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The German philosopher and biologist 
Hans Driesch ( 1867-1941) was the first 
to create twins, back in 1891. He took a 
two-cell sea urchin embryo, shook it 
apart, and showed that each cell 
developed into a complete individual. 
This finding refuted the then prevalent 
idea of another eminent German 
biologist, August Weismann (1834–
1914), who believed that if the cells from 
a two-cell embryo were separated, each 
could create only half a creature. 

Driesch’s embryo-splitting 
experiments showed that for several 
generations after fertilisation, 
embryonic cells retain the potential to 
turn into any type of cell – from heart 

cells to egg or sperm cells, and even the huge variety 
that make up a whole individual. These cells, which are 
now called totipotent or omnipotent stem cells, have 
become the focus of attention in laboratories 
worldwide because they offer extraordinary medical 
opportunities for growing replacements for defective 
cells and tissues in the human body. 

However, a key technical hurdle to the artificial 
twinning of animals remained for almost a century.  
It was only overcome in 1984 by Steen Willadsen, a 
Danish scientist working at the UK Agricultural 
Research Council’s Unit on Reproductive Physiology 
and Biochemistry in Cambridge. 

The problem Willadsen faced was that when the 
protective zona of a mammalian embryo is damaged, 
the mother’s immune system destroys it. Willadsen 
prevented this when splitting sheep and cow embryos 
by protecting each half in a jelly-like casing made from 
seaweed. With Carole Fehilly, he went on to mix cells 
from embryos of different species to create a “geep”  
(a goat-sheep chimera), with the aim of studying 
embryonic development.

The technique could also be used to help save 
endangered species. If a subspecies that is threatened 
with extinction has a related subspecies that is 
common, chimeras could be created that develop in 
the uterus of the common subspecies and yet produce 
the sperm and eggs of the endangered species and so 
boost the animal’s dwindling gene pool. But there are 
limits to the degree to which an early embryo can be 
split and thus the possible number of clones that can 
be produced this way. A powerful alternative that 
would overcome this limit was waiting in the wings. 

Pioneers of twinning
It’s not always appreciated that cloning is 
commonplace in nature, taking place in  creatures as 
diverse as bacteria, vertebrates, and sometimes even 
in human beings too. 

A few days after a mammalian egg has been fertilised 
by a sperm, the resulting embryo has to “hatch” from 
its rubbery covering, called the zona, so that it can 
implant in the wall of the uterus. Occasionally, the 
embryo will split and go on to develop into a pair of 
identical twins – each one a clone of the other.

This process of embryo fission was exploited in the 
earliest attempts to create an artificial clone.

nature’s clones

Master experimentalist 
Hans Driesch (above)  
with August Weismann 
(below) who thought 
cells from an embryo like 
the sea urchin (right) 
would form only half a 
creature if separated

” Driesch’s experiments 
showed that embryonic 
cells retain the potential to 
turn into any cell type” 
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Artificial cloning of animals is one of the leading achievements of 
20th-century biology, providing the means to create an organism 
that is an exact genetic copy of another – an identical twin. It is a far 
more complex business than the long-established techniques of 
cloning plants by taking a cutting such as a twig or stem and letting it 
take root – the origin of the term “clone”, from the Greek for twig.

There are now ways to clone all kinds of creatures so that the 
original animal and its clone share every scrap of DNA. Cloning has 
become a fundamental tool, with widespread uses in biology, from 
generating stem cells for medicine to breeding elite, genetically 
modified and endangered animals.

history of cloning
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A powerful cloning method called nuclear transfer  
was pioneered by the german embryologist hans 
spemann (1869–1941), a nobel laureate and director 
of the Kaiser Wilhelm institute of Biology in Berlin. 
After his death, a lock of hair from his baby daughter 
Margarete was found in an envelope, tucked in among 
his files for 1899, and baby hairs were key to his 
astonishing technique.

Peering down a microscope at hundreds of slippery, 
newly fertilised salamander eggs, spemann used a 
loop of hair as a noose to constrict the egg into a dumb-
bell shape, with the nucleus in one half and only 
cytoplasm and other cellular material in the other. 

