
The DNA Revolution
 

adapted from a series of presentations

given to Northern Beaches U3A

in 2016/2017

 

by

 

Kevin Murray

Page 1 of  54



Today we are going to talk about the current revolution in DNA research and gene editing. 
However, before we dive into the complexities of what is happening now in genetics labs all
over the world I want to spend a little time describing how DNA is “supposed” to work... 
that is, how Natural Selection shaped the function of DNA before humans started 
manipulating it.

I will then move on to the ways in which people have indirectly manipulated the genetics of 
other living things... that is, through the process often described as Artificial Selection.

We will then get to the nitty gritty of modern DNA research... the direct manipulation of the 
very code of life. We'll discover how the genetic code can be read, and the many ways in 
which it can be altered. The most recent of these ways to alter the genetic code is by using a 
technology called CRISPR... a stunning technology that makes rewriting the genetic code 
almost as easy as rewriting a sentence on a word processor. Obviously technologies as 
powerful as this will raise many ethical questions, so near the end I'll raise just some of the 
more pressing questions where we consider the ethics of this direct manipulation of the 
genetic code.

So, let's start with looking at how genes are actually supposed to work...

A gene is a segment of DNA. DNA is a very long molecule tightly coiled up inside the 
nucleus of nearly every cell of your body. Genes serve four main functions in your cells...

Firstly they store all the instructions necessary for turning raw materials into a living body.

Secondly, they are able to translate these instructions to produce all the specific proteins 
needed by the cell.

Thirdly they are able to make exact copies of themselves so that when a cell divides each of 
the daughter cells contain the same set of genetic instructions.

And lastly, in sexually reproducing species, genetic information from each parent must be 
able to be passed into each of the offspring.

Lets now look at each of these four functions in a little more detail...

First, lets consider the way that DNA stores these genetic instructions.
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If you were to uncoil all the DNA from just one of your cells you would have a very, very thin 
molecule about 2 metres long. Scattered along the length of this molecule are about 20,000 separate 
segments of DNA. Each of these segments contains all the information necessary to produce a 
particular protein. These particular segments that code for proteins are called genes and the 
information contained in these genes is stored in the sequence of bases that string together - sort of 
like beads on a necklace - to make the long strand of DNA. It was back in the 1950's that Rosalie 
Franklin, James Watson and Francis Crick discovered that it was actually the unique sequence of 
the bases in those DNA segments that held all the information necessary to determine which 
proteins would be made by the cell.

They also determined that DNA was not exactly like a necklace... DNA was in fact a long backbone
of sugar molecules with these bases sticking out like the teeth on a comb. Furthermore, this long 
single strand naturally coiled around a complementary strand, with the bases on each strand 
combining with the bases on the other strand in very particular ways, like the rungs on a twisted 
ladder. They famously called this structure the double helix.
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In DNA there are only ever four bases, called Adenine, Thymine, Guanine and Cytosine, usually 
labelled as A, T, G and C. The interesting chemistry of these bases determines that A can only ever 
combine with T and G with C. So if one of the DNA strands contains the sequence CAGTCA then 
the other – complementary – strand MUST contain the base sequence GTCAGT. You can see this 
very arrangement in this image.

Just as your computer stores its information as a sequence of just two numbers, zero and one, so 
does DNA store its information, but in the sequence of just 4 bases A, C, T and G. And just as in 
your computer you might copy your files, made of ones and zeros, to a backup disk in case 
something happens to the original, so your cells use the complementary copy of each DNA strand 
as a backup in case the sequence on the other strand gets corrupted. In every human cell there are 
about three billion of these base pairs...
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That's enough to fill 262,000 pages if you were to print it out in small print. Which is equivalent to 
eight entire sets of the Encyclopedia Britannica! This image shows the actual books containing the 
printout of the entire base sequence of a human.

The actual sequence of these bases contained in the DNA of each of your cells is called your 
genome. And unless you have a genetically identical twin, your genome is unique to you. Your 
particular genome contains all the information that makes you, you. It does this through determining
the types of proteins that each of your cells produce.

