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This is yet another of my talks connected by the central theme of Evolution. In a previous 
talk we discussed the evolution of the Universe, from its origins at the Big Bang to today 
where planet Earth exists as a tiny speck in the ever-expanding vastness of space. But this 
tiny speck is significant because as far as we know it is the only place where living things 
have evolved.

In this the second talk, we will explore the nature of this evolution of living things. We will 
describe the process of Biological Evolution, its historic origins, the evidence for it and the 
mechanisms that drive it.

We will begin telling this part of the evolutionary story by

Examining what we mean by the Theory of Evolution.

We will then spend some time exploring the numerous kinds of evidence that lend support 
for this theory.

And along the way we will come to understand the complexities behind the main 
mechanism that drives this process of Evolution. This mechanism is, of course, Natural 
Selection.

Page 2 of  58



So what exactly is this Theory of Evolution?

As we learnt in the previous talk, the word evolution actually means “unfolding” and 
describes a process where, over time, something unfolds or changes into something else. In 
this way, as we saw in the previous talk, the Universe itself has evolved from a 
dimensionless point at the time of the Big Bang to an immense space scattered with all sorts 
of interesting things. But evolution is usually taken to mean something more than just 
change... it needs that change to display some sort of progression.

In the case of the evolving Universe we saw that this progression was best described as a 
progressive increase in its complexity... from the simplicity of a state where there was not 
even a distinction between Matter and Energy to today where complex structures like 
galaxies, stars and planets exist, consisting of complex molecules arranged in complex 
ways. We also saw that the most complex molecular arrangement of all was that particular 
arrangement of chemicals we call Life.

In fact, when most people talk of the Theory of Evolution, they usually don't include the 
non-living components of the Universe but they restrict its meaning to the progressive 
changes we observe only in living things.

To make this distinction clearer I prefer to talk about this as the Theory of Biological 
Evolution, and it is this Biological Evolution that forms the focus of today's talk.
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No discussion of the Theory of Biological Evolution would, of course, be complete without 
introducing the role of Charles Darwin. Darwin published his revolutionary book “On the 
Origin of Species” in 1859 but you should realise that the idea of Biological Evolution was 
around long before Darwin's time. People had been collecting fossils for decades and many 
scientists were interpreting these fossils as long-extinct creatures, realising that life on Earth
had clearly changed over time. In fact there were many theories put forward – both religious
and non-religious - to try and explain where all these living (and extinct) things had come 
from.

Darwin's particular insights, however, were ground-breaking. He was not only able to offer 
a clear description of the process of Biological Evolution but was able to provide a purely 
natural mechanism that explained how it could be that one species can eventually evolve 
into another. He called this mechanism Natural Selection, and we'll examine that process in 
greater detail as this talk progresses.
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Before we do that, however, I'd like to also mention Alfred Russell Wallace. Wallace was a 
contemporary of Darwin but spent much of his life in the islands of Indonesia, making a 
living by collecting animal and plant specimens and shipping them back home to England. 
Totally independently to Darwin he also arrived at the idea of Natural Selection. In fact it 
was a letter from Wallace to Darwin where he asked Darwin's advice before publishing a 
paper outlining his ideas that finally stirred a reluctant Darwin to publish his own paper. In 
fact, the original theory of Evolution by Natural Selection was identified as the Darwin-
Wallace theory but Darwin seems to have attracted all the credit while poor old Wallace 
remained relatively obscure.

So what exactly was this radical idea of Natural Selection that Darwin and Wallace had 
come up with?
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Well, its essential features are not that difficult to understand. It was based on two fairly 
obvious observations of plants and animals: Firstly, organisms generally have many more 
offspring than can survive to adulthood. This is labelled “Overproduction” in this graphic. 
And secondly, while all offspring appear to resemble their parents, they are rarely all 
identical... there is usually variation in their appearance, their size, and numerous other 
characteristics. That is, each individual appears to be unique.

From these two observations both Darwin and Wallace drew the same inference – that is, 
those organisms who by chance possess particular characteristics that make them better 
adapted to their environment have a greater likelihood of surviving to adulthood and passing
on those particular characteristics to their offspring. In this way the traits that make 
organisms better adapted to their environment will gradually become more common in the 
population. This is the crux of their theory… It is the natural environment that actually 
selects those better suited to survive and reproduce. Hence the term Natural Selection.

Furthermore, both Darwin and Wallace extended this inference to explain that, given 
enough time, and a continuation of the same “selection pressures”, enough differences will 
accumulate over the generations that organisms will eventually be so different from their 
distant ancestors to be considered as a different species. Hence the title of Darwin's book… 
the Origin of Species. In modern terminology, by the way, we now say that the genes of the 
newer population have changed so much from those in the original population that they are 
no longer reproductively compatible, and so a new species has evolved from the old.

