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Preface

This book has been written to act as a valuable resource for students studying Higher Grade Biology. It provides a core text which adheres closely to the SQA syllabus for Higher Biology (revised) introduced in 2018. Each section of the book matches a section of the revised syllabus; each chapter corresponds to a content area. In addition to the core text, the book contains a variety of special features:

Suggested Learning Activities

Within each chapter there is an appropriate selection of suggested learning activities exactly as laid down in the SQA Course Support Notes. They take the form of Case Studies, Related Topics, Research Topics, Related Activities and Investigations. These non-essential activities are highlighted throughout in yellow for easy identification. They do not form part of the basic mandatory course content needed when preparing for the final exam but are intended to aid understanding and to support research tasks during course work.

Testing Your Knowledge

Key questions incorporated into the text of every chapter and designed to continuously assess Knowledge and Understanding. These are especially useful as homework and as instruments of diagnostic assessment to check that full understanding of course content has been achieved.

What You Should Know

Summaries of key facts and concepts as ‘Cloze’ Tests accompanied by appropriate word banks. These feature at regular intervals throughout the book and provide an excellent source of material for consolidation and revision prior to the SQA examination.

Applying Your Knowledge and Skills

A variety of questions at the end of each chapter designed to give students practice in exam questions and foster the development of Skills of Scientific Inquiry and Investigation (for example, selection of relevant information, presentation of information, processing of information, planning experimental procedure, evaluating, drawing valid conclusions and making predictions and generalisations). These questions are especially useful as extensions to class work and as homework.

Updates and syllabus changes: important note to teachers and students from the publisher

This book covers all course arrangements for Revised Higher Biology but does not attempt to give advice on any ‘added value assessments’ or ‘open assignments’ that form part of a final grade in Higher Biology (2018 onwards).

Please remember that syllabus arrangements change from time to time. We make every effort to update our textbooks as soon as possible when this happens, but – especially if you are using an old copy of this book – it is always advisable to check whether there have been any alterations to the arrangements since this book was printed. You can check the latest arrangements at the SQA website (www.sqa.org.uk), and you can also check for any specific updates to this book at www.hoddereducation.co.uk/HigherScience.

We make every effort to ensure accuracy of content, but if you discover any mistakes please let us know as soon as possible – see contact details on imprint page.
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1 Structure of DNA

DNA (deoxyribonucleic acid) is a complex molecule present in all living cells. It stores genetic information in its sequence of bases which determines the organism’s genotype and the structure of its proteins.

Structure of DNA

A molecule of DNA consists of two strands each composed of repeating units called nucleotides. Each DNA nucleotide consists of a molecule of deoxyribose sugar joined to a phosphate group and an organic base. Figure 1.1 shows the carbon skeleton of a molecule of deoxyribose. Figure 1.2 shows the four types of base present in DNA.
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Figure 1.3 shows how the deoxyribose molecule in a nucleotide has a base attached to its carbon 1 and a phosphate attached to its carbon 5. Since there are four types of base, there are four types of nucleotide.

Sugar–phosphate backbone

A chemical bond forms between the phosphate group of one nucleotide and the carbon 3 of the deoxyribose on another nucleotide (see Figure 1.4). By this means neighbouring nucleotides become joined together into a long permanent strand in which sugar molecules alternate with phosphate groups forming the DNA molecule’s sugar–phosphate backbone.

Base-pairing

Two of these strands of nucleotides become joined together by hydrogen bonds forming between their bases (see Figure 1.5). However, the hydrogen bonds can be broken when it becomes necessary for the two strands to separate.

Each base can only join up with one other type of base: adenine (A) always bonds with thymine (T) and guanine (G) always bonds with cytosine (C). A–T and G–C are called base pairs.

Antiparallel strands

A DNA strand’s 3′ end on deoxyribose is distinct from its 5′ end at a phosphate group. The chain is only able to ‘grow’ by adding nucleotides to its 3′ end. In Figure 1.6 the DNA strand on the left has its 3′ growing end at the bottom of the diagram and its 5′ end at the top. The reverse is true of its complementary strand on the right. This arrangement of the two strands with their sugar–phosphate backbones running in opposite directions is described as antiparallel. (For the sake of simplicity the letters in a diagram are normally all written the same way up.)
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Double helix

In order for the base pairs to align with each other, the two strands in a DNA molecule take the form of a twisted coil called a double helix (see Figure 1.7) with the sugar–phosphate backbones on the outside and the base pairs on the inside. As a result, a DNA molecule is like a spiral ladder in which the sugar–phosphate backbones form the uprights and the base pairs form the rungs.
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Case Study Establishing the structure of DNA

During the first half of the twentieth century, the results from a series of experiments demonstrated conclusively that DNA was the genetic material present in cells. Next, scientists became keen to establish the three-dimensional structure of DNA.