So let's now consider the second function of genes... that is, the process of translating this genetic 
code into producing specific proteins...
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Now, all cells are made from, and produce, 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 ultimately determines the sequence of those 
amino acids. It does this via an intermediary molecule called messenger RNA.
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So, now you can see how 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. You should note the role of messenger-RNA in copying, then carrying, this code out 
from the DNA in the nucleus into the cell's cytoplasm. And that it is in that cytoplasm where
the proteins are actually made with the aid of another type of RNA called transfer-RNA. We
will return to these roles of RNA later when we will talk about the direct manipulation of 
genes, but for the time being let's discuss the third major function of DNA...

namely, how DNA can make copies of itself so that when a cell divides, each of the 
daughter cells can contain the exact same genetic code...
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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. As we have already seen, in DNA 
there are only ever four nucleotide bases, A, G, C and T, but these bases could be in any 
sequence along one of the strands in the double-helix. Once again, 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 CGGT. This means that the other strand MUST be GCCA, 
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.
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And this is exactly what happens when a cell divides in the process called Mitosis... Prior to 
dividing, all the DNA in its nucleus replicates itself in this way until there are two complete,
identical strands of DNA. The DNA then folds itself into tightly bound structures called 
chromosomes. Each chromosome is, then, an exact copy of another. The cell then divides, 
with each of the daughter cells containing one of each of the identical chromosomes. Each 
one of the two daughter cells, then, contains 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 directly from its 
parent cell.

Which brings us to the fourth function of genes... namely how half of the genetic 
information from a father and half from a mother can combine to produce an offspring 
containing genes from each parent.
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In humans, each of our cells contains DNA wrapped up into 23 pairs of chromosomes. That 
is, 46 chromosomes in each cell. In this simplified diagram we are showing only two pairs...
that is, 4 chromosomes. When, say, a human skin cell or liver cell divides by Mitosis, each 
of the daughter cells contains exact copies of each of the 46 chromosomes. However in the 
ovaries of women and in the testes of men, a special type of cell division called Meiosis 
occurs whereby each daughter cell contains only one of each of the chromosome pairs. That 
is, they each contain only 23 chromosomes in total... which means that the egg cell and 
sperm cell that are produced each contain only half of the total DNA found in the rest of the 
cells that make up that person. But when a sperm penetrates an egg at the moment of 
fertilisation, the full complement of 23 chromosome pairs is restored. This fertilised egg 
then goes on, dividing by Mitosis, to eventually produce the multicellular offspring of the 
two parents.

Of course, the DNA of this offspring is made up of half of the mother's DNA and half of the
father's DNA... so it will have characteristics similar to both, but the particular combination 
of genes will still be unique.
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So... we now have an understanding of how a gene (a segment of DNA) can contain 
information (in the sequence of its bases) that determines what a cell will look and behave 
like (through determining the specific proteins that are produced), that can be faithfully 
copied into each of its daughter cells when the cell divides and that can be inherited (where 
each offspring gets copies of half the DNA from each of its parents).
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So far I have been describing the way in which the functioning of DNA has been shaped by 
Natural Selection over billions of years. So, I have been describing the way in which DNA 
is “supposed” to work. But now that humans are beginning to learn how it works, our 
inquisitive nature has compelled us to tamper with the process. And as we learn more about 
the complexities of molecular genetics and our technologies provide us with more and more 
sophisticated techniques we find ourselves in a place no living thing has ever been before... 
we find ourselves capable of altering the very blueprint of life itself – with the potential to 
shape our future evolution.

But before we get to talk about the revolutionary breakthroughs in directly manipulating 
genes, we should mention some of the ways in which humans have indirectly manipulated 
genes, often without even knowing exactly what they were doing at the genetic level.

And perhaps the most obvious way that humans have indirectly manipulated genes is 
through the process known as Artificial Selection, which makes use of the variation that 
occurs naturally between members of any population...

In Nature the members of any population of the same species usually differ from each other.
They differ because there is natural variation in their genomes. There are two main ways in 
which one individual's genome can become different from another's...

