that DNA is composed of two strands and each of the strands is shaped
like a spiral staircase. Let’s first explore how each of the nucleotides in a single
strand are covalently bonded together. Figure 3.11 shows five nucleotides bonded
together to form the beginning of a single DNA strand. Each adjoining nucleotide
has been drawn in a different colour for emphasis of the nucleotide structure. No
atternpt has been made to draw the helical shape of the strand.

The two sugar-phosphate strands form a double Figure 3.11 Five nucleotides bonded
helix with nitrogenous bases (shown in blue) found to form a very small section of one
inside the helix shape. strand of DNA.

Complementary base pairs and hydrogen
bonds help form the double helix

Now we are ready to look at how the two single strands of DNA interact to help
form the double helix. Imagine a double-stranded DNA molecule as a ladder
(see Figure 3.12). The two sides of the ladder are made up of the phosphates
and deoxyribose sugars. The rungs of the ladder (what you step on) are made
up of the nitrogenous bases. Since the ladder has two sides, there are two bases
making up each rung. The two bases making up one rung are bases that are said
to be complementary to each other. The complementary base pairs are adenine—
thymine and cytosine-guanine.

Adenine and thymine are held together by two hydrogen bonds. Cytosine and
guanine are held together by three hydrogen bonds. Because adenine and guanine
are twice the size of thymine and cytosine, complementary base pairing is the only
arrangement that gives a consistent distance from one strand across to the other
strand and also leads to bonding between the bases. We can now use all of this
information to construct a simple, yet accurate drawing of DNA.



2 hydrogen bonds \ < Figure 3.12 Small section of a
"-,- double-stranded DNA molecule
srrfilzzion T e showing hydrogen bonds between

complementary nitrogenous bases.
The two single strands that make up
the double-stranded molecule run in
opposite directions to each other. The
term that describes this is ‘antiparallel’

@ Thus we say that the two strands of

the double helix are antiparallel and
complementary to each other.

3 hydrogen bonds

 This artwork shows complementary
base pairs and hydrogen bonding in
DNA. Note that thymine and cytosine
are much smaller molecular structures
than adenine and guanine.

=
The Human Genome Project (see
Chapter 4) was set up to map
all the genes (the genome) of
humans. If you are interested in this

’ international project and would
like to know about its results and
future goals, visit heinemann.co.uk/
hotlinks, insert the express code
4242P and click on Weblink 34.

5 Why do researchers often give DNA information as the sequence of nitrogenous bases without
indicating the presence of the phosphate group and sugar component of each nucleotide?

6 Starting with a blank piece of paper, practise drawing a ladder diagram of DNA in which the
nitrogenous base sequence of one strand is C, T, G, G, A, T. Be sure to include a representation of
the phosphate groups and deoxyribose sugar in each nucleotide.
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@ DNA replication

Assessment statements

3.4.1 Explain DNA replication in terms of unwinding the double helix and
separation of the strands by helicase, followed by formation of the
new complementary strands by DNA polymerase.

3.4.2 Explain the significance of complementary base pairing in the
conservation of the base sequence of DNA.

3.4.3 State that DNA replication is semiconservative.

DNA replication involves ‘unzipping’

Cells must prepare for a cell division by doubling the DNA content of the cell in a
Helicase may catalyse the O process called DNA replication. This process doubles the quantity of DNA and also
iz;fs:gg I(:‘rri :\:;f; daslgfiase i ensures-that there' is an .exact copy of each DNA m(.)lec‘ule. Yog s'hould try. to picture
per sacand. the environment in which the DNA is actually replicating. This is the environment

of the nucleus during interphase of the cell cycle. During interphase, there is a

nuclear membrane which separates the fluid of the nucleus (nucleoplasm) from the

cytoplasm. The DNA is in the form of chromatin (not tightly coiled chromosomes).

Among the variety of molecules present in the nucleoplasm are two types that are

particularly important for the process of DNA replication; they are:

o enzymes needed for replication — these include helicase and a group of enzymes
collectively called DNA polymerase;

o free nucleotides — these are nucleotides that are not yet bonded and are found
floating freely in the nucleoplasm, some contain adenine, some thymine, some
cytosine and some guanine (free nucleotides are more correctly called
nucleoside triphosphates).

One of the early events of DNA replication is the separation of the double helix
into two single strands. You should remember that the double helix is held
together by the hydrogen bonds between complementary base pairs (A and T, C
and G). The enzyme that initiates this separation into two single strands is called
helicase. Helicase begins at a point in or at the end of a DNA molecule and moves
one complementary base pair at a time, breaking the hydrogen bonds so the
double-stranded DNA molecule becomes two separate strands.

Helicase (currently at about the ’
half-way point in this image of a DNA
double helix being unzipped) would

have started on the left and be movirg
towards the right.




The unpaired nucleotides on each of these single strands can now be used as a
template to help create two double-stranded DNA molecules identical to the
original. Some people use the analogy of a zipper for this process. When you pull
on a zipper, the slide mechanism is like helicase. The separation of the two sides of
the DNA molecule are like the two opened sides of a zipper (see Figure 3.13).

e g

= G

G

unzipped section

L g

~ A 5
helicase moving ol B

Formation of two complementary strands

As shown in Figure 3.13, once DNA has become unzipped, the nitrogenous bases
on each of the single strands are unpaired. In the environment of the nucleoplasm,
there are many free-floating nucleotides. These nucleotides are available to form
complementary pairs with the single-stranded nucleotides of the unzipped
molecule. This does not happen in a random fashion. A free nucleotide locates

on one opened strand at one end and then a second nucleotide can come in

to join the first. This will require that these two nucleotides become covalently
bonded together as they are the beginning of a new strand. The formation of a
covalent bond between two adjoining nucleotides is catalysed by one of the DNA
polymerase enzymes that is important in this process.

A third nucleotide then joins the first two and the process continues in a repetitive
way for many nucleotides. The other unzipped strand also acts as a template for
the formation of another new strand. This strand forms in a similar fashion, but
in the opposite direction to the first strand. Notice that one strand is replicating in
the same direction as helicase is moving and the other strand is replicating in the
opposite direction.

« Figure 3.13 The first step of DNA
replication is helicase unzipping the
double-stranded DNA molecule
forming a section with two single
strands.

4 A small section of DNA (shown in the
centre of this artwork) is seen in a DNA
polymerase enzyme.

=]

6 Who should decide how fast and
how far humans should go with our
study of DNA and the technology
that is rapidly emerging?
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Significance of complementary base pairing

The pattern of DNA replication ensures that two identical copies of DNA are
produced from one. Figure 3.14 illustrates a very small section of DNA replicating.

Figure 3.14 DNA replication B ’C’P‘JC
DNA polymerase "_----_-P-\l C Tg P £’.
e § G
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\ 6 6 R o b e
4 6© -&"’E\’f-_-_-f O‘/fp\
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4 G G C H-H‘"m 4 D th
€ e r ——_'8sis
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DNA polymerase/\“\'\'G Fe
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i Notice that in the area where replication has already taken place, the two strands
A EEC Rt WORRAVRICS o are absolutely identical to each other. This is because the original double-stranded

determined that DNA replication

S shiae e M SN molecule had complementary pairs of nucleotides and it was the complementary

called ‘the most beautiful nucleotides that used the unzipped single-stranded areas as templates.
experiment in biology' To see . )

how this classic experiment was This also means that no DNA molecule is ever completely new. Every DNA
conducted, visit heinemann.co.uk/ molecule after replication consists of a strand that was ‘old” now paired with a
hotlinks, insert the express code strand that is ‘new’. DNA replication is described as a semiconservative process

BRIt G R g g, because half of a pre-existing DNA molecule is always conserved (saved).

7 The concept of semiconservative DNA replication has some interesting repercussions. For
example, one can argue that there never is such a thing as a ‘new’ DNA molecule. How long has
your DNA been in you? In your family lineage?

8 Most DNA mutations occur during DNA replication. Suggest how a mutation called a deletion
could occur. Suggest how a mutation called a substitution could occur.

e Transcription and translation

Assessment statements

3.5.1 Compare the structure of RNA and DNA.

3.5.2 OQOutline DNA transcription in terms of the formation of an RNA strand
complementary to the DNA strand by RNA polymerase.

3.5.3 Describe the genetic code in terms of codons composed of triplets of
bases.

3.5.4 Explain the process of translation, leading to polypeptide formation.

3.5.5 Discuss the relationship between one gene and one polypeptide.



Protein synthesis introduction

You probably took your first life science class several years ago. In that class, you
probably learned that the nucleus of the cell was the ‘control centre’ and that the
nucleus contained DNA. This information is not wrong — it is just incomplete.
The control that DNA has over a cell is by a process called protein synthesis. In
simplest terms, DNA controls the proteins produced in a cell. Some of the proteins
produced are enzymes. The production (or lack of production) of a particular
enzyme can have a dramatic effect on the overall biochemistry of the cell. Thus,

DNA indirectly controls the biochemistry of carbohydrates, lipids, and nucleic
acids by the production of enzymes.

o This computer graphic shows an insulin
molecule. Insulin is a protein hormone
and is produced by protein synthesis.

Protein synthesis has two major sets of reactions called transcription and
translation. Both either produce or require a type of nucleic acid called RNA
(ribonucleic acid).

This table compares DNA and RNA.

DNA RNA

contains a 5-carbon sugar contains a 5-carbon sugar

5-carbon sugar is deoxyribose 5-carbon sugar is ribose

each nucleotide has one of four
nitrogenous bases

each nucleotide has one of four
nitrogenous bases

@ Examiner’s hint: The command term
‘compare’requires both similarities and

the nitrogenous bases are cytosine,
guanine, adenine, and thymine

the nitrogenous bases are cytosine,

guanine, adenine, and uracil

differences. Answers may be given in the
form of a table. In the table shown here,

| double-stranded molecule | single-stranded molecule

there are five comparisons (not ten).

Transcription produces RNA molecules

The sections of DNA that code for polypeptides are called genes. Any one gene
is a specific sequence of nitrogenous bases found in a specific location in a DNA
molecule. Molecules of DNA are found within the confines of the nucleus, yet
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N
Is there significance to the fact that G
the structure of DNA is universal
among all living things?
Is there further significance that
all living organisms use the samme
genetic code?

