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Dogs cloned from adult somatic cells 
Two Afghan pups could help to unravel the genetics behind the assorted traits of other canine breeds.

Several mammals — including sheep, mice,
cows, goats, pigs, rabbits, cats1, a mule2, a
horse3 and a litter of three rats4 — have been
cloned by transfer of a nucleus from a somatic
cell into an egg cell (oocyte) that has had its
nucleus removed. This technology has not so
far been successful in dogs because of the dif-
ficulty of maturing canine oocytes in vitro.
Here we describe the cloning of two Afghan
hounds by nuclear transfer from adult skin
cells into oocytes that had matured in vivo.
Together with detailed sequence information
generated by the canine-genome project5,6, the
ability to clone dogs by somatic-cell nuclear
transfer should help to determine genetic and
environmental contributions to the diverse
biological and behavioural traits associated
with the many different canine breeds7,8.

Successful somatic-cell nuclear transfer
(SCNT) depends on the quality, availability
and maturation of the animal’s unfertilized
oocytes. Unlike other mammals, dogs ovulate
at first meiotic prophase, and their oocytes
mature for 2 to 3 days in the oviduct’s distal
regions. Previously, intra- and interspecific
canine embryos have been constructed by
canine SCNT into canine and bovine oocytes,
respectively, but this did not result in viable 
offspring9. 

We collected oocytes matured in vivo at
metaphase II about 72 hours after ovulation by
flushing the oviducts. (For details of methods,
see supplementary information.) Donor fibro-
blasts were obtained from an ear-skin biopsy
of a male Afghan hound and cultured for two
to five passages (in which fully grown cells are
transferred to a new culture dish). For SCNT,
the chromosomes of the unfertilized canine
oocytes were removed by micromanipulation,
and a single donor cell was transferred into
each enucleated oocyte. The couplets were
fused and only successfully fused couplets
(75%) were activated. The activated oocytes
were then transferred into the oviducts or
uterine horns of recipient dogs at times appro-
priate to the embryos’ developmental stages.
We collected an average of 12 oocytes from
each female, and a total of 1,095 reconstructed
canine embryos were transferred into 123
recipients. 

Three pregnancies were confirmed by ultra-
sound scans at 22 days’ gestation in recipients
after transfer of constructs. Pregnancy was
established only after embryo transfer of very-
early-stage nuclear-transfer constructs (that is,

less than 4 hours after oocyte activation). This
transfer of early-stage embryos is a crucial fac-
tor in successful assisted reproductive tech-
nology for dogs. One fetus miscarried and two
others were carried to term. 

We named the first cloned dog Snuppy (for
Seoul National University puppy); it is shown
in Fig. 1a with the male Afghan fibroblast
donor. Snuppy was delivered by caesarian sec-
tion after 60 days (full term) from a yellow
Labrador surrogate mother (Fig. 1b); his birth
weight was 530 g. The second SCNT dog, 
NT-2, was carried by a mixed-breed surrogate,
and was also delivered at 60 days, weighing
550 g (normal range for Afghans in a litter,
482–680 g). He experienced neonatal respira-
tory distress during the first week, seemed 
to recover, but died on day 22 as a result of
aspiration pneumonia; no major anatomical
anomalies were evident post mortem. 

We tested whether the cloned dogs were
genetically identical by microsatellite analysis
of genomic DNA from the donor Afghan, the
cloned dogs and the surrogates (see supple-
mentary information). Analysis of eight
canine-specific microsatellite loci confirmed
that the cloned dogs were genetically identical
to their donor dog. However, the efficiency of
cloning is still very low (2 dogs from 123 recip-
ients, or 1.6%) compared with the rates for
cats1 and horses3.