So, with the publication of his book Darwin had not only presented the world with a clear 
endorsement of the process of Biological Evolution, he had offered a credible mechanism to
explain how evolution works – that is, the mechanism of Natural Selection. He had also 
suggested that this process needs lots of time to operate so he suggested the Earth was much
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older than it was generally thought to be at that time, although he had no real way of 
knowing how old it was.
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Darwin also introduced the concept of a Tree of Life, showing the connectedness of all 
living things through sharing common ancestors. In fact, there is a page in Darwin's 
notebook where, as early as 1837, he first sketched his idea of this Tree of Life... with the 
words “I think” scrawled above it. He even dared to suggest that humans, far from being 
created separately by God, as was generally believed, also shared common ancestors with 
all other animals – and most recently with the great apes. He also surmised that the Earth 
must have been much, much older than the few thousand years suggested by the Bible. In 
the late 19th Century these were all radical ideas that generated heated debate and even 
ridicule, especially from those who saw them as threats to their fundamental religious 
beliefs.
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In the 150 or so years since Darwin's book was published, scientists from a wide range of 
disciplines have gathered vast amounts of evidence to test Darwin's theories. In every case 
the evidence has consistently supported the basic tenets of Evolution by Natural Selection, 
as this National Geographic edition from 2004 clearly proclaims. As with all scientific 
theories the accumulation of more and more evidence often leads to refinement of the 
original ideas, and Natural Selection is no exception. Let's now systematically explore just 
some of this evidence for, and the refinements of,  this world-shattering theory.
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Just before we do that, however, I'd like to examine this idea of a “theory”. Opponents of 
the Theory of Biological Evolution often dismiss it saying it is “just a theory”. But to a 
scientist the word “theory” has a very different meaning to when it is used by non-scientists.
To non-scientists, theory means a guess or hunch, or perhaps even a hypothesis. To a 
scientist, however, a theory is a well-substantiated, well-supported, well-documented 
explanation for our observations. It is, in fact, the closest you can get to proof in science.

Theories explain facts. For example, the Law of Gravity basically says that things fall when 
you let them go. Gravity is an undisputed fact. Newton put forward a Theory of Gravity to 
explain it. Later, Einstein put forward a Theory of General Relativity to explain it even 
better. It is the same for Evolution. It is a scientifically undisputed fact that the genes of a 
population do change over time - that is to say, organisms do evolve. The Theory of 
Evolution by Natural Selection offers an explanation for this fact. It has been tested and 
scrutinised for over 150 years and has been supported by all relevant observations. To a 
scientist, Evolution by Natural Selection is not just a theory, it is triumphantly a theory!

In fact, the Theory of Evolution by Natural Selection is so central to all aspects of modern 
Biology that it led the great Biologist Theodosius Dobzhansky to say that

Nothing in Biology makes sense, except in the light of Evolution.

So let's now look at just some of this compelling evidence for this spectacularly successful 
theory...
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...And it comes from several scientific disciplines. We will examine the evidence from 
fossils, from comparative anatomy and biochemistry, from embryology, from biogeography,
from Molecular Biology and from work done in artificial selection.

Lets, then, start with the evidence from the fossil record.

A fossil is the preserved remains of a living thing from the distant past. It is not just bones 
and skulls. It can be footprints captured in hardened mud, or a mold or cast left after the 
original organism deteriorated. Most of the evidence of ancient life available to Darwin was 
in the form of a very limited number of fossils. The first thing to realise about fossils is that 
they are extremely rare. Of the countless trillions of organisms that have ever lived, only a 
microscopically small number have been preserved after they died.

In order to become a fossil an organism needs to be hard bodied... usually this means 
encased in a shell or an exoskeleton or having an internal skeleton like that found in 
vertebrates. It needs to be rapidly buried when it dies and, once buried, to remain relatively 
undisturbed while the preserving rock slowly forms around it. In order to be found, the place
in which it was buried now needs to become accessible. This usually means it is uplifted and
eroded just enough to be finally revealed by the fossil-hunter's trowel.
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All of these requirements for successful fossilisation makes it a very rare occurrence. This 
means that no matter how good we are at finding fossils, the fossil record will never be 
complete. There will always be gaps. But despite the gaps we have found more than enough 
fossils to support the notion of progressive biological change over time...

For example, fossils are mostly found in sedimentary rocks... that is, rocks laid down by 
water or wind. Left undisturbed, this means that older layers of rock are always found 
beneath newer layers of rock. If the theory of Biological Evolution were correct then you 
would expect to find earlier forms of life in the older layers and more recent forms of life in 
the upper layers. If all forms of life had been created at the same time we would expect their
fossilised remains to be scattered more evenly over all the layers. So, what do we find? Of 
course, the older layers of rock always contain the more primitive life forms, just as 
expected.

In science we are always trying to find the one piece of evidence that challenges even our 
most pet theory. In two centuries of fossil collecting there has never been one fossil found in
the “wrong” strata... the earlier forms of life have always been found in the older rocks. As 
the famous Biologist J B S Haldane once said...

You never find rabbits in the Pre-Cambrian!

