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DNA is the most amazing molecule in the world. ©fise Darwin in

the 19" century knew nothing about DNA, and in many walys t
history of evolution since Darwin is like a longdge bringing us all

the way from his great theory of natural selectorour 2£' century

world of DNA and genetics.

DNA in the test-tube looks like a really boringtlet bit of squidgy
white plastic. But it contains the language of,lifee set of recipes
that provides all living organisms with their bastcuctures and ways
of living in the world.

DNA is found in every cell of our bodies, except oad blood cells.
Each of the approximately ¥0cells in our bodies contains an
astonishing six foot length of DNA packaged witlogeins to form 23
pairs of chromosomes. That's really difficult toibee, because cells
are very small: typically human cells are only ab&Q microns in
diameter, which means you can easily line up 108 eeross the top
of a pin-head. In fact if all the tightly-packed\R in all the 16°
cells in a single human being were stretched olly, fit could go
round the equator 456,000 times! As millions of oelits divide every
second, each individual cell produces thousandmitds of newly
copied DNA every minute. We are all walking photpging
machines, but fortunately we don’t have to thinlowabit — DNA
replication is on automatic.

Evolutionary theory has come a long way since Daramd in its
modern form involves two key steps which operatgetber to
produce new forms of life. In step one, variatismntroduced into the
genomes of living organisms. The genome referhi¢osum total of
all the genetic information contained in the DNA afsingle living
thing. New variant DNA can be generated by morenthadozen
different mechanisms, all of which are random ie sense that their



occurrence is not connected to any particular requent of the
organism.

Step 2 is the one that Darwin discovered, ‘natsesction’, whereby
the variant organisms produced by the variant gesoane tested out
in the workshop of life. The variant organisms thete most
successful in ‘being selected’ to pass on theilogass to subsequent
generations will do so because they are best adidpteparticular
environments. The key measure is ‘reproductive esgc how many
copies of these particular sets of variant genomnegassed on to the
next and succeeding generations?

But in 1859 when Darwin published his great w@rk the Origin of
Foecies, the mechanism of inheritance was completely unkndso
how didwe get from there to here?

Darwin set out his own views on inheritance notthe Origin of
Soecies, but in the second volume of his 1868 work, Waeiation of
Plants and Animals under Domestication. There Darwin presented his
theory of Pangenesis. The idea was that multitwddgtle physical
units, ‘gemmules’ as he called them, were proddcmd each part of
the body and ‘packaged’ in some way in the eggs spetm, or
pollen in the case of plants, from there to be @éssn to the
offspring. Darwin believed, like his forerunner de@aptiste Lamarck
(1744-1829), in the inheritance of acquired chanmastics: the
external environment could modify the inheritabéagnules. He also
thought that inheritance resulted in a ‘blendinfttee characteristics
of both parents, with the ‘gemmules’ playing a keje in the
blending process. So Darwin himself was not acpuall strict
Darwinian — he believed in the inheritance of apegiicharacteristics.

But the problem for evolution, of course, is tHabfifspring inherit a
blend of their parents’ traits, then even the nh@steficial variation in
any one individual eventually disappears througmegations of
breeding with normal types. Under any theory ehlled inheritance,
individual variations are “swamped” by the largepplation.



So the other Big Idea that eventually became imm@ated into our
current theory of evolution came not from Darwinjt from a
Moravian monk named Gregor Mendel (1822-1884).italty, at the
very time that Darwin was puzzling over the questod inheritance
and proposing his theory of Pangenesis, which wafadt wrong,
Mendel had not only carried out the key experimehist would
eventually lay the foundation of modern genetias, dlso published
his results in 1866. But Darwin knew nothing of Wwiark.