In addition to the benefits that cloning tech-
nology may generally provide (the preserva-
tion of rare species and therapeutic cloning 

— once canine embryonic stem cells become
available), this technology could become a
useful research tool for studying the genetics
of outcrossed populations. 
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Figure 1 | Dog cloned by somatic-cell nuclear transfer. a, Snuppy, the first cloned dog, at 67 days after
birth (right), with the three-year-old male Afghan hound (left) whose somatic skin cells were used to
clone him. Snuppy is genetically identical to the donor Afghan hound. b, Snuppy (left) was implanted as
an early embryo into a surrogate mother, the yellow Labrador retriever on the right, and raised by her.
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the liquid at room temperature or, for a more
rapid reaction, at 50 �C. These changes are
demonstrated by chemical shifts in key pro-
tons, as revealed by 1H-NMR spectroscopy,
and by solvatochromic measurement of the
polarity of the solvent before and after expo-
sure to CO2 (see supplementary information).

The reaction is exothermic and causes a
marked increase in the viscosity of the liquid.
The choice of alcohol is critical because the 
1-hexylcarbonate salt (Fig. 1, right) is a viscous
liquid at room temperature, whereas the bicar-
bonate3,4 and methylcarbonate (ref. 5, and A. D.
Main, G. E. Fryxell and J. Linehan, unpublished
results) salts are solids and so are not candi-
dates for smart solvents.

Our non-ionic liquid is as nonpolar as 
chloroform, according to measurements using
Nile Red as solvatochromic dye (see supple-
mentary information), whereas the liquid
under CO2 is as polar as dimethylformamide
or propanoic acid. The polarity changes in this
switchable solvent system are demonstrated by
testing the solubility of decane, a nonpolar
compound, in each liquid: it is miscible with
the liquid under N2 but not with that under
CO2 (Fig. 1c). We conclude that N2 and CO2 at
1 bar can be used as triggers of miscibility and
immiscibility, respectively. 

We have built solvent switchability into mol-
ecules that are small enough to be liquid at
room temperature. Further examples of
switchable solvents, preferably ones less Lewis-
basic than DBU, should eventually enable their
application in the ‘green’ production of high-
value chemicals such as pharmaceuticals.
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This communication contains an error in the methods
section of the supplementary information. In the
description of the fusion protocol on page 3, line 2,
electrical pulses were delivered for 15 microseconds, and
not for 15 seconds as published.

Imagine a smart solvent that can be switched
reversibly from a liquid with one set of proper-
ties to another that has very different proper-
ties, upon command. Here we create such 
a system, in which a non-ionic liquid (an 
alcohol and an amine base) converts to an
ionic liquid (a salt in liquid form) upon expo-
sure to an atmosphere of carbon dioxide, 
and then reverts back to its non-ionic form
when exposed to nitrogen or argon gas. Such
switchable solvents should facilitate organic
syntheses and separations by eliminating the
need to remove and replace solvents after each
reaction step.

Chemical production processes often
involve multiple reaction and separation steps,
and the type of solvent that is optimum for a
particular step may be different from the one
needed in the next step. The solvent is there-
fore usually removed after each step and a new
solvent added in preparation for the next, sig-
nificantly adding to the economic cost and
environmental impact of the process. This
cumbersome procedure would be unneces-
sary if a solvent’s properties could be adjusted
for the following step while still in the reaction
vessel, enabling the same solvent to be used for
several consecutive reaction or separation
steps. Moderate changes in temperature and
pressure are incapable of triggering significant
changes in the properties of conventional sol-
vents. In contrast, supercritical fluids1 and
CO2/organic solvent mixtures2 can be modi-
fied by pressure changes, but unfortunately
only above 40 bar.

The reaction we describe reversibly changes
the nature and properties of a solvent but
occurs under very mild conditions. We rea-
soned that switching a normal non-ionic 
liquid to an ionic liquid should induce a
change in its properties: ionic liquids are often
viscous and always polar, whereas non-ionic
solvents are typically non-viscous and vary
widely in polarity. We chose CO2 as the ‘switch’
to elicit this change because it is a benign agent

and easily removed. (For methods, see supple-
mentary information.)