The first is through the mixing of genes that occurs with sexual reproduction... where, as we 
have just seen, individual offspring receive a unique combination of the genes from each 
parent.
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The second is through mutation. A mutation is the direct, usually random, alteration of the 
base sequence in an organism's DNA, such as the mutation shown here where the circled C-
G base pair has been altered to become a T-A base pair:
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Mutations can take many forms... bases can be deleted, substituted, repeated or even 
reversed... and in most cases result in a faulty amino acid sequence in the protein that the 
gene codes for. This in turn may effect the way the organism looks or functions.

For thousands of years humans have taken advantage of these natural variations in animals 
and plants by consciously (or even unconsciously) selecting those variants that display those
particular characteristics that the humans found most appealing...

Page 14 of  54



For example, consider the modern domestic dog. All dogs have evolved from a handful of 
wolves domesticated in China some 15,000 years ago. Throughout those thousands of years,
humans have selectively bred these dogs, choosing to breed only from those animals that 
displayed the particular characteristics that they were after... it might have been size or 
temperament or hunting ability or even coat length or colour. Over time the frequency of 
those particular genes responsible for those particular characteristics came to increase in the 
dog population, resulting in the huge variety of dog breeds we see today.

This process of Artificial Selection, whereby humans select from naturally occurring 
variations, by breeding only from those organisms that display the characteristics that 
humans prefer, has been going on for thousands of years. Virtually all of our modern food, 
from bananas to corn, from chickens to cows, is the result of such selective breeding. Most 
of our modern animals and plants look nothing like their original ancestors.
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Consider the large, juicy kernels in a modern corn cob. These bear little similarity to their 
wild ancestors, shown here on the left, and are the result of farmers for thousands of seasons
selecting only the most suitable seeds to plant.

Of course, for most of this time farmers had no idea about the nature of genes or genetics. 
They certainly had never even heard of DNA. Nevertheless, through systematic selective 
breeding, humans have been indirectly altering the genomes of organisms for centuries... 
effectively altering the sequence of bases on the organism's DNA without even knowing that
that was what they were doing.

Which brings us to today...
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… where we know more and more about how genes work and have even developed 
technologies which enable us not only to read and decipher the genetic code, but to directly 
alter the DNA of organisms. This dramatic shift from merely selecting from naturally 
occuring variations to actually creating those variations is why I titled this talk “The DNA 
Revolution”... a title I borrowed from this National Geographic magazine from last August. 
And it truly is a revolution... one which provides humans with enormous power over the 
future evolution of life on this planet. In this respect it is arguably more dramatic and far-
reaching than the Agricultural Revolution, the Industrial Revolution or even the current 
Information Revolution.

Let's begin our examination of the technologies behind this DNA Revolution by describing 
how biologists are able to actually read the code embedded deep within the cell's nucleus, 
written, as we now know, as a long sequence of bases on the cell's DNA.
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It was only in 1996 that the first whole genome of an organism was first read... and this was 
of a species of bacteria that had fewer than 2 million base pairs in its genome. Achieving 
this milestone was a remarkable feat... it took years of painstaking work and the 
development of quite complex techniques. It employed a process called “shotgun 
sequencing”, whereby the DNA is chemically extracted from cells, then broken by special 
enzymes into numerous small strands, each only about 500 bases long. Special flourescent 
dyes are added, with a different colour specific to each of the four DNA bases. These short 
strands of DNA are then further teased out into their base sequences using a process called 
electrophoresis where an electrical current forces the fragmented DNA to migrate through a 
clear gel, spreading out the bases into bands of the four different colours, each colour 
corresponding to one of the four different bases, A, C, G and T.
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This is an image of just 32 such DNA strands, teased out by electrophoresis, showing the 
four bases as four different colours.

Originally these short segments had to be interpreted by a keen-eyed lab technician who 
would then have to recognise the overlapping sequences to join them together, like a 
gigantic jigsaw puzzle, to yield the final entire genome. It was, as you can imagine, very 
slow, very tedious, very expensive and not very accurate.