Mendel was the only son of a peasant farrhier.failed his exam to
obtain a teaching certificate, although by all actds he turned out to
be a great teacheim 1843 he gained admission tfee wealthy and
scholarly St. Thomas Monastery of the Augustiniaieéd near the
Moravian capital of Brunn where he remained for st of his life,
eventually becoming its Abbott, and so Mendel hhe Qreat
advantage that he had access to the garden ofdhastery where he
carried out his famous plant breeding experimentind the period
1856-1863, exactly the period of Darwin’s publicatiof On the
Origin of Species,

Mendel's experiments probably sound pretty boriogus know,
because essentially they consisted of “growingyssoreeding,
observing, sorting and counting nearly thirty themus$ pea plants of
various carefully selected varieties” and trackitingir pattern of
inheritance. Yet his findings eventually changedr owhole
understanding of inheritance. Like much successfuk in science,
his experiments involved the right choice of matisrto work with, a
lot of patience, a sharp eye for detail, and smathematical skills.
Mendel also had a great love of fine food and geoars, both
reportedly consumed in prodigious quantities, salowbt that helped
with the analysis.

And essentially what Mendel found was that the iithece of
characteristics was particulate. If he crossed gbeans which were
either tall or short, or that had either wrinkledsonooth seeds, then
their offspring were either tall or short, not savhere in between. Or
they had seeds that were either wrinkled or smaaiha blending of



both. So Darwin’s blending theory of inheritanceswarong, but of
course he never knew it because he never saw Msmdsults.

Mendel also noticed that some characteristics &f fpeas were
‘dominant’ and some were ‘recessive’. When he a@ddbe tall pea
plants with the short pea plants, then the ratiabfto short plants in
the next generation came to approximately 3:1:\@t a dominant
trait, and short was a recessive trait. But if hessed tall with tall
then he got only tall, and likewise short with ghgielded only short
plants. Experiments with peas having multiple ddfe characters
suggested that each trait, e.g. height, color,utextwas inherited
independently through subsequent generations.

These were key findings, we now know with the beregfhindsight,
but they were published in an obscure journal, debraway and
largely forgotten for a period of 35 years.

Soon after Mendel's publication, in 1869, the Swisiysician
Friedrich Miescher discovered a weak acid in theleiuof white
blood cells, so he called it “nuclein”. He isolkthis white blood
cells from the pus on bandages collected from dwallhospital in
Tubingen where he was then working. Such is theicdadn of
scientists. It would be nearly a century until thstibstance,
deoxyribonucleic acid (DNA), was identified as thmolecule
responsible for Mendel’'s results. In the meanwhitee mystery of
inheritance continued to be a topic of curiosityrfwany.

Darwin died in 1882 and was buried in Westminstbb@y as a great
British scientific hero with great pomp, the famadaenic scientist.
But ironically for the next 50 years his theory mdtural selection
actually declined in popularity, and by 1900 someldgists were
talking about the demise of Darwinism.

In 1903, the German botanist Eberhard Dennert aroeld, “we are
now standing by the death-bed of Darwinism, and intpkeady to
send the friends of the patient a little moneynsure a decent burial
of the remains.” Evolution as an idea remainednénsely



widespread and popular, and was greatly strengthbyenew fossil
discoveries that I'm sure we’ll be hearing more whfsom Simon
Conway Morris later in the day - but havolution actually happened
was widely disputed. The significance of Mendel’'sykresults
remained unknown. Lamarckian evolution remained upap the
inheritance of acquired characteristics, becausetiilden jumps that
were observed in the fossil record seemed bettplaimed in this
way.

Even great enthusiasts for evolution, such as Thadenry Huxley,

never really accepted slow, incremental, naturdécten as the
mechanism for evolution, much preferring the idéaig jumps or

so-called saltations. Also Huxley was suspicioughefrole of chance
In generating variant phenotypes of organisms uwbrch natural

selection then acted. For Huxley, chance soundedain opening for
God’s special creation, whereas he wanted to sedutewn as

emerging out of natural scientific laws. So itsnimthat in his day
Huxley resisted the idea of chance, because hegythahat it had

theological overtones, whereas creationists todmyst the idea of
chance because they think that it has atheistidaves. Often people
interpret essentially the same data in quite difieways depending
on their historical and cultural context.