Figure 3.15 Transcription (synthesis of ’
an RNA molecule)

proteins are synthesized outside the nucleus in the cytoplasm. This means there
has to be an intermediary molecule which carries the message of the DNA (the
code) to the cytoplasm where the enzymes, ribosomes, and amino acids are found.
This intermediary molecule is called messenger RNA or mRNA.

The nucleoplasm (fluid in the nucleus) contains free nucleotides as discussed
earlier. In addition to the free nucleotides used for DNA replication, the
nucleoplasm also contains free RNA nucleotides. Each of these is different from its
DNA counterpart as RNA nucleotides contain the sugar ribose (not deoxyribose).
Another major difference is that no RNA nucleotides contain thymine, instead
there is a nitrogenous base unique to RNA and called uracil.

Transcription process

The process of transcription begins when an area of DNA of one gene becomes
unzipped (see Figure 3.15). This is very similar to the unzipping process involved
in DNA replication, but in this case only the area of the DNA where the particular
gene is found is unzipped. The two complementary strands of DNA are now
single-stranded in the area of the gene. Recall that RNA (including mRNA) is a
single-stranded molecule. This means that only one of the two strands of DNA
will be used as a template to create the mRNA molecule. An enzyme called RNA
polymerase is used as the catalyst for this process.

As RNA polymerase moves along the strand of DNA acting as the template, RNA
nucleotides float into place by complementary base pairing. The complementary
base pairs are the same as in double-stranded DNA, with the exception that
adenine on the DNA is now paired with uracil on the newly forming mRNA
molecule. Consider the following facts concerning transcription:

o only one of the two strands of DNA is ‘copied’, the other strand is not used;

o mRNA is always single-stranded and shorter than the DNA that it is copied
from as it is a complementary copy of only one gene;

o the presence of thymine in a molecule identifies it as DNA (the presence of
deoxyribose is another clue);

e the presence of uracil in a molecule identifies it as RNA (the presence of ribose
is another clue).

NA is the gene RNA polymerase
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The genetic code is written in triplets

The mRNA molecule produced by transcription represents a complementary

copy of one gene of DNA. The sequence of mRNA nucleotides is the transcribed
version of the original DNA sequence. This sequence of nucleotides making up

the length of the mRNA is typically enough information to make one polypeptide.
As you will recall, polypeptides are composed of amino acids covalently bonded
together in a specific sequence. The message written into the mRNA molecule

is the message that determines the order of the amino acids. Researchers found
experimentally that the genetic code is written in a language of three bases. In
other words, every three bases is enough information to code for 1 of the 20 amino
acids. Any set of three bases that determines the identity of one amino acid is
called a triplet. When a triplet is found in a mRNA molecule, it is called a codon or
codon triplet.

Translation results in the production of a
polypeptide

There are three different kinds of RNA molecules. They are all single-stranded and
each is transcribed from a gene of DNA.

‘ In this model, you can see mRNA
(upper right) and tRNA (clover shape).
The amino acid which would be
bonded to the tRNA is not shown.

Here is a quick summary of each RNA type:

e mRNA - as described above, each mRNA is a complementary copy of a DNA
gene and is enough genetic information to code for a single polypeptide;

e rRNA - ribosomal RNA, each ribosome is composed of rRNA and ribosomal
protein;

o tRNA — transfer RNA, each type of tRNA transfers 1 of the 20 amino acids to
the ribosome for polypeptide formation.

Figure 3.16 (overleaf) shows a typical tRNA molecule. Notice that the three bases
in the middle loop are called the anticodon bases and they determine which of the
20 amino acids is attached to the tRNA.
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Figure 3.16 Structure of a tRNA
molecule.

This image shows a DNA molecule
overlaid on a chart showing the triplet
genetic code.

v

4

3'—1 of 20 amino acids

5 bonded here (serine)
\J

tRNA is a single strand of
RNA nucleotides but has
areas where the strand
has complementary base
pairing within itself.

(] C

.\\:/. — 3 anticodon bases

Once an mRNA molecule has been transcribed, the mRNA detaches from the
single-strand DNA template and floats free in the nucleoplasm. At some point, the
mRNA will float through one of the many holes in the nuclear membrane (nuclear
pores) and will then be in the cytoplasm.

Translation process

The mRNA will locate a ribosome and align with it so that the first two codon
triplets are within the boundaries of the ribosome.

A specific tRNA molecule now floats in — its tRNA anticodon must be
complementary to the first codon triplet of the mRNA molecule. Thus, the first
amino acid is brought into the translation process. It is not just any amino acid

— its identity was originally determined by the strand of DNA that transcribed the
mRNA being translated. While the first tRNA ‘sits’ in the ribosome holding the
first amino acid, a second tRNA floats in and brings a second (again specific)
amino acid. The second tRNA matches

its three anticodon bases with the second
codon triplet of the mRNA. As you can see
in Figure 3.17, two specific amino acids are
now being held side by side. An enzyme
now catalyses a condensation reaction
between the two amino acids and the
resulting covalent bond between them is
called a peptide bond.

The next step in the translation process
involves the breaking of the bond between
the first tRNA molecule and the amino
acid that it transferred in. This bond is

no longer needed as the second tRNA

is currently bonded to its own amino

acid and that amino acid is covalently
bonded to the first amino acid. The first
tRNA floats away into the cytoplasm and
invariably reloads with another amino acid
of the same type. The ribosome that has



only one tRNA in it now moves one codon triplet down the mRNA molecule. This,
in effect, puts the second tRNA in the ribosome position that the first originally
occupied and creates room for a third tRNA to float in bringing with it a third
specific amino acid. The process now becomes somewhat repetitive as another
peptide bond forms, the ribosome moves on by another triplet and so on. The
process continues until the ribosome gets to the last codon triplet. The final codon
triplet will be a triplet that does not act as a code for an amino acid, it signals ‘stop’ to
the process of translation. The entire polypeptide breaks away from the final tRNA
molecule, and becomes a free floating polypeptide in the cytoplasm of the cell.

previous peptide

bonds created
peptide bond created

methionine —— lysine

arginine—

phenylalanine

two tRNAs fit

within ribosome each tRNA carries a

specific amino acid

triplet codons ribosome

The one gene/one polypeptide hypothesis

In the early 1940s, experimental work was performed which led to the hypothesis
that every one gene of DNA produced one enzyme. This was soon amended

to include all proteins and not just enzymes. It was later discovered that many
proteins are actually composed of more than one polypeptide and it was proposed
that each individual polypeptide required a separate gene. Thus for many years
students learned the ‘one gene, one polypeptide’ hypothesis.

In the last few years, researchers have discovered that at least some genes are not
quite that straightforward. For example, one gene may lead to a single mRNA
molecule, but the mRNA molecule may then be modified in many different ways.
Each modification may result in the production of a different polypeptide during
the translation portion of protein synthesis.

Imagine that an mRNA leaves the nucleus of a eukaryotic cell with the following base sequence:
AUGCCCCGCACGUUUCCAAGCCCCGGG

Locate an mRNA codon chart. If you do not have a text that includes a codon chart, you can access
one if you visit heinemann.co.uk/hotlinks, insert the express code 4242P and click on Weblink 3.6.

9 Determine the amino acids in sequence that are coded for by the above mRNA molecule.
10 Determine the DNA code sequence which gave rise to the above mRNA codons.

11 What would the amino acid sequence be if the first cytosine of the mRNA molecule was
replaced with a uracil? (This would be due to a substitution rmutation occurring to the DNA
molecule which transcribed this mRNA)

L Figure 3.17 Events of translation

(synthesis of a polypeptide).

=

As the Human Genome Project
progressed, the number of genes
thought to make up a human
being dropped dramatically. Early
estimates were about 100 000
genes; current estimates are below
30 000 genes. One of the reasons
for this change in thinking is the
presence of genes that produce
mRNA which is modified in
different ways to produce different
polypeptides.
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@ Enzymes

Assessment statements

3.6.1 Define enzyme and active site.

3.6.2 Explain enzyme—substrate specificity.

3.6.3 Explain the effects of temperature, pH and substrate concentration on
enzyme activity.

3.6.4 Define denaturation.

3.6.5 Explain the use of lactase in the production of lactose-free milk.

Enzymes are organic molecules which act as
catalysts

Enzymes are proteins. Thus, enzymes are long chains of amino acids that have
taken on a very specific three-dimensional shape. Think of a flexible metal wire
that someone bends many times into what is called a globular shape. This shape

is complex and at first glance appears to be random, but in enzymes (and other
proteins) the complex shape is not random: it is very specific. Somewhere in

the three-dimensional shape of the enzyme is an area that is designed to match

a specific molecule known as that enzyme’s substrate. This area of the enzyme

is called the active site. The active site of an enzyme matches the substrate in a
similar way to the way a glove fits over a hand. In this analogy, the glove represents
the active site and the hand represents the substrate.

This computer graphic image shows an | 4
enzyme (larger molecule on right) and

its substrate. Notice the active site on

the left side of the enzyme.




Another analogy that is very commonly used for enzyme-substrate activity is a
lock and key. In this analogy, the lock represents the enzyme’s active site and the
key represents the substrate. Because the three-dimensional shape of the internal
portion of the lock is complex and specific, only one key will fit. The same principle
is generally true for enzymes and their substrates — they are specific for each other.

As catalysts, enzymes influence the rate of reactions. As a general rule, a set of
reactants in the presence of an enzyme will form product(s) at a faster rate than
without the enzyme. Enzymes cannot force reactions to occur that would not
otherwise occur. The real role of an enzyme in a reaction is to lower the energy
level needed to start the reaction. This energy is referred to as the activation energy
of the reaction. Thus, enzymes lower the activation energy of reactions. Enzymes
are not considered reactants and are not used up in the reaction. An enzyme can
function as a catalyst many, many times.

Factors affecting enzyme-catalysed reactions

These reaction rates are affected by temperature, pH and substrate concentration.

