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Abstract
Gene sequences in human oocytes were studied to
investigate the possibility of diagnosing inherited or
sporadic genetic disease before implantation after
in vitro fertilisation. By specific amplification
the possibility of analysing the DNA from single
human oocytes for a specific gene was shown,
and genotypes for markers closely linked to cystic
fibrosis and Duchenne muscular dystrophy were
determined. Single oocytes were used to approyimate
the total amount of DNA present in a single cell
taken for biopsy from a 4-16 cell blastocyst. With a
new technique for specific DNA amplification,
the polymerase chain reaction, these data can be
obtained within several hours of cell isolation.
Extreme care must be taken to avoid any contamina-
tion of the sample with DNA from other sources.
With this technique genotyping for single gene

disorders is feasible with an accuracy and on a time
scale that would allow implantation of the zygote
after in vitro fertilisation without freezing.

Introduction
Prenatal diagnosis of genetic abnormalities by

analysing DNA can now be offered for inherited
diseases that are caused by a known gene defect,
provided that DNA probes are available to identify the
mutated gene or detect a restriction fragment length
polymorphism closely linked to the affected locus.'
New techniques that use luteinising hormone releasing
hormone agonists to obtain large numbers of oocytes,7
progress in techniques of in vitro fertilisation, and the
successful development of fertilised embryos in vitro to
healthy children have led to requests for diagnosis from
DNA before implantation of the fertilised egg from
families known to be at risk for genetic disease.' I This
is possible for repetitive DNA sequences, such as those
on the Y chromosome that permit sex testing before
implantation.5 In this study we show that similar
analysis will be possible for single genes, such as the
cystic fibrosis gene.
There is a particular demand for such diagnostic

facilities from women who were sterilised after the
birth of an affected child but who now wish to have
more children. Such a diagnosis would have to be made
on a single blastomere or on only a very few embryonic
cells taken at an early stage of development, and
preferably be quick enough to allow the pre-embryo to
be transferred without cryopreservation. Until
recently the sensitivity of detecting single copy
sequences in the human genome was not sufficient to

permit gene analysis with DNA from a single cell, but
now the polymerase chain reaction can be used to
amplify specific DNA sequences.57
Two common inherited diseases are cystic fibrosis

and Duchenne muscular dystrophy. We used gene
amplification with oligonucleotide primers specific for
a part of the coding sequence of dystrophin, which
when mutated causes Duchenne muscular dystrophy,
and with primers identifying the locus CS.7, which
maps close to the mutation that causes cystic fibrosis.

Materials and methods
DNA was obtained from oocytes collected from

women undergoing in vitro fertilisation8; the oocytes
studied had failed to fertilise after insemination.
Unfertilised oocytes were used because they are similar
to single blastomeres cytologically, contain only the
maternal genome, and are diploid. Contamination with
adherent cumulus cells or spermatozoa was avoided by
removing the zonae pellucidae. Each oocyte was
examined for evidence of the first polar body, which in
most cases was lost when the oocytes were pipetted.
Each oocyte was transferred into a screwcapped
siliconised Eppendorf tube and boiled with 20 1d water
for five minutes before the polymerase chain reaction
cocktail was added.

Polymerase chain reaction entails enzymatic copying
of DNA using a series of repeated cycles, in each of
which the DNA between two oligonucleotide primers
is synthesised, so as to give logarithmic amplification
of the gene sequence under study.57 The amplification
of DNA was performed in 100 1t assay volumes,
each containing 1 5-2 0 units ofTaq DNA polymerase
(Cetus/Perkin-Elmer) as outlined in the manufacturer's
recommendations.6 The mix contained 50 mM
potassium chloride, 10 mM TRIS-chloride at pH 8-3,
1 5 mM magnesium chloride, 0-01% (wt/vol) gelatin,
and 200 FM of each deoxynucleotide triphosphate.
To analyse the gene for Duchenne muscular dys-

trophy we used 50 pmol of the oligonucleotide primers
of 20 bases 5'-GAAATTGATCGGGAATTGCA-3'
and 5'-AATTTGTGCAAAGTTGAGTC-3' bordering
a 183 base pair exon of the dystrophin gene locus
(nucleotides 5948 to 6130).9To analyse the gene for
cystic fibrosis we used the oligonucleotide primers of
20 bases 5'-ATTTACAAGTCCTAGCTCTT-3' and
5'-AAATGATGGCAAGAGATGTC-3' bordering a
324 base pair sequence containing the polymorphic
HhaI restriction site in linkage disequilibrium with
cystic fibrosis."' In all experiments that used less
than 500 ng of DNA template, and for all oocyte
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2 for the CS.7 primers, which are sensitive to small
changes in the conditions for amplification.

After the initial round of 40 cycles only very faint
bands could be detected. Amplification could,
however, be shown easily by taking 5 ,ul of the first
round amplification product through a further
40 cycles at an annealing temperature just 1°C lower
than formerly. A slight smear in the product from one
of the oocytes (lane 5) and the weak additional bands
show how sensitive the system is to variations in
conditions at these very low template concentrations;
they probably represent non-specific amplification.