More and more of this task became progressively automated and in February 2001 the very 
first human genome was published... all 3 billion bases of it! This came as an outcome of 
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the Human Genome Project and the first human to have his genome sequenced was the 
founder of that project, Doctor Craig Venter. It cost many millions of dollars for this first 
genome to be sequenced. Today the task is almost entirely automated, takes only a day or 
two and costs only a few thousand dollars.

Why did we go to all this expense and bother to sequence a genome? Well, remember that 
every person's genome is unique to them. So one use is to aid in identifying people.
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We have all seen CSI-type television programs where bodies are identified, criminals are 
caught or innocents freed by having their DNA tested. However, when used only for the 
purposes of identification there is no need to sequence the entire genome. Of the 3 billion 
base pairs in the human genome all but 5 million are identical between every one of us. So 
you only need to sequence those 5 million to detect uniqueness. In fact, only a small fraction
of those 5 million actually needs to be sequenced... there are certain specific sites among 
these 5 million base pairs that vary enough in any human population to be able to define an 
individual person. These sites are called “genetic markers” and have been used for some 
time now to determine whether an individual belongs to a particular genetic population... a 
population which might be as large as an entire ethnic group or as small as a single person.

Because you - and your brothers and sisters - get some of these markers from your mother 
and some from your father then the similarities in your particular mix of markers can be 
used to determine family relationships or paternity. In fact one of the very first uses of DNA
sequencing was to establish the family relationship of a young man seeking to remain with 
his migrant mother in England in 1984. Perhaps as a sign of things to come, Kuwait has 
recently passed a law whereby every one of its citizens and visitors have to have their DNA 
markers registered on a database. Their stated intention is to “combat terrorism” and to 
resolve questions of ethnicity.
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Companies like Ancestry.com now offer to test your DNA for less than a couple of hundred 
dollars. Of course for that money they don't map your entire genome but they do measure 
about 700,000 bases, looking for those particular genetic markers that can indicate your 
ethnic or geographic origins... and they provide you with a chart identifying the percentage 
of your genome that has African or Scandinavian or Asian or whatever origin.

Can I just ask if anyone here has had their DNA mapped?

Now, another reason to have your genome read might be to identify certain genetic 
diseases...
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A change in just two base pairs in a certain place on chromosome fourteen, for example, is 
enough to inflict you with the grossly debilitating disease, Cystic Fibrosis. Change the base 
pair sequence at a spot near the end of the short arm of chromosome nine and you will suffer
from the blood disease Polycythemia. There are certain other genetic markers that indicate 
susceptibility to breast cancer, for example. In fact, a major aim of the Human Genome 
Project was to eventually correlate certain DNA base sequences with certain diseases, 
hoping to tailor treatment to individuals. Basically to ring in an era of truly personalised 
medicine.

You can probably imagine by now that none of this genome reading would have been 
possible without powerful computers. And it is the marriage of genome sequencing 
technology with fast, sophisticated computer software that provides us with another 
astounding example of the use of genome sequencing...
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Forensic scientists are now able to predict what a person might look like solely from reading
their genome. With considerable accuracy they can now predict height, weight, eye colour, 
hair colour, skin colour and even subtle facial features. They can produce a pretty accurate 
image of a person using only the DNA extracted from a few drops of their blood or a 
scraping of cheek cells. This, for example is a picture of the real person on the left, and on 
the right, the person predicted solely by analysing the DNA extracted from a small blood 
sample. How remarkable is that? Anthropologists are now starting to use this technique to 
discover what historic people might have actually looked like, based solely on their 
recovered DNA.

So far we've looked at the way DNA is “supposed” to behave – that is, without interference 
from inquisitive humans. Then we saw a few examples of how humans have indirectly 
modified the genomes of animals and plants for centuries through the process of Artificial 
Selection. We then discussed the beginning of the current revolution in genetics, where 
scientists are able to directly read the genetic code.

Which all brings us to the really dramatic bit... where we are able to directly alter the 
genomes of living things, using amazing technologies such as nuclear transfer, gene transfer
and the latest technology of all, a process known as CRISPR.