Effect of temperature

Imagine an enzyme and its substrate floating freely in a fluid environment. Both
the enzyme and substrate are in motion and the rate of that motion is dependent
on the temperature of the fluid. Fluids with higher temperatures will have faster-
moving molecules (more kinetic energy). Reactions are dependent on molecular
collisions and, as a general rule, the faster molecules are moving the more often
they collide and with greater energy. Reactions with or without enzymes will
increase their reaction rate as temperature (and thus molecular motion) increases.
Reactions which use enzymes do have an upper limit however (see Figure 3.18).
That limit is based on the temperature at which the enzyme (as a protein) begins
to lose its three-dimensional shape due to intramolecular bonds being stressed and
broken. When an enzyme loses its shape, including the shape of the active site, it is
said to be denatured. Denaturation is sometimes permanent and sometimes only
temporary until the molecule re-forms its normal shape.

enzyme starts to lose it's

A .
) = shape, so reaction rate
begins to slow down
, <
oS
ES increase in further increase in
N2 molecular temperature leads toa
v T P - - . .
5 9 collisions rapid decline in reaction
= rate as enzyme continues
e ‘é to denature
>
increasing temperature
Effect of pH

The pH of a solution is dependent on the relative number of hydrogen ions (H*)
compared to hydroxide ions (OH") in the same solution. Any substance that gives
off hydrogen ions, for example HCl, is an acid and results in a solution with a pH
below 7. Any substance that gives off hydroxide ions, for example NaOH, is a base
and results in a solution with a pH higher than 7. Pure water has a neutral pH of 7
because when water dissociates (splits), it results in an equal number of hydrogen
ions and hydroxide ions.

O Whether or not an enzyrme

is permanently destrayed by
denaturation is largely dependent
on whether the covalent bonds,
such as peptide bonds, in the
molecule have broken. DNA
determined the order of these
amino acids and, without the
control of DNA, the amino acids
have no way of reattaching in the
original order.

E Figure 3.18 The effect of increasing
temperature on the rate of an enzyme-
catalysed reaction.
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The pH scale is a logarithmic O
scale. This means that each whole -

number on the pH scale represents
an increase or decrease in a power
of 10. Thus, a solution with a pH

of 4 has ten times more hydrogen
ions than one with a pH of 5. A
solution with a pH of 4 has 100
times more hydrogen ions than
one with a pH of 6.

Figure 3.19 The effect of pH on the
rate of an enzyme-catalysed reaction.

Figure 3.20 The effect of increasing
substrate concentration on the rate of
an enzyme-catalysed reaction.

| 4

The active site of an enzyme typically includes many amino acids of that protein.
Some amino acids have areas that are charged either positively or negatively.

The negative and positive areas of a substrate must match the opposite charge
when the substrate is in the active site of an enzyme in order for the enzyme to
have catalytic action. When a solution has become too acidic, the relatively large
number of hydrogen ions (H*) can bond with the negative charges of the enzyme
or substrate and not allow proper charge matching between the two. A similar
scenario occurs when a solution has become too basic; the relatively large number
of hydroxide ions (OH~) can bond with the positive charges of the substrate or
enzyme and once again not allow proper charge matching between the two. Either
of these scenarios will result in an enzyme becoming less efficient and sometimes
becoming completely inactive in extreme situations. One further possibility is that
the numerous extra positive and negative charges of acidic and basic solutions can
result in the enzyme losing its shape and thus becoming denatured.

There is no one pH that is best for all enzymes (see Figure 3.19). Many of the
enzymes active in the human body are most active when in an environment that is
near neutral. There are exceptions to this; for example, pepsin is an enzyme that is
active in the stomach. The environment of the stomach is highly acidic and pepsin
is most active in an acidic pH.

some specialized
enzymes have
optimum pH
that is acidic

in the human

body have

optimum pH
/ near 7

acidic neutral basic
pH

most enzymes

rate of enzyme-
catalysed reaction

Effect of substrate concentration

If there is a constant amount of enzyme, as the concentration of a substrate
increases, the rate of reaction will increase as well (see Figure 3.20). This is
explained by the idea of increased molecular collisions. If you have more reactant
molecules, there are more to collide. There is a limit to this however. The limit

A every enzyme molecule is
working as fast as possible
P

/
d

/A increasing number of substrate

molecules, therefore more collisions

»

rate of enzyme-
catalysed reaction

\/

increasing substrate concentration
(assumes enzyme concentration unchanged)



is due to the fact that enzymes have a maximum rate at which they can work. If
every enzyme molecule is working as fast as possible, adding more substrate to the
solution will not further increase the reaction rate (see Figure 3.20).

Use of lactase to help solve the problem of
lactose intolerance

Almost all humans on Earth are born with the ability to digest lactose, one of

the most common sugars found in milk. The reason for this is that we are born
with the ability to produce the enzyme lactase in our digestive tract. Lactase

is the enzyme that digests the disaccharide lactose into two monosaccharides.
The monosaccharides are much more readily absorbed into the bloodstream.
Most people on Earth lose the ability to produce lactase as they get older, and

by adulthood no longer produce any significant amount of lactase. Normal

milk and milk products enter their digestive tract and are not digested; instead
bacterial colonies in their intestines feed directly on the lactose. This leads to such
symptoms as cramping, excessive gas, and diarrhoea.

Milk and milk products can be treated with lactase before consumption. When
this treatment occurs, the nutrients in the milk are not affected, but the person is
able to absorb the sugars as they have been predigested. The technology to treat
milk and milk products in this way must be improved in order for it to be useful
on a large scale. Lactose intolerance has been shown to have an extremely high
incidence in some ethnic groups and be relatively low in others. This is a good
example of natural variation in a population.

12 From memory, draw each of the following with proper axes:
a graph showing effect of increasing temperature on the rate of reaction of an enzyme-
catalysed reaction;
b graph showing effect of substrate concentration on the rate of reaction of an enzyme-
catalysed reaction.
13 In your own words, explain why each of the above graphs has the shape it has. Check the validity
of your graphs before offering an explanation.

Q Cell respiration

Assessment statements

3.7.1  Define cell respiration.

3.7.2 State that, in cell respiration, glucose in the cytoplasm is broken down
by glycolysis into pyruvate, with a small yield of ATP.

3.7.3 Explain that, during anaerobic cell respiration, pyruvate can be
converted in the cytoplasm into lactate, or ethanol and carbon dioxide,
with no further yield of ATP.

3.7.4 Explain that, during aerobic cell respiration, pyruvate can be broken
down in the mitochondrion into carbon dioxide and water with a large
yield of ATP.

=
@ There are more people on Earth
with lactose intolerance than
there are without it. Thus, it can be
argued that lactose intolerance has
becorne the norm.
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This is a computer graphic of glucose.
The backbone of the molecule is shown
in stick form. The spheres represent the
relative sizes of the individual atoms
(CHy,04).
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Cell respiration is used by all cells to produce
ATP

Organic molecules contain energy in their molecular structures. Each covalent
bond in a glucose, amino acid or fatty acid represents stored chemical energy.
When we burn wood in a fire, we are releasing that stored chemical energy

in the form of heat and light. Burning is the release of chemical energy called
rapid oxidation. Rapid oxidation is not controlled by enzymes and results in the
breaking of many, many covalent bonds in a very short period of time and thus a
nearly uncontrolled energy release.

Cells break down (or metabolize) their organic nutrients by way of slow oxidation.
A molecule, such as glucose, is acted on by a series of enzymes. The function of
these enzymes is to catalyse a sequential series of reactions in which the covalent
bonds are broken (oxidized) one at a time. Each time a covalent bond is broken,

a small amount of energy is released. The ultimate goal of releasing energy in a
controlled way is to trap the released energy in the form of ATP molecules. If a cell
does not have glucose available, other organic molecules may be substituted, such
as fatty acids or amino acids.

Glycolysis is the first step in the cell respiration
process

Assuming that glucose is the organic nutrient being metabolized, all cells begin
the process of cell respiration in the same way. Glucose enters a cell through the
plasma membrane and floats in the cytoplasm. An enzyme modifies the glucose
slightly, then a second enzyme modifies this molecule even more. This is followed
by an entire series of reactions which ultimately cleave the 6-carbon glucose into
two 3-carbon molecules. Each of these 3-carbon molecules is called pyruvate.
Certainly not all, but some, of the covalent bonds in the glucose were broken
during this series of reactions. Some of the energy that was released from the
breaking of these bonds was used to form a small number of ATP molecules.
Notice in Figure 3.21 that two ATP molecules are needed to begin the process of
glycolysis and a total of four ATP molecules are formed. This is referred to as a net
gain of two ATP (gain of four ATP minus the two ATP needed to start).



E Figure 3.21 Simplified version of the
events of glycolysis.

2 ADP
s Al pyruvate

get reactions 3C
glucose started 4 ATP produced
(net gain of 2 ATP)

6C

pyruvate
3C
@ 2 ADP
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Some cells use anaerobic respiration for ATP

production
The term ‘cell respiration’ refers to a variety of biochemical pathways that can
. ; 5 All alcohol for drinking is ethanal.

be used to metabolize glucose. All of the pathways start with glycolysis. In other L L

. . . . Beer, wine, and spirits contain
words, glycolysis is the metabolic pathway that is common to all organisms on different proportions of ethanol
Earth. Some organisms derive their ATP completely without the use of oxygen and other ingredients for
and are referred to as anaerobic. The breakdown of organic molecules for ATP flavouring.

production in an anaerobic way is also called fermentation. There are two main
anaerobic pathways which will be discussed separately: alcoholic fermentation and
lactic acid fermentation.

Alcoholic fermentation

Yeast is a common single-celled fungus that uses alcoholic fermentation for ATP
generation (see Figure 3.22). You will recall that all organisms use glycolysis to
begin the cell respiration sequence. Thus, yeast cells take in glucose from their
environment and generate a net gain of two ATP by way of glycolysis. The organic
products of glycolysis are always two pyruvate molecules. Yeast then converts both
of the 3-carbon pyruvate molecules to molecules of ethanol. Ethanol is a 2-carbon
molecule, so a carbon atom is ‘lost’ in this conversion. The ‘Jost’ carbon atom is
given off in a carbon dioxide molecule. Both the ethanol and carbon dioxide that
are produced are waste products to the yeast and are simply given off into the
environment. Bakers’ yeast is added to bread products for baking as the generation
of carbon dioxide helps the dough to rise. It is also common to use yeast in the
production of ethanol as drinking alcohol.

o, ‘ Figure 3.22 Simplified version of the
pyruvate —LF ethanol events of alcoholic fermentation
3C 2C \
glucose
6C
Co,
pyruvate ___~ » €thanol
3C 2C
———— glycolysis ———

net gain of 2 ATP

Lactic acid fermentation

Organisms that use an aerobic cell respiration pathway sometimes find themselves
in a metabolic situation where they cannot supply enough oxygen to their cells.
A good example of this is a person pushing beyond their normal exercise pattern
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This false-colour SEM shows an | 2
anaerobic species of bacterium. It is
Clostridium perfringens (x 14 065).