The great Victorian idea of progress also seemetfit thetter with

Lamarckian ideas. Surely it is more rational, se #igument went,
that the useful things that animals learnt durimgrtlifetimes should
be passed on to their offspring. Why waste whatwelearnt — let it

benefit a future generation. This perhaps illussathe danger of
imposing our own political or social ideologies upthe data of
science — we should let the data speak for itself.

Another factor that encouraged the popularity ofmhbgackian
evolution was that the earth was actually gettiognger during the
latter decades of the T%entury. By the early decades of thé"19
century everyone knew that the earth was really bid there was
still much discussion about exactly how old. Aloogmes William
Thompson, the great physicist, later to become kaiin, who used



his law of cooling to estimate (in 1862) that therld was only 20-40
million years old, far less than had previously rbéhought, and
seemingly not long enough to allow natural selectio occur by
acting on random variations in organisms. So Lakiancevolution

provided a convenient mechanism for speeding thupmsOf course
we now know that Lord Kelvin’'s estimates of the agfethe earth
were wrong, because he didn’'t know about the heaéated by the
radiation in the earth’s core, which changes thgasbn completely,
and the earth’s age is of course now estimatee #.® billion years.

Meanwhile, increasingly powerful microscopes wesng used by
biologists to good effect. August Weismann (18344)9made the
important observation, published in 1893, that ¢havere two
different types of cells in the body, the ‘somatalls’ that made up
the bulk of the body and did not pass on their nmfation to
succeeding generations, and the ‘germ cells’ (dgeaad sperm cells)
that did pass on information. Moreover, he noted the two types of
cell replicated in different ways. Somatic cellsngafrom germ cells,
but not vice-versa, rendering the inheritance ofquaed
characteristics impossible. As such, Weismann'difig contradicted
the theory of Pangenesis. To make quite sure, bppad the tails off
fifteen hundred rats, repeatedly over 20 genersfiand reported that
no rat was ever born in consequence without altaikally did seem
that the property of being a tailless rat was noherited.
So...Lamarck was wrong.

Finally at the turn of the 19th century Mendel’'snagal work was
rediscovered and extended by three fellow planedees: Hugo de
Vries (1848-1935) Professor of Botany at the Ursitgr of

Amsterdam, son of a Mennonite deacon who later rhec&rime
Minister of the Netherlands; Carl Correns (1864-3)9® Tlbingen,
orphaned at an early age, raised by an Aunt inZew&nd, who was
encouraged to study botany by a correspondent afd&le and Erik
von Tschermak (1871-1962) in Ghent, whose grandfatiad taught
Mendel during his time in Vienna. All three had besesing different
plant breeding systems to investigate inheritanod, each confirmed
a 3:1 ratio between dominant and recessive tmaitis own system.



With varying degrees of speed and enthusiasm, theygnized that
their work had been foreshadowed in Mendel's warkg together
they helped to launch Mendel to the central plaet he still enjoys
in the history of genetics.

All these results provided striking confirmation tfe particulate
theory of inheritance. In 1909 the Danish botaigilhelm L.
Johannsen (1857-1927) introduced the term ‘geneepdace older
terms like factor, trait, and character: the wordswdeliberately
chosen to contrast with ‘pangene’, the older tesspaiated with the
now discredited ideas of Pangenesis.

Now you might have thought that once the Mendeliaws of
inheritance had been rediscovered, then bingo wuyd be brought
together with the idea of natural selection to giyigenerate the kind
of theory of evolution that we have today. But thatn’t happen at
all. During the early decades of the™6entury, Mendelism as it
became called, the pattern of inheritance that Mehdd originally
discovered, was actually seen as a rit@lthe theory of natural
selection. How come?