After the nucleated side had 
divided four times, creating a 16-cell 
embryo, spemann loosened the hair 
and allowed one of the 16 nuclei to 
slip back into the empty half of the 
dumb-bell. cell division now began on 
this side as well. 

By tightening the loop again, 
spemann broke apart the two 
embryos. the astonishing pay-off was 
twin salamanders, one moments 
younger than the other – the first in 
vitro animal clone produced by nuclear 
manipulation.

in the late 1950s, University of 
oxford developmental biologist John 

Pioneers of nuclear transfer
gurdon’s pioneering work on nuclear 
transfer in Xenopus frogs showed 
how the genome remains intact as an 
embryo develops and its cells become 
specialised – the process known as 
differentiation. his research made a 
splash when he took a spectacular 
photograph of 30 little albino frog 
clones, all developed from the cells of 
a single albino tadpole introduced into 
the eggs of normally pigmented frogs. 

in 1986, steen Willadsen stunned 
his peers with a paper in Nature 
reporting that he had used nuclear 
transfer to clone sheep. for this he 
used cells from early embryos. 

the next year he produced live 
calves from 128-cell embryos, which 
already contain two cell types. this 
finding ran counter to the dogma of 
the day, which said cloning would not 
work with DnA from more specialised 
cells, but he did not present his work 
in public for several years. 

Willadsen’s experiments provided 
some of the impetus for Dolly, the 
clone that finally overturned the idea 
that it was impossible to make adult 
cells embryonic again.

Hans Spemann,  
a lock of baby’s hair 
was vital for his 
nuclear transfer 
breakthrough               
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Dolly was not the first sheep to have been cloned from 
cells that had progressed beyond the early embryonic 
stage. That distinction goes to Megan and Morag, twin 
Welsh mountain sheep that were created from partly 
differentiated cells by Keith Campbell of the Roslin 
Institute near Edinburgh in the UK, where I led a large 
team conducting nuclear transfer. 

Campbell came up with a profound insight into how 
an embryo could result from implanting a 
differentiated cell into an egg that had been emptied 
of genetic material, then using an electric shock to 
fuse the contents. The key to success was to put the 
differentiated donor cells into a resting state called 
quiescence. This was done with differentiated embryo 
cells to make Megan and Morag. 

But Campbell had always believed that cloning with 
adult cells would become possible, and we all  set out 
to test the idea. This time we implanted a cell from the 
mammary gland of an adult ewe into an emptied 
egg – which is how we came to choose her name, a 
reference to singer Dolly Parton. 

 The birth of Dolly on 5 July 1996 marked the dawn 
of a new era. Her very existence overturned the 
biological understanding of the day – the dogma that 
development runs only in one direction in nature. Until 
then, it was it was thought that once cells had 
differentiated into the many specialised cell types that 
make up an adult animal’s different organs and 
tissues, this can’t be reversed. Dolly showed it was, 
after all, possible to turn back biological time. 

MEGAN AND MORAG 

After a few years as the world’s number one celebrity 
sheep, Dolly developed breathing problems and a 
cough in February 2003. We suspected she was 
suffering from pulmonary adenomatosis, a disease 
that is not uncommon in adult sheep, which is caused 
by the jaagsiekte retrovirus.

The virus infects lung cells, making them  divide 
uncontrollably. The resulting  lung tumours cause 
emaciation, weight loss and shortness of breath. 

Dolly was sent for a CT scan at the Scottish College 
of Agriculture in Edinburgh, and that same afternoon 
the vet told me that Dolly’s infection was worse than 
we had thought. The scan revealed the full extent of 
her lung tumours, and it became clear that her 
suffering should end. Dolly was never allowed to 

DEAth Of DOlly

Once the news of Dolly’s birth became public, in 
February 1997, she made headlines and captured  
the imagination of commentators, politicians and 
headline writers across the planet. 

“Researchers astounded… Fiction becomes  
true and dreaded possibilities are raised.” That  
was the quaint way that one newspaper greeted the 
news of Dolly’s birth, but it was not the only one to 
sound the alarm. In the US, President Bill Clinton 
responded by asking the National Bioethics  
Advisory Commission to report on the ethical and  

DOllyMANiA

recover from the effects of the 
general anaesthetic she’d been given 
for the scan, and was dispatched with 
an injection of barbiturates. 