And lastly we will take some time to examine a few of the inevitable ethical questions that 
arise from all this genetic interference.
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The general public probably first became truly aware of the modern genetic revolution when
Dolly the sheep was born, back in 1996. Dolly was a clone. She was the result of taking a 
whole nucleus from an ordinary cell of one sheep (seen here on the left) and inserting it, in a
petri dish, into an egg cell from another sheep (the one at the top right of this image) from 
which the nucleus had been removed. With a little bit of chemical prompting, this modified 
egg cell was made to start dividing whereupon it was then placed into the uterus of yet 
another sheep where it gestated normally and eventually, Dolly the lamb was born. She was,
as you might expect, a genetically identical twin of the sheep that provided the original 
nucleus.

That nucleus, of course, contained all the instructions, encoded in its DNA, to make Dolly, 
and although the actual DNA in this case wasn't manipulated directly by humans, many of 
the tricky and delicate techniques developed in transferring cell nuclei and in growing cells 
outside the body have proved vital for more of the detailed genetic alterations which 
followed.
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One such recent example was the boy born last year (2016) with three parents. How was this
possible? Well, the would-be mother had a rare genetic disease called Leigh Syndrome and 
had already lost two children to the disease. The genes responsible for this disease resided 
not in the DNA in her cell nucleus, but in the small amount of DNA found in the 
mitochondria which inhabit the cytoplasm of her cells. Every one of our cells contain 
mitochondrial DNA which is inherited from our mothers and which should really be 
counted as part of our whole genome.
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So, to enable this woman to have a healthy child, doctors carefully extracted an intact 
nucleus from one of the mother's eggs (seen here at the top left) and inserted it into the egg 
cell from a donor woman, which had had its own nucleus removed (seen here at the lower 
left). The resulting egg, which had nuclear DNA from the mother and mitochondrial DNA 
from the donor, was then fertilised with the father's sperm using the usual techniques of IVF
and, once it started dividing, was transplanted into the mother's womb from where a healthy 
baby boy emerged nine months later.

Such techniques involve the transference of a whole nucleus full of genes. The “holy grail” 
of genetic manipulation, however, was to actually insert or remove individual genes, thus 
altering the genome directly.
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Scientists have been introducing individual genes into organisms since the very first 
genetically modified organism – or GMO - was produced way back in 1973. In that year the 
gene that provided resistance to the antibiotic kanamycin was inserted into a bacterium 
which was then able to survive in the presence of  that particular antibiotic. Since then many
organisms have had their genomes altered, often by exploiting natural processes called gene 
transfer...
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The most common way that new genes are transferred “naturally” into cells is by viral 
infection. Viruses are miniscule little bundles of either DNA or RNA wrapped in a protein 
coat. They multiply by attaching to cell membranes and injecting their DNA into the host 
cell. The viral DNA is then able to insert itself physically into the genome of the host cell, 
effectively hijacking the cell's own protein-making machinery to make new viruses... which 
then break out to infect other cells.

Biologists have long used this “parasitic” behaviour of viruses to insert genes extracted from
one organism into the cells of another. But they have since developed other more direct 
techniques. For example, in 1987 they invented something called a “gene gun” which could 
deliver new genes directly into individual cells growing in a petri dish. Later, they were 
even able to use extremely tiny syringes to actually inject DNA directly into the nuclei of 
cells.

