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Zippers, Scissors 
and Xeroxes:
From Unravelling 
the Double Helix 
to Reading the 
Blueprint
Trisha Lee Downing
Botany

Only fifty-five years old, the discipline of molecular biology has had a short 
but intense history. Today, sequencing genes or even whole genomes takes a 
matter of days, instead of months or years. This paper focuses on the history 
of molecular biology as it relates to systematics and evolutionary biology. 
Punctuating this history like signposts on a highway are the four major 
discoveries explored in this paper: the structure of the DNA molecule; the 
isolation of restriction endonucleases; development of the Sanger method 
of DNA sequencing; and, finally, the revolutionary breakthrough that is 
the polymerase chain reaction. Each signpost is explained and its impact 
on molecular biology discussed, with the result today being that DNA can 
be obtained from any organism in a relatively short timeframe without any 
prior knowledge of the chosen sequence or marker method required for the 
species under study.
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INTRODUCTION
With the following exercise in understatement, James Watson and 
Francis Crick1 ushered in a revolution in the biological, evolutionary 
and medical sciences: ‘It has not escaped our notice that the specific 
pairing we have postulated immediately suggests a possible copying 
mechanism for the genetic material.’ The determination of the struc-
ture of deoxyribonucleic acid (DNA) opened the door to whole new 
realms of research, methods of analysis and advances in technology. 
The development of various molecular markers in the fifty-five years 
since that rather short paper appeared in Nature has resulted in every-
thing from genetic tests for cancer genes to forensic DNA fingerprint-
ing techniques and finally to the ‘blueprint’ of the human genome.

In this paper, the term ‘molecular marker’ refers to small frag-
ments of DNA sequence associated with a specific part of a genome 
(the whole hereditary information of an organism). It once took an 
entire doctoral degree to construct a restriction map of a plasmid (i.e. 
small, circular genomes such as the chloroplast in plants). A restric-
tion map is a diagrammatic representation of known restriction sites 
(positions where the DNA can be ‘cut’ using enzymes) within a DNA 
sequence. Now, with advances in both our understanding of the DNA 
molecule, along with the plethora of available molecular markers, 
advances in sequencing methods, increased computer sophistication 
and processing power, it takes just days to sequence entire, albeit rela-
tively small, genomes (usually from bacteria or viruses). 

Science is a constantly expanding enterprise, with current research-
ers continually building on, utilising, expanding or re-interpreting the 
discoveries made in the past. Evolutionary botany, particularly the dis-
cipline of phylogenetic systematics, the area of research in which my 
PhD project is based, has evolved from the age of Natural  Philosophy 
in the 1700s and 1800s and the work of eminent botanists and natural-
ists such as Joseph Banks2 (from Captain James Cook’s 1768-1771 voy-
age aboard the HMS Endeavour), Robert Brown,3,4 George Bentham5 
and others.6-8 The discipline uses data obtained from many sources, 
including morphology (physical attributes of leaves, f lowers, fruits, 
etc.), anatomy (cell-level structure) as well as from molecular-based 
analysis. The process of gathering morphological data has not changed 
drastically from the time of Banks, apart from the increased resolu-
tion of modern light microscopes and the invention of the electron 
microscope. In contrast, molecular biology (for example, the study of 

the biology of DNA and proteins) is a rather young discipline, which 
has existed for less than sixty years.

 In order to understand how modern molecular-based analysis has 
become so prominent in evolutionary biology, it is first necessary to 
revisit the history and development of the discipline. Only then can 
we begin to imagine future possibilities of techniques, applications 
and directions for research. Four major discoveries stand out like sign-
posts in the short history of molecular-based, evolutionary biology: the 
identification of the structure of DNA;1 isolation of restriction endonu-
cleases;9,10 development of the Sanger method of DNA sequencing;11 
and, finally, the invention of the polymerase chain reaction (PCR).12 
The mapping of our own genome, the first draft of which was pub-
lished in 2001,13,14 within ten years of starting the endeavour, would 
have been infinitely more difficult without these four discoveries. 
Each revolutionised the field of molecular biology: some, such as PCR, 
increased the ease of analysis, while others increased the level of ana-
lytical resolution up to and including the level of nucleotide sequence 
(i.e. restriction endonucleases, Sanger sequencing). 

THE DOUBLE HELIX
Initially, DNA was considered to be too simple to be the genetic mate-
rial, the inherited molecule that encodes the information required for 
constructing all organisms on this planet. This was because the DNA 
‘language’ has a four-letter ‘alphabet’ of nucleotides (deoxynucleotide 
triphosphates, dNTPs) or bases: two pyrimidines, cytosine (C) and 
thymine (T), and two purines, adenine (A) and guanine (G). Proteins, 
which can be composed of up to twenty different amino acids, were 
thought to be more suitable for the role.15,16 The structure of DNA 
was deduced through a combination of model-building, Chargaff’s 
rules and X-ray diffraction data.1,17 Chargaff’s rules are that: (1) the 
total amount of pyrimidines (T/C) always equals the total amount of 
purines (A/G); and (2), that the amount of T always equals the amount 
of A and the amounts of C and G are also always equal.18-21