Figure 3.23 Simplified version of the | 2
events of lactic acid fermentation.

Mitachondria have their own DNA O

and ribosomes.

or routine. In this situation, the person’s pulmonary and cardiovascular systems
(lungs and heart) supply as much oxygen to their cells as is physically possible.
If the person’s exercise rate exceeds their capability of supplying oxygen, then at
least some of the glucose entering into cell respiration will follow the anaerobic
pathway called lactic acid fermentation (see Figure 3.23).

Once again, recall that glycolysis is used by all cells to begin the cell respiration
sequence. Also remember that glycolysis:

o takes place in the cytoplasm;

e results in the net gain of two ATP per glucose;

e results in the production of two pyruvate molecules.

Cells that are aerobic normally take the two pyruvate molecules and further
metabolize them in an aerobic series of reactions. But this is not a normal situation,
this is a cell that is not getting a sufficient amount of oxygen for the aerobic pathway.
In a low-oxygen situation, excess pyruvate molecules are converted into lactic acid
molecules. Like pyruvate, lactic acid molecules are 3-carbon molecules so there is no
production of carbon dioxide. What benefit does this serve? It allows glycolysis to
continue with the small gain of ATP generated in addition to the ATP which is
already being generated through the aerobic pathway.

F—— net gain of 2 ATP ——

pyruvate — 5 lactate
3C ¢ 3C

glucose (reaction reversible
6C when oxygen available)

pyruvate —» lactate
3¢ T

U

aerobic
pathway

Aerobic cell respiration is the most efficient
pathway

Cells that have mitochondria use an aerobic pathway for cell respiration. This
pathway also begins with glycolysis and thus a net gain of two ATP is generated

as well as two pyruvate molecules. The two pyruvate molecules now enter a
mitochondrion and are further metabolized.



Each pyruvate first loses a carbon dioxide
molecule and becomes a molecule known

as acetyl-CoA. Each acetyl-CoA enters into

a series of reactions called the Krebs cycle.
During this series of reactions, two more
carbon dioxide molecules are produced from
each original pyruvate that entered. The Krebs
cycle series of reactions is a cycle because each
time it returns to the molecule that once again
reacts with another incoming acetyl-CoA
molecule (see Figure 3.24).

Some ATP is directly generated during the
Krebs cycle and some is indirectly generated
through a later series of reactions directly
involving oxygen. Aerobic cell respiration
breaks down (or completely oxidizes) a glucose molecule and the end-products

are carbon dioxide and water. The reason aerobic cell respiration is so much more
efficient than anaerobic cell respiration is that anaerobic pathways do not completely
oxidize the glucose molecule. This explains why ethanol and lactic acid are generated

— both ethanol and lactic acid represent portions of the original glucose that were not

oxidized. Aerobic cell respiration leaves no such by-products and results in a yield of
ATP per glucose that is much higher than either of the anaerobic pathways.

Cytoplasm Fluid inside mitochondrion
pyruvate acetyl-CoA » alsoenters
3C 2C Kreb's cycle
glucose
6C
pyruvate acetyl-CoA

3C

2C C
co,

4C Kreb’s cyde 5C

" %,

mitochondrion

CO, diffuses
out
O, diffuses in

14 Which stage of cell respiration is common to all types of cell respiration?
15 Where does this stage of cell respiration occur ina cell?
16 Why does that make sense?

17 Why do we inhale oxygen and exhale carbon dioxide?

4 This high-resolution, false-colour SEM
shows a single mitochondrion. Any cell
containing mitochondria uses aerobic
cell respiration as its primary cell
respiration pathway.

Ihe rate of cell respiration in an
aerobic organism is measured by a
| respirometer. This device works by
~ measuring the oxygen intake of an
anirmal while the carbon dioxide
output is eliminated by the use of a
~ chemical. This causes a drop in the
partial pressure in the device and,
when put under water, the rate at
which water enters the device is a
reflection of the oxygen consumed.
To view a respirometer (scroll
down to see the pictures): visit
heinemann.co.uk/hotlinks, insert
. the express code 4242P and click
on Weblink 3.7.

4 Figure 3.24 Aerobic cell respiration.




Leaves contain a mixture of
different photosynthetic pigments
(not just chlorophyll). This mixture
of pigments can be separated
using a technique called paper
chromatography. To see how, visit
heinemann.co.uk/hotlinks, insert
the express code 4242P and click
on Weblink 3.8.
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@ Photosynthesis
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Assessment statements

3.8.1 State that photosynthesis involves the conversion of light energy into
chemical energy.

3.8.2 State that light from the Sun is composed of a range of wavelengths
(colours).

3.8.3 State that chlorophylf is the main photosynthetic pigment.

3.8.4 OQutline the differences in absorption of red, blue and green light by
chlorophyll.

3.8.5 State that light energy is used to produce ATP, and to split water
molecules (photolysis) to form oxygen and hydrogen.

3.8.6 State that ATP and hydrogen (derived from the photolysis of water) are
used to fix carbon dioxide to make organic molecules.

3.8.7 Explain that the rate of photosynthesis can be measured directly by the
production of oxygen or the uptake of carbon dioxide, or indirectly by
an increase in biomass.

3.8.8 Outline the effects of temperature, light intensity and carbon dioxide
concentration on the rate of photosynthesis.

Photosynthesis converts light energy into
chemical energy

Plants and other photosynthetic organisms produce foods that begin food chains.
We count on the Sun to be a constant energy source for both warmth and food
production for all of planet Earth. The sunlight that strikes our planet must

be converted into a form of chemical energy in order to be useful to all non-
photosynthetic organisms. The most common chemical energy produced from
photosynthesis is the molecule glucose. If you recall, glucose is also the most
common molecule that organisms use for fuel in the process of cell respiration.

Plants use the pigment chlorophyll to absorb
light energy

The vast majority of plant leaves appear green to our eyes. If you were able to
zoom into leaf cells and look around, you would see that the only structures
in a leaf that are actually green are the chloroplasts. Plants contain a variety of
pigments in chloroplasts. The photosynthetic pigment that dominates in most
plant species is the molecule chlorophyll.

Plants make use of the same part of the electromagnetic spectrum that our eyes
are able to see. We call this the visible portion of the spectrum. Sunlight is actually
a mixture of different colours of light. You can see these colours when you let
sunlight pass through a prism. The prism separates the colours because each of the
colours is a different wavelength and is refracted in the prism to a slightly different
angle. Water droplets are natural prisms, which is why the different colours of
sunlight can be seen in a rainbow.



4 Inside each of these plant leaf cells
are many green chloroplasts. Each
chloroplast is loadea with chlorophyil.

The visible light spectrum includes many colours, but, for the purpose of
considering how chlorophyll absorbs light energy, we are going to consider three
regions of the spectrum:

e red end of spectrum;

e green middle of spectrum;

¢ blue end of spectrum.

Substances can do one of only two things when they are struck by a particular The achvieets wesr lghicoloured

wavelength (colour) of light; they can: clothing in warm months is good
advice based on the principle that

. . . ) lighter colours reflect more energy
o reflect that wavelength (if so, the energy is not being absorbed and you will see and thierefare keep you cooler:

that colour).

e absorb that wavelength (if so, energy is being absorbed and may be used);

Worked example =

You are walking outside with a friend who is wearing a red and white shirt. Explain
why the shirt appears red and white.

Solution

Sunlight is a mixture of all of the wavelengths (colours) of visible light. When
sunlight strikes the red pigments in the shirt, the blue and the green wavelengths
of light are absorbed, but the red wavelengths are reflected. Thus, our eyes see red.
When sunlight strikes the white areas of the shirt, all the wavelengths of light are
reflected and our eyes and brain interpret this mixture as white.

Now, let’s apply this information to how chlorophyll absorbs light for
photosynthesis. Chlorophyll is a green pigment. This means that chlorophyll
reflects green light and therefore must absorb the other wavelengths of the visible
light spectrum. When a plant leaf is hit by sunlight, the red and blue wavelengths
of light are absorbed by chlorophyll and used for photosynthesis. Almost all the
energy of the green wavelengths is reflected, not absorbed. So, do not try to grow

plants in only green light.
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Figure 3.25 Functions of light during P
photosynthesis.

This is an SEM (with false colour added)
of an upper leaf section. These cells
are very active in photosynthesis

as is shown by the large number of
chloroplasts.

Photosynthesis occurs in two stages

Photosynthesis produces sugar molecules as a food source for the plant. Sugars,
such as glucose, are held together by covalent bonds. It requires energy to create
those covalent bonds and the source of that energy can ultimately be traced back
to the Sun.

The first stage of photosynthesis is a set of reactions that ‘trap’ light energy and
convert it to the chemical energy of ATP. The second stage of photosynthesis is
a set of reactions in which ATP is used to help bond carbon dioxide and water

molecules together to create a sugar, such as glucose.

The first stage of photosynthesis

The first stage of photosynthesis is a set of reactions typically referred to as the
light-dependent reactions (see Figure 3.25). In this set of reactions, chlorophyll
{and other photosynthetic pigments) absorb light energy and convert that energy
to a form of chemical energy, specifically ATP. In addition, light energy is also used
to accomplish a reaction that is called photolysis of water. In this reaction, a water
molecule is split into its component elements: hydrogen and oxygen.

light
_. ' . oxygen
_ chiorophyll Wéterj
ATP MM and other photo-
reactions synthetic pigments electrons
hydrogen ions hydrogen

The oxygen that is split away due to the photolysis of water is typically
released from the plant leaf as a waste product. It is very useful for us
and the millions of different organisms that need oxygen for aerobic cell
respiration. However, from the plant’s perspective, the useful products
formed during this stage of photosynthesis are ATP and hydrogen.