We found that exposure of a 1:1 mixture 
of the two non-ionic liquids, namely DBU
(1,8-diazabicyclo-[5.4.0]-undec-7-ene) and 1-
hexanol, to gaseous CO2 at one atmosphere
and at room temperature causes conversion of
the liquid mixture to an ionic liquid (Fig. 1a,
b). This is readily converted back into a non-
ionic liquid by bubbling N2 or argon through

GREEN CHEMISTRY

Reversible nonpolar-to-polar solvent

Figure 1 | The ‘switching’ of a switchable solvent.
a, Protonation of DBU (1,8-diazabicyclo-[5.4.0]-
undec-7-ene) in the presence of an alcohol and
carbon dioxide is reversed when CO2 is removed.
b, Polarity switching in the reaction shown in a,
in which CO2 causes a nonpolar liquid (shown in
blue) mixture of hexanol and DBU to change over
one hour into a polar, ionic liquid (shown in red);
nitrogen gas reverses the process by stripping out
CO2 from the reaction. c, The different polarity of
each liquid under the two conditions is illustrated
by the miscibility of decane with the
hexanol/DBU mixture under nitrogen, before
exposure to CO2: however, decane separates out
once the mixture becomes polar in the presence
of CO2. Again, N2 reverses the process. 
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Long gamma-ray bursts (GRBs) are bright
flashes of high-energy photons that can last for
tens of minutes; they are generally associated
with galaxies that have a high rate of star for-
mation and probably arise from the collapsing
cores of massive stars, which produce highly
relativistic jets (collapsar model1). Here we
describe �- and X-ray observations of the most
distant GRB ever observed (GRB 050904): its
redshift2,3 (z) of 6.29 means that this explosion
happened 12.8 billion years ago, correspond-
ing to a time when the Universe was just
890 million years old, close to the reionization
era4. This means that not only did stars form in
this short period of time after the Big Bang, but
also that enough time had elapsed for them to
evolve and collapse into black holes. 

GRB 050904 triggered the Burst Alert Tele-
scope (BAT) on board the Swift5 satellite on
4 September 2005 at 1:51:44 GMT. The space-
craft quickly slewed to allow observations by

the X-ray Telescope (XRT)6,7, which measured
the burst for ten days after its onset. Figure 1
(top panel) shows the history of the burst. We
shall present and discuss the GRB phenome-
nology from the point of view of the rest frame
of its source.

The BAT light curve shows three main peaks:
two of about 2 s at T�3.8 s and T�7.7 s, and a
long-lasting one at about T�13.7 s, where T is
the time of the burst onset. It also shows a weak
peak at about T�64 s. The early XRT light
curve shows a steep power-law decay with an
index of �2.07�0.03; two flares are superim-
posed at T�64 s (coincident with the last peak
of the BAT light curve) and T�170 s. Although
interrupted by the constraints of low-Earth-
orbit observation, the X-ray light curve reveals
highly irregular intensity variations, probably
due to the presence of flares for up to
T�1.5 hours. At later times, flaring activity is
not detected, leaving only a residual emission
that is 106 times lower than the initial intensity.

The flares in the XRT light curve can be
interpreted as late internal shocks related to
central engine activity. In this scenario, they
would have the same origin as the first �-ray
emission8–10, which would require the central
engine to remain active for at least 5,000 sec-
onds, consistent with the collapsar model1.

Spectral analysis was performed by selecting
time intervals corresponding to characteristic
phases of the light curve evolution. All spectra
were well modelled by a single power law, with
both galactic and intrinsic absorption compo-
nents in the case of the XRT spectra. Figure 1
(bottom) shows the evolution with time of the
photon index �. The BAT spectra have ��
�1.2. If we exclude the spectrum of the first
XRT flare at T�64 s, the XRT photon indices
show a clear, decreasing trend from about �1.2
to about �1.8 in the first T�200 s. No further
spectral evolution is present in later XRT data. 