The double helical structure of DNA looks rather like an immensely 
long ladder twisted into a helix, or coil (Fig. 1). The sides of the ‘ladder’ 
are formed by a backbone of sugar and phosphate molecules (Fig. 1a), 
which are held together by phosphodiester bonds in which the phos-
phate group (PO43-) forms a bridge between the hydroxyl (-OH) groups 
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on adjacent sugar residues. In essence, these bonds are the backbone 
of DNA. The ‘rungs’ of the ladder consist of pairs of nucleotide bases 
(A, T, C, G) joined weakly together by hydrogen bonds. Each base pair 
consists of one purine and one pyrimidine, always in the form of A 
with T and G with C; the G-C base pair has three hydrogen bonds, 
while the A-T base pair has two (Fig. 1b). This combination of purine 
and pyrimidine best accounted for both Chargraff’s rules and the 
X-ray data.1,21,22

The discovery of the structure of DNA caused a lot of excitement 
for three simple reasons. First, the means of replicating the molecule is 
readily apparent from its structure, since each base can specify its com-
plementary base on the opposite strand via hydrogen bonding—hence 

the observation by Watson and Crick referred to at the start of this 
paper. This essential property of the genetic material, the means of 
replicating itself in order to be passed from parent to offspring, had 
been a mystery until then. DNA replication is semi-conservative; that 
is, each ‘daughter’ DNA molecule contains one helix from the ‘mother’ 
molecule and one that is synthesised using the ‘mother’ as a template 
(Fig. 2). During replication, the two strands of the parental double helix 

Figure 1. DNA, the double helix. (a) Diagram of the DNA molecule, 
illustrating the sugar phosphate backbone on the outside of the 
double helix (dark grey), with the paired nitrogenous bases to the 

inside. Adenine (A) is always paired with Thymine (T), while Guanine (G) 
is paired with Cytosine (C). (b) Layout of the sugar-phosphate backbone 

(sugar ring S, phosphate P) and the hydrogen bonds (dashed lines) 
that form between pairs of bases (A-T, G-C).

Figure 2. DNA Replication. Breaking of the hydrogen bonds between 
the bases allows the two parental DNA strands (white) to unwind 

and act as templates for the generation (synthesis) of new ‘daughter’ 
strands (black). Base-pairing rules (A-T and G-C) mean that the order 

of nucleotides being added is specified by the parental strand.
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unwind, like a zipper, and each specifies the order of nucleotides in 
the new strands by base-pairing rules22 (Fig. 2). Second, the structure 
of DNA suggested that the order of nucleotides indicated the sequence 
of amino acids in the protein that ultimately resulted from that stretch 
of DNA, or gene. In essence, some sort of genetic code may be written 
in DNA as a sequence of nucleotides and then is translated into the 
amino acid ‘language’ of proteins.22 Third, another enigma solved 
by the structure of DNA was the nature of mutation and the source 
of variation. The discovery of the structure of DNA, and its method of 
replication, was the springboard for the development of the plethora of 
molecular techniques that would follow in the next five decades. 

In spite of the structure of DNA being resolved in the early 1950s, 
methods that directly analysed variation in DNA sequences did not 
arise until the 1970s. During this interval, the molecular methods 
of choice were immunological assays, protein or enzymatic electro-
phoresis. Immunological assays rely on the specific immune response 
properties of a test subject, often a rabbit, to identify changes in 
amino acid sequence, whereas electrophoresis is the process of sepa-
rating proteins on the basis of their size and electrical charge. Such 
analyses were not actually investigating variation in DNA sequence; 
rather, these methods utilised the product of the DNA sequence after 
it has been transcribed, translated and modified into the final prod-
uct (i.e. protein, enzyme, etc.). For over ten years, the vast majority of 
molecular methods that analysed variation in DNA sequence relied 
on the special properties of the second major discovery, restriction 
endonucleases. 

THE MOLECULAR SCISSORS: RESTRICTION 
ENDONUCLEASES 
The discovery of restriction endonucleases, one class of deoxyribonu-
cleases, in the late 1960s sparked a revolution in the study of variation 
at the molecular level. Although their existence had been hypothesised 
almost twenty years earlier,23,24 the first restriction endonucleases were 
not isolated until 1968.9,25 Deoxyribonucleases (DNases) are enzymes 
that hydrolyse, or break down, the phosphodiester bonds between 
the nucleotides in a strand of DNA. There are two types of DNases: 
exonucleases act on the end of a DNA chain, while endonucleases attack 
interior linkages.26 Only the latter is discussed in this paper.