The second stage of photosynthesis

The second stage of photosynthesis is a series of reactions collectively
referred to as the light-independent reactions. ATP and hydrogen are
used as forms of chemical energy to convert carbon dioxide and water
into useful organic molecules for the plant. Carbon dioxide is one of
the few molecular forms of carbon that is considered to be inorganic.
Glucose, a typical product of photosynthesis, is an organic molecule.
It requires six inorganic carbon dioxide molecules to form one glucose
molecule.

6CO, + 6H,0 — CgH,,04 + 60,

This conversion of an inorganic form of an element to an organic form is known
as a fixation. Therefore, photosynthesis can be described as a series of reactions in
which carbon dioxide and water are fixed into glucose, and oxygen is produced as
a by-product.



The fixation reaction described above requires energy. The energy to create the
glucose comes directly from the ATP and hydrogen created in the first stage of
photosynthesis. Ultimately, this energy can be traced back to sunlight. It is also
important to note that glucose is only one of the many possible organic molecules
that can form from photosynthesis.

Measuring the rate of photosynthesis

Let’s take a moment to revisit the summary reaction for photosynthesis.
6CO, + 6H,0 — C,H,,0; + 60,

This balanced equation shows us that carbon dioxide molecules are reactants and
oxygen molecules are products of photosynthesis. If you now recall some information
you learned earlier about cell respiration, you will see that the reverse is true for that
process. In other words, for cell respiration, oxygen is a reactant and carbon dioxide is
a product. Knowing that plants do both photosynthesis and cell respiration might lead
you to the conclusion that the two processes ‘cancel each other out’ when looking at
oxygen or carbon dioxide levels. But this thinking is a bit simplistic.

At any given time of year, any one plant has a fairly consistent rate of cell
respiration. Not only is this rate consistent throughout the day and night, it is
also at a relatively low level. Plants do not have muscle and other ATP-demanding
tissues as do animals. They need ATP for various biochemical processes, but the
level is typically far below that required by an animal.

The same consistency is not true concerning the rate of photosynthesis.
Photosynthetic rate is highly dependent on many environmental factors including
intensity of light and air temperature. During the daytime, especially on a warm
sunny day, the rate of photosynthesis may be very high for a particular plant. If
50, the rate of carbon dioxide taken in by the plant and the rate of oxygen released
will both also be very high. As the plant is also doing cell respiration, a correction
should be made for that in both carbon dioxide and oxygen levels. At night,

the rate of photosynthesis may drop to zero. At that time, a given plant may be
giving off carbon dioxide and taking in oxygen to maintain its relatively low and
consistent rate of cell respiration (see Figure 3.26).

Measuring the rate of oxygen production or carbon dioxide intake is considered
to be a direct measurement of photosynthetic rate as long as a correction is made
for cell respiration. Another common approach is to measure photosynthesis

by keeping track of the change in biomass of experimental plants. Massing of
plants is considered to be an indirect reflection of photosynthetic rate as the
increase or decrease in biomass may be traced to a whole variety of factors besides
photosynthetic rate.
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This student is measuring oxygen
produced by an aquatic plant. The rate
of O, produced is a direct reflection of
the rate of photosynithesis.

4 Figure 3.26 Graph showing the
oxygen given off and taken in by a
hypothetical plant over a 48-hour
period. When the line intersect is at 0,
the oxygen generated by
photosynthesis is equal to the oxygen
needed for cell respiration.
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Figure 3.27 The effect of increasing
light intensity on the rate of
photosynthesis.

Figure 3.28 The effect of increasing
temperature on the rate of
photosynthesis.

Figure 3.29 The effect of increasing
carbon dioxide concentration on the
rate of photosynthesis.

>
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The effects of changing environmental factors
on rate of photosynthesis

Let’s look at the patterns that emerge when three common environmental factors
are varied and how that is predicted to change the rate of photosynthesis in a
generalized plant (see Figures 3.27-3.29).

Effect of changing light intensity

A enzymes, et;. already working
at their maximum rate

/

positive correlation between
light intensity and photosynthesis
rate in this area of graph

rate of
photosynthesis

increasing light intensity
(all other variables constant)

Effect of changing temperature

Ar enzymes and
other proteins
become denatured

increased
molecular
collisions

rate of
photosynthesis

increasing temperature
(all other variables constant)

Effect of changing carbon dioxide concentration

rate of reaction reaches
a plateau unless light or
temperature is also increased

rate of
photosynthesis

positive
correlation

CO, concentration
(all other variables constant)

18 Propose an explanation as to why blue objects appear blue to the human eye.

19 Explain why black surfaces (like tarracadam/asphalt) get much hotter in sunlight than lighter
surfaces (like stone or concrete).

20 Plants produce sugars by photosynthesis. What do plants do with the sugars after that?

21 Why co most plants produce an excess of sugars in some months of the year?



i Practice questions

1

2w N

Biosphere 2, an enormous greenhouse built in the Arizona desert in the USA, has been
used to study five different ecosystems. It is a closed system so measurements can be
made under controlled conditions. The effects of different factors, including changes in
carbon dioxide concentration in the greenhouse, were studied. The data shown below
were collected over the course of one day in January 1996.

1200 1600
1400
1000+
1200
8001
1000 jight
o,/ cdm
ppm 600 800
600
400+
400
= 200
0 T T T T T o | T T T T T T 1 T T 0
0 15 3 45 6 75 910512135151651819.52122524
time/hours
Source: www.ldeo.columbia.edu/martins/climate_water/labs/lab6/labinstré./html
(@) (i) Identify the time of day when the sun rose. (n
(i) identify the time of minimal CO, concentration. (n
(b) Determine the maximum difference in the concentration of CO, over the 24-hour
period. {n
{c) Suggest reasons for changes in CO, concentration during the 24-hour period.  (2)
(Total 5 marks)
Describe the significance of water to living organisms. (6 marks)
Draw the structure of a fatty acid. (1 mark)
Outline how monosaccharides are converted into polysaccharides. (2 marks)

The graph below shows the effect of changing the substrate concentration on an enzyme
controlled reaction.

40% substrate

20% substrate
10% substrate

amount of product formed 5% substrate

2.5% substrate

0% substrate

time
What is the correct interpretation of these data?
A The rate of reaction increases continuously with increase in substrate concentration.
B The rate of reaction decreases continuously with increase in substrate concentration.
C The rate of reaction increases up to a point and then remains constant.
D The rate of reaction is not affected by any change in the substrate concentration.
(7 mark)

@ Examiner’s hint: When/ (a
backward slash) is used in a unit
expression, it is not read as ‘per’ You read
the slash as‘expressed as’ For example,
CO,/ ppm is read as ‘carbon dioxide
expressed as parts per million.

@ Examiner’s hint: When you are
being asked to read a value from a
graph, use a straight edge to determine
the value. Do not just eyeball’ the value.
You should bring a metric ruler as a
straight edge to the exam site.

@ Examiner’s hint: Take a couple of
minutes to plan an essay such as that in
question 2. You know that you must try
to earn 6 marks. Think about what these
marks may be for, before beginning your
writing and consider writing them down
as a plan. If you do not do this, your
writing is more likely to wander off track.

e Examiner’s hint: ‘Outline’does not
mean create a true outline.’Outline’is a
command term that means ‘give a brief
account or summary’ Use the number of
marks available as a guide to how brief
you can afford to be.

e Examiner’s hint: Multiple-choice
questions on IB examinations always
have four choices. There is no penalty for
incorrect answers, so you should answer
all of them even if you guess on a few,
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6 Which of the following are connected by a hydrogen bond?

A The hydrogen and oxygen atoms of a water molecule.

B A base pair of a DNA molecule.

C Two amino acid molecules of a dipeptide.

D Two glucose molecules in a disaccharide. (1 mark)

Where do transcription and translation occur in eukaryotic cells?
Transcription  Translation

A cytoplasm cytoplasm

B cytoplasm mitochondria

C nucleus cytoplasm

D nucleus nucleus (1 mark)

Of the following products, which is produced by both anaerobic respiration and aerobic
respiration in humans?

| pyruvate

Il ATP

Il Jactate

A lonly

B land Il only

C I land Il

D liand lil only (7 mark)

Pigments are extracted from the leaves of a green plant. White light is then passed
through the solution of pigments. What effect do the leaf pigments have on the white
light?
A Green wavelengths are absorbed and red and blue wavelengths are transmitted.
B Red and blue wavelengths are absorbed and green wavelengths are transmitted.
C Blue wavelengths are absorbed and green and red wavelengths are transmitted.
D Green and red wavelengths are absorbed and blue wavelengths are transmitted.
(T mark)



Imagine the power of being able to predict
the future. One of the fundamental
reasons for studying science in general
and genetics in particular is to be able to
do just that. Here are some of the kinds of
question that geneticists try to answer:

@

(]

What will my baby brother look like?
Will my children be able to see the
difference between red and green even
though I can’t?

If there is a history of genetic disease
in my family, what are the chances that
my future baby might be affected?

Other questions include:

®

=

To answer these questions, we must understand the mechanisms of genetics.
Genetics is the science of how inherited information is passed on from one
generation to the next using genetic material — genes made of DNA.

How is it possible that I have blue eyes
whereas everyone else in my family has
brown eyes?

Can we find out who was at the crime
scene by analysing the DNA left behind?

How can crops be genetically changed to improve their quality and quantity?

Is it possible to clone humans?

mutations

Assessment statements

4.1.1

4.1.2 Define gene, allele and genome.
4.1.3 Define gene mutation.

41.4

sickle cell anaemia.

How DNA is organized

Chromosomes are bundles of long strands of DNA. If you could unwind a
chromosome, it would be like unravelling a ball of string. A typical human cell
contains enough DNA to stretch for nearly two metres.

Chromosomes, genes, alleles and

State that eukaryote chromosomes are made of DNA and proteins.