Chemical analysis

In the late 1940s, Chargaff analysed the base composition of DNA extracted from a number of different species. He found that the quantities of the four bases were not all equal but that they always occurred in a characteristic ratio regardless of the source of the DNA. These findings, called Chargaff’s rules, are summarised as follows:

The number of adenine bases = the number of thymine bases (i.e. A : T = 1 : 1).

The number of guanine bases = the number of cytosine bases (i.e. G : C = 1 : 1).

However, Chargaff’s rules remained unexplained until the double helix was discovered.

X-ray crystallography

At around the time that Chargaff was carrying out chemical analysis of DNA, Wilkins and Franklin were employing X-ray crystallography. When X-rays are passed through a crystal of DNA, they become deflected (diffracted) into a scatter pattern which is determined by the arrangement of the atoms in the DNA molecule (see Figure 1.8).

When the scatter pattern of X-rays is recorded using a photographic plate, a diffraction pattern of spots is produced (see Figure 1.9). This reveals information which can be used to build up a three-dimensional picture of the molecules in the crystal. Wilkins and Franklin found that the X-ray diffraction patterns of DNA from different species (such as bull, trout and bacteria) were identical.
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Formation of an evidence-based conclusion

From the X-ray diffraction patterns of DNA (produced by Wilkins and Franklin), Watson and Crick figured out that the DNA must be a long, thin molecule of constant diameter coiled in the form of a helix. In addition, the density of the arrangement of the atoms indicated to them that the DNA must be composed of two strands.

From Chargaff’s rules they deduced that base A must be paired with T and base G with C. They figured that this could only be possible if DNA consisted of two strands held together by specific pairing of bases. Taking into account further information about distances between atoms and angles of bonds, Watson and Crick set about building a wire model of DNA and in 1953 were first to establish the three-dimensional double helix structure of DNA.
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Organisation of DNA in prokaryotes and eukaryotes

A molecule of DNA is double-stranded and can be circular or linear depending on the type of cell to which it belongs and on its location within the cell. Figure 1.10 compares a cell from a bacterium (a prokaryote) with a cell from a green plant (a type of eukaryote) with respect to the organisation of their DNA.
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Some of a prokaryotic cell’s DNA may be separate from the main circular chromosome in tiny rings called plasmids. Not all of a eukaryotic cell’s DNA is located in the nuclear chromosomes. Small circles of DNA are present in chloroplasts and mitochondria. The similarities and differences between the two types of cell are summarised in Table 1.1.


[image: ]


Arrangement of DNA in linear chromosomes

A strand of DNA is several thousand times longer than the length of the cell to which it belongs. Therefore it is essential that DNA molecules be organised in such a way that a chaotic tangle of strands in the nucleus is prevented. This is achieved by the molecules of DNA becoming tightly coiled and packaged around bundles of protein (called histones) like beads on a string (see Figure 1.11). They are able to unwind again when required to do so.
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Related Activity

DNA extraction from plant tissue

DNA can be isolated from cells as shown in Figure 1.12 for pea seeds. When kiwi fruit is used instead of peas, most of the white strands that form as a precipitate in the upper layer of cold ethanol are made of pectin (a complex carbohydrate) rather than DNA. Since the DNA is obscured by pectin, this result is described as a false positive.
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Testing Your Knowledge


1  a)   i)   How many different types of base molecule are found in DNA?

          ii)  Name each type. (3)




    b)  Which type of bond forms between the bases of adjacent strands of a DNA molecule? (1)

    c)  Describe the base-pairing rule. (1)




2  a)  Figure 1.13 shows part of one strand of a DNA molecule.
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          i)   Redraw the strand and then draw the complementary strand alongside it.

          ii)  Label the 3′ end and the 5′ end on each strand. (2)




    b)  DNA consists of two strands whose backbones run in opposite directions. What term is used to describe this arrangement? (1)

3  a)  What name is given to the twisted coil arrangement typical of a DNA molecule? (1)

    b)  If DNA is like a spiral ladder, which part of it corresponds to the ladder’s




          i)   rungs?

          ii)  uprights? (2)




4  a)  Identify a type of




          i)   prokaryotic cell

          ii)  eukaryotic cell that contains plasmids.