Now in Darwin's day there was no means of determining the actual age of fossils. 
Geologists could only tell you their relative age... that is, whether they were older or 
younger than one another. Since then, however, we have developed sophisticated techniques
that actually allow us to date many fossils. Most of this involves the measurement of the rate
of radioactive decay of the elements associated with the fossil.
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For example, all living things contain Carbon. Because of the Carbon Cycle, while any 
organism is alive it ultimately gets its Carbon from the Carbon Dioxide in the atmosphere. 
A small percentage of the carbon in this atmospheric carbon dioxide is slightly radioactive 
through the continuous bombardment by cosmic rays. When the organism dies it no longer 
takes in this atmospheric carbon dioxide and the radioactive carbon in its tissues begins to 
decay back to its non-radioactive state. The time it takes for half of this radioactive carbon 
to decay is always 5,730 years. That is its half-life. Scientists can therefore measure how 
much of this radioactive carbon is left in an organic fossil and that will tell them how long 
ago that it died. Because of this relatively short half-life, however, this Radiocarbon dating 
can only be used to measure ages of a few thousand years.
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We can date igneous rocks in a similar way, but instead of using radioactive Carbon we use 
other radioactive elements. An igneous rock is one that is formed from lava or ash spewed 
out of a volcano. When an igneous rock is in its original molten state, the ratio of the 
radioactive elements to their stable, non-radioactive versions is usually fixed. If we know 
the half-life of a particular radioactive element and can determine its relative abundance 
some time later, we can work out how long it has been since the rock was formed. Different 
radioactive elements have different half lives. For example, Iodine decays into Xenon with a
half-life of 17 million years. Or Rubidium decays to form Strontium with a half-life of 49 
billion years. Uranium decays via a series of steps to eventually form Lead, with each step 
in the process having a different half-life. Fortunately, the half-lives of many radioactive 
elements overlap so we can test the accuracy of one method against another to see if the 
results agree. If they do, then we can have much greater confidence in the result.
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If a fossil is too old to be dated by Carbon dating, but is found close to datable igneous 
rocks – such as a layer of volcanic ash (shown here as the black layers) - then we can 
calculate a range of dates for the fossil based on the dates of the nearby igneous rock. 
Radiometric dating, as this process is called, has given us the age of the Earth (about 4.7 
billion years) and the age of the first appearance of life (about 3.5 billion years) as well as 
most dates for fossils older than a few thousand years.

Darwin had calculated that for Natural Selection to have produced the diversity of living 
things that he was aware of, the Earth would have to have been at least several million years
old. Little did he realise that techniques would soon be developed that could actually 
accurately date the Earth and reveal it to be billions of years old.

So, radiometric dating can reveal the actual ages of fossil organisms... and every fossil so far
dated is totally consistent with its relative position in the rock strata. And the location of 
every fossil is totally consistent with where it should be if Biological Evolution were true. It 
is the consistency of different, independent sources of evidence such as this that adds 
enormous weight to the evidence for Biological Evolution.
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Another source of evidence for Biological Evolution provided by the fossil record is the 
prediction and existence of transitional forms. The theory predicts, for example, that if birds 
are thought to have evolved from dinosaur-like animals then there must have been some 
stage where a “transitional” animal existed that displayed a mixture of dinosaur and bird 
characteristics. In the late 1800's several fossils bearing exactly these characteristics were 
unearthed. The long-extinct creature was called Archaeopterix and it remains a classic 
example of a transitional form. It's relative location in the fossil record, and later when it 
was was accurately dated to around 150 million years ago, placed it exactly where the 
ancestor of modern birds should be... no fossils of birds are found earlier than 
Archaeopteryx. But many are found after.
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Yet another example of transitional forms can be found when we trace the fossil evidence 
for the evolution of whales... Whales have evolved from a four-legged, terrestrial mammal 
who is also, by the way, the ancestor of hippos. Fossils reveal a very neat sequence of 
transitional animals bearing features that show a progression from a terrestrial to an entirely 
aquatic existence. For example, they show a decrease in the presence of hind limbs until in 
modern whales they are all but lost completely. They show a progressive modification of the
forelimbs from legs to flippers. They also show a progressive relocation of the nostrils from 
the tip of the snout to over the top of the head.
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Fossils may well be hard to find, but a couple of hundred years of fossil collecting has 
yielded a huge number of them. One thing that this huge array of evidence of past life tells 
us is that most species that have ever lived are now extinct. “As dead as a dodo”, as this 
image reminds us. In fact, it has been estimated that there are well over 9 million species on 
Earth today, even though science has only been able to describe about 1.4 million of them. 
Based mainly on the fossil record, the biologist Ernst Meya has estimated that over 50 
billion species may well have existed on Earth since life began. This means that 99.999% of
all species that have ever lived are now extinct. He further estimated a “background 
extinction rate” of around one species per year. By the way, it is sobering to compare this to 
today's extinction rate caused by human activity which is estimated to be around an 
astounding – and very depressing – 1,000 to 10,000 times as fast!

But I digress... The next source of evidence for Biological Evolution comes from 
comparative anatomy. If, as Darwin and Wallace contended, all living things shared a 
common ancestor, then we would expect that there would be considerable similarities in 
their structure. And this is exactly what we find.

Let's look at some examples...

Page 22 of  58



And we need look no further than our own arms... the single Humerus attached to the 
shoulder and hinged with the Radius and Ulna which in turn articulate with several small 
bones forming our hand and connecting with five fingers. We call this arrangement a 
Pentadactyl Limb. Now, the Theory of Biological Evolution tells us that humans must have 
shared a common origin with all other Mammals. If that is true then we would expect to see 
similarities in the skeletal structure of the forelimb among Mammals.

Here we see the forelimbs of a diverse collection of Mammals. While the shapes and 
functions of their limbs differs considerably, the basic Pentadactyl plan is clear. Evolution 
explains these similarities by concluding that the ancestor of all Mammals contained the 
genetic instructions to arrange its forelimb bones in this basic Pentadactyl form. Changes in 
those instructions would have led to changes in the shape of these bones. Some of those 
changes may have given the animal a slight advantage over others, allowing it to be more 
successful in passing on those altered genetic instructions responsible for the change. Over 
many generations, as long as the selection pressure continued, the changes in the genetic 
instructions would have accumulated and eventually we have an animal that is quite 
different from its original ancestor. But beneath the superficial diversity of these animals, 
the basic Pentadactyl structure clearly betrays their shared ancestry.

