
was repeated with cumulus cells from adult
G1 mice as nucleus donors to produce the
next clonal generation, G2, and so on. Table
1 summarizes the results obtained following
the reconstruction of 3,920 enucleated
oocytes. 

Previously, about 2% of enucleated
oocytes receiving a cumulus cell nucleus
developed to live-born pups1. This value is
comparable to the cloning efficiency for G1
in lines A (1.5%) and B (4.2%). However,
the success rate dropped in successive
cloned generations: line A did not produce
a G5 clone from 670 reconstructed oocytes;
in line B, the only live-born G6 clone was
cannibalized by her foster mother, thereby
terminating the line. Mouse lines A and B
therefore represent totals of 9 and 26 clones
from their respective donors. Placental size
was consistently in the range previously
reported for cloned mice2 and did not
increase in successive generations (data not
shown).

Do sequentially cloned mice show signs
of accelerated ageing? We assessed the
behaviour of these mice and determined
telomere lengths to assess organismal and
cellular measures of ageing, respectively. We
evaluated learning ability in the Morris
water maze and Krushinsky tests, as well as
strength and agility, and also used other

assays designed to monitor signs of prema-
ture ageing, such as a decline in activity in
the home cage and loss of coordination4. All
cloned mice were, by these criteria, normal
compared with age-matched controls (data
not shown); the G5 mouse is alive and
healthy at 1.5 years. 

We measured telomere length in periph-
eral blood lymphocytes of clones G1–G6 by
Southern-blot analysis of terminal restric-
tion-enzyme-digested fragments (Fig. 1)
and found no evidence of shortened telom-
eres in the cloned mice. In fact, our results
show that the telomeres lengthen with each
generation. As representative animals of
each generation were sampled simultane-
ously, we cannot rule out an age-related
contribution to this increase (with younger
mice having longer telomeres). In addition,
long telomeres in mice are optimally studied
by means of different assays such as quanti-
tative fluorescence in situ hybridization5. We
have detected telomerase activity in cumulus
cells (data not shown); it is therefore possi-
ble that telomeres in these cells are unusual-
ly long, resulting in offspring with
concomitantly longer telomeres.

Shortened6 and lengthened7 telomeres
have been reported in cloned livestock but,
unlike ours, those experiments involved
only a single round of cloning. Our results
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on sequentially cloned mice verify that
telomere shortening is not a necessary out-
come of the cloning process8. However, as
only 1–2% of reconstructed oocytes yield
live-born clones, the possibility of selection
for donor nuclei with the longest telomeres
cannot be excluded. Further investigation is
required into the consequences of nuclear
transfer on telomere length and lifespan.
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Gene expression

Total silencing by intron-
spliced hairpin RNAs

Post-transcriptional gene silencing
(PTGS), a sequence-specific RNA
degradation mechanism inherent in

many life-forms, can be induced in plants
by transforming them with either antisense1

or co-suppression2 constructs, but typically
this results in only a small proportion of
silenced individuals. Here we show that
gene constructs encoding intron-spliced
RNA with a hairpin structure can induce
PTGS with almost 100% efficiency when
directed against viruses or endogenous
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Figure 1 Telomere lengths in successive generations (G1–G5) of mice cloned from cumulus cells. Southern-blot analysis of terminal

restriction-enzyme-cut fragments in five sequential generations shows that telomeres do not undergo incremental erosion in successive

clonal generations. Genomic DNA isolated from peripheral-blood lymphocytes taken from representative animals from each generation

was digested with the restriction enzyme HinfI, resolved on a pulse field gel, transferred to a solid support and probed with a 58-32P-

labelled (T2AG3)3 oligonucleotide. Peripheral blood lymphocytes were sampled on the same day. Ages of mice (in months) were: in line A,

donor, 18; G1, 16; G2, 14; G3, 12; G4, 9; G5, 9; in line B, G1, 15.5; G2, 13; G3, 11; G4, 9; G5, 7. Suffix numbers (G4-1 and G4-2, for

example) identify different pups of each generation.

Table 1 Effect of sequential cloning on full-term development

Line G1 G2 G3 G4 G5 G6 Total 

A 2/131 1/228 1/263 5/238 0/670 - 9/1,530
(1.5) (0.4) (0.4) (2.1) (0) (0.6)

B 4/96 7/351 5/352 6/286 3/581 1/724 26/2,390
(4.2) (2.0) (1.4) (2.1) (0.5) (0.1) (1.1)

Successive generations are represented as G1, G2 and so on for two independent mouse lines, A and B. The number of pups born live after cumulus-cell
nuclear transfer is compared to successfully reconstructed oocytes (pups/oocytes), with the corresponding percentages in parentheses. Significant x 2

comparisons were derived for G4 and G5 from line A, G1 and G5, G6 from line B, and G2, G3, G4 versus G6 from line B (P*0.05).
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genes. These constructs could prove valu-
able in reverse genetics, genomics, engineer-
ing of metabolic pathways and protection
against pathogens.