Explain the consequence of a base substitution mutation in relation
to the processes of transcription and translation, using the example of

A

A computer model of a short strand of

DNA against the nuclear membrane
showing a nuclear pore.
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Fach vertical rod of a chromosome is
called a chromatid. The area where the
chromatids are joined together is called
the centromere. This coloured electron
micrograph shows two chromatids
joined at a centrally positioned
centromere.

If each DNA nucleotide base

pair (A-T, G-C) were typed out,
a human cell would centain
more letters than 10 sets of
encyclopaedias.

In eukaryotes that reproduce sexually, chromosomes always
come in pairs (except in sex cells or gametes). Humans have 46
chromosomes in 23 pairs. The DNA in eukaryotes is associated
with proteins which help to keep the DNA organized.

Prokaryotes have only one chromosome, and the DNA is not
associated with proteins.

Genes

A gene is a heritable factor that controls a specific characteristic.
‘Heritable’ means passed on from parent to offspring, and
‘characteristic’ refers to genetic traits such as your hair colour or
your blood type. The estimated 30 000 genes which you possess
are organized into chromosomes.

The genes which determine eye colour have more than one
form. Some people have genes which give them brown eyes,
others have genes for blue or green eyes. Such variations of a
gene are called alleles. An allele is one specific form of a gene,
differing from other alleles by one or a few bases. Alleles of
the same gene occupy a corresponding place (locus) on each
chromosome of a pair (see page 91).

In some people, earlobes are attached and in others, they are not.
The gene for this trait comes in two possible forms: one allele for
attached earlobes and one allele for non-attached earlobes.

In order to find out which gene does what, a list must be made showing the order
of all the letters in the DNA code. Researchers use highly specialized laboratory
equipment to locate and identify sequences of bases. The complete set of an
organism’s base sequences is called its genome.

The complete genome of a few organisms have been fully written out. Among
these are the fruit fly and the bacterium E. coli because these two organisms have
been used extensively in genetics experiments for decades.

Mutations

A mutation is a random, rare change in genetic material. One type involves a
change of the sequence of bases in DNA. If DNA replication works correctly,

this should not happen (see Chapter 3, page 58). But nature sometimes makes
mistakes. For example, the base thymine (T) might be put in the place of adenine
(A) along the sequence. When this happens, the corresponding bases along mRNA
are altered during transcription.

Base substitution mutation

The consequence of changing one base could mean that a different amino acid

is placed in the growing polypeptide chain. This may have little or no effect

on the organism or it may have a major influence on the organism’s physical
characteristics. Look at the photograph of the fruit flies — it shows the consequence
of a mutation. The fruit fly on the right has an extra pair of wings. Mutations in
fruit flies can also change their eye colour, the number of legs, the shape of the
wings as well as scores of other traits.




\‘.;!." ‘1:_":.'[..-.'
s wull |
In humans, a mutation is sometimes found in the gene which creates haemoglobin
for red blood cells. This mutation gives a different shape to the haemoglobin

molecule. The difference leads to red blood cells which look very different from
the usual flattened disk pinched in the middle.

The mutated red blood cell with the characteristic curved shape made its
discoverers think of a sickle (a curved knife used to cut tall plants). The condition
which results from this mutation is therefore called sickle cell anaemia.

The kind of mutation which causes sickle cell anaemia is called a base substitution
mutation. In this case, one base is substituted for another so that the codon GAG
becomes GTG. So, during translation instead of adding glutamic acid, which is

the intended amino acid, valine is added instead. Since valine has a different shape
and different properties from glutamic acid, the shape of the resulting polypeptide
chain is modified. As a result, the haemoglobin molecule has a different shape and
so does the red blood cell.

<« Anormal fruit fly and one with
additional wings.

‘ Three typical red blood cells and one
sickle-shaped one. !
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; = The symptoms of sickle cell anaemia are weakness, fatigue and shortness of breath.
How do you think t t . . .

Ml LA 6 Oxygen cannot be carried as efficiently by the irregularly-shaped red blood cells. In
of sickle cell anaemia might ° ] . o .
affect a young person’ life? addition, the haemoglobin tends to crystallize within the red blood cells, causing
What do you think would be them to be less flexible. The affected red blood cells can get stuck in capillaries so
the psychological effects of blood flow can be slowed or blocked.

being told you have such a gene

mutation? People affected by sickle cell anaemia have a risk of passing the mutated gene to

If you had the gene for sickle their offspring. From a demographics point of view, the mutated gene is mostly

cell anaemia, would you want to
know the chances of your future
children getting it? Would it
affect your decision of whether

found in populations originating from West Africa or from the Mediterranean.

or not to marry sormeone who @ Malaria is one of the most deadly diseases in the world. However, the parasite which causes
may also carry the gene? malaria has difficulty infecting a person who has sickle cell anaemia. As a result, people

Ifyou had the opportunity to affected by the condition have a natural resistance to malaria.

genetically screen (test) the Statistical analysis of the number of cases of malaria and the prevalence of sickle cell anaemia
embryos of your future children, shows that there is a strong correlation and this is no coincidence — there is a causal link.
would you do it? If you say The reason why the mutated gene has been passed on successfully is that it has nelped

yes, what would you do to the people to avoid dying of malaria. Natural selection has ensured that this gene’s frequency in a
embryos which were discovered population is balanced with the normal gene’s frequency so that not everyone has sickle cell
to be affected by sickle cell anaemia and not everyone dies of malaria.

anaemia?

_ For an explanation of natural selection, see page 140.
Do you think that parents

should have the opportunity to

abort if they knew their unborn

Should carriers of the conaition

be cbliged to get advice from 1 Draw and label a chromosome. Include the following labels: chromatid, centromere. Indicate an
a genetic counsellor before example of a locus.
having children? 2 Whatis the difference between an allele and a gene?

3 Compare and contrast prokaryotic DNA and eukaryotic DNA.

4 Explain why eukaryotic chromosomes always come in pairs.

Meiosis

Assessment statements
4.2.1 State that meiosis is a reduction division of a diploid nucleus to form
haploid nuclei.

4.2.2 Define homologous chromosomes,
423 OQutline the process of meiosis, including pairing of homologous

chromosomes and crossing over, followed by two divisions, which
results in four haploid cells.

4.2.4  Explain that non-disjunction can lead to changes in chromosome
number, illustrated by reference to Down’s syndrome (trisomy 21).

425 State that, in karyotyping, chromosomes are arranged in pairs
according to their size and structure.

4.2.6 State that karyotyping is performed using cells collected by
chorionic villus sampling or amniocentesis, for pre-natal diagnosis of
chromosome abnormalities.

4.2.7 Analyse a human karyotype to determine gender and whether non-
disjunction has occurred.



Meiosis

Meiosis is a form of cell division which results in gametes (sex cells). Although
meiosis has some similarities to mitosis (see Chapter 2, page 39), it is important to
understand that there are some fundamental differences.

One characteristic which makes meiosis unique is that each new cell which results
from it has only half the number of chromosomes that a typical cell in that
organism has. For example, humans have 46 chromosomes in their cells, but in
the sperm and egg cells, there are only 23 chromosomes in each cell. Cells which
contain half the chromosome number are called haploid cells. Cells with the full
chromosome number are called diploid cells.

‘J' '

This type of cell division is called a reduction division because the number of
chromosomes has been reduced. This reduction is necessary in gamete production
because during sexual reproduction, each parent contributes 50% of the genetic

o rour haploid pollen cells formed by
meiosis.

information.

The cells formed from cell division are referred to as daughter cells. Meiosis
generates four haploid daughter cells and each cell has a unique mix of half of the
genetic information of the parent cell.

Homologous chromosomes

In a diploid human cell, the 46 chromosomes can be grouped into 23 pairs of
chromosomes called homologous chromosomes. Homologous means similar in
shape and size and it means that the two chromosomes carry the same genes. The
reason there are two of each is that one came from the father and the other from
the mother.

Although a pair of homologous chromosomes carry the same genes, they are not
identical because the alleles for the genes from each parent could be different.

We use the letter n to denote the number of unique chromosomes in an organism.
In eukaryotes, there are n pairs of chromosomes. With two of each, that makes a
total of 21 per cell. This is a shorthand way of writing the chromosome number
for haploid (1) and diploid (2n) cells. An egg and a sperm cell of a human each
contain n or 23 chromosomes, so when they unite, there are 2s or 46.
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Figure 4.1 Crossing over in a pair of ’
homologous chromosomes.

pair of
homologous
chromosomes

metaphase |l  equator

telophase |

A

Figure 4.2 The stages of mejosis I.

The phases of meiosis

Meiosis is a step-by-step process by which a diploid parent cell produces four
haploid daughter cells. Before the steps begin, DNA replication allows the cell to
make a complete copy of its genetic information during interphase. This results in
each chromatid having an identical copy, or sister chromatid, attached to it at the
centromere.

In order to produce a total of four cells, the parent cell must divide two times: the
first meiotic division makes two cells and then each of these divides during the
second meiotic division to make a total of four cells.

One of the characteristics which distinguishes meiosis from mitosis {see Chapter 2,
page 39) is that during the first step, called prophase I, there is an exchange of
genetic material between non-sister chromatids in a process called crossing over
(see Figure 4.1). This trading of segments of genes happens when sections of two
homologous chromatids break at the same point, twist around each other and
each connects to the other’s initial position.

j)

Crossing over allows DNA from a person’s maternal chromosomes to mix with
DNA from the paternal chromosomes. In this way, the recombinant chromatids
which end up in the sperm or the egg cells are a mosaic of the parent cell’s original
chromatids.

Meiosis | takes place in order to produce two cells with a single set of
chromosomes each (see Figure 4.2).

Prophase |

1 Chromosomes become visible as the DNA becomes more compact.

2 Homologous chromosomes, also called homologues, are attracted to each other
and pair up — one is from the individual’s father, the other from the mother.

3 Crossing over occurs.

4 Spindle fibres made from microtubules form.

Metaphase |

1 The bivalents (another name for the pairs of homologous chromosomes) line
up across the cell’s equator.
2 The nuclear membrane disintegrates.

Anaphase |

1 Spindle fibres from the poles attach to chromosomes and pull them to opposite
poles of the cell.



Telophase |

1 Spindles and spindle fibres disintegrate.
2 Usually, the chromosomes uncoil and new nuclear membranes form.
3 Many plants do not have a telophase I stage.