Look at the bat's wing as an example... The Pentadactyl shape is quite visible, but the bones 
are thinner and lighter than most other Mammals, and some of the finger bones are quite 
elongated. This is clearly an adaptation to allow the skin to be stretched into a wing. The 
ancestral Mammalian forelimb, of course, would not have been so well adapted for flight. 
But changes to the genetic instructions that led to longer finger bones may have given small 
tree-dwelling mammals a slight advantage as they outstretched their fingers to break their 
fall or to glide from tree to tree. The animals that had the longest fingers may have had a 
slight survival advantage over their shorter fingered cousins, and so they were slightly more 
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successful at surviving and at passing on their particular genetic instructions to their 
offspring. Over millions of years and thousands of generations enough changes, favouring 
longer and longer fingers, would have accumulated enough to eventually produce a 
completely new species – the bat.

A similar story can be told when we examine the forelimb of a Whale. Note how most of the
bones are short and stout with just a couple of the fingers supporting the surrounding tissues
into the shape of a flipper. But the Pentadactyl structure is still evident. Once again, the 
ancestral Mammal had forelimbs suited for life on land but as some of its descendants spent 
more and more time in the water the original shape of those ancestral forelimbs would have 
been more of a hindrance than a help. Amongst those early populations, however, there 
would have been variation in the shape of those limbs. Some would have had shorter, 
stouter bones and a more streamlined shape. Over thousands of generations the animals 
possessing limbs that were more and more flipper-like would have had an increasing 
advantage in their aquatic environment, surviving and breeding more successfully, passing 
on their particular genetic variation to subsequent generations. Over time, enough of these 
variations would have accumulated to eventually produce a whale.

Yet another source of evidence for Evolution is provided by the discipline of Embryology. 
The Theory of Biological Evolution tells us that every living thing shares a common 
ancestry. It furthermore tells us that organisms differ from one another only because their 
genetic information has accumulated changes over the generations. If this were true then 
you would expect to see some of these changes in those genetic instructions during the early
development of an embryo...
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This picture shows the early embryos of a few very diverse vertebrate animals... a fish, a 
reptile, a bird and a human. Note, however, how similar they look at this early embryonic 
stage... Each of them, for example, contain gill slits which later disappear in all but the fish. 
They all have tails which later disappear in humans. Bird embryos even have finger buds 
which also disappear later.

It is thought that the genetic instructions for assembling an organism are pretty much the 
same for the early embryonic development of all vertebrates... it is only later that the 
instructions to vary that basic plan get switched on (or off) and structures like gills or hair or
tails either continue their development or disappear - or even, in many cases, turn into 
something else.
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An example that illustrates this perfectly has been in the news recently. Scientists have been
able to identify the genes responsible for the development of the beak and face in chickens. 
They have also discovered the genes responsible for the resorption of the tail and for the 
decrease in size of the fibula in the chicken's leg, both processes that occur in the early 
chicken embryo. When they did nothing more than inhibit the functioning of each of these 
genes they noted that those dinosaur-like features that usually make a brief appearance in 
early chicken embryos actually persisted as the chicken grew in the egg, forming a sort of 
“dino-chicken”. It is, of course, no coincidence that this dino-chicken looked a lot like 
Archaeopteryx. They were unable to take this embryonic dino-chicken to hatching but they 
were able to show that simply by turning off certain genes, the ancestral dinosaur blueprint 
was still there in the genetic instructions. Yes, modern birds are dinosaurs, with their more 
dinosaur-like structures such as snouts, teeth, tails and the arrangement of leg bones merely 
overriden by genes turned on later in their embryonic development!
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Another line of evidence for Evolution comes from an examination of vestigial structures. A
vestigial structure refers to any anatomical part that is of minimal or no value to the 
organism. Humans have several examples of vestigial structures, such as the appendix, ear 
muscles, wisdom teeth, the tail bone, the nictitating membrane in the eye, body hair and 
even nipples on men. In every case these represent the remnants of structures that might 
have once served a useful function in one or more of our ancestors but because we have 
evolved in a different direction they are no longer useful. But the genetic instructions for 
their development still survive... much as the genetic instructions for certain dinosaur-like 
structures survived in chickens – at least in their embryos.
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A vestigial structure that you can easily see in humans is the Palmaris longus. This is a 
tendon in the forearms of about 85% of people that no longer serves any significant 
function. You can see it if you hold your arm out, palm upwards, touch your thumb to your 
little finger and tilt your palm towards you. It once served a vital purpose when our 
ancestors used their hands for grip when climbing trees. It is now so useless that surgeons 
use it as a source for tendon tissue to be used for repairs elsewhere in the body.
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Another example of a vestigial structure can be found in the whale. As we saw earlier, 
whales evolved from a land-dwelling mammal that walked on four legs. A clue to that 
distant ancestry can be found in the relatively small remnant bones of the pelvis and leg 
bones found buried deep inside the hind parts of whales. These days they serve no useful 
purpose in a whale but it appears that the genetic instructions to produce them are still 
around, betraying the fact that they may well have served a purpose in the whale's distant 
ancestor, and that Natural Selection has not yet deemed their possession to be a significant 
enough disadvantage for them to be entirely eliminated. So they persist, even in the adult 
whale.
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Another type of anatomical evidence for Evolution comes from what Biologists refer to as 
“suboptimal structures”. A classic example of a suboptimal structure is the Recurrent 
Laryngeal Nerve. This nerve travels from the brain to the larynx, usually located only a few 
centimetres away. However, in all Mammals its path is unusually long – and especially so in
the giraffe where it can be over 4 metres long. It comes from the brain, passes through the 
neck down to the heart, rounds the dorsal aorta and returns up to the larynx, again passing 
through the neck. This definitely doesn't look to be the most “optimal” path for this nerve. 
So how is this suboptimal arrangement considered evidence for evolution? Because it makes
sense only if we consider the evolution of mammals from their distant ancestors – fish.
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Fish, of course, have no neck and this nerve is attached to a gill slit. It therefore passes near 
the gill arch. As fish slowly evolved into mammals and certain structures gradually changed 
their function, the gill slit became the larynx and the gill arch became the dorsal aorta, each 
gradually moving into their current locations.