          iii) What is a plasmid? (3)




    b)  State where:




          i)   a circular chromosome

          ii)  a linear chromosome




could be found in the same eukaryotic cell. (2)
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Applying Your Knowledge and Skills


1  Table 1.2 shows a sample of Chargaff’s data following the analysis of DNA extracted from several species.




    a)  Study the data and calculate the figures that should have been entered in boxes X and Y. (2)




    b)   i)  State Chargaff’s rules.

          ii)  Do the data in the table support these rules?

          iii) Explain your answer. (3)




    c)  With respect to the number of the different bases in a DNA sample, which of the following is correct? (1)




          A  C = T

          B  A = G

          C  A+G = C+T

          D  A+T = G+C




2  a)  Calculate the percentage of thymine molecules present in a DNA molecule containing 1000 bases of which 200 are guanine. (1)

    b)  State the number of cytosine bases present in a DNA molecule which contains 10 000 base molecules of which 18% are adenine. (1)




3  Figure 1.14 shows a cell’s genetic material.




    a)   i)   Name the parts enclosed in boxes 1, 2 and 3.

          ii)  Which of these boxed structures contains nucleic acid and consists of many different genes?

          iii) Which of these structures is one of four basic units whose order determines the information held in a gene? (5)




    b)  The DNA helix of one of these chromosomes is found to be 5 cm long when fully uncoiled and 5 µm long when tightly coiled.




          i)   Express these data as a packing ratio of fully extended DNA : tightly coiled DNA.

          ii)  Suggest why scientists normally express the length of a chromosome in number of base pairs. (2)
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2 Replication of DNA

DNA is a unique molecule because it is able to direct its own replication and reproduce itself exactly. The replication process is shown in a simple way in Figure 2.1.
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Case Study Establishing which theory of DNA replication is correct

Watson and Crick accompanied their model of DNA with a theory for the way in which it could replicate. They predicted that the two strands would unwind and each act as a template for the new complementary strand. This would produce two identical DNA molecules each containing one ‘parental’ strand and one newly synthesised strand. This so-called semi-conservative replication remained a theory until put to the test by Meselson and Stahl.

Hypotheses

Figure 2.2 shows three different hypotheses, each of which could explain DNA replication.
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Testing the hypotheses

Background

When E. coli bacteria are cultured, they take up nitrogen from the surrounding medium and build it into DNA. They can be cultured for several generations in medium containing the common isotope of nitrogen (14N) or the heavy isotope (15N) as their only source of nitrogen. When DNA is extracted from each type of culture and centrifuged, the results shown in Figure 2.3 are obtained.

Putting the hypotheses to the test

Meselson and Stahl began with E. coli that had been grown for many generations in medium containing 15N. They then cultured these bacteria in medium containing 14N and sampled the culture after 20 minutes (the time needed by the bacteria to replicate DNA once). Figure 2.4 predicts the outcome of the experiment for each of the three hypotheses. Figure 2.5 shows the actual results of the experiment. From these results it is concluded that hypothesis 2 is supported and that the replication of DNA is semi-conservative.
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Enzyme control of DNA replication

DNA replication is a complex process involving many enzymes. It begins when a starting point on DNA is recognised. The DNA molecule unwinds and weak hydrogen bonds between base pairs break allowing the two strands to separate (‘unzip’). These template strands become stabilised and expose their bases at a Y-shaped replication fork (see Figure 2.6).
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Formation of the leading DNA strand

The enzyme that controls the sugar–phosphate bonding of individual nucleotides into the new DNA strand is called DNA polymerase. This enzyme can only add nucleotides to a pre-existing chain. For it to begin to function, a primer must be present. This is a short sequence of nucleotides formed at the 3′ end of the parental DNA strand about to be replicated, as shown in Figure 2.6.

Once individual nucleotides have become aligned with their complementary partners on the template strand (by their bases following the base-pairing rules), they become bound to the 3′ end of the primer and formation of the complementary DNA strand begins. Formation of sugar–phosphate bonding between the primer and an individual nucleotide and between the individual nucleotides themselves is brought about by DNA polymerase. Replication of the parental DNA strand which has the 3′ end is continuous and forms the leading strand of the replicated DNA.

Formation of the lagging DNA strand

DNA polymerase is only able to add nucleotides to the free 3′ end of a growing strand. Therefore the DNA parental template strand which has the 5′ end has to be replicated in fragments each starting at the 3′ end of a primer as shown in Figure 2.7.
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Each fragment must be primed as before to enable the DNA polymerase to bind individual nucleotides together. Once replication of a fragment is complete, its primer is replaced by DNA. Finally an enzyme called ligase joins the fragments together. The strand formed is called the lagging strand of replicated DNA and its formation is described as discontinuous.