The autopsy confirmed that Dolly’s 
lungs contained large areas of firm, 
grey solid tumour. There were also 
signs of pleurisy, and her larger 
airways and trachea contained white, 
frothy fluid. Although there has been 
much speculation about how the 
process of cloning had affected Dolly, 
the post-mortem revealed nothing 
particularly unusual for an animal of 
her age and her weight. 

legal issues relating to the cloning  
not just of animals, but of human 
beings. The Vatican and the European 
Commission swiftly followed suit. 

Within a few months came the  
first claims – never substantiated – 
that human pregnancies were under 
way with cloned embryos. Rumours 
along similar lines have circulated  
ever since, courtesy of cults and 
maverick scientists.

Dolly the lamb,  
a Finn-Dorset ,  
with her surrogate 
mother, a Scottish 
Blackface 

ph
O

tO
 c

O
u

Rt
Es

y 
O

f 
th

E 
RO

sl
iN

 iN
st

it
u

tE
/t

h
E 

u
N

iv
ER

si
t

y 
O

f 
ED

iN
bu

RG
h

cA
M

ER
A 

pR
Es

s/
w

At
ti

E 
ch

u
N

G

100807_F_IE_Cloning.indd   20 28/7/10   11:29:38



                                     NewScientist | v

When she was born in the Roslin Institute near Edinburgh, UK, on  
5 July 1996, Dolly marked the beginning of a new era of biological 
control. With a large team, I was the first to reverse cellular time, the 
process by which embryo cells differentiate to become the 200 or so 
cell types in the body. Some pundits have even said that Dolly broke 
the laws of nature. But she revealed, rather than defied, those laws. 
She underscored how human ambition is bound by biology – and by 
society’s sense of right and wrong.

A NEW ERA OF BIOLOGY

” Her birth raised 
many profound 
ethical and 
moral issues, 
and shocked 
many people” 

Ian  Wilmut waves goodbye  to  
Dolly – now stuffed – at the  
Royal Museum, Edinburgh

ANIMAL TO BE CLONED ADULT FEMALE

Skin cells
from adult

Unfertilised egg from 
adult female

Skin cell and egg 
fused together

using electric pulse 

Embryo 
divides

Blastocyst formsEarly stage embryo 
is implanted in 

surrogate mother

STEM CELLS HARVESTED
FROM BLASTOCYST’S 

INNER CELL MASS

THERAPEUTIC CLONINGREPRODUCTIVE CLONING

CLONED 
ANIMAL

Nucleus 
containing DNA 

removed

Dolly became a global celebrity. She starred in 
photo-shoots for People magazine, and became a 
cover girl. Plays, cartoons and operas were inspired 
by her story, and advertisers traded on her image. 
Her birth also raised many profound ethical and  
moral issues, and shocked lay people who were 
disconcerted by the implications of reproduction 
without a male and female being involved. 

Many scientists were shocked, too, but for a 
different reason: Dolly had been cloned from the 
DNA of an adult cell. Previously, it had been thought 
that the mechanisms that read the DNA code to 
generate a particular type of adult cell – skin, muscle, 
brain, or whatever – were so complex and so rigidly 
fixed that it would not be possible to undo them.  
By showing it was possible to turn back the clock  
of development, Dolly overturned this deeply held 
conviction. This feat had numerous potential 
applications, from cloning elite animals to making 
replacement cells and tissue in the laboratory that is 
identical to a patient’s own.

THe life of Dolly
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Nuclear transfer has been used by teams who  
want to copy endangered species and elite breeds. 
Wildcats have been bred this way at the Audubon 
Center for Research of Endangered Species, New 
Orleans, Louisiana. A rare breed of wild ox called the 
gaur was cloned by the Massachusetts-based 
company Advanced Cell Technology. And a mouflon,  
an endangered species of sheep, was copied by a  
team at the University of Teramo in Italy. 