Once again we see how Natural Selection cannot create structures (otherwise it would have 
chosen the more direct route for this nerve). It can only select from variations in structures 
that already exist. The circuitous route of this nerve serves as a reminder to us that Natural 
Selection can only work with what is already there! It could have only selected the most 
efficient path for this nerve if that path had already existed among the variations available to
be selected!

So far we have been talking of anatomical structures as sources of evidence for Evolution... 
and, in fact, it was exactly this type of evidence that helped Darwin, Wallace and those early
evolutionists shape their theories and convinced them of the evolutionary relatedness of all 
living things. However there is another level of relatedness that offers compelling support 
for the Theory of Evolution. That is at the level of Biochemistry. Much of this type of 
evidence has been found since Darwin but offers an immense level of support for his theory.

So, what IS this Biochemical evidence?
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Let's start by considering the nature of this genetic information that contains all the 
instructions to build an organism. Clearly the idea that this information can be altered and 
can be inherited by offspring is central to the idea of Natural Selection. Darwin knew that 
genetic information needed to work in this way, but had no idea what it actually was.

We now know that this genetic information exists as sequences of nucleotide bases on long 
strands of DNA. These double-helix DNA strands are further wound up into structures 
called chromosomes, found in the nucleus of every cell. These chromosomes are able to 
copy themselves and pass these copies on to the next generation. There is no more 
significant piece of evidence for the interrelatedness of all life than the fact that all living 
things contain DNA and that DNA appears to serve the same function everywhere, using 
exactly the same code for its “instructions” in every living thing.

It is no coincidence that 7% of the DNA inside human cells is identical with that found 
inside a bacterium. This is compelling evidence for the common origin of humans and 
bacteria... and further evidence that that 7% served a function that was so crucial to the life 
of its cell that it has been retained in both types of organism even after 3.5 billion years of 
evolution.

The basic chemistry of how the instructions contained in DNA get translated into producing 
a living cell has hardly changed in all this time...

Page 33 of  58



All cells are made from lots of different kinds of proteins. These proteins are needed to form
both the structure of the cell and to facilitate all of the chemical reactions that occur inside 
the cell. So both the shape and the function of a cell are determined by the types of proteins 
that it is able to make. All proteins are made up of long chains of small molecules called 
amino acids. It is the sequence of amino acids in that chain that determines the type of 
protein it will be. And it is the code contained in the cell's DNA that determines the 
sequence of those amino acids.

So, the information encoded in the sequence of bases in one of the strands of DNA can be 
translated by the cell to produce the specific proteins needed by that cell, but how are these 
genetic instructions passed on to subsequent generations?
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Once again, the answer lies in the double-helix structure of DNA. Each strand of this double
helix contains nucleotide bases in a specific sequence. In DNA there are only ever four 
nucleotide bases, usually labelled A, G, C and T, but these bases can be in any sequence 
along one of the strands in the double-helix. Now, the crucial thing to understand is that 
these four bases can only join with the bases on the other strand in very fixed ways... G can 
only link with C, and A can only link with T. So if you look at the left side of this diagram 
where the double helical structure of DNA is intact, you can see that one strand has the 
sequence CGGTGTTC. This means that the other strand MUST be GCCACAAG, because 
of the chemical linking rules. 

On the right you can see what happens when the double helix unwinds... the exposed bases 
link up to free bases floating around inside the nucleus of the cell. And, of course, they 
HAVE TO link up following the same chemical rules... C with G and A with T. This results 
in TWO identical double helical strands of DNA, each made up of one “old” strand and one 
“new” strand.

This is what happens when a cell divides... Prior to dividing the DNA in its nucleus 
replicates itself in this way until there are two complete, identical sets of DNA. The cell 
then divides, with each of the daughter cells containing exactly the same sequence of bases 
on its double-helical DNA. And since, as we have already seen, it is ultimately this 
sequence of bases that carries the information that determines the structure and function of 
that cell, then each daughter cell can be thought of as inheriting its genetic information from
its parent.

So... we now have an understanding of how a gene (a strand of DNA) can contain 
information (in the sequence of its bases) that can be inherited (where each offspring gets 
copies of DNA of its parents) and that determines what a cell will look and behave like 
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(through determining the specific proteins that are produced). If only Darwin had known all 
this... his job of convincing others would have been so much easier!