Well the answer is that the particulate idea otnitnce readily lent
itself to the idea that changes in evolution happlerather suddenly.
The idea of ‘saltations’, sudden jumps, soon becataetified with
the idea of ‘mutations’, a term which at the begignhad a quite
different meaning from the way we use the term yottarefer to
changes in physical genes contained within DNAthe early 19
century the term referred much more to the appBresidden
appearance of different varieties of plants, sd 8peciation itself
could be quite sudden.

For example, the botanist Hugo De Vries made ektenstudies of
the evening primrose, and observed that it seelbkedta sprout new,
differently colored varieties at random. The sbech ‘mutation
theory’ of de Vries became the most popular themfrgvolution in
the early decades of the "2Qcentury. And it seemed to many
biologists to make Darwinian natural selection miets important,



or even completely superfluous. If new varietiesmartations could
come about suddenly, then why did you really nestinal selection
because the new variety or species had got théna ane jump?
Other biologists, and de Vries himself was onehein, still retained
a role for natural selection to allow the survigthe best mutational
varieties that arose, but its role was deemedypraihor. Instead it
was just thought that species occasionally wemtuitin rapid bouts of
mutation in which they sort of threw out a wholdesgon of new
varieties, and this also then explained, so it thasight, the gaps in
the fossil record.

Now what all this shows is that it's not a goodade base general
conclusions in biology on the study of just oneadew species. And
by 1920 it became clear that actually the eveninginese that de

Vries had been studying for so long was a compidxitd, and so his

apparently new forms of primrose were not new foohmutation at

all, but simply recombinations of existing charaistcs.

Meanwhile genetic studies were being extendedhfitst time from
plants to animals, and the key scientist who cdroet this work was
Thomas Hunt Morgan, the first American biologist receive the
Nobel Prize. Now ironically at the start Morgan diseutation theory
to make a vitriolic attack upon Darwinian naturalestion. In his
book Evolution and Adaptation (1903) Morgan dismissed both the
idea of natural selection and the idea that evahutiould be driven by
the ideas of adaptation. But it was Morgan’s wdrattwas soon to
help lay the foundations of modern biology and oontemporary
theory of evolution.

This happened because Morgan decided to shift fstamts to fruit-
flies, called Drosophila, as his organism for reskaAnd geneticists
have been using Drosophila ever since. “It's wofdematerial”,

Morgan boasted in 1910, “they breed all the yeandoand give a
new generation every 12 days”. Within the first si@ars of his
research, during which he had made his most prafaliscoveries,
Morgan and his research team had watched more ajemes of fruit-

flies go by than Mendel and de Vries could havensedheir peas or



primroses in two centuries. His team worked in altaboratory at
Columbia University in New York, which soon becakmown as the
“fly-room”. Milk bottles filled with flies lined tie desks and shelves.
The stench of rotten bananas (used to feed the),fland the ether
used to anaesthetize them filled the air, togethtér swarms of flies
that had escaped.

So what did Morgan discover? Well first that Mensldbaws of
inheritance applied equally well to flies as theg t plants. After a
year of breeding flies Morgan’s team found theistfifly mutation, a
male white-eyed fly in a roomful of red-eyed fli@hey then bred the
male mutant with a normal, red-eyed female, aneérlmed their
offspring. All the flies in the first generation veered-eyed, but in the
next generation there was approximately one flyhwthe mutant
white eyes compared to every three with red eyeerghth had
demonstrated the famous 3:1 Mendelian ratio betvaegmminant and
a recessive trait.

Soon Morgan’s group discovered many more mutatiar] by
extensive breeding experiments during the yearsl-1%1 they
showed that many fly traits or characteristics warked together in
their inheritance, and could be located on one loé ffour
chromosomes that Drosophila were shown to possgsshéir
scientific collaborator, the Belgian Franz Janssénhs# of this work
came the key conclusion that genes were strungroehromosomes,
as Morgan put it: “like beads on a string”. In 190organ co-
authored with three other collaborators the famdagok The
Mechanism of Mendelian Inheritance, that completed a revolution in
scientific thought by placing genes at the cenfrdiologists’ ideas
about heredity.