Most of these techniques, however, were expensive, complicated, slow and pretty much 
“hit-and-miss”. Many of them could just manage get the new genes into the nucleus but not 
actually into the chromosomes. Some could manage to insert the new genes into the 
chromosomes, but rarely could they be certain of the exact location of the insertion. 
Sometimes the new insertions would actually make things worse by disrupting the 
functioning of other genes on the newly-modified chromosome.
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But despite all these limitations, techniques such as these have produced hundreds of 
genetically modified organisms, many of which have even been patented. The very first 
patent was in the 1980's, for a microbe whose genes had been modified to enable it to digest 
oil.
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The first GMO food modified in the lab went on sale in 1994. It was called the Flavr Savr 
Tomato. It was given a much longer shelf life by inserting an extra gene into its genome that
suppressed the buildup of a particular enzyme that was responsible for causing the fruit to 
rot.
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Scientists have genetically modified bacteria and yeast, often grown in apparatus such as 
this, to produce human insulin used to treat diabetes; or to produce blood clotting factors 
used to treat haemophilia; or to produce human growth hormone used to treat those in whom
it is deficient; or to produce a whole variety of different enzymes used in processed foods; 
or even to produce hydrocarbons to be used as biofuels.
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Scientists have extracted the gene for an antifreeze protein from an obscure species of arctic 
fish, and a second gene that produces growth hormone from another species of fish, and 
transferred them both into farmed salmon, causing the salmon to keep growing year-round 
instead of just in Spring and Summer.
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They have introduced genes for new pigments into flowering plants, producing colourful 
flowers never before seen in nature.
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They have modified crop plants such as corn, rice, tobacco, soy beans, strawberries and 
canola to become resistant to pests, herbicides or pesticides, or to withstand a broader range 
of climate conditions, or to improve their nutrient content. Or even to produce a wide 
variety of different pharmaceuticals.
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They have taken a gene from a roundworm and inserted it into the cells of a pig, enabling 
the pig to produce omega3 oils... which are normally only found in certain fish. They have 
more recently inserted a similar gene into a plant, allowing the plant to also produce omega3
oils, enabling it to be harvested and fed to farmed salmon instead of having the salmon 
consume vast quantities of increasingly rare small fish.
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In 2011 Chinese scientists managed to insert certain genes from humans into cows, enabling
the cows to produce human breast milk.
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Scientists have even produced Zebra fish containing the genes for flourescence taken from a
jellyfish... resulting in fish that glow in the dark - and which can be bought at your local 
aquarium for less than $10 each! More seriously, they can use these same genes and attach 
them to other genes so that particular structures in that organism will flouresce whenever 
that other gene is activated. This is now a common technique used to study gene function.

So, by 2014 it appeared that the genetic code of almost any organism could now be 
relatively easily and accurately read, and that entire cell nuclei could be replaced in egg cells
which could then be grown into complete organisms, and that individual genes could be 
deleted or inserted into the cells of organisms, albeit with varying degrees of accuracy. It 
seemed that the stage was set for the next revolutionary advance... and it duly arrived in late 
2014, taking the genetics world by storm.
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It was called CRISPR  and it promised cheap, fast and accurate alteration of not just whole 
genes, but of the individual DNA bases of which genes are made. It promised the potential 
to not just alter the base sequence of individual genes, but to allow you to design completely
new base sequences and insert them directly into the genomes of existing organisms. And 
not just have them floating around in the cell nucleus or inserted at random locations, but to 
have them embedded directly into the chromosomes themselves at very precise locations. In 
theory, CRISPR technology offers the ability to rearrange the sequence of bases in a gene 
almost as easily as you can rearrange letters in a word processor.

So how does CRISPR work?
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In Step One scientists create a genetic sequence that matches the bit of DNA in the genome 
that they want to modify. This is called the Guide RNA. In Step Two this Guide RNA and 
an interestingly shaped protein called CAS9 are added to the cell where they join together 
and enter into the cell's nucleus. In Step Three the Guide RNA hones in on and attaches to 
the target DNA sequence and the CAS9 precisely cuts it out, slicing through both strands of 
the double-helix. In Step Four the cell then tries to repair the break. If at this step a new 
piece of DNA containing the desired base sequence is supplied to the repair system, that 
new piece will be inserted at the break.