The overall phenomenology of GRB 050904
is not peculiar with respect to other GRBs at
lower redshift. This suggests that the mecha-
nisms of GRB explosions in the early Universe
and today are similar.

Based on the likely existence of population
I/II stars in galaxies that were already metal-
enriched at these high redshifts11, we expect
about 10% of all bursts detected by Swift to be
located at z	5 . A higher percentage would
require an additional contribution to the 
high-redshift GRB population by metal-free
population III stars, which are viable GRB
progenitors for long-duration GRBs11. A more
systematic search for GRB optical counterparts
will increase the sample of these high-redshift
GRBs, allowing us to probe the existence of
metal-free massive stars of population III.
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Supplementary Table 1 of this communication has
been replaced (9 March 2006; corrections shown 
in red) as the original peak values reported for two
of the canine microsatellite markers (PEZ02,
REN105L03) were in error; also, those for PEZ08
have been removed (further details are available
from B.C.L. at bclee@snu.ac.kr). In the Table legend,
the URL giving details of the markers has been
updated. The patent application mentioned in the
legend should originally have been declared as a
competing financial interest.
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GAMMA-RAY BURSTS

Huge explosion in the early Universe

Figure 1 | Light curve and spectral evolution of
GRB 050904 as observed by the Burst Alert
Telescope (BAT) and the X-ray Telescope (XRT).
WT, windowed timing mode data; PC, photon
counting data. Top, evolution of the gamma-ray
burst (GRB) K-corrected 0.2–10 keV luminosity
(the K-correction accounts for the redshift
dependence of the luminosity in a given band of
wavelengths). Error bars show 90% confidence.
Times are referred to the BAT trigger. Rest-frame
time is obtained by applying correction factor
(1�z)�1 to the observer frame time. Gaps in XRT-
PC data correspond to the part of the orbit when
the satellite was not observing this GRB. Bottom,
change in photon index (�, defined by the power
law F(E)�E��1, where F(E) is the observed flux of
energy E) of GRB 050904 during the observation.
Spectra were modelled using a power law with two
absorbing components (galactic and intrinsic). 
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In the absence of a red-sensitive 
visual pigment, some deep-sea 
fish use a chlorophyll derivative 
in their green-sensitive rod cells in 
order to see deep-red light1–3. Here 
we show that living rods extracted 
from a salamander can also accu-
mulate an exogenous chlorophyll 
derivative, chlorin e6, that renders 
them as sensitive to red light as 
they are to green. This vision 
enhancement by an unbleachable 
chlorophyll derivative might there-
fore be a general phenomenon in 
vertebrate photo reception.

The outer segments of rod cells 
are rich in rhodopsin: this visual 
pigment consists of retinal, a form 
of vitamin A that isomerizes when 
it absorbs light, and opsin, a pro-
tein that changes shape in response 
to retinal isomerization, which 
triggers a signal. 

We measured the absorbance 
spectra of individual rods from tiger 
salamanders (Ambystoma tigrinum) 
by microspectrophoto metry (for 
methods, see supplementary infor-
mation). Absorbance peaked at 
wavelengths of 520 nm and 278 nm, 
owing to the retinal chromophore 
and the opsin, respectively. 

When rods were preincubated 
with chlorin (Fig. 1a), we found 
that chlorin targeted the rhodopsin-laden outer 
segments of the rods; it increased absorbance at 
278 nm, and added peaks at 402 nm and 668 nm 
(Fig. 1b). The peak at 520 nm was unchanged, so 
if chlorin did bind to rhodopsin, it did so with-
out influencing the retinal chromophore or the 
binding pocket that spectrally tunes rhodopsin. 
The slight increase in absorbance of 278-nm 
light indicates that chlorin may be perturbing 
aromatic residues on the surface of rhodopsin.