Now surely, you might have thought, Morgan wouldplsphis
brilliant new discoveries to evolutionary theorysisow how genetic
variation and natural selection could come togetizeigenerate a
unified theory. But that didn't happen. Morgan wageductionist
laboratory-based experimentalist. He was very simp of
theorizing and of speculating. And he continuedjitee a major role



to mutations in making forward jumps in evoluti@md a very minor
role to natural selection. He was very focusedhenflies kept in his
milk-bottles in the lab, less interested in howfahént fly species
actually behave out in the wild. He continued tmimize the role of
adaptation in evolutionary change, since most a thutations
observed in the laboratory seemed to be negativehenr effects

anyway.

But without ever seeing a gene, by 1915 Morgantasdtudents had
used their studies of mutant flies to establishdkistence of genes,
map their location on chromosomes, and elucidadé#sic principles
of classical genetics. That was an incredible agmeent. But one
person, one research team, cannot do everything.

The next key stage in the development of evolutypndeas in
biology came not from plant-breeders, nor from thebreeders,
indeed not from the laboratory at all, but from plapion geneticists
and mathematicians. The key question now was: hiowedolution
actually work in populations of living organismston the wild?
There were three key figures associated with thif$ i thinking, and
these were the mystic British communist J.B.S. Hiadd the Anglican
British eugenicist R.A Fisher, and the American 8é&wWright, the
son of first cousins, who became a professor atUhw&ersity of
Chicago.

And for the first time they started analysing matlécally the
consequences for populations of genetic variatidow do gene
frequencies change in populations under evolutiof@ces? And the
four factors that they realised were important wggaetic drift, gene
flow, mutation, and natural selection. So unusedewsologists at
this time to mathematical treatments of their scibjeat Fisher’s first
paper submitted to the journal of the London Ro$akiety was
turned down because no-one could understand it!

Genetic drift means the change in the relativedesgy in which a

gene variant, known as an allele, occurs in a @i due to
random sampling and chance. The alleles in offgpare a random
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sample of those in the parents, and chance hake anrdetermining
whether a given individual survives and reprodutmsgine that you
put twenty marbles in a jar to represent 20 orgasis a population.
Half of them are red and half blue, and the colmasespond to two
different gene alleles in the population. The afifsgp they reproduce
for the next generation are represented in angtrerdn each new
generation the organisms reproduce at random. peesent this
reproduction, randomly select any marble from thigioal jar and

deposit a new marble with the same color as iteetgain the second
jar. Repeat the process until there are 20 new lewrb the second
jar. The second jar will then contain a second gmimn of

"offspring”, 20 marbles of various colors. Unleds tsecond jar
contains exactly 10 red and 10 blue marbles, thgllechave been a
purely random shift in the allele frequencies, amd will influence

what happens in the next generations also.

Gene flow simply refers to the transfer of alletdsgenes from one
population to another in the same species. Letgimeathat two
animal populations have been breeding quite seggran either side
of the country. During this time they will accumtdaquite different
sets of allelic variants. They then migrate andgi@nand start inter-
breeding again quite randomly. The transfer ofardrialleles from
one population to the other is then called gena.flo

Mutations now came to mean not the sudden emergehasw
variations as previously, but more discrete changesctual genes,
resulting in different alleles even though chenticahese changes
weren’'t yet understood because DNA hadn't yet bdegcovered.
And the role of natural selection once again begdre recognized as
a powerful sieve, just as Darwin had always manadj filtering out
those sets of alleles that reduce the fithesseobtanism.