The fact that all living things contain DNA and use the sequences of its bases to produce 
specific proteins... and the fact that this genetic code is the same for all living things, is 
strong evidence indeed for the idea that this mechanism must have evolved very early and 
has been retained in virtually all subsequent branches of life.
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We see a similar pattern in other biochemical processes... the basic chemical pathways for 
respiration or for photosynthesis are very similar in almost all living things. Again, it is 
thought that these processes developed very early on in our evolutionary history and, 
because they are so vital, they have remained relatively unchanged over millions of years.

By the way, this is a diagram of the main steps in the Citric Acid Cycle, a vital component 
of the process of respiration that occurs in all cells. I can't believe that as an undergraduate 
science student I had to learn biochemical pathways such as this off by heart! You will be 
pleased to know that I don't expect the same depth of recall from you! But note that every 
step in this complex process requires an enzyme – written here in red, usually ending in the 
letters “-ase”. All enzymes are proteins, made by the cell from instructions contained in its 
DNA.

So, biochemical similarities can tell us something about our common genetic origins. But 
the differences in genes can also tell us a lot. Consider the molecule haemoglobin. It is a 
complex protein found in the blood of all vertebrates. The sequence of its amino acids, as 
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we just saw, is determined ultimately by the sequence of bases in the DNA of the particular 
animal. This sequence of amino acids differs slightly from species to species. 
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Have a look at this graph. It plots the number of differences in the amino acid sequence of 
the haemoglobin molecule for a number of different animals. Now, evolutionary theory 
predicts that if two species shared a common ancestor a long time ago, then any changes to 
their haemoglobin molecules will have had more time to happen than if their common 
ancestor was more recent. This is exactly what this graph indicates. Humans shared a 
common ancestor with the lamprey many millions of years before we shared a common 
ancestor with the Macaque monkey. This evolutionary relationship is clearly written in the 
haemoglobin... which, of course, reflects the genetic code written in the DNA.

Now, Cytochrome C is another protein coded for by DNA. In fact we now know the exact 
bit of DNA that contains the code. And we have extracted this gene from a wide range of 
animals and recorded the sequence of nucleotide bases in each case. Have a look at these 
results...

No nucleotide differences between humans and chimps
13 nucleotide differences between humans and pigs
17 nucleotide differences between humans and ducks
20 nucleotide differences between humans and snakes
31 nucleotide differences between humans and tuna
36 nucleotide differences between humans and moths
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66 nucleotide differences between humans and yeast

While there are no differences in the nucleotide sequences for this protein between Humans 
and Chimps, there are 66 differences in the same gene of Yeast... and a range of differences 
for other organisms.

Once again it is difficult to escape the conclusion that the more distant our common ancestor
was in the past, the more time there has been for differences in the DNA code to have 
accumulated. It is hard to imagine any other theory that could explain the obvious pattern in 
these differences.
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Yet another source of evidence for Evolution comes from studying the geographic 
distribution of living things. In Darwin's book he noted that it was his attempt to explain the 
peculiar distribution of different animal and plant species that helped clarify his ideas about 
Evolution. Alfred Russell Wallace arrived at similar conclusions when trying to explain the 
distribution of various animal and plant species on the islands of Indonesia.

So what is it, then, about geographic distribution that offers such compelling evidence? 
Perhaps Darwin's observation of the diversity of finches on the islands of the Galapagos can
provide an answer... Darwin discovered about 13 different species of finch, most of which 
can be seen in this diagram. It was clear from their similarities with one another that they 
were all at one time related. But it was equally clear that they were all different enough for 
them to be classified as distinct species. To explain this, Darwin hypothesised that some 
time in the past a pair of finches from mainland South America must have been blown so off
course that they found themselves on the Galapagos. He suggested that these were the 
common ancestors of all 13 species of finches that he found.

This common origin could explain the similarities between the species, but what could 
explain the differences? The Galapagos consists of a number of volcanic islands, each with 
very distinct geographic conditions. As the early population of finches gradually occupied 
each island, they found themselves relatively isolated from the other populations on the 
other islands. Each island presented a different set of environmental conditions which each 
favoured different characteristics...

For example, some birds lived on the ground and ate seeds. Others lived in trees and ate 
insects. Some would have long thin bills to probe beneath bark, while others would have 
thick, sturdy bills to crush seeds. Because there was relatively little interaction between the 
birds on the different islands, the different environments kept on selecting characteristics in 
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each isolated population until each population of finch had accumulated enough genetic 
differences to be considered a different species.