Cloning has also been used to copy elite animals, 
which can then be used for breeding in the normal 
way. Idaho Gem, a mule born on 4 May 2003, and 
Prometea, a Haflinger female born 28 May 2003, led 
the way in cloned equine species. As part of an effort 
to preserve the bloodline of racing camels, Injaz was 
born on 8 April 2009 in the Camel Reproduction 
Center, Dubai. ViaGen, a company based in Austin, 
Texas, clones cattle, horses and pigs. 

CLONING RARE AND ELITE ANIMALS
Others have cloned pet animals.  

In 2004 a cat called Little Nicky was 
produced by a California-based 
company from the DNA of a 17-year-
old cat that had died the year before.

Then came Afghan hound Snuppy, 
in April 2005. The dog was cloned by a 
team in South Korea led by Woo Suk 
Hwang, then at Seoul National 
University (and who has since been 
censured for misconduct relating to 
other aspects of his cloning research). 

Some have speculated that  
cloning could be combined with 
efforts to reconstruct the genetic 
code of extinct species such as the 
mammoth, allowing such species to 
walk the Earth again.

In the decade after Dolly, the most hotly  
anticipated use of cloning by nuclear transfer 
was to create embryos using the DNA of people 
with certain serious illnesses. From these 
embryos would come the stem cells that are 
the parent cells of the 200-plus different types 
in the body. This technique, known as 
therapeutic cloning, began to be eclipsed in 
2006 when Shinya Yamanaka at Kyoto 
University, Japan, came up with an alternative 
way of creating human embryonic stem cells.

Yamanaka showed that it is possible to 
directly convert adult cells into embryo-like 
induced pluripotent stem (iPS) cells without 
resorting to cloning. This suggests that one 
day, after a heart attack, for example, you 
might manipulate skin cells from the patient by 
adding a cocktail of chemicals to form muscle 
cells. These cells could then be used to repair 
the damage to the heart. Or in the case of 
Parkinson’s you might make brain cells from iPS 
cells to counter the effects of the disease. 

Unlike therapeutic cloning, Yamanaka’s 
technique does not need human eggs, which 
are in short supply. Nor does it create and 
destroy cloned human embryos, a practice 
some people find morally objectionable. In my 
own laboratory we are turning iPS cells into the 
two main cell types known to be involved in 
motor neuron disease – the motor neurons 
themselves and support cells called 
astrocytes – to help unlock the secrets of this 
fatal neurological condition.

THERAPEUTIC 
CLONING

ADULT CELLS

Viruses introduce genes for 
four factors that control the 

activity of other genes
(so-called transcription factors)

Unlike therapeutic cloning, iPS 
cells do not depend on eggs or 

the creation of embryos

Embryo-like cells 
develop, called induced 
Pluripotent Stem cells

(iPS cells)

Made to fight, the  
cloned bull Got, born in  
 May this year in Spain

Shinya Yamanaka, who 
pioneered cloning 
without human embryos
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THE ALTERNATIVE TO 
THERAPEUTIC CLONING
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The birth of Dolly opened the door to an unexplored realm of biology. 
At first, it was thought that a key application of the nuclear transfer 
method we used to create her would be to generate stem cells for 
use in medicine but in recent years it has mainly been used for genetic 
modification and for cloning rare and elite animals.

FRONTIERS OF CLONING

Paradoxical as it may seem, the ability to create 
genetically identical offspring by cloning can help 
introduce highly desirable genetic changes into 
animals. In fact it was this possibility that motivated 
the project that led to my team creating Dolly.

In the 1980s, Martin Evans and Matt Kaufman at  
the University of Cambridge found a way to grow and 
multiply cells from the inner cell mass of a mouse 
embryo when it is a blastocyst – the part that will turn 
into the fetus and most of the placenta. These 
embryonic stem cells have unusual properties. They 
can be grown indefinitely, and they also retain the 
unique ability to form all of the many different tissues 
that make up an adult animal.

It occurred to me that you could use cloning to make 
a whole animal from a single cell on which you have 
succeeded in carrying out precise genetic surgery. 
That cell would be selected from among the millions  
of cells in which the surgery was botched or 
incomplete or had failed. That would offer huge 
advantages over old-fashioned brute-force methods 
for introducing the DNA of foreign genes into the cells 
of a developing embryo.