And in time this combining of the ideas of genetiberitance and
variation, together with Darwinian natural selegtiocame to be
known as the neo-Darwinian synthesis — the fusoggther of the
two key ideas in evolutionary theory that have sthwith us right up
to the present day — so that one useful way of sanzmg evolution
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Is by this little mantra:
Genes mutate
Individuals are selected
Populations evolve

Sewall Wright in particular introduced the ideaadfaptive landscapes
— picturing Darwinian fithess as being like a wallapted set of
genetic variants at the top of a mountain peak,rede the valleys
represent genomes that produced less fit organisiisess here

doesn’t refer to what results when you go to thengbput rather a

short-hand way of expressing reproductive suca@sganisms well

fitted to their environment are those that genepégaty of progeny in

succeeding generations.

Big ideas in science often benefit from scientistso are good at
communicating the key results to a wider publicd dhe unusual
J.B.S.Haldane played precisely such a role. Haldhas been
described asifidependent, nasty, brilliant, funny and totallyecot a
kind”. He learned Mendelian genetics while stilbay by breeding
guinea pigs and often served as one himself whermdteged his
father, who was professor of genetics at Univer€itflege London.
In one childhood episode, his father made him eeat long
Shakespearean speech in the depths of a minetgligfimonstrate the
effects of rising gases. When the gasping boy lfirfall to the floor,
he found he could breathe the air there, a ledsainserved him well
later in the trenches of World War I.

Later Haldane himself quite often experimented gigirs own body,
one time drinking a large quantity of hydrochloaicid to observe its
effects on muscle action. | hasten to add that nohethese
experiments should be repeated by anyone herat'&yerhaps not
surprising that the writer Aldous Huxley incorp@@tHaldane into at
least one of his novels as the arch-typical ecestientist.

More relevant to our immediate topic is Haldane&n thighly

mathematical papers published between 1924 and, 1984 his
influential book The Causes of Evolution (1932), in which he re-
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established a central place for natural selectothé neo-Darwinian
Synthesis. It's interesting that Haldane commentsis 1932 book
that "Criticism of Darwinism has been so thoroughgathat a few
biologists and many laymen regard it as more o kgloded" (p.
32). This just shows how far the drift away fronar@inism had

gone since 1882. But Haldane’'s aim was to resuidacwinism by

showing that continuous, small-scale variation doalso have a
Mendelian basis and, especially, that tiny selecticessures, working
in a cumulative manner on such minor variationsyladceffectively

explain evolution.

Haldane was a theoretical biologist who never digtimfield-work,
but he did use the famous results of the biolobist on the peppered
moth which had shown how increasing industrial@ain Britain had
led to a higher proportion of black moths that vebheé less visible to
predators as they rested on sooty leaves. Haldaoalated that the
observed increase of black moths from 1% in 18483% in 1898
required only a 50% higher survival rate of blacktins over speckled
ones. But if the increase was solely due to vamatithout selection,
as the early Mendelians tended to argue, thewtbiigd require 1 in 5
moths to mutate from speckled to black an obvioysoissibility.

Other influential biologists followed up in populang the new neo-
Darwinian synthesis. Julian Huxley, brother of Aldoand grandson
of Darwin’s great defender, Thomas Henry Huxleyswae author of
Evolution: The Modern Synthesis (1942), one of the most influential
books on evolution in the 20century. He carried out same famous
studies on the Great Crested Grebe and on somelotte that mate
for life, developing ideas that Darwin himself hadginally discussed
on the evolution of sexual selection. Like Haldarexley was one of
the biologists in the early 20century to restore a prominent role to
natural selection in the evolutionary narrative.

Other key figures who helped establish the neo-aan synthesis
include the Russian, later to become American, dbsis
Dobzhansky, a committed eastern Orthodox Christidod was a
student of Morgan and was the one who first tookegies out to
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investigate natural populations Bfosophila in the field. The title of

one of his popular papers - “Nothing in Biology MakSense Except
in the Light of Evolution” published in 1973, hasdome almost a
mantra in the field of evolutionary biology. It'siteresting to note
how three of the great founders of the neo-Darwinsgnthesis —
Haldane, Fisher and Dobzhansky — represent suatteresting range
in their own religious commitments. Haldane was #tleeist albeit

mystic-Marxist; Dobzhansky the Eastern Orthodox;sher a

committed Anglican who sometimes preached in hileGe Chapel

in Cambridge — a good example of how scientistanyf faith or none

can work together in the scientific enterprise stablish a common
theory.