Figure 3. Restriction endonucleases, the molecular scissors. (a) A 
section of DNA highlighting three palindromes, DNA sequences that 

‘read’ the same on each strand if read in opposite directions. (b-e) 
The different ‘cutting’ actions of two restriction endonucleases 
from the bacteria Escherichia coli (EcoR1; b, d) and Haemophilus 

aegyptius (HaeIII; c, e). (b) EcoR1 recognises the DNA sequence ‘GAATTC’ 
and ‘cuts’ between the ‘G’ and ‘A’ on each strand. (d) This results in 

DNA fragments that have protruding ends with unpaired bases (also 
called ‘sticky ends’). In contrast, (c) HaeIII recognises the sequence 

‘GGCC’ and cuts between the ‘G’ and ‘C’ on each DNA strand. Cutting 
with HaeII results in (e) fragments that have both DNA strands 

terminating in a base pair (also called ‘blunt ends’).
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Restriction endonucleases, also called restriction enzymes, restrict 
(cleave, cut) DNA at specific recognition sites or motifs (typically 
4-8 nucleotides)27 and generate DNA fragments that differ in size 
when mutations destroy or create restriction sites28 (Fig 3). The term 
restriction comes from the restriction-modification (R-M) systems of 
phage infection in bacteria; phages, or bacteriophages, are viruses that 
infect bacteria. A primitive form of immune system, R-M systems 
consist of a restriction endonuclease and a matching modification 
enzyme, which recognises and modifies (generally by methylation) 
the DNA sequence recognised by the restriction endonuclease.29 
Methylation is the addition of a methyl group (-CH3) to bases of the 
DNA.27 Modification protects the bacterial DNA from degradation by 
its own enzymes; foreign or unmodified DNA that has gained entry to 
the cell is restricted (cut) by the restriction endonuclease and further 
degraded by other enzymes.29 The detection of foreign DNA and its 
degradation by restriction endonucleases occurs in most prokaryotic 
cells (i.e. bacteria); thus far, restriction endonucleases have not been 
detected in eukaryotes (i.e. plants, animals, etc.).26 

There are three classes or types of restriction endonucleases,10 but 
it is the type II restriction endonucleases that are the basis of recom-
binant DNA technology and the ‘scissors’ of modern molecular meth-
ods. First isolated in 1970,30,31 type II are ubiquitous in prokaryotes; 
they recognise and cleave DNA at, or very close to, a specific nucleotide 
sequence 4–8 base pairs (bp) long26,28,32 (Fig. 3) . The smaller the 
recognition sequence, the smaller the average size of the fragments 
produced and thus the greater the number of different fragments 
generated by the digestion. For example, 4-base cutters typically gen-
erate smaller fragments than 5-base, 6-base or 8-base cutters because 
a particular four base-pair sequence would occur more frequently in 
the genome.28 The majority of type II restriction endonucleases cleave 
DNA at symmetrical recognition sequences called palindromes (Fig. 
3). In a palindromic sequence there is a ‘horizontal’ complementary 
arrangement of nucleotides. That is, if one strand is read from left to 
right, then the other strand will give the same sequence if read right 
to left.10 There are many common English words that are also palin-
dromes, such as ‘mum’, ‘dad’, ‘eye’, ‘noon’, ‘madam’ and ‘racecar’. This 
is in addition to the complementary base pairing of the residues (i.e. 
A-T and G-C). Simply put, palindromic sequences are ‘mirror images’ 
of each other.

In 1978, Werner Arber, Dan Nathans and Hamilton Smith were 
jointly awarded the Nobel Prize in Physiology/Medicine for the dis-
covery of ‘restriction enzymes and their application to problems of 
molecular genetics’.33 Each recipient was responsible for a distinct 
aspect of the discovery and implication of these ‘molecular scissors’: 
Arber for hypothesising the existence of the restriction-modification 
system,34 Smith for testing and verifying Arber’s hypothesis,30,31 and 
Nathans for pioneering the application of restriction enzymes to genet-
ics.33,35 In addition, these pioneers also recognised the potential for the 
‘general usefulness [of restriction enzymes] in the analysis of DNA’ 
and the possibility of producing ‘sets of overlapping fragments and, by 
appropriate sequential digestion, to obtain quite small, specific frag-
ments useful for the determination of nucleotide sequences’. Arber, 
Smith and Nathans ‘laid the groundwork that has led to the current 
addiction to restriction endonucleases as routine, but essential, tools 
for molecular biologists.’35,36 

In the early to mid–1970s, there was almost an explosive rate of 
discovery of new site-specific restriction endonucleases and rapid 
application of these to the isolation of genes, physical mapping 
of chromosomes, DNA nucleotide sequence analysis and in the 
restructuring of DNA molecules.29 It is the ‘absolute sequence 
specificity for both binding and cleaving reactions’ of type II 
restriction endonucleases10 that has made them a key component 
of modern molecular analysis and recombinant DNA technology for 
over ten years. Restriction Fragment Length Polymorphisms (RFLPs) 
and Amplified Fragment Length Polymorphisms (AFLPs) are two 
commonly used modern molecular methods for examining genetic 
diversity within species that utilise restriction endonucleases in the 
preparation stages. Clearly, the type II restriction endonucleases 
were ‘one of Nature’s greatest gifts to Science’,26 without which the 
decoding of any DNA sequence for any organism, let alone its entire 
genome (or ‘blueprint’), would be infinitely more complex and time-
consuming.