Induction of PTGS by co-suppression
and antisense methods that target the Nia-
protease (Pro) gene sequence of potato
virus Y (PVY)3 cause silencing in 7% and
4% of independent transformants, respec-
tively; induction of PTGS in these tobacco
plants (Nicotiana tabacum) manifests as
immunity3,4 to the virus. 

Using principles we developed for
silencing constructs that express double-
stranded RNA and inverted-repeat RNAs3,
we made a construct encoding a single self-
complementary hairpin RNA (hpRNA) of
the Pro sequence.  The construct contains
sense and antisense Pro sequences flanking
an 800-nucleotide spacer fragment derived
from the uidaA (GUS) gene (Fig. 1a).
About 60% (25/43) of the plants that are
transformed with this construct, many of
which contained a single transgene copy,
were immune to the virus. The spacer
fragment contributed to the stability of the
perfect inverted-repeat sequences, but it
was not required for the specificity of the
PTGS (Fig. 1a). 

To test the effect of removing the loop
region of hpRNA, we replaced the spacer
with an intron sequence (Fig. 1a, b). The
intron sequence provides stability to the
DNA, but is spliced out during pre-mRNA
processing5 to produce loopless hpRNA. As
a control, we made a sister construct in
which the intron sequence was inserted in
the reverse, non-splicing, orientation.
When transformed into tobacco, 22 of 34
(65%) reverse-intron plants were immune,
a similar frequency to plants transformed
with the GUS spacer construct. Amazingly,
we found that 22 of 23 plants transformed
with the construct containing the function-
al intron were immune to the virus. 

To test whether this enhancement by the
sense-intron construct was a general phe-
nomenon, we made two hpRNA constructs
against the endogenous D12-desaturase
(Fad2) gene of Arabidopsis, which catalyses
the conversion of oleic to linoleic acid in the
seed6,7; one construct contained an intron
and the other a non-intron spacer region.
We found that 69% (44/63) of the trans-
genic plants with the non-intron spacer
region construct showed PTGS of the D12-
desaturase gene, but that 100% (30/30) of
plants transformed with the intron con-
struct showed silencing of this gene.

How does the presence of this intron
enhance silencing efficiency? The process of
intron excision from the construct by the
spliceosome might help to align the com-
plementary arms of the hairpin in an en-
vironment favouring RNA hybridization,
promoting the formation of a duplex. Alter-
natively, splicing may transiently increase

the amount of hairpin RNA by facilitating,
or retarding, the hairpin’s passage from
the nucleus, or by creating a smaller, less
nuclease-sensitive loop. 

Our PVY constructs contained intron-2
from the Pdk gene of Flaveria8, whereas the
D12-desaturase construct contained intron-
1 from the Arabidopsis Fad2 gene (Fig. 1b).
PVY constructs were controlled by the con-
stitutive CaMV35S (ref. 9) promoter and
produced hpRNA containing the PVY cod-
ing-region sequence (700 nucleotides); the
desaturase gene construct used the seed-
specific napin promoter10 to produce
hpRNA representing 120 nucleotides of the
38-untranslated region of the D12-desat-
urase gene. 

We believe that constructs encoding
intron-hpRNA should efficiently induce
PTGS for a wide range of genes in a variety
of circumstances and could become as use-
ful to plant biology as RNAi11,12 is to the
study of nematodes and Drosophila. The
transgene design might also have applica-

tion in organisms in which RNAi has been
obtained by injection of double-stranded
RNA.
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Figure 1 Efficiency of induction of post-transcriptional gene silencing (PTGS) by different gene constructs and the predicted structure of

RNA transcribed from the transgenes. a, PTGS efficiency measured for potato virus (PVY) and D12-desaturase genes as the percentage

of independent transgenic plants immune to PVY and the percentage of plants with enzyme activity reduced by more than 20% compared

with wild type, respectively. In the predicted structures of RNA transcripts, right- and left-pointing arrows represent sense and antisense

orientation of sequences, respectively; small vertical arrows represent splice-junction sequences remaining after the intron has been

spliced out. Vertical lines in the predicted structures indicate duplex formation. Asterisks, data from ref. 3; daggers, data from ref 7;

hpRNA, hairpin RNA; n, number of independent transformants; GUS, b-glucuronidase. b, Design of intron-containing hairpin constructs.

OCS, octopine synthase; NOS, nopaline synthase.
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