And that's how CRISPR can precisely add or delete any sequence of DNA bases at any 
point in an organism's genome. It truly is a revolutionary process!
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And just to emphasise how cheap and easy CRISPR is, here is a screenshot of an online 
advertisement for a Do It Yourself CRISPR kit, costing just $140. Apparently any 
undergraduate Biology student could understand the instructions and use it to genetically 
alter certain bacteria... and the whole apparatus is so simple it could even be set up on your 
kitchen bench! Enthusiasts see the easy availability of the CRISPR technology as the 
“democratisation” of Biology. Personally, I am not sure yet whether this is a good or a bad 
thing.
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Nevertheless, the implications of using CRISPR for basic research are many... Researchers 
are now able to modify or delete any part of a genome and quickly see the results. In this 
way they can not only learn what each of our 20,000 genes do but, because they can alter 
several genes at a time, they can see how genes interact with each other. This is important 
because, contrary to popular understanding, very few genetic traits depend only on the 
functioning of a single gene. Most traits are determined by the interactions of several genes, 
or even by interactions with other non-coding parts of your DNA.
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In fact, most people are surprised to learn that in humans, a mere 2% of their DNA are the 
actual genes that code for proteins. These genes are to be found scattered along the whole 
length of their genome. These coding genes are, however, represented here by the mauve 
bar up at the top of this image, covering 2% of this page of DNA bases.

Of the remaining DNA, 4% appears to be responsible for the all-important timing processes 
for switching genes on and off, a process called “epigenetics” (the purple bar). A further 
10% is identified as structural DNA, helping shape DNA into separate chromosomes during 
the process of cell division (green). And a whopping 45% (yellow) is called “parasitic”... 
that is, DNA sequences accumulated and incorporated into our genome over millions of 
years of viral infections... but now doing little more than going along for the ride! What the 
remaining 40% (red) does, no-one yet knows. These last two categories of non-coding 
DNA, making up 85% of our genome, are often referred to as “Junk-DNA” because they 
seem to serve no purpose. But there is no doubt that CRISPR will prove an invaluable tool 
for researchers as they try to find out if indeed that truly is the case!
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The implications of CRISPR for drug development and for agriculture are not hard to 
imagine. In fact, laboratories around the world already have a huge backlog of projects that 
were unable to be done easily or cheaply or accurately using the pre-CRISPR techniques. 
Many of these are ideal candidates for the CRISPR process... and in the next few years we 
should start to see many more drugs being produced, especially by genetically engineered 
bacteria and yeast, and many more varieties of crops and farmed animals being genetically 
modified.

Here are just a few examples of the explosion in research using CRISPR that is happening 
now in laboratories all over the world...
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Scientists are working on the species of mosquito that transmits malaria... hoping to modify 
the genes responsible for allowing the malaria parasite to be passed on. They are hoping to 
combine CRISPR with a process called “gene drive” to ensure that the modified gene 
spreads quickly through the mosquito population.

Others are working on the species of mosquito that transmit Dengue Fever and Zika virus. 
They are hoping to introduce genes that make the offspring of those mosquitos sterile... This
might seem like a drastic solution, but I suspect it is way better than bathing whole countries
in insecticide that kills much more than just the target mosquito.
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Others are modifying the genes of rice to enable it to be resistant to herbicides, or to produce
Vitamin A... an essential vitamin often lacking in the diets of poor countries. This last 
particular genetic modification was considered so revolutionary that it actually made the 
cover of Time magazine.

Others are seeking to delete a single gene in wheat resulting in the wheat becoming resistant
to mildew – a major cause of crop loss especially in humid regions.
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Still others are hoping to use CRISPR to edit the genome of pigs so their organs will not be 
recognised as foreign when transplanted into humans. Such a breakthrough would 
dramatically increase the supply of compatible organs available for human transplant.

Scientists are even investigating the possibility of directly introducing genetic diversity into 
small populations of endangered species to increase their evolutionary chances for survival. 
They are even now contemplating the re-appearance of the long-extinct Wooly Mammoth 
by modifying the genes of an elephant.

But perhaps the most dramatic implications resulting from the use of CRISPR may be in the 
area of disease control...
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The implications of using CRISPR as a tool for treating a wide range of diseases are 
enormous. And because the benefits are so obvious there are probably not too many people 
objecting to research into disease control. However, when it comes to the issue of using 
CRISPR to directly alter the genes of egg cells, sperm cells or the cells of early embryos, 
that raises a whole range of concerns. Why? Because those altered genes can be passed on 
to subsequent generations and so become part of the human gene pool, thus irreversably 
changing the future evolution of our entire species.