183 bp-

experiments, siliconised Eppendorf tubes and tips
were used.

In all experiments, once the reaction cocktail
containing all necessary ingredients with the exception
of the Taq polymerase enzyme had been prepared the
tubes were heat denatured for six minutes at 100°C.
The enzyme was then added and the appropriate
cycling regimen begun. For 'the Duchenne muscular
dystrophy primers the cycling regimen was one minute
at 93-95°C, two minutes at 50°C, and two minutes at
68-72°C. For the cystic fibrosis primers the cycling
regimen was one and a half minutes' denaturation at
96°C, two minutes' annealing at 61-5°C, and one and a
half minutes' extension at 70°C.
When reactions were carried out with a thermal

cycler (Cambio, Cambridge) cycling times were
modified slightly so as to obtain as specific a product as
possible. After 40 cycles the reaction was completed by
a final 10 minute extension step. In some experiments
5 [1 of this reaction mixture was carried through a
second round of amplification with a similar cycling
regimen but with a lower annealing temperature of
60 5°C.

Results
To test the sensitivity of gene amplification for

single copy genes, a serial dilution of DNA from a
normal adult was amplified for 40 cycles using the
oligonucleotides specific for the Duchenne muscular
dystrophy gene. Figure 1 shows the amplification for
samples containing from 50 ng (lane 1) to 1 pg (lane 6)
DNA. For the dilution at which the amount of DNA
amplified (5 pg or 1 pg) is of the order of 6 pg, which is
approximately the amount present in a single diploid
cell, the chance of having a single copy of any specific
gene in the DNA under test becomes <1 -0; therefore,
a positive amplification at 1 pg with no product at 5 pg
is not unexpected. Lanes 8 and 9 show the reaction
products after amplification of two samples of pooled
unfertilised human oocytes containing five (lane 8) and
14 (lane 9) cells. The amplified products obtained from
single oocytes, with 70 p.1 of the 100 .1l reaction product
loaded on to a 2% agarose gel and stained with
ethidium bromide, are shown in lanes 11 and 12.

,183 bp To verify the identity of the amplified gene products
-159 bp from single oocytes, 5 p.1 of the 100 ,u1 initial reaction

mix was used as starting material and amplified a
second time for a further 40 cycles. A TaqI restriction

mase site was detected 24 base pairs from one end, as
In predicted from the complementary DNA sequence

al (fig 2).
)12 on Figure 3 shows similar data for the sequence in
new linkage disequilibrium with cystic fibrosis. Amplifica-
lictl tion was obtained with a dilution series of genomic

DNA (50 ng to 5 pg) and for two samples ofDNA from
single human oocytes obtained from the same woman.

3 Optimisation of the amplification conditions was
cation easier with an automated heating block (Cambio,
igure I Cambridge) rather than moving samples manually

between water baths; reproducibility to 1C is required

FIG 3-Polymerase chain reaction products using cystic fibrosis
oligonucleotide primers. Amounts ofDNA per well in lanes I to 4 were
50 ng, 50 pg, 10 pg, and 5 pg. Lanes S and 6 show the amplification
products ofone oocyte each; lane 7 is a I kb ladder used as marker

Figure 4 shows that Ban II cleaves the amplified
DNA corresponding to CS.7 from a single oocyte
(lanes 1 and 6) as expected from the nucleotide
sequence." Digestion of the same products by HhaI
gives DNA fragments corresponding to homozygosity
for the polymorphic cleavage site (2/2) for one oocyte
(lane 2), and heterozygosity (1/2) for this site in the
other (lane 7). This is consistent with the maternal (1/2)
genotype. Experiments with blank tubes did not show
amplification for these sequences.

FIG 4-BanHI and HhaI restriction analysis ofthe CS. 7 product ofthe
single oocyte reactions shown in figure 3 (lanes 1, 2 and 6, 7) together
with control amplification product obtained with genomicDNA from a
known heterozygote for the HhaI site (lanes 3, 4, 5). Restriction with
BanII (lanes 1, 4, and 6) cuts the 324 base pair product into 196 and
128 base pair bands, proving the identity of the amplified product.
HhaI restricts one allele of the heterozygote product (lane 5) into 188
and 136 base pair fragments; the other allele remains unrestricted.
Both oocyte amplified products show the HhaI restriction pattern
(lanes 2 and 7), but the non-restricted product is also present in lane 7.
Lane 3 shows the unrestricted control amplified product and lane 8 a
I kb ladder

To investigate recombination and to test for several
inherited diseases simultaneously it would be useful to
coamplify several different pairs of oligonucleotides in
the same tube with the same template DNA. Figure 5
shows that coamplification of a selected region of the
dystrophin gene and the sequence recognised by CS.7
is possible in genomic DNA.