Ernst Mayr was another great influence on the dgpraent of
evolutionary theory during the course of his loifig.IHe died in 2005
aged 100, a year when he also published what turnedbe his last
scientific paper — an example to us all. Neithervida nor anyone
else in his time knew the answer to #pecies problem: how multiple
species could evolve from a single common ance&orst Mayr
approached the problem with a new definition f@ tloncepspecies.
In his book Systematics and the Origin of Species (1942) he wrote
that a species is not just a group of morpholobjicaimilar
individuals, but a group that can breed only amdhgmselves,
excluding all others. When populations of organigesisolated, the
sub-populations will start to differ by genetic fdriand natural
selection over a period of time, and thereby evaite new species.
The most significant and rapid genetic reorganiratoccurs in
extremely small populations that have been isolééesdon islands).
Mayr called this allopatric speciation.

Whilst these great advances in evolutionary theweye being made
in the 1920s, 30s and 40s, there was still a gmegstery that
remained: from a chemical perspective, what wereegaenade of? It
had been realized since the work of Morgan thaegemere located
on chromosomes like beads strung out on a stringwBere and how
was the genetic information actually located? Mamjogists thought
that the genetic information was contained in thetegns. After all,
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proteins contain 20 different amino acids and epadbiein has a
precise sequence of different amino acids, so $keamed to give
plenty enough specificity for the transfer of gen@tformation. But
there was just one problem. How could a singlegmopass on its
information? How could it divide?

The beginnings of the answer came in 1944 when DA identified

as the genetic material. This key finding was earrout at the
Rockefeller Institute in New York by Oswald Aver{877-1955).

Avery’s research team found that the charactesisiicone strain of
bacteria could be transferred to another purelgugh DNA and not
via proteins. Avery’s results were initially greeteith disbelief, the

world being in the turmoil of the Second World WB¥. the time the

significance of Avery’s results was fully appreei@dt he was dead,
and Nobel Prizes cannot be awarded posthumously A¥ery was

entirely correct and his findings laid the groundkvéor the new era
of molecular biology.

The race was on to determine the structure of DiNas known that
it contained specific sequences of the genetic adph known as
nucleotide bases, there being only four types ofleuiide, four

letters in the genetic alphabet. The question asy were they
assembled together? There were a number of differeasd models.

Linus Pauling preferred a triple-helix. But Jim 8@t and Francis
Crick based at the Cavendish Physics Laboratoni€sambridge had
the huge advantage that they obtained the X-rayadtfon pattern

results of DNA in advance of publication from aesttist working at
Kings College London called Rosalind Franklin. PBoainklin died at
the age of only 38 from ovarian cancer, so was mabée to really
receive the recognition for her pioneering workhat time. But based
on her results Watson and Crick set to work to douodels that
would satisfy the measurements that Franklin hadioéd, until they
finally published their famous DNA double-helicalusture in Nature
1953. Their paper was barely a page long, but ttieuble-helical

model changed the face of biology. The last laceeiatence of their
paper says it all: “It has not escaped our notieg fthe structure] we
are postulating immediately suggests a possiblgingpmechanism
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for the genetic material”. Once you have a douldkxh then you
have a mechanism for unzipping it and copying eddnd to make
two daughter molecules of DNA. Mendel’s laws ofenkance finally
found their chemical mechanism.