We selected cells with the highest chlorin con-
tent (chlorin:rhodopsin ratio was 0.77�0.22, 
mean�s.e.m.; n�3) to examine chlorin’s effect 
on rhodopsin’s sensitivity to light, measured 
by its bleaching rate. The bleaching rate was 
unchanged at 560 nm, a wavelength absorbed 
well by rhodopsin but poorly by chlorin. How-
ever, it was accelerated 180-fold at 668 nm, 
where chlorin absorbs strongly but rhodopsin 
absorbance is negligible (Fig. 1c).

This bleaching enhancement was tens to 

hundreds of times greater than the effect of 
chloro phyll derivatives on dragon fish (Mala-
costeus niger)2,3 and bovine4 rhodopsins. This 
shows that chlorophyll-sensitized vision is 
feasible. Adding 9-cis-retinal regenerated a 
light-sensitive pigment, irrespective of the 
bleaching conditions that had been used, 
indicating that chlorin-mediated rhodopsin 
bleaching was not due to a permanent, photo-
induced degradation of opsin (for details, see 
supplementary information).

In electrical recordings of rods exposed to 
chlorin, responses to dim flashes were similar 
in form at all wavelengths (Fig. 1d; inset shows 
response to two wavelengths). This indicates 
that photons absorbed by chlorin or by the 
retinal chromophore directly induce the same 
active state in rhodopsin. Chlorin treatment 
increased rod sensitivity to red light (at 661 and 
672 nm) by 15-fold (Fig. 1d). This enhancement 
was less than the 180-fold increase in bleach-

ing rate found earlier, because the 
cells used for recordings were ran-
domly chosen and contained about 
20 times less chlorin (chlorin:rho-
dopsin ratio, 0.05�0.01, mode of 
61 rods�s.e.m; n�15). Neverthe-
less, in both microspectrophoto-
metric and electrophysiological 
experiments, chlorin-assisted 
bleaching was almost as efficient 
as direct photoisomerization of the 
native chromophore (Fig. 1, and see 
supplementary information).

The mechanism behind the 
highly efficient energy transfer from 
chlorin to the retinal chromophore 
is unclear at this point. However, our 
results on an amphibian, together 
with findings from dragon fish1–3, 
bovine4, insect5 and prokaryotic6 
rhodopsins, highlight a potential for 
spectral enhancement by accessory 
chromophores in all opsin-based 
photoreception systems. 
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Figure 1 | Chlorin-enhanced response to red light. a, Structure of the 
tetrapyrrole chlorin e6. b, Averaged absorption from chlorin-treated (red 
trace; n�5) and control (blue trace; n�5) rods. The spectrum of treated 
rods is normalized to the 278-nm peak, and for untreated rods is scaled 
to match the 520-nm peak for treated rods. c, Rhodopsin bleaching from 
untreated rods (filled symbols; mean�s.e.m.), aligned to a template fit7 to 
the spectral sensitivity of seven untreated rods (blue trace). The bleaching 
rate of rods with high chlorin content (open symbols) is enhanced at 
668 nm but not at 560 nm; the rate mirrors the average absorption of 
such rods (dashed trace), showing that quanta absorbed by chlorin and 
by rhodopsin are equally effective at bleaching rhodopsin (for details, see 
supplementary information). d, Spectral sensitivity (circles; n�3) increases 
at 661 and 672 nm in chlorin-treated rods and matches the normalized 
absorption of a set of rods treated with chlorin and measured microspectro-
photometrically (red trace); blue trace is from c. Inset, response (in 
picoamperes, pA) of a chlorin-treated rod to dim flashes at 540 nm (blue; 
6.4�10�1 photons μm–2) and at 672 nm (red; 22.3 photons μm�2).

Corrigendum
Developmental technology: Dogs cloned from 
adult somatic cells
Byeong Chun Lee et al. Nature 436, 641 (2005)

The name of the seventh author on this 
communication was misspelled. His 
correct name is M. Shamim Hossein.

An accessory chromophore in red vision
The rods in salamanders’ retinas can co-opt a molecule derived from chlorophyll to detect red light.
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