READING THE BLUEPRINT: DNA SEQUENCING 
The actual nucleotide sequence of a DNA region is considered by some 
to be the ultimate molecular marker; in the strictest sense, any assay 
method that stops short of obtaining DNA sequence data could be 
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considered to provide an indirect and incomplete picture of genetic 
information at the loci under study.37 

Nucleic acid sequencing did not become a common method of 
analysis until the 1980s;38 up until the mid-1970s, only stretches of 
DNA 15–20bp long had been sequenced. The advent of cloning, the 
process of isolating a defined DNA sequence and obtaining multiple 
copies of it through the use of a vector, changed everything. Vectors 
are usually plasmids, which are small, circular, double-stranded 
DNA molecules occurring naturally in bacteria. Virtually overnight, 
it became possible to obtain pure samples of defined fragments of 
chromosomal DNA and, suddenly, the development of efficient DNA 
sequencing methods became of paramount importance.39 

 The two primary methods of DNA sequencing were invented at 
approximately the same time on different sides of the Atlantic Ocean. 
Maxam-Gilbert sequencing40 was developed at Harvard in the United 
States of America, while the Sanger method11 was developed at the 
MRC Laboratory for Molecular Biology at Cambridge in Britain.39 
However, it was the Sanger method that achieved widespread applica-
tion for both small and large-scale DNA sequencing projects, and it 
was also the method used to sequence the human genome.

Sanger Sequencing, also called Sanger Dideoxy Sequencing, is 
the controlled interruption of enzymatic DNA replication through 
the use of dideoxynucleotides in primer-directed DNA extension to 
produce discrete DNA fragments11,41 (Fig. 4). Dideoxynucleotides 
(dideoxynucleotide triphosphates, ddNTPs) are modified nucleotides 
that terminate DNA synthesis after their incorporation into a strand 
being extended. ddNTPs lack the hydroxyl (–OH) group on the sugar 
residue; this means that unmodified nucleotides (dNTPs) are unable 
to be added via the joining of the phosphate (PO43-) and –OH groups 

Figure 4. DNA Sequencing: a diagrammatic representation of the 
Sanger sequencing method. (a) The template DNA of unknown 
nucleotide sequence is combined with dNTPs, ddNTPs, primers 

and a DNA polymerase (an enzyme that adds nucleotides to newly 
synthesised strands). ddNTPs are modified nucleotides that 

terminate DNA synthesis; in this example each of the ddNTPs are 
labelled with a different fluorescent tag. The mixture is then 

subjected to amplification via the polymerase chain reaction (PCR), 
thus generating many million copies of the region of interest. The 

ddNTPs will be inserted randomly, terminating DNA synthesis at 

different nucleotide positions and resulting in dye-labelled DNA 
fragments of differing lengths. (b) The dye-labelled fragments are 
then passed through a capillary gel and are separated on the basis 
of size and electrical charge. (c) As each DNA fragment travelling 

along the capillary passes into the detection region, a laser excites 
the attached fluorescent tags which emit different wavelengths of 

light (colours) that are then recorded by the detector. (d) Finally, the 
identity of the terminating nucleotide is assigned based on the dye 

colour detected by the laser, with the recovered nucleotide sequence 
displayed as a series of coloured peaks (electropherogram).
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on the adjacent sugar residues of two nucleotides. The template DNA 
of unknown sequence is combined in a buffered solution with the four 
dNTPs (dATP, dCTP, dGTP, dTTP), the four ddNTPs (ddATP, ddCTP, 
ddGTP, ddTTP), primers and a DNA polymerase (Fig. 4a). Each of the 
ddNTPs is labelled with a different f luorescent-based dye (i.e. f luores-
cent tag or label). A primer is a short segment of DNA known to be 
complementary to a segment either within or immediately adjacent to 
the target sequence. The buffer solution provides suitable conditions 
for the optimum activity and stability of the DNA polymerase, an 
enzyme that adds nucleotides to new DNA strands during synthesis. 
The template DNA is then subjected to amplification of the target 
sequence by the polymerase chain reaction (PCR) to produce many 
millions of copies of the target DNA region of the template. The 
ddNTPs will be incorporated randomly into the new copies of the 
target sequence, therefore terminating DNA synthesis at different 
nucleotide positions and resulting in labelled DNA fragments of vari-
ous lengths (Fig. 4b).38,42-44 

The f luorescent dye-labelled DNA fragments then undergo 
capillary electrophoresis (CE): the labelled fragments pass through a 
capillary gel and are separated on the basis of size and electrical charge. 
Smaller fragments, where a ddNTP was incorporated early during the 
synthesis of a new strand, travel faster and reach the detection region 
first (Fig. 4c-d). As the DNA fragments travelling along the capillary 
pass into the detection region, a laser excites the f luorescent tags on 
the ddNTPS, which produce f luorescence emissions at different 
wavelengths of light (i.e. colours; Fig. 4c) that are then recorded by the 
detector.38 The identity of the terminating nucleotide (ddNTP; A, G, 
C, T) is assigned based on the dye colour detected by the laser. The 
order and assigned colour of the f luorescing fragments, displayed 
as a series of coloured peaks on an automated DNA sequencer trace 
(electropherogram), reveals the actual DNA nucleotide sequence of 
the region under study.42,43 

