[image: image1.jpg]rom prawns to pelicans, diversity in the biological world

is extensive. The cause of such impressive variation
between organisms has long been known to be changes
in DNA. In the last two decades the spotlight has moved
from changes in genes that code for proteins to non-coding
DNA — previously dismissed as ‘junk’.

Scientists used to think that variation between species
was caused by random mutations in genes. These mutations
resulted in changes to a phenotype that were either advan-
tageous or not, then selected for or against through natural
selection. The accumulation of these changes in genes over
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time was thought to result in new genes emerging in each
organism. With this in mind, scientists expected different
organisms to have very different genes, and complex
organisms like ourselves to have far more genes than simple

organisms. However, sequencing of the
genomes of different organisms uncovered
some surprises. There was not enough of a
difference in the number of genes between
a human (roughly 25000 genes) and a
bacterium (around 3000 genes) to account
for the difference in complexity. Even more
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Figure 1 (A) Proteins called transcription factors must bind to the
regulatory sequences in non-coding DNA in order to turn a gene ON.

(B) Once the transcription factor proteins are bound to the regulatory
sequence, the gene is turned ON and can be transcribed. (C) A mutation
in a regulatory sequence (shown by the promoter turning grey) prevents
the transcription factor protein from binding and therefore the gene
remains OFF. (D) A mutation in a transcription factor (shown by the
protein turning grey) prevents it binding the regulatory sequence.
Therefore the gene remains OFF.

unexpected was the discovery that most organisms have
many of the same genes. Mice, for example, share roughly
85% of their genes with humans. Such similarity poses a
question: what makes the difference between a man and
a mouse?

First another unexpected revelation: around 98% of our
DNA (called non-coding DNA) does not code for a product,
and only 2% forms genes. The non-coding DNA was
initially named ‘junk’ DNA because, at the time, scientists
did not know its purpose. On closer inspection it became
apparent that non-coding DNA holds, as well as many other
things, the sequences necessary to regulate gene activity.
Thus, non-coding DNA dictates what is switched on or off
— it controls where and when during growth the genes are
expressed. As more non-coding DNA was found in complex
organisms than simpler ones, scientists began to wonder
whether non-coding DNA held the key to how organisms
became so varied and complex. This article focuses on two
questions: what is the role of this non-coding ‘junk’” DNA
in evolution, and how can organisms be so different when
they share so many of their genes?

Regulating gene expression
It is now thought that, as most animals have the same
genes, differences between animals must be due to how
they use their genes. An orchestra can produce many
different symphonies, each intricate and beautiful in its
own way, by using the same instruments but in ditferent
combinations and times throughout a piece. In the same
way, genes can be made to work in different combinations,
places in a body and times throughout development, to
create different organisms.

Each gene has associated sequences of non-coding

m Small mutation, big consequences

Major changes in gene expression can be introduced by altering
the activity of regulatory genes called pattern-determining genes.
These regulatory genes code for transcription factors. These genes
control the regulation of other genes. Therefore, by altering regula-
tory genes you can change the expression of many other genes. A
simple mutation that changes a pattern-determining gene or the way
it is expressed can result in many changes in an organism. This often
results in whole structures being altered. For example a fruit fly gains
an extra set of wings in the Bithorax gene mutation (Figure 2).

There are three main ways to alter the activity of pattern-determining

genes:

® change the gene (and therefore its function)

o change how the gene is expressed

® change the regions of
DNA that the pattern-
determining protein
binds to and regulates

Figure 2 (Left) A normal fruit
fly and (right) a fruit fly with an
extra pair of wings caused by
the Bithorax mutation.

12

DNA that regu
or off. These as!
prom()tcrs/ WOrl
scription factors

ate whether its expression is turned on
sociated sequences, called enhancers and
by binding specific proteins called tran-
. The transcription factors either promote

or inhibit the binding of RNA polymerase to the target
gene (see Figure 1). RNA polymerase is the enzyme that
causes genes to be transcribed into mRNA. Promoters allow
the expression of individual genes, turning them on by
allowing the binding of RNA polymerase. Enhancers will
cither turn genes on or off by influencing the success of
the RNA polymerase binding with the promoter sequence.

The lac operon, in bacteria such as E. coli, demon-
strates the use of transcription factors in regulating gene
expression. In the absence of lactose, a ‘repressor’ tran-
scription factor binds to the promoter of the lac operon and
prevents the expression of several genes necessary for the
metabolic breakdown of lactose. It does this by blocking
RNA polymerase. This repressor prevents the bacteria from
expressing genes and producing proteins unnecessarily. In
the presence of lactose, the binding of the repressor protein
is prevented. This means that the relevant genes can be
expressed and lactose can be broken down.

When regulatory regions mutate, transcription factors
are unable to bind to DNA correctly. Therefore, the expres-
sion of the gene is changed. It may produce more protein,
less protein, protein at a ditferent time during growth, or
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[image: image3.jpg]protein at a different place in the organism. Changes in
the regulatory regions of genes are less likely to have a
harmful effect on an organism than changes in the protein-
coding regions of genes. This is because the gene itself is not
damaged by the mutation. In addition, genes usually have
several enhancers regulating their expression, so a change in
one only affects part of its expression, making the mutation
less damaging. In terms of potentially causing variation in
organisms, this mechanism of change is successful, as the
organism will survive and pass on the changes to the next
generation.