At the end of meiosis I, cytokinesis happens: the cell splits into two separate cells.
The cells at this point are haploid because they contain only one chromosome of
each pair. However, each chromatid still has its sister chromatid attached to it, so
no S phase is necessary.

Now meiosis II takes place in order to separate the sister chromatids (see Figure 4.3).

Prophase Il

1 DNA condenses into visible chromosomes again.
2 New meiotic spindle fibres are produced.

Metaphase i

1 Nuclear membranes disintegrate.

2 The individual chromosomes line up along the equator of each cell in no
special order; this is called random orientation.

3 Spindle fibres from opposite poles attach to each of the sister chromatids at the
centromeres.

Anaphase Il

1 Centromeres of each chromosome split, releasing each sister chromatid as an
individual chromosome.

2 The spindle fibres pull individual chromatids to opposite ends of the cell.

3 Because of random orientation, the chromatids could be pulled towards either
of the newly forming daughter cells.

4 In animal cells, cell membranes pinch off in the middle, whereas in plant cells,
new cell plates form to demarcate the four cells.

Telophase Il

1 Chromosomes unwind their strands of DNA.
2 Nuclear envelopes form around each of the four haploid cells, preparing them
for cytokinesis.

Down’s syndrome

Sometimes chromosomes do not separate the way they are expected to during
the first or second meiotic division. This results in an unequal distribution of
chromosomes. In humans, this means that an egg cell or a sperm cell might have
24 instead of 23 chromosomes. This unexpected distribution of chromosomes
is due to a non-disjunction, a process by which two or more homologous
chromosomes stick together instead of separating.

In the case of Down’s syndrome, non-disjunction happens in the 21st pair

of chromosomes: the child receives 3 instead of 2. Such an anomaly is called

a trisomy and Down’s syndrome is also referred to as trisomy 21. Having an
additional chromosome brings about malformations of the digestive system and
causes differing degrees of learning difficulties. Children with Down’s syndrome
often follow specialized education programmes adapted for their needs.

anaphase |l
ZIES
\az;L;‘:/

telophase I

A

Figure 4.3 The stages of meiosis Il.




Genetics 1

The chi'd on the right has Down's
syndrome.

88

| 4

Down’s syndrome is the most common chromosomal anomaly and affects
approximately 1 birth in 800. The risk of Down’s syndrome increases as the age of
the mother increases, particularly over the age of 35. Non-disjunctions can happen
with other chromosomes, and all of them can have a major impact on a child’s
development. Some developmental consequences are so severe that the fetus may

not survive beyond a few weeks or months.

Karyotypes

A karyotype is a photograph of the chromosomes found in a cell arranged according
to a standard format, as in the photograph opposite. The chromosomes are placed in
order according to their size and shape. The shape depends mainly on the position
of the centromere. A karyotype is made by the following steps.

I The cells are stained and prepared on a glass slide to see their chromosomes
under a light microscope.

2 Photomicrograph images are obtained of the chromosomes during mitotic
metaphase.

3 The images are cut out and separated, a process which can be done using
scissors or using a computer.

4 The images of each pair of chromosomes are placed in order by size and the
position of their centromeres.

Obtaining cells for karyotyping

An unborn baby’s cells can be extracted in one of two ways: either by a process
called amniocentesis or by removing them from the chorionic villus. Amniocentesis
involves using a hypodermic needle to extract some of the amniotic fluid around
the developing baby. Inside the liquid, some of the baby’s cells can be found and



used for the preparation of a karyotype. In the second method, cells are obtained
by chorionic villus sampling, which involves obtaining a tissue sample from the
placenta’s finger-like projections into the uterus wall.

In either case, among the cells collected are foetal cells which are then

grown in the laboratory. The preparation of a karyotype is an expensive and
invasive procedure. It is usually used for seeing if an unborn baby has any
chromosomal anomalies: 45 or 47 chromosomes instead of 46. If the parents
or doctors are concerned about the chromosomal integrity of an unborn child
(for example, if an expectant mother is over the age of 35), a karyotype is
recommended.

Analysis of a human karyotype

4 This karyotype was prepared using false
colour imagery.

Look at the karyotype. We can tell whether this person is a male or a female and if
any non-disjunction has happened.

To determine if the individual is a male or a female, the last pair of chromosomes
must be examined. In this case, two big X chromosomes indicate that this is a
female. To see if a non-disjunction has occurred, the pairs of chromosomes must
be checked to see if there are more or fewer than two for any pair. In this case, the
21st pair has three chromosomes indicating Down’s syndrome. What cannot be
determined from this information is how severely the girl will be affected by the
physical or mental effects of the condition. Some children are only mildly affected,
whereas others are very severely affected.
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Homozygous — Having two identical alleles of a gene (see Figure 4.5).

Examples: AA is a genotype which is homozygous dominant whereas aa is the
genotype of someone who is homozygous recessive for that trait.

Heterozygous — Having two different alleles of a gene (see Figure 4.6). This results
from the fact that the paternal allele is different from the maternal one.

Example: Aa is a heterozygous genotype.

A Carrier — An individual who has a recessive allele of a gene that does not have an

Figlfre 4.5 This drawing sho.ws you effect on their phenotype.
a pair of chromosomes showing a

homozygous state, AA. Example: Aa carries the gene for albinism (see below) but has pigmented skin
—an ancestor must have been albino and some offspring might be, too. If both
parents are unaffected by a recessive condition yet both are carriers, some of
A a their progeny could be affected (aa).

Test cross — Testing a suspected heterozygote plant or animal by crossing it with a
known homozygous recessive (aa). Since a recessive allele can be masked, it is
often impossible to tell if an organism is AA or Aa until they produce offspring
which have the recessive trait.

A
Figure 4.6 This drawing shows you Constructing a Punnett grld
a pair of chromosomes showing a
heterozygous state, Aa. This is a Punnett grid.
gametes from the
m a { other parent
gametes from ( A | AA rE possible genotypes
one parent — of offspring
a | Aa | aa
[t is a diagram whose purpose it is to show all possible combinations of genetic
information for a particular trait. All the Punnett grids in this chapter are for
monohybrid crosses, which means they show the results for one trait only.
Albino animals lack pigmentation ’

so this penguin does not have the
black markings characteristic of most
penguins.

Let’s consider a condition called albinism. Most people and animals are unaffected
by albinism and have pigmented skin, hair, eyes, fur or feathers. But some people
and animals lack pigmentation. An individual with little or no pigmentation is
called an albino. We can trace the inheritance of albinism with a Punnett grid.




In order to set up a Punnett grid, the following steps must be followed.

Step 1 - Choose and indicate a letter to show the alleles

Use the big and small versions of letters to represent different alleles. Usually, a
capital letter represents the dominant allele and the lower case version represents
the recessive allele. For example:

A = dominant allele, allows pigments to form;

a = recessive allele, albinism — fewer or no pigments. o Examiner’s hint: Watch out when
choosing letters. Nearly half the letters of

Get used to saying ‘big A’ and ‘little @’ when reading alleles and otypes. Also,
et used to saying big A and fittle a when reading €5 and genotypes. Als the alphabet should be avoided because

do not mix letters: you cannot use P for pigmented and a for albino, for example. they are too similar in their capital and
Once you have chosen a letter, write down what it means so that it is clear which lower case forms. Don't use:
allele is which. Ce, Ff Kk, Oo, Pp, 55, Uu, Vv, W, Xx, Yy, Zz.

Step 2 - Determine the parents’ genotypes

To be sure that no possibilities are forgotten, write out all three possibilities and
decide by elimination which genotype or genotypes fit each parent.

The three possibilities here are:
homozygous dominant (AA) — in this case, the phenotype shows pigmentation;
heterozygous (Aa) — in this case, the phenotype shows pigmentation but the
heterozygote is a carrier of the albino allele;
homozygous recessive (aa) — in this case, the phenotype shows albinism.

The easiest genotype to determine by simply looking at the person or animal is aa.
The other two are more of a challenge. To determine for sure if the individual is
AA or Aa, we have to look for evidence that the recessive gene was received from
an albino parent or was passed on to the individual’s offspring. In effect, the only
way to produce an albino is for each parent to donate one a.

Step 3 - Determine the gametes which the parents could
produce

An individual with a genotype AA can only make gametes with the allele A in
them. Carriers can make A-containing gametes or gametes with a. Obviously,
individuals whose genotype is aa can only make sperms or eggs which contain the
a allele. So you can record and label with A or a all the possible gametes.

Step 4 - Draw a Punnett grid

Once all the previous steps have been completed, drawing the actual grid is simple.
The parents’ gametes are placed on the top and side. As an example, consider a
monohybrid cross involving a female carrier Aa crossed with a male albino aa.

You might guess that, since there are three a alleles and only one A, there should
be a 75% chance of seeing offspring with the recessive trait. But this is not the case.
Here is a grid with the parents’ gametes.

N ||
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Counting kernels of corn can give
percentages of offspring with a certain
phenotype since each kernel is one
offspring.

>

Now you can fill in the empty squares with each parent’s possible alleles by
copying the letters from the top down and from left to right. When letters of
different sizes end up in the same box, the big one goes first.

Step 5 - Deduce the chances for each genotype and phenotype

In a grid with four squares, each square can represent one of two possible statistics:

» the chance that these parents will have offspring with that genotype — here, each
square represents a 25% chance;

s the likely proportion of offspring that will have the resulting genotypes — this
only works for large numbers of offspring.

The results from the above example show the following: there is a 50% chance of
producing offspring with genotype Aa and a 50% chance of producing offspring
with genotype aa. Since humans tend to produce a small number of offspring, this
interpretation should be used. If the example were about plants which produce
hundreds of seeds, the results could be interpreted in the following way: 50% of
the offspring should be Aa and the other half should be aa.

Finally, the phenotypes can be deduced by looking at the genotypes. For example,
Aa offspring will have a phenotype showing pigmentation so they will not be
affected by albinism whereas all the aa offspring will be albinos.