The development of f luorescent dye-based techniques, with their 
ability to multiplex samples and real-time data acquisition,44 made 
Sanger sequencing amenable to automation. The ability to multiplex 
(i.e. the simultaneous analysis of multiple samples) in particular was 
crucial: instead of using four different lanes in a gel (one for each 
nucleotide), the DNA is placed into a single well with four different 
dyes. This means that for the same amount of gel space, four times the 

number of samples can be run.44 Fluorescence-based DNA sequenc-
ing was used to obtain most of the primary sequence data generated as 
part of the Human Genome Project.13,14

Nucleotides are the basic unit of information encoded in organ-
isms, and the potential size of informative data sets is immense.38 
The information obtained from DNA sequencing can be easily scored; 
automation of the sequencing process along with modern computer 
capabilities and processing power mean that large amounts of data 
can be generated, scored and analysed.42 Comparisons between spe-
cies are straightforward; the existence of ‘universal primers’ for some 
genes that all living organisms share means it is possible to sequence 
most species for some regions without any prior knowledge of DNA 
sequence.42 The Sanger method is preferred for several reasons. It 
requires no prior sequence knowledge; the primers used during ampli-
fication via the polymerase chain reaction can also be used as primers 
during the sequencing stage;38 and it is possible to read more DNA 
sequence information per gel due to better band resolution. Because 
of its simplicity, the Sanger method has proved to be the ‘technique of 
choice’ for DNA sequencing projects. 

However, Sanger sequencing may one day be superseded by 
the new parallel sequencing techniques based on the ‘sequence by 
synthesis’ principle, where the sequence is determined based on 
the detection of nucleotide incorporation using a primer-directed 
polymerase extension.45 In essence, the order of nucleotides is 
revealed during the synthesis of a new (and complementary) DNA 
strand. The presumed heir to the Sanger sequencing method 
is Pyrosequencing,45-50 a four-enzyme real-time technique that 
monitors nucleotide incorporation during DNA synthesis via a 
detectable light signal (bioluminescence).45,48 In contrast to Sanger 
sequencing, pyrosequencing detects the release of pyrophosphate (via 
bioluminescence) that accompanies the incorporation of a nucleotide 
by a DNA polymerase during synthesis of a new DNA strand.48 
Nucleotides are added sequentially to the sample (containing 
template DNA, primers, buffer, DNA polymerase and other 
enzymes) in a known order, with the detection of pyrophosphate 
release corresponding to the addition of the specific nucleotide 
(in the new strand) complementary to that nucleotide position in 
the template sequence. Bioluminescence is the production and 
emission of light by a living organism as the result of a chemical 
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reaction during which chemical energy is converted to light energy 
(i.e. firef lies, anglerfish). This technology is still being refined, but 
already can sequence over 20 million bases in a single four-and-a-
half hour run.50 The development of pyrosequencing45-49 and high 
sample-volume automated parallel sequencing techniques (i.e. 454 
Life Sciences50), will again revolutionise the acquisition of nucleotide 
sequence information in the near future, to the effect that lack of 
sequence data would no longer be a limiting factor in analyses. 

 However, DNA sequencing would not be anywhere near as com-
monplace, nor as relatively straightforward as it is today without the 
development of a means of obtaining assayable quantities of DNA in 
a short timeframe. The development of the polymerase chain reaction 
(PCR) provided this means and allowed for molecular-based analysis 
to be performed by scientists interested in the relationships, classifica-
tion and diversity of organisms without the need for extensive training 
in genetic techniques.

THE MOLECULAR XEROX: THE POLYMERASE CHAIN 
REACTION
The fourth, and most recent, revolutionary event to take place in mo-
lecular biology was the invention/discovery of the polymerase chain 
reaction, more commonly and simply called PCR. The elegant simplic-
ity of its theoretical basis and the way the procedure has changed the 
face of molecular biological analysis elevate PCR into the ‘why didn’t 
I think of that?’ category of inventions and discoveries. PCR is a tech-
nique that enables, in a test tube, the amplification of any desired spe-
cific sequence of DNA from almost any biological source to assayable 
quantities in a matter of hours.37,51 The polymerase chain reaction was 
invented, or perhaps more appropriately was run into, by Kary Mullis 
one Friday evening in April 1983 somewhere between Cloverdale and 
the Anderson Valley in Mendocino County, California in an ‘exhilarat-
ing, Californian buckeye-scented “Eureka!” moment’.12,52 Suddenly, 
a process existed whereby ‘all [of] the DNA one could want could be 
provided in the space of an afternoon’.12

PCR is the enzymatic amplification of a DNA fragment f lanked 
by two primers that hybridise to opposite strands of the target DNA 
sequence53 (Fig. 5). The technique involves three main steps. First, 
double-stranded DNA is denatured by heating the sample, separating 