Discussion
Duchenne muscular dystrophy and cystic fibrosis

are two of the most common severe single gene defects
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FIG 1-Polymerase chain
reaction products using
Duchenne muscular dystrophy
oligonucleotide primersfor
dilution series ofhuman DNA
(lanes 1-6) and offive (lane 8),
14 (lane 9), and one oocyte
(lanes )) and 12). A I kb ladder
(lane 7) and polymerase chain
reaction productfrom the original
dystrophin cDNA clone
(lane 10) were used as markers

FIG 2.-Analysis ofpolyme
chain reaction products fro
single oocytes: S gd of initiz
amplification products fron
single oocytes (lanes )) anG
fig 1) was reamplified in a
100 RIl assay and the prodi
restricted with TaqI. Lane
and 4 and 2 and 5 are
unrestricted and restricted
samples respectively; lane.
shows the 183 base pair
dystrophin cDNA amplifui
product used as marker in]
(lane 10)
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FIG 5-Simultaneous amplification of CS. 7 and dystrophin
complementary DNA sequences from genomic DNA in a single
reaction assay (annealing at 52°C). Lane 2: CS. 7 amplified product
(upper band, 324 base pairs) and dystrophin cDNA amplified product
(lower band, 183 base pairs). Lane 1: restriction with TaqI reduces the
183 base pair dystrophin product to 159 base pairs. Lane 3: restriction
with HhaI cuts one allele of the heterozygote 324 base pair CS. 7
amplified product into 188 and 136 base pair bands. The dystrophin
cDNA product is also cut by this enzyme to give 125 and 584 base pair
fragments

affecting children in our countries. CS.7 identifies a
useful gene marker for antenatal diagnosis of cystic
fibrosis.'21' It is likely that more than 85% of cystic
fibrosis chromosomes carry the same mutation,'0 and
therefore a single pair of oligonucleotide primers for
gene amplification could diagnose many of the fetuses
at risk.
The complementary DNA oligonucleotides of

dystrophin used in these experiments were chosen
from the complementary DNA sequences known to
detect deletions in about half of the patients with
Duchenne or Becker muscular dystrophy.'4 Diagnosis
of Duchenne or Becker muscular dystrophy before
implantation will be difficult because of the high rate of
new mutations, the large size and complexity of
the affected gene and its messenger RNA, and the
variability of the primary defect within the DNA.
The unfertilised oocyte is a good model for a single

blastomere, the cell that will be obtained for biopsy
from the embryo. Unfertilised oocytes have undergone
first meiotic division and extruded the first polar
body but remain arrested in metaphase II until
fertilisation, and are therefore diploid. Although
meiotic recombination has occurred, the linkage
relations remain those that were derived from the
haploid genomes of each of the mother's parents over
long regions of the chromosome, as on average there
are only one or two crossovers on each chromosome.

Using this technique it will be possible to establish
the paternal and maternal haplotypes of the pre-
embryo as well as the maternal recombinant linkage
map. This would require several different oligo-
nucleotide primer pairs recognising linked marker loci
and also estimating the positions of crossovers between
these during first meiosis of the oocyte.
The discordance seen for the two oocytes from the

same woman with CS.7 oligonucleotides (fig 4) is
probably due to a meiotic crossover as the donor was
heterozygous for the CS.7/HhaI polymorphism. We
regard it as very unlikely that the first polar body
persists after the removal of the zona pelucida as this
structure was clearly visible and great care was taken to
remove it.
These experiments were performed with nanogram

amounts of template DNA. As precise optimisation
(and concern over cross contamination) becomes
increasingly important with decreasing amounts of
template it may become more important to obtain
routine amplification with DNA from a single cell,

particularly with multiple primers. It will also be
essential to determine precisely the error rate for gene
amplification when the starting DNA comes from the
genome of a single cell.

Preimplantation diagnosis with DNA would
permit couples to avoid pregnancies arising from
implantation of pre-embryos that are affected by a
severe inherited disorder and also to avoid the invasive
trauma associated with chorionic villus sampling and a
possible spontaneous abortion. Although it is possible
at present to investigate only a small number of
inherited diseases when a family is known to be at
risk, new procedures for testing of carriers and the
availability of new probes should widen the range in
the near future.

Using these oligonucleotide primers for DNA
amplification with embryonic cells taken for biopsy is
possible in principle. For many genetic diseases one or
a few defined chromosomal mutations have been
identified as causative, or specific restriction fragment
length polymorphism haplotypes have been found to
be in linkage disequilibrium in most people who have
the disease. These analytical procedures will allow
rapid development of preimplantation diagnosis with
DNA for these conditions, provided that the obstetric
and embryological problems of removal of single
blastomeres from pre-embryos have been solved. It
should be noted, however, that only about a quarter of
couples who try to solve fertility problems with in vitro
fertilisation have a pregnancy that goes to term, and in
vitro fertilisation itself has resource implications both
for the families and the clinical services using it.
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