This process whereby a single species evolves into several species, each with a different set 
of characteristics that adapt it so well to its particular environment is called adaptive 
radiation.
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This theme of geographic isolation and adaptive radiation is repeated numerous times 
during the history of life on Earth. Alfred Russell Wallace's field notes were full of similar 
examples... mainly because he did so much of his work around islands which are ideal 
locations for geographic isolation. Wallace even identified a definite border between the 
animal and plant types peculiar to Asia and those found in Australia and New Guinea. We 
now call this biological border the Wallace Line. It marks the boundary beyond which the 
unique Australasian flora and fauna evolved for millions of years, pretty much in isolation 
from the rest of the world to its North. 
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This observation of geographic isolation leading to adaptive radiation explains why 
marsupials are mainly found only in Australia. It also explains another important aspect of 
Evolution... that it operates completely without purpose. As we have noted earlier, Natural 
Selection can only work with what it has. It can only select from the variations that are 
already available in a population. It cannot purposely or intentionally create suitable 
variations. Once Australia, for example, was isolated from the rest of the world and the only
forms of mammal at that time were marsupials, then all species of mammal that 
subsequently evolved were also marsupials.  And as different environments selected 
different characteristics, that basic marsupial form took on many different shapes... from 
gigantic wombats to pygmy possums. From the dog-like Thylacine to the cat-like 
Tasmanian Devil. From giant red kangaroos to agile tree kangaroos... Adaptive radiation 
gone wild because there were no placental mammals to compete with!
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Geographic isolation also explains the absence of land mammals in New Zealand. Adaptive 
radiation explains the inordinate number of flightless birds filling the ecological niches in 
New Zealand which would otherwise have been occupied by mammals. One such flightless 
New Zealand bird is the adorable Kakapo, seen in this picture. Adaptive radiation also 
explains the unique life found on many islands, from Hawaii to Madagascar. It is no wonder
that once this idea of geographic isolation and adaptive radiation took hold in Darwin's and 
Wallace's heads it was difficult for them to think of any mechanism other than Natural 
Selection to explain it!

It is worth noting, at this point, that isolation of different populations doesn't just occur 
between islands or continents. Populations can become isolated from other populations by 
being separated by rivers, or valleys, or mountain ranges. They can be separated by 
behaviour... the mating behaviour of one population may be so different from another that 
they never mate. They can be separated by time... one population may migrate in Winter 
while another stays put, for example. Or one population of plants flowers in early Spring 
while another flowers later.

Darwin devoted a large chunk of his book to another particular type of evidence that he 
personally found most compelling... Artificial Selection.
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Artificial selection is the controlled breeding of domestic plants and animals, where humans
determine which animal or plant will survive to reproduce and which of the offspring will 
survive and reproduce; thus, they ultimately determine which genes will be passed on to 
future generations. The process of artificial selection has had a significant impact on the 
evolution of domestic animals. For example, people have produced different types 
of dogs by controlled breeding. The differences in size between the Chihuahua and 
the Great Dane are the result of artificial selection. Despite their dramatically different 
physical appearance, they and all other dogs evolved from a handful of wolves domesticated
by humans in what is now China, less than 15,000 years ago. 

Darwin knew that the process of evolution driven by Natural Selection was usually a very 
slow process, relying on slight variations providing small differences in the chance to 
survive. It was usually too slow to be easily observed. However, he could see that artificial 
selection, where humans, not the environment, provided the selection pressure, was much 
faster, but the process of selecting from naturally occurring variations was fundamentally 
the same.
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Humans have dramatically altered the nature of many plant species by selecting those 
variants that have characteristics desirable to humans. For example, maize in its wild form 
had seeds which were very small and difficult to collect. Over thousands of years farmers 
persistently selected those plants with larger, more accessible seeds and chose them to breed
from in each successive generation. The result is maize that bears little resemblance to its 
wild ancestor.

Darwin clearly saw the similarities of this process with Natural Selection. In fact, Artificial 
Selection is just a special case of Natural Selection... a fact made much clearer if we 
consider humans to be a part of the natural environment – which, of course, they are. 
Humans selecting, say, the largest dogs in a litter from which to breed is little different from
an environment in which being a large dog is a survival advantage. The only difference is 
that with artificial selection the selecting is a conscious decision, usually with a particular 
direction or end result in mind, while the selective pressure of the natural environment is 
completely indifferent and is, as we have seen, totally without a pre-determined purpose.

One further source of evidence, not just for Evolution but for Natural Selection itself comes 
from the direct observation of Natural Selection at work...
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Because Natural Selection acts so slowly it is not surprising that most observations of it 
working occur in fast breeding organisms. And the fastest breeders of all are bacteria. And it
is in bacteria that we clearly see Natural Selection at work. Despite the efficiency of the 
process of DNA replication that we described earlier, not all bacterial cells of the same 
species are identical. They vary just as every human is unique. One way in which bacterial 
cells vary is in their ability to survive in the presence of chemicals designed to kill them... 
antibiotics. In fact, if we add an antibiotic to a plate with millions of bacteria growing on it, 
most will die, but some may survive. And because bacteria can double their numbers in 20 
minutes, the plate is soon full of these antibiotic-resistant bacteria.

Now, these resistant bacteria probably don't differ so much from their non-resistant cousins 
to warrant them being labelled as a new species, but it is not difficult to imagine that such 
selection pressure persisting over a long time could act on generations of bacteria, 
eventually selecting such a unique set of characteristics that their genes will be so different 
that not only will a new strain have developed, but a whole new species will have evolved. 
This has actually happened... and entire new species of bacteria are being increasingly 
identified, especially in hospitals where the selection pressure of antibiotics is so persistent.
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Another classic example that illustrates Natural Selection at work is seen in moths in 19th 
century England. In 1811 a survey of Peppered Moths in Manchester was carried out. All of 
the moths caught for that survey were light coloured. A similar survey in 1848 found mainly
dark coloured moths, and very few of the light coloured moths. By 1900 you could hardly 
find a light coloured moth. No one could explain this change until it was interpreted as an 
excellent example of Natural Selection at work.