Figure 5. The Polymerase Chain Reaction (PCR). (a) First, double-
stranded DNA is separated into single strands (denaturation). 
(b) Second, primers are annealed to sites flanking the region 

to be amplified. Primers are short segments of DNA known to be 
complementary to the DNA sequence within or immediately adjacent 
to the target region. (c) Next, a DNA polymerase adds nucleotides 
to the primer that are complementary under base-pairing rules to 

the template DNA, extending the newly synthesised strand. (d) 
The completed new strand incorporates the primer and the target 

DNA sequence. This process of denaturation, primer annealing 
and extension is then repeated multiple times, resulting in the 

amplification of a DNA sequence bounded at either end by the primers. 
Only the first three cycles of PCR are depicted here, illustrating the 
doubling of the number of copies at the end of each cycle, with (d) 
four, (e) eight and (f) sixteen copies of the target sequence present, 

respectively.
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it into single strands (Fig. 5a). Second, the primers are annealed to 
sites f lanking the region to be amplified (Fig. 5b). These primers are 
orientated so that the DNA will be synthesised on both strands in 
opposite directions;53 i.e. the DNA is ‘read’ and synthesised both ‘left 
to right’ and ‘right to left’. Next, strands complementary to the region 
between the f lanking primers (the template) are synthesised via 
the addition of nucleotides by a DNA polymerase (Fig. 5c). Repeated 
cycles of heat denaturation of the template, primer annealing and 
DNA polymerase extension result in the amplification of the segment 
defined by the ‘outer’ ends of the PCR primers; the extension product 
of each primer serves as a template to the other primer in the follow-
ing cycle.53 (Fig. 5 d-f) 

These repetitive cycles of denaturation, annealing and extension 
may seem, at first, to be ‘a little boring until the realisation occurs that 
this procedure [PCR] is catalysing a doubling [of template DNA] with 
each cycle!’54 (Fig. 5 d-f). PCR thus results in the exponential accumu-
lation of the specific target fragment of DNA, up to several million-fold 
in a few hours;53,55 assuming a doubling of the amount of target DNA 
with each PCR cycle, after n cycles there is 2n times as much target 
DNA as was present initially, where n is the number of cycles. In 
theory, starting with two double-stranded copies of a single-copy gene 
in genomic DNA, after 20 cycles of PCR (denaturation, annealing, 
extension) there would be over two million copies of the target DNA 
fragment present (220 = 2,097,152). In practice, however, the initial 
sample subjected to PCR would contain many more starting copies of 
the target DNA sequence.

During the development and initial application of PCR, the Klenow 
fragment of DNA Polymerase I from the bacterium Escherichia coli (E. 
coli) was used to amplify the target sequence; this was the main DNA 
polymerase used until the late 1980s.11,56,57 However, the Klenow frag-
ment is inactivated at the high temperatures necessary for successful 
denaturation of DNA, thus requiring the addition of polymerase after 
the denaturation step of each cycle.57 From the beginning, it was 
recognised that a heat-stable DNA polymerase would be an almost 
invaluable asset;55 the discovery of and the isolation of thermo-stable 
DNA polymerases, such as from Thermus aquaticus (Taq polymerase), 
eliminated this tedious and repetitive step.58 Taq polymerase is now 
conveniently, and somewhat ironically, produced by genetically engi-
neered E. coli bacteria.12,59

The use of Taq polymerase not only improved the overall perform-
ance of PCR by increasing the specificity, yield, sensitivity and length 
of target DNA that can be amplified; it also transformed the method 
by making PCR amenable to automation.60 The use of heat-stable DNA 
polymerases, developed from T. aquaticus and other thermophilic 
bacteria, led to the development of simple automated thermal-cycling 
devices for carrying out PCR in a single tube containing all of the nec-
essary reagents.53,57 A thermocycler heats and cools the PCR sample 
to a defined series of temperature steps during the PCR cycle; these 
steps correspond to the denaturation, annealing and extension stages 
of PCR (Fig. 5a-c).

The invention of PCR in the mid to late 1980s revolutionised the 
fields of molecular, organismal and population biology.12,55,56,60,61 
Its discovery and development spurred at least three major break-
throughs in the acquisition of genetic markers.51 First, when coupled 
with the further development of amplification primers and improved 
laboratory methods for the rapid sequencing of DNA fragments, PCR-
based approaches afforded direct access to the evolutionary informa-
tion held in nucleotide sequences for the first time.62 Second, it was 
realised that PCR-based methods could be used to tap into the ‘vast 
wellspring of genetic polymorphism’ contained within microsatel-
lites, a highly variable and abundant class of molecular marker.37,63-65 
Finally, because PCR can amplify DNA sequences from miniscule 
amounts of tissue, even from some fossils (i.e. Tyrannosaurus rex66), 
it has extended molecular applications to a much wider biological 
arena.37 Many tissue collections, including those in museums and 
herbaria (repositories of plant specimens), thus contain samples that 
are potentially useful for long term studies involving species that can-
not be collected or otherwise disturbed.67

The polymerase chain reaction is not a method of analysis in itself; 
it is a means of obtaining assayable quantities of DNA sequences 
from often limited source material and also speeds up the process of 
generating data. However, PCR is not merely ‘a prelude to some form 
of DNA assay’.37 Without the polymerase chain reaction, the modern 
molecular techniques employed in systematic studies today, including 
DNA sequencing and microsatellite analysis, would be almost non-
existent or very reduced in both scope and application. 