Soon the genetic code itself was broken in the 49&0gely by the
work of Sydney Brenner in Cambridge, the 64 triptzidons,
consisting of three genetic letters, or nucleotimlses each, that
encode the amino-acids that make up the sequdmmeteins, each
specific sequence giving each protein its particptaperties. So now
a gene became a specific sequence of nucleotid&NM. Those
sequences that encode proteins became known as ‘@pading
Frames’. Out of these advances came the so-calEdral dogma’,
information from DNA is transcribed into mMRNA moldes and these
are then translated into the amino acid sequenteeqgbrotein. Notice
how the language of language has dominated thasively new field
of molecular biology, with its talk of transcriptiptranslation, open
reading frames, and so forth. It is now commoratk of the language
of the gene.

So the gift that molecular biology gave to evoloaoy biology was
an actual set of molecular mechanisms that not erplain genetic
inheritance, but also genetic variation. A hugeyarmf mechanisms
account for genetic variation: point mutations whaffect a single
genetic letter; deletions in which whole parts a@jese drop out; gene
duplication in which more than one copy of the sagene is
generated on the same chromosome and passed dme toekt
generations. And lots of other types of variati@sides. So the same
set of possibilities as before are still with ugenetic drift, gene flow,
mutation, and natural selection — but now theseesaleas are based
on actual DNA-based information.

It was Richard Dawkins who popularised the ide#hefSelfish Gene

with his best-selling book published in 1976. Biie tidea is
biologically rather misleading. The reality is thatany genes
cooperate together in the genome of each orgarmsprdduce the
recipe that builds the organism. The genetic oftctaas made up of
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many different instruments, many different genést heed to play
well together in order to produce the music of.lif&nd just as a
musician can flourish in one orchestra and notniotlaer, so the same
gene can have different effects depending on thetge company
that it keeps.

Molecular biology has also stimulated the rise wb-devo, which is

not some new avant-garde artistic movement, butfarence to
evolutionary development, the awareness that trgulagon of

development provides a key target for natural selecFor example,
the hox genes are master genes that define whirhesd in the fruit-

fly Drosophila does what, grow a leg, a wing or vevar it needs.
The hox genes provide the cells in the differegnsents with a kind
of GPS navigator so that they know where they ackvehat they are
supposed to do — except this is a GPS system #ed ohemical
signals rather than radio waves. And in fact you fihe hox genes
involved in development in all vertebrates. Reactvid and feel your
own ribs — hopefully you can feel them — they dreré in the right
order because your master control hox genes mawetisat they're

there. Evo-devo investigates the roles of such g@émesvolutionary

history.

Stephen Jay Gould was an influential evolutionagidgist during
the last few decades of the"2€entury. Gould was fond of saying that
if you could replay the history of life again, thé&nwould end up
looking quite different. Certainly we wouldn't berte. Gould liked to
emphasise the stochastic, random aspects of ewwduyi history.
There is no doubt that there are some.

But more recent biological findings have suggested if we take the
evolutionary process as a whole, Gould was wrongaiWis striking
are those many discoveries that show that evolutsora highly
constrained process. We can now see evolutiokas Isearch engine
for exploring design space. Most attempted solstion filling design
space are sterile — no flourishing living organismsult — those are
the little red boxes in the diagram. But now andiagevolution
generates a genome that builds an organism thaidhes in a given

17



ecological niche. Those are the green boxes, andpfovide us with
the evolutionary lineages that we in fact obseAmd in generating
the green boxes, living organisms come up with game kind of
adaptive solutions again and again in the phenomdamwn as
convergence. Evolution is a highly organized anast@ined process,
and to some extent predictable.

So as we look back at the history of evolutionahought,
summarized today in this highly compressed formusenever think
that this is somehow the end of the story, that edoow we’ve
arrived. Not so. Scientific theories are like mdpst render coherent
lots of different bits of data. But maps are natist— they go through
different editions as new data and insights comagal So it is with
evolutionary theory. The map of evolution is bemegtructured and
reshaped, and the new discoveries of these conaogdegs might just
make it look very different indeed. And with thabpocative thought
| will close.
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