Many replication forks

When a long chromosome (such as one from a mammalian cell) is being replicated, many replication forks operate simultaneously to ensure speedy copying of the lengthy DNA molecule (see Figure 2.8).
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Requirements for DNA replication

For DNA replication to occur, the nucleus must contain:


•  DNA (to act as a template)

•  primers

•  a supply of the four types of DNA nucleotide

•  the appropriate enzymes (such as DNA polymerase and ligase)

•  a supply of ATP (for energy – see page 131).



Importance of DNA

DNA is the molecule of inheritance and it encodes the hereditary information in a chemical language. This takes the form of a sequence of organic bases, unique to each species, which makes up its genotype. DNA replication ensures that an exact copy of a species’ genetic information is passed on from cell to cell during growth and from generation to generation during reproduction. Therefore DNA is essential for the continuation of life.

Polymerase chain reaction

The polymerase chain reaction (PCR) is a technique (see Figure 2.9) that can be used to create many copies of a piece of DNA in vitro (in other words, outside the body of an organism). This amplification of DNA involves the use of primers. In this case, each primer is a short length of single-stranded DNA complementary to a specific target sequence at the 3′ end of the DNA strand to be replicated and amplified.

During a cycle of PCR, the DNA is heated to between 92 and 98 °C to break the hydrogen bonds between the base pairs and separate the two strands. The DNA is then cooled to between 50 and 65 °C to allow each primer to bind to its target sequence. Lastly the DNA is heated to between 70 and 80 °C to allow heat-tolerant DNA polymerase to replicate each strand of DNA by adding nucleotides to the primer at its 3′ end.

The first cycle of replication produces two identical molecules of DNA, the second cycle four identical molecules and so on giving an exponentially growing population of DNA molecules. By this means a tiny quantity of DNA can be greatly amplified and provide sufficient material for forensic purposes (see page 21).
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Case Study Thermal cycling

PCR depends on a process called thermal cycling. A cycle consists of three steps each carried out at a different temperature. The earliest designs of this technique used three water baths and normal DNA polymerase. The latter was destroyed during the heating step in the cycle and had to be replaced for use in the next cycle.

The following two important innovations enabled PCR to become automated:


•  the isolation of heat-tolerant DNA polymerase from a species of bacterium native to hot springs

•  the invention of the thermal cycler, a computerised heating machine able to control the repetitive temperature changes needed for PCR.



Figure 2.10 shows a simplified version of the steps carried out during thermal cycling in order to amplify DNA.
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Related Topic

‘Needles and haystacks’

Equally as impressive as the amplification of DNA by PCR is the specificity of the reaction. Each primer is a piece of single-stranded DNA synthesised as the exact complement of a short length of the DNA strand to which it is to become attached. This enables the primer to find ‘the needle in the haystack’. In other words it is able to locate, among many different sites, the specific target DNA sequence that is to be amplified. The process then goes on to produce millions or even billions of copies of the DNA. Therefore this amplification of DNA by PCR is sometimes described as being like ‘a haystack from the needle’.
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Medical and forensic applications of amplified DNA

Medical

PCR can be used to amplify the genomic DNA from a cell sample taken from a patient. By this means sufficient DNA is generated to allow it to be screened for the presence or absence of a specific sequence known to be characteristic of a genetic disease or disorder. This enables medical experts to confirm a diagnosis of the genetic disorder if the condition is suspected (based on the patient’s family history and/or the fact that the patient is showing early symptoms).

Forensic

DNA profile

The human genome possesses many short, non-coding regions of DNA composed of a number of repetitive sequences. These regions are found to be randomly distributed throughout the genome and to differ in length and number of repeats of the DNA sequences from person to person. Each region of repetitive sequences is unique to the individual who possesses it. Therefore these regions of genetic material can be used to construct a DNA profile for that person.

Crime scene

Forensic scientists make use of the PCR reaction to amplify DNA samples from a crime scene. DNA samples taken from the victim and the suspects are also amplified. Next the components of the samples are separated using gel electrophoresis (see page 22) and then compared. In the example shown in Figure 2.11, it is concluded that the DNA in sample 1 from the crime scene matches that of the victim and that the DNA in sample 2 from the crime scene matches that of suspect Q.