Modern molecular protocols can enable a research student, from 
Honours to PhD level, to extract, amplify, sequence and analyse DNA 



282 283

TR
IS

H
A 

LE
E 

D
O

W
N

IN
G

 B
O

TA
N

Y

TR
IS

H
A 

LE
E 

D
O

W
N

IN
G

 B
O

TA
N

Y

regions from any species without the need for complex cloning strate-
gies and prior sequence knowledge in the timeframe required. This 
allows all species, not just those of major commercial significance, 
to be investigated. My study of the holly grevilleas is just one exam-
ple of evolution-related research currently being conducted in the 
Systematics Laboratory in the School of Botany at The University of 
Melbourne.

MOLECULAR ANALYSIS AND THE HOLLY GREVILLEA
The 365 species of Grevillea make this the largest genus in the family 
Proteaceae and the third largest genus in the Australian vascular flora, 
after Eucalyptus and Acacia.68,69 Detailed revisions have been pub-
lished in recent years, but the limits of many species still require criti-
cal examination.69,70 The advent of PCR and modern DNA sequencing 
techniques have opened the way for the application of molecular data-
sets to the analysis of phylogenetic relationships and species variation 
in plants, but there is currently no published phylogeny for the genus. 
The holly grevilleas (also known as the ‘G. aquifolium group’) are a 
distinctive group of grevilleas from south-eastern Australia. They are 
a group of sixteen species of high conservation value with ‘holly-like 
leaves and “toothbrush” inflorescences’.70

The main focus of my project, Grevillea aquifolium (Fig. 6), was 
named for its leaves, which resemble those of European Holly, Ilex 
aquifolium. The second-most widespread holly grevillea species, occur-
ring in western Victoria and south-eastern South Australia, it is the 
most morphologically variable, and has often been confused with other 
holly grevilleas, including G. montis-cole, G. microstegia, and especially 
G. ilicifolia.69,71 In South Australia, G. aquifolium is confined to several 
small populations in the lower southeast of the state, from near Robe 
to the coast southwest of Mt Gambier.70 In Victoria it occurs mainly 
in the Stawell and Grampians area to the Little Desert, with outlying 
populations in the Portland district.72 The species is of interest to the 
horticulture industry, with twelve horticultural forms currently recog-
nised. The relatively broad geographical distribution of G. aquifolium 
is in contrast to many of the other species in the holly grevillea group, 
which are narrow endemics with very restricted distributions. 

Over most of its geographical range, G. aquifolium is widespread 
and common, with many populations in State or Federally protected 

parks. However, several populations, especially at Cooack and Port-
land (Victoria), have been reduced by clearing for agriculture and are 
close to extinction.71 In addition, if definable groups are found to be 
present within G. aquifolium and require formal recognition, then the 
conservation status and requirements of several populations may need 
to be reassessed.

My project combines fieldwork, morphological and molecular 
analyses to investigate relationships both within G. aquifolium and 
among the various members of the holly grevilleas. It will help to 
extend and refine the documentation of Australia’s vascular f lora 
and provide basic data that underpins assessment of conservation 
priorities. I am currently preparing samples for use in a microsatellite 
analysis to investigate the within-population variation of G. aquifolium 
across its geographical range.

Figure 6. Grevillea aquifolium from Pomonal in the Grampians 
National Park, Victoria.



284 285

TR
IS

H
A 

LE
E 

D
O

W
N

IN
G

 B
O

TA
N

Y

TR
IS

H
A 

LE
E 

D
O

W
N

IN
G

 B
O

TA
N

Y

Microsatellites consist of short sequences of DNA, usually 2–6bp 
long, that are repeated so as to give short arrays of 20–100bp at each 
locus and are randomly distributed throughout the nuclear, chloroplast 
and mitochondrial genomes.73-75 Microsatellites may also be called 
Short Simple Repeats (SSRs), Simple Sequence Repeats (also SSRs) 
or Short Tandem Repeats (STRs). Microsatellites are usually highly 
polymorphic molecular markers, with many alleles at a particular 
locus; alleles are the different versions of a gene, or in this case, the 
different numbers of repeat units present. The variation detected in 
microsatellite analyses results from changes to the number of repeat 
units due to errors in DNA replication at the locus under study.37,42,73 

Microsatellites are relatively abundant, highly reproducible mark-
ers that are thought to have a uniform coverage across the genome. 
They are considered to have high mutation rates compared with 
other DNA markers, making them useful for intra-population level 
studies of organisms.42 Microsatellites have been applied to studies 
of population structure and estimations of gene diversity. They are 
ideally suited to analyses of gene f low because these markers show 
a high number of alleles per locus. Microsatellites have found wide 
application in wildlife and human forensics, parentage analysis and 
studies of population-level genetic variation in a broad range of species 
including other Grevillea species.75-78