Page 48 of  54



Chinese scientists have already modified the genes of human embryos, so this is not just a 
science fiction future. Probably the first of these “designer babies” will not be overly 
designed. It is most likely that they will be created to eliminate some awful genetic disease 
running in a family. But as the technology improves, more people may well argue that NOT 
using genetic modification is “unethical” because it condemns children to preventable 
suffering and death, and denies them the cure. But as soon as the very first genetically 
modified child is actually born, a door to the future will be opened that cannot be closed!
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Early on, “vanity traits” may well be left alone, but as genetic modification becomes more 
accepted and our knowledge of our genetic code enhances, the temptation will grow. If you 
make your offspring immune to Alzheimer's disease, why not also give them an enhanced 
metabolism? Why not throw in perfect eyesight? How about increased height or stronger 
muscles or a full head of hair? Or how about giving your child the gift of extraordinary 
intelligence?

Modified humans could well become the new standard for our species. In fact, it is not too 
far-fetched to imagine a future where we even solve the biggest mortality risk factor of them
all...
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Of course I'm talking of old age. Currently we think that aging is caused by the gradual 
accumulation of damage to our cells or chromosomes, or the gradual loss of our structural 
DNA - like the vital Telomeres that are found on the tips of every chromosome and grow 
slightly shorter every time a cell divides. But there are also genes that directly effect aging, 
so a combination of gene therapy with other interventions has the potential to slow down or 
even stop aging. It may even be able to reverse it! There are many species of organisms like 
lobsters, comb-jellies and planarian worms that naturally appear to be immune to aging. 
Maybe that's where we should be looking to borrow a few genes for ourselves?

Such a world is probably a long way off... there is still a multitude of technical and ethical 
problems to overcome, but now with CRISPR we know that such a future is both 
theoretically and technically possible.
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And we are already “designing” babies... it is now pretty standard for most pregnant women 
to be screened for dozens of genetic diseases and complications. Often the mere suspicion of
a genetic defect can lead to the termination of the pregnancy. For example, in Europe 97% 
of all pregnancies where Down Syndrome is detected are terminated. So we are already pre-
selecting humans based on medical or genetic conditions. And this very understandable 
desire is unlikely to disappear in the future. The choices parents will be able to make will 
just become much more fine-tuned!

So far the imagined disease-free future I've been describing has emphasised some of the 
more positive aspects of gene engineering. But if the history of humans has taught us 
anything, it has taught us that any technology, no matter how well intentioned, can be also 
used for evil.
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Imagine what a rogue state like North Korea (or Trump's America) could do with CRISPR? 
Would it be possible, for example, to engineer an army of compliant “super-soldier” clones 
ready to unquestioningly obey any order?

None of this is possible now, but it is highly probable in the not-too-distant future. There is, 
however, no doubt that the rules of Natural Selection that have defined the course of 
evolution for billions of years have now been irreversably changed. And, for better or 
worse, it is us humans who can decide the direction that future evolution may take.

History teaches us that with any technical revolution it seems that the legal and ethical 
questions often lag far behind the technical innovation. So it is with game-changing 
technologies like CRISPR. It is certainly not for me to present answers to the thorny 
problems that the DNA Revolution has and will present. But I can certainly think of a 
multitude of questions that need to be asked... questions that will need to be answered before
we can confidently go further down the path of genetic engineering. Here, for example, are 
just five questions that you might like to think about and discuss... but I'm sure you can 
think of many others...

1. Should the genetic modification of human embryos be banned, worldwide? And if so,
how could this possibly be enforced?

2. Should parents be allowed to “order” their child's characteristics in advance?
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3. Is the “democratisation” of science through the easy availability of CRISPR a good 
or a bad thing?

4. Should companies be allowed to patent, own or licence certain DNA sequences?

5. Should we prevent CRISPR  from modifying eggs, sperm and early embryos in any 
organism because of the implications for future evolution?

So, this brings me to the end of this presentation on the DNA Revolution. You will no doubt
agree that there is a lot here to digest and to think about.
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