In these traditional methods, of 10,000 embryos 
injected with foreign DNA, only a handful would make 
it to productive adulthood in a typical experiment. 
Efficiency can be improved with methods to test if the 
DNA has been incorporated, but there’s another snag: 
the novel DNA can be incorporated randomly in an 
animal’s genome, with unexpected effects. There is 
also a danger that a newly introduced gene can be 
turned on in the wrong tissue. 

This is what damaged the so-called Beltsville  
pigs, the result of an American team’s attempt to  
boost the growth of swine with a human growth 
hormone. The plan went awry when the hormone was 
made and used in the wrong tissues. The result was 
arthritis, lameness, mammary development in males, 
and a host of other problems. 

The first demonstration that cloning would also 
make it easier to carry out the genetic alteration of 
animals came with the birth of the sheep Polly at the 

AFTER DOLLY
Roslin Institute. She carried a human 
gene for a blood-clotting protein in 
every cell of her body: it got there 
because the DNA of the cell nucleus 
from which she was cloned had been 
engineered to contain the human gene.

At GTC Biotherapeutics in 
Framingham, Massachusetts, 
transgenic goats produced using a 
similar technique are making a human 
anticoagulant protein. This is used to 
treat people whose blood is deficient 
in this type of protein, and so are 
vulnerable to dangerous blood clots 
and deep-vein thrombosis. Hematech 
in Sioux Falls, South Dakota, has 
unveiled cattle which can make 
human polyclonal antibodies that  
can help fight antibiotic-resistant 
infections, and treat immune 
deficiencies and other illnesses.

The introduction or deletion of genes 
offers the means to make animals that 
grow faster for meat production or are 
resistant to diseases such as BSE, and 
mastitis, an infection of milk glands. 
Revivicor of Blacksburg, Virginia, 
hopes that cloned transgenic pigs  
can eventually provide suitable organs 
to overcome the chronic shortage of 
suitable organs for transplant. 

The biotech company Genoway, 
based in Lyon, France, specialises in 
creating rats with human gene 
sequences and mutations that can be 
used to investigate diseases of people.

 And, to help study cystic fibrosis,  
a team at the University of Iowa has 
pigs containing the faulty  human 
gene that causes the condition. 

The possibilities appear almost 
endless. jE
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Director of the Medical  
Research Council Centre  
for Regenerative Medicine, 
Edinburgh, UK

Ian Wilmut Next
INSTANT
exPeRt

HUMAN CLONING

Michael 
Rowan-Robinson

UNseeN 
UNiveRse
4 September

Maverick scientists often claim  
that the work on Dolly and other 
animals has prepared the ground  
for cloning human beings. 

However, the experience of cloning 
animals so far has shown that the 
possibility for harm far outweighs  
any currently conceivable benefits.

To make Dolly, my team at the 
Roslin Institute started with  
277 reprogrammed eggs. Only  
29 made it to the stage where they 
could be implanted into 13 surrogate 
mothers. Of those sheep, only one 
became pregnant, carrying Dolly. 

To repeat the Dolly experience in 
humans would mean obtaining around 
300 human eggs, which are already in 
short supply, and persuading 29 
women to agree to having an embryo 
implanted. Of those, 28 would risk 
the hurt and emotional turmoil of 
failed pregnancies, miscarriages and 
deformed fetuses so that one embryo 
would “take” to produce a child.  

It adds up to an intolerable exercise  
in human misery and suffering. 

There are also concerns regarding 
the psychological and social impacts 
on any child brought into being by 
cloning, which have been explored  
by the psychiatrist Stephen Levick in 
his book Clone Being. 

The pressures on a cloned  
child during their upbringing could  
be extreme. Take, for example,  
a situation in which parents might 
attempt to undo the loss of a dead 
daughter by cloning another child 
from one of the dead child’s cells. 

With parents who regard her as a 
replacement, a living memorial to the 
dead, the clone would have difficulty 
in developing her own identity. And 
she would, in any case, be unlikely to 
fill the shoes of the ghost sibling.

For reasons such as these,  
I oppose human reproductive cloning. 
To clone humans would be utterly 
irresponsible. 
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