LOOKING TO THE FUTURE OF EVOLUTIONARY BIOLOGY
In the 1960s, there was an explosion of interest in molecular tech-
niques due to the introduction of analytical methods based on protein 
electrophoresis, mainly due to their simplicity, high-throughput rate 
of sample analysis, sensitivity and cost-effectiveness. Then, in the late 
1970s, attention shifted to DNA analysis methods based on the use of 
restriction enzymes; while in the mid to late 1980s, the invention of 
PCR revolutionised the world of molecular biology. Access via DNA 
sequencing, first developed in the late 1970s, to the ‘ultimate genetic 
data’ (actual nucleotide sequences) was finally achieved in a viable 
manner with the introduction of automated PCR machines. In the 
early 1990s, the Human Genome Project began and a low resolution 
genetic linkage map of the human genome was published. Finally, in 
February 2001, the completed ‘working draft’ of the human genome 
was published jointly in Science and Nature as part of the Human 

Genome Project.13,14 In contrast, and attracting far less mainstream 
media attention, the Arabidopsis Genome Initiative79 published the 
complete sequence of the ‘model plant system’ Arabidopsis thaliana 
in December 2000, along with detailed analyses of the final three 
chromosomes.80-82 The other two chromosomes of A. thaliana83,84 
had previously been published in 1999, three years after the Initiative 
had been formed in 1996.

Today, the list of available marker systems for use in studies 
of evolutionary biology is both extensive and diverse; however, ‘no 
single molecular marker [or technique] is ideally suited to all research 
endeavours’.37 DNA sequencing, as predicted in the early 1990s,85 has 
become the dominant source of data for evolutionary-related studies, 
especially in phylogenetic systematics, to the detriment of non-
molecular data (e.g. morphology). However, DNA sequencing, despite 
all of its advantages, is not always the best method for obtaining 
suitable molecular data. Choice of marker is dependent on a number 
of variables, including the scope of the project, taxonomic level under 
study (i.e. species versus family, one family verses all flowering plants), 
type of questions being asked, cost per specimen, etc. 

To John Avise,86 the ‘ideal’ genetic marker is one that represents 
non-coding DNA as opposed to a gene that is exposed to selective 
(evolutionary) pressures. However, for deep-level phylogenetic stud-
ies, functional or coding regions (i.e. the rbcL gene in plants) have 
many practical advantages over non-coding regions. ‘Deep-level phy-
logenetic studies’ focus on evolutionary relationships at the higher 
taxonomic levels such as Class (e.g. Mammalia, the mammals), Order 
(e.g. Order Proteales, of which Grevillea in Proteaceae is a member) 
and Kingdom (e.g. plants; animals, etc.). These are the opposite of 
‘shallow’ phylogenetic studies, which focus on relationships at the 
generic (e.g. Grevillea) or Family (e.g. Proteaceae) level. Despite issues 
of selection, functional constraints mean that sequences from diverse 
groups can be relatively easily aligned and analysed. In addition, non-
functional markers may not exhibit the required levels of variation 
needed for such deep-level studies. In general, the ideal molecular 
marker would be inexpensive and user-friendly; require no prior 
sequence knowledge; use very small amounts of sample; be capable of 
analysing DNA obtained from preserved or even fossil samples; pref-
erably not be based on DNA separation (i.e. via electrophoresis); and 
be highly automated.28,87 There is a need to move beyond the current 
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technology (i.e. microsatellites) and to develop new methods that are 
ever more reliable, faster, cheaper and easier to use. Some believe that 
Single Nucleotide Polymorphism (SNPs) based analyses will overtake 
microsatellites as the preferred non-nucleotide sequence level marker 
in the future.87,88 The versatility of pyrosequencing,45-50 which can 
facilitate the collection of sequence data for analyses at both the 
nucleotide (i.e. SNP) and whole-genome level, may indeed become 
the preferred technology of the future. The aim now, as initiated by 
the National Human Genome Research Institute (USA) in 2004, is 
to reduce the cost of sequencing whole mammalian-sized genomes to 
approximately US $1000.43

Timing and context are all-important in scientific advance, and 
molecular approaches are just one of the many avenues toward under-
standing the natural history and evolutionary biology of life on our 
planet.86 Studies of morphology (the physical form and structure of 
an organism as a whole), ecology (relations and interactions between 
organisms and their environment, including other organisms) and 
behaviour have undeniably shaped the great majority of scientific 
perceptions about the natural world. Molecular approaches are espe-
cially exciting at this particular time because they have opened new 
empirical windows and enabled novel insights into more traditional 
biological subjects.86 However, a fact that is often overlooked is that 
most molecular-based analyses have proved to support, rather than 
contradict, earlier phylogenetic (i.e. evolutionary) hypotheses based 
on morphological or other sources of data.86 Still, today ‘it is difficult 
to imagine a time when our lab freezers were not well stocked with 
restriction enzymes, when DNA sequencing was not possible, or 
when genes were only accessible to geneticists and could not be simply 
cloned out by recombinant DNA technology’.36 It only took forty-eight 
years to progress from the determination of the structure of DNA 
to the first draft of the human genome, our genetic blueprint. What 
 science will be capable of in another forty-eight years is limited only by 
our ingenuity and imagination.   √
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