Changes in regulatory regions of genes can induce either
small or large changes in organisms. Major changes are often
the result of altering pattern-determining genes, which are
responsible for the body plan of organisms (see Box 1).
These genes are involved in organising the formation of
structures such as the backbone and limbs. The loss of
forelimbs in snakes, for example, is due to a mutation in
the regulation of the genes coding for limbs. Snakes evolved
from lizards through the loss of their forelimbs and then
the loss of their hind limbs. The initial loss of forelimbs was
due to changes in the expression of two genes called HoxC-6
and HoxC-8. These genes are 1‘esp0hsiblc for determining
the types of vertebrae formed. In lizards, when the HoxC-6
gene is expressed on its own, forelimbs are formed. Further
along the lizard body, the HoxC-8 gene is expressed. HoxC-8
works in combination with the first gene to produce ribbed
vertebrae.

In snakes, however, a change to the way these genes are
regulated results in the two genes always being expressed
together (see Figure 3). This is why snakes are not able
to produce forelimbs and instead produce only ribbed
vertebrae.

A famous illustration of variation among organisms is
Darwin’s Galapagos finches. They are yet another example
of changes in gene regulation. Although Darwin did not
know it, the difference in beak shapes he observed between
the finches is due to the regulation of the gene controlling
beak shape. When this gene is expressed at a high level,
the beak is large and good for crushing seeds. When it is
expressed at a lower level, the resulting beak is thin and
good for probing flowers. Observing how these beak shapes
were adapted to eating different types of food laid the foun-
ation for Darwin to form the theory of natural selection.

Changes in genes

Although organisms share many genes, changes in genes
themselves, as well as changes to their expression, also

lead to evolution. Changes in the protein-coding regions
of genes occur by mutations causing changes in the base
sequence of a gene. This different sequence may code for
an altered protein that changes the protein function, thus
altering the phenotype of the organism.

Mutations that influence gene regulation often have
very small effects. However, when these mutations occur
in genes that are crucial for the body plan of organisms
they can also introduce massive variation. For example,
the reason insects have only

x legs is a mutation in a
pattern-determining gene. Insects have fewer legs than
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Figure 3 How gene expression of the HoxC-6 and HoxC-8 genes differ in animals
with forelimbs (chick) and without (snake). (A) Skeleton of a snake displaying

the excess of ribbed vertebrae. (B) Gene expression pattern of the HoxC-6 and
HoxC-8 genes in an animal with forelimbs (a chick) shows that there is a region

of expression of the HoxC-6 gene alone without the HoxC-8 gene just prior to

the forelimb. This region of gene expression triggers the formation of the chick’s
forelimb. (C) Gene expression pattern of the HoxC-6 and HoxC-8 genes in an animal
without forelimbs (a snake) shows that both the HoxC-6 gene and the HoxC-8
gene are expressed together in the same pattern. The joint expression of these
genes prevents the formation of the forelimb. The hindlimbs were lost later through
changes to a different gene pathway.
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[image: image4.jpg]other organisms, such as spiders and crabs, found in the
arthropod phylum. This reduction in limb number is due
to a change in a gene that resulted in the repression of the
formation of abdominal limbs in insects.

An unresolved debate

Scientists are still not sure which method of introducing
variation into animals at the molecular level has contrib-
uted most to evolution. Unlike mutations in genes, which
are known to be the cause of many harmful diseases such
as sickle-cell anaemia (see BIOLOGICAL SCIENCES REVIEW,
Vol. 23, No. 2, pp. 34-37), mutations involved in regulating
gene expression do not alter the gene itself. This is why
it is argued by some scientists that as such mutations are
potentially less harmful to an organism, they should have
more effect on variation.

One argument against this view is that far more variation-
inducing mutations have been discovered in genes than in
the sequences that regulate genes. However, mutations in
genes are more likely to be found. This is because when
a protein is altered, scientists will first look in the gene to
find out why. Regulatory sequences are randomly situated
within non-coding DNA, some as far as 1 million base pairs
away from the gene. Only a fraction of them have even
been located. This all adds up to mutations in them being
far harder to discover than mutations in the coding region
of genes. Also, knowing that mutations occur randomly and
that genes make up only 2% of the human genome, it can
be assumed that most of these mutations must occur in the

other 98% of non-protein-coding DNA. It is therefore not
hard to see how there may be more to non-coding DNA
than first met the eye. Scientists are hoping to identify all
regulatory sequences to help find out more about them.

An age-old problem scientists face when trying to under-
stand the causes of variation between organisms, and the
process of evolution, is that it is hard to test any hypotheses
because evolution usually occurs over such long periods
of time (see BIOLOGICAL SCIENCES REVIEW, Vol. 23, No. 2,
pp. 26-29). Therefore, theories about the main causes for
evolution can remain only theories. Hopefully, continued
analysis of the genome will unlock further truths and
encourage us towards better understanding of the reasons
behind the abundance of organisms.

Things to do

P> For more information on the human genome project and
what has been discovered from comparing the genomes of
different organisms, check out these websites:
www.ornl.gov/sci/techresources/Human_Genome/publicat/
primer2001/4.shtml
www.ornl.gov/sci/techresources/Human_Genome/project/
journals/insights.shtml

www.genome.gov/10005835
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