Paternity dispute

PCR followed by gel electrophoresis can also be employed to generate genetic profiles from DNA samples and confirm genetic relationships between individuals. Each person inherits 50% of their DNA from each parent, therefore every band in their DNA profile (‘genetic fingerprint’) must match one in that of their father or their mother. The fact that each person has 50% of their bands in common with each of their parents (see Figure 2.12) allows paternity disputes to be settled.

Evidence based on DNA amplified by PCR has also been used to identify missing people from human remains left at the site of a disaster and to secure the release of innocent people who have been wrongly imprisoned.
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Related Activity

Analysis of DNA using gel electrophoresis
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Gel electrophoresis is a technique used to separate electrically charged molecules that vary in size by subjecting them to an electric current which forces them to move through a sheet of gel. When the molecules are negatively charged, they move towards the positively charged end of the gel. However, they do not all move at the same rate. Smaller molecules move at a faster rate and are therefore found to have moved further than larger molecules in a given period of time.

A restriction enzyme (also see page 185, chapter 13) is used to prepare each DNA sample by cutting it at specific sites into smaller pieces of varying lengths characteristic of that type of DNA. Figure 2.13 illustrates the separation of three samples of DNA: sample C (from the crime scene), sample S1 (from suspect 1) and sample S2 (from suspect 2) using gel electrophoresis. From the results it is concluded that the DNA from suspect 2 matches the DNA from the crime scene.
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Testing Your Knowledge


1  Decide whether each of the following statements is true or false and then use T or F to indicate your choice. Where a statement is false, give the word that should have been used in place of the word in bold print. (5)




    a)  During DNA replication, each DNA parental strand acts as a template.

    b)  A guanine base can only pair up with a thymine base.

    c)  Complementary base pairs are held together by weak antiparallel bonds.

    d)  Each new DNA molecule formed by replication contains one parental and one new strand.

    e)  Many copies of a DNA sample can be synthesised using the polymerase chain reaction.




2  Figure 2.14 shows part of a DNA molecule undergoing replication. Match numbers 1–6 with the following statements. (6)




    a)  DNA polymerase promotes formation of a fragment of the lagging strand of replicating DNA.

    b)  Parental double helix unwinds.

    c)  DNA polymerase bonds nucleotide to primer.

    d)  Ligase joins fragments into the lagging strand of replicating DNA.

    e)  DNA polymerase promotes formation of the leading strand of replicating DNA.

    f)   DNA molecule becomes stabilised as two template strands.




3  a)  Name FOUR substances that must be present in a nucleus for DNA replication to occur. (4)

    b)  Briefly explain why DNA replication is important. (2)

4  a)  What can be produced in vitro by employing the polymerase chain reaction (PCR)? (1)

    b)  In PCR, what is a primer? (2)

    c)  Why is the DNA heated during the PCR process? (1)

    d)  What is the purpose of cooling the DNA sample? (1)

    e)  What characteristic of the DNA polymerase used in PCR prevents it from becoming denatured during the process? (1)
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Applying Your Knowledge and Skills


1  Refer back to Figure 2.4 and then draw a labelled diagram to show both the DNA strands and the test tube contents that would result after three DNA replications involving semi-conservative replication only. (4)

2  Figure 2.15 shows a replication ‘bubble’ on a strand of DNA.




    a)   i)  Redraw the diagram including the given labels and then mark ‘3’ end’ and ‘5’ end’ on the parental DNA strand for a second time.

          ii)  Draw in and label a starting point (origin of replication).

          iii) Label one of the primer molecules.

          iv) Label the leading DNA strand and a fragment of the lagging strand.

          v)  Use the letter P four times to indicate all the locations where DNA polymerase would be active. (6)

    b)   i)  In this chromosome the replication fork moves at a rate of 2500 base pairs per minute. If this chromosome is 5×107 base pairs in length, how many minutes would one replication fork take to replicate the entire chromosome?

          ii)  In reality, replication of this chromosome’s DNA only takes 3 minutes. Explain how this is achieved. (2)




[image: ]



3  The graph in Figure 2.16 shows the expected number of copies of DNA that would be generated by the polymerase chain reaction (PCR) under ideal conditions.




    a)   i)  What name is given to the type of graph paper used here to present the data?

          ii)  Why has this type of graph paper been used? (2)




    b)  How many cycles of PCR are required to produce 10 000 000 copies of the DNA? (1)

    c)  How many cycles are required to increase the number of copies of DNA already present at ten cycles by a factor of 103? (1)




    d)   i)  How many copies of the DNA were present after 30 cycles?

          ii)  Now state your answer in words. (2)
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4  Describe the main processes that occur during the replication of a molecule of DNA. (9)
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