Multiple alleles

So far, only two possibilities have been considered for a gene: dominant, A or
recessive, a. With two alleles, three different genotypes are possible which produce
two different phenotypes. Genetics is not always this simple; sometimes there

are three or more alleles for the same gene. This is the case for the alleles which
determine the ABO blood type in humans.

Blood type

The ABO blood type system in humans has four possible phenotypes: A, B, AB and
O. To create these four blood types there are three alleles of the gene. These three
alleles can produce six different genotypes.



The gene for the ABO blood type is represented by the letter I. To represent more
than just two alleles (I and i) superscripts are introduced. As a result, the three
alleles for blood type are written as follows: I4, I® and i. The two capital letters with
superscripts represent alleles which are codominant:

1* = the allele for type A blood;

IB = the allele for type B blood;

i = the recessive allele for type O.

Crossing these together in all possible combinations creates six genotypes which
give rise to the four phenotypes listed earlier:

AT or 14 gives a phenotype of type A blood;

IBIB or IBi gives type B blood;

IA1B gives type AB blood (due to codominance);

ii gives type O blood.

Notice how the genotype I*I® clearly shows codominance. Neither allele is masked;
both show expression in the phenotype of type AB blood.

The sex chromosomes: Xand Y

The 23rd pair of chromosomes are called the sex chromosomes because they
determine if a person is a male or a female. The X chromosome is longer than
the Y chromosome and contains many more genes. Unlike the other 22 pairs of

For Nile crocodiles, it is not
chromosomes which dictate
the sex of the offspring. Rather,

chromosomes, this is the only pair in which it is possible to find two chromosomes the average temperature of the
that are very different in size and shape. sand around the eggs during

the 3-month incubation period
In human females there are two X chromosomes. When women produce gametes, determines if the babies will be
each egg will contain one X chromosome. Human males have one X chromosome rales or females.

and one Y chromosome. When males produce sperm cells, half of them contain
one X chromosome and half contain one Y chromosome. As a result, when an egg
cell meets a sperm cell during fertilization, there is always a 50% chance that the
child will be a boy and a 50% chance that the child will be a girl (see Figure 4.7):

XX = female;
XY = male.
Parents: | Figure 4.7 Will the child be a boy or
agirl?
Gametes
Offspring:

The chances remain the same no matter how many boys or girls the family already
has.

Genes carried on the sex chromosomes

Because the Y chromosome is significantly smaller than the X chromosome, it has

: . The letters X and Y refer to
fewer loci and therefore fewer genes than the X chromosome. This means that

) ) ) chromosomes and not to alleles,
sometimes alleles present on the X chromosome have nothing to pair up with. For so terms such as dominant and

example, a gene whose locus is at an extremity of the X chromosome would have recessive do not apply.
no counterpart on the Y chromosome because the Y chromosome does not extend
that far from its centromere,
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Because the scientist John Dalton
had red-green colour blindness,
the condition is sornetimes
referred to as daltonism and
pecple who have it are said to be
daltonian. He asked that his eyes
be dissected after his death to
verify his hypothesis that the liquid
insicle them was blue. It was not.
However, the eyes were keptin
1844 for study and, a century and a
half later, scientists used the tissue
samples to identify the gene for
colour Dlindness.

Besides colour blindness and

haemophilia, further examples in

humans and other animals of sex-

linked traits are:

o Duchenne muscular dystrophy;

e white eye colour in fruit flies;

o calico-tortoiseshell fur colour in
cats.

O

Sex linkage

Any genetic trait whose allele has its locus on the X or the Y chromosome is said to
be sex linked. Often genetic traits which show sex linkage affect one gender more
than the other. Two examples of genetic traits which have this particularity are
colour blindness and haemophilia.
Colour blindness is the inability to distinguish between certain colours, often green
and red. To people who are colour blind, the two colours look the same; they would
not see the difference between a green apple and a red apple, for example.
Haemophilia is a disorder in which blood does not clot properly. For most
people, a small cut or scrape on their skin stops bleeding after a few minutes and
eventually a scab forms. This process is called clotting. People with haemophilia
risk bleeding to death from what most people would consider a minor injury
such as a bruise, which would rupture many tiny blood vessels. Such bleeding can
also occur in internal organs. Medical treatments such as special injections help
to give people affected by haemophilia a better quality of life.

Alleles and genotypes of sex-linked traits

Since the alleles for both colour blindness and haemophilia are found only on the
X chromosome, the letter X is used in representing them:

XY = recessive allele for colour blindness;

X® = allele for the ability to distinguish colours;

Xh = allele for haemophilia;

XH = allele for the ability to clot blood.

In both cases, there is no allele on the Y chromosome, so Y is written alone without
any superscript. Here are all the possible genotypes for colour blindness:

XBXB gives the phenotype of a non-affected female;

XBXP gives the phenotype of a non-affected female who is a carrier;

XPXP gives the phenotype of an affected female;

XBY gives the phenotype of a non-affected male;

XPY gives the phenotype of an affected male.

In the above list, B and b could be replaced by H and h to show the genotypes for
haemophilia.

Carriers of sex-linked traits

Sex-linked recessive alleles such as X® are rare in most populations of humans
worldwide. For this reason, it is unlikely to get one and much less probable to get
two. This is why so few women are colour blind: their second copy of the gene is
likely to be the dominant allele for full-colour vision and mask the recessive allele.
The same is true for haemophilia.

As you have seen, there are three possible genotypes for females but only two
possibilities for males. Only women can be heterozygous, XBX®, and as a result,
they are the only ones who can be carriers. If you are in any doubt here, look again
at the list of genotypes for colour blindness.

Since men do not have a second X chromosome, there are only two possible
genotypes XY or XY in relation to colour blindness. With just the one recessive
allele b, a man will be colour blind. This is contrary to what you have seen up

to now concerning recessive alleles: usually people need two to have the trait

and with one, they are carriers. In this case, the single recessive allele in males
determines the phenotype. Men cannot be carriers for X-linked alleles.



Applications of the Punnett grid

Using the five steps of the Punnett grid method (see page 93), we are going to
examine the theoretical chances of how genetic traits can be passed on from one
generation to the next.

Short or tall pea plants?

Let’s first consider a cross that Gregor Mendel did with his garden pea plants. He
took purebred tall plants and crossed them with purebred short plants. Purebred
means that the tall plants’ parents were known to be all tall and the short plants’
parents were known to be all short. In other words, he knew that none of the
plants were heterozygous. He wanted to find out if he would get all tall plants,
some tall and some short or all short.

The answer took months for Mendel to confirm but a Punnett grid can get the
answer in seconds (see Key facts box): the result was 100% tall plants. Why?
Because in garden pea plants, the allele for tall is dominant over the allele for short
plants, thus masking the short trait.

The name given to the generation produced by a cross such as this is the first filial
generation, usually referred to as the F| generation. What would happen if tall
plants from the F; generation were crossed to make a second filial generation (F,)?
The Punnett grid gives us the result.

T t
T T | Tt
t Tt | tt

This grid can be interpreted in two ways:
there is a 75% chance of producing tall offspring and a 25% chance of
producing short offspring;
75% of the offspring will be tall and 25% of the offspring will be short.

Although 75% of the plants are tall, they have differing genotypes. Some tall plants
are homozygous dominant and others are heterozygous.

Also, in a real experiment, it is unlikely that exactly 25% of the offspring would
be short plants. The reason is essentially due to chance. For example, if 90 F, peas
were produced and all of them were planted and grew into new plants, there is
no mathematical way that exactly 25% of them would be short. At the very best,
23 out the 90 plants would be short and that gives 25.56%; that is as close as it is
possible to get to 25% in this case.

Even if a convenient number of plants were produced, such as 100 plants,
farmers and breeders would not be surprised if they got 22, 26 or even 31

short plants instead of the theoretical 25. If the results of hundreds of similar
crosses were calculated, the number would probably be very close to 25%. The
same phenomenon can be seen in the gender of human children. Although the
theoretical percentage is calculated to be 50% girls and 50% boys, in reality, few
families have exactly half and half. This is due to chance.

Inheriting your blood group

Punnett grids can also be set up to predict blood type inheritance or the chance of
a couple’s next child having haemophilia or albinism.

O

The five steps of the Punnett grid

method.

e Step 1 - Choose a letter:

T = allele for a tall plant,
t = allele for a short plant.

o Step 2 - Parents'genotypes:
TT for the purebred tall and
tt for the short.

e Step 3 - Determine gametes:
the purebred tall parent can
only give T, short parent can
only give t.

e Step 4 - Draw Punnett grid.

t t
=5
R Tt | Tt
T | Tt | Tt
=

e Step 5 - Interpret grid: 100%
Tt and will be tall, so 0% will be
short.

When examined closely by experts
in statistics, some of Gregor
Mendel's results seem too good to
be true. His numbers do not show
the expected variations which are
typically found by farmers and
researchers when breeding plants.
What happened? Did he think that
the unexpected results were due
to mistakes and so he omitted
them from his findings? Or did he
purposefully change the numbers
so they would fit with what he
wanted to show? Such a practice
is called fudging the data and it

is considered unethical. No one
knows why Mendel's numbers are
so perfect and the mystery may
never be elucidated. How can we
be sure that moderr scientific
studies are free from fudged data?
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These are the symbols used in
pedigree charts.

O circle = female

0O square = male

@ filled circle = 3 female who
possesses the trait being studied
M filled square = a male who
possesses the trait being studied
| vertical line = the relationship
parents—offspring

— horizontal line between a man
and a woman means they are the
parents who had the offspring

Worked example ] = — -

[s it possible for a couple to have four children, each child showing a different
blood type?

Solution

There is only one way for this to happen: one parent must have type A blood but
be a carrier of the allele for type O blood and the other parent must have type

B blood and also be a carrier of the of the allele for type O blood (if necessary,
refresh your memory of the blood group alleles on page 95).

The cross would be I x I%i and the grid is shown below. See if you can determine
the phenotype of each child before reading on.

A i

18 1A

lBiJ

non

So, would it be possible for this couple to have four children and all of them have
a different blood group? Yes. Would it be possible for the same couple to have
four children and all of them have type AB blood? Yes, but it would not be likely.
This question is similar to ‘Could a couple have 10 children, all of them girls?’ It is
possible but statistically unlikely.

=
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