Basically, in pre-industrial England the light-coloured lichen on trees where the moths 
rested offered camouflage for the light-coloured moths, while making the darker moths 
more conspicuous (seen here in Image A). This made the darker moths easy prey for the 
birds which ate them. By the end of the 19th century, however, with the industrial 
revolution in full swing and pollution levels extreme, the lichen was now covered in soot 
(seen here in Image B). This now made the lighter coloured moths stand out and concealed 
the darker moths. Natural Selection, in the form of hungry birds, had changed the frequency 
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of genes for colour in the moth population. It is not difficult to extrapolate that, given 
enough time and a continuation of this selection pressure, the gene for light colouring would
all but disappear.

You might recall the earlier definition of Biological Evolution where we asserted that it was 
the progressive change in the frequency of genes in a population over time.  Bacteria and 
peppered moths are just two examples among many where we can actually witness this 
process happening!

Before we finish, however, we still need to talk about the origin of variation. As we have 
seen, Natural Selection can only work if the individuals in a population vary from one 
another. So how do we explain this variation at the genetic level?

Well, there are two main sources of variation in genes... Mutation and Sexual Reproduction.
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Mutation is the random alteration of the sequence of bases in an organism's DNA. There are
many types of mutation. The simplest is where a single base is altered. For example, the 
gene for wet or dry earwax in humans is found on Chromosome 16. It consists of a segment 
of DNA a few thousand bases long. If a particular spot on that DNA codes for one amino 
acid, Glycine, then your earwax will be wet. If it is altered ever so slightly and codes for 
another amino acid, Arginine, then your earwax will be dry.

Other types of mutation are more complicated... for example, whole segments of DNA can 
be missing, making the gene non-functional. Or whole segments can be doubled, often 
leading to overproduction of the protein for which it codes. Segments can even be reversed, 
or stuck onto other genes... there are many possibilities. It is important to realise, however, 
that all mutations are entirely random... they are usually triggered by chemicals or radiation 
interfering with the otherwise orderly sequence of bases in the DNA. In fact a significant 
proportion of a cell's total activity is devoted to constantly repairing its own DNA as it gets 
continually disrupted by mutations.

Now it is this very random nature of mutation that leads to a common misconception about 
evolution...
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People often think that because evolution is purposeless it must also be random. This 
misconception arises because of a confusion with the random nature of mutation. It is 
important to realise that the process of Natural Selection is NOT random because it acts by 
preserving desirable combinations and eliminating undesirable ones. It is this progressive 
accumulation of desirable traits that forms the starting point for the next generation, so 
Natural Selection doesn't have to start from “scratch” in each generation. Natural Selection 
only has to work on the variations that are already there, that have been selected for in 
previous generations and been passed on to their offspring.
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This is such an important point that it is worth illustrating it with the following analogy. 
Consider the 13 letter sequence “To be or not to be”. A million chimps, each randomly 
typing one 13 letter phrase a second could take nearly 80,000 years before this particular 
sequence of letters might appear. If, however, once the appropriate letter was in its correct 
place and was retained there, it would take mere minutes for the phrase to be typed. It is the 
typing of the letters which is random, but the selection and retention of the “correct” letters 
is definitely not.
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So, mutation is the first major source of genetic variation. The second major source is 
Sexual Reproduction. When organisms reproduce sexually they first need to produce sex 
cells which each contain half the number of chromosomes of normal body cells. This 
process is called Meiosis. They then need to combine these sex cells, one from each parent, 
to form a cell with the full complement of chromosomes. This is the process of Fertilisation.

Both of these processes can result in mixing of the genetic information, yielding offspring 
that differ slightly from either parent. In Meiosis whole bits of chromosome can 
occasionally be swapped from one chromosome to its partner chromosome before they 
separate to form the sex cells. You can see this happening in this diagram. Further mixing 
can occur at Fertilisation, where half of the genes come from each parent, yielding a 
combination of genes that is entirely unique for every individual.

Darwin knew that individuals within populations varied but he had no knowledge of how 
these processes of mutation and sexual reproduction contributed to this variation at the level
of the genetic information. Nevertheless, as we learn more and more about the structure and 
function of genes, his theory of Natural Selection just makes more and more sense.
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The evidence for Biological Evolution is overwhelming... and in these few examples we 
have just scratched the surface. We now live in a world very different to that in Darwin's 
days. We can now decipher the entire genome of anyone for a few hundred dollars. We can 
splice DNA sequences from one organism into a completely different organism. We can 
now even synthesise brand new sequences of DNA that don't even exist in Nature and we 
can switch particular genes on and off at will. As the cover of this recent National 
Geographic magazine suggests, we now have the power to literally transform life. 
Furthermore, we can now simulate the processes of Natural Selection in powerful computers
which compress millennia into seconds. We can rewrite taxonomic trees based on genetic 
similarities and differences, rather than just on superficial looks. We can determine the 
genome sequences of entire populations, enabling us to determine historically where certain 
populations came from and where they migrated to.

And with every one of these astounding technical advances Darwin's and Wallace's 
explanatory theory of Natural Selection just gets stronger and stronger... It truly is the case, 
as Theodosius Dobzhansky said, that...

Nothing in Biology makes sense, except in the light of Evolution.

So, there you have it... how everything in Biology, from adaptation to distribution. From 
classification to body structure. From the fossil record to sex... can all be explained by the 
elegant theory of Evolution by Natural Selection first presented over 150 years ago by 
Darwin and Wallace.

Page 57 of  58